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and protein preservation in
Tyrannosaurus rex
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The idea that original soft tissue structures and the native structural proteins comprising them can
persist across geological time is controversial, in part because rigorous and testable mechanisms that
can occur under natural conditions, resulting in such preservation, have not been well defined. Here,

we evaluate two non-enzymatic structural protein crosslinking mechanisms, Fenton chemistry and
glycation, for their possible contribution to the preservation of blood vessel structures recovered from
the cortical bone of a Tyrannosaurus rex (USNM 555000 [formerly, MOR 555]). We demonstrate the
endogeneity of the fossil vessel tissues, as well as the presence of type | collagen in the outermost vessel
layers, using imaging, diffraction, spectroscopy, and immunohistochemistry. Then, we use data derived
from synchrotron FTIR studies of the T. rex vessels to analyse their crosslink character, with comparison
against two non-enzymatic Fenton chemistry- and glycation-treated extant chicken samples. We also
provide supporting X-ray microprobe analyses of the chemical state of these fossil tissues to support
our conclusion that non-enzymatic crosslinking pathways likely contributed to stabilizing, and thus
preserving, these T. rex vessels. Finally, we propose that these stabilizing crosslinks could play a crucial
role in the preservation of other microvascular tissues in skeletal elements from the Mesozoic.

Hollow, pliable, and transparent vessel-like structures have been recovered from skeletal elements of multiple
fossil vertebrates, including non-avian dinosaurs"2. Their vascular affi ties have been supported through the
application of varied independent methods to identify endogenous component proteins**, including collagen,
which is not produced by microbes®, and elastin, which is vertebrate-specifi ¢. Mass spectrometry sequencing
of isolated vessels recovered from the cortical bone of a non-avian dinosaur further supported the presence of
vertebrate-specific vascular proteins in isolated dinosaurian vessels’. The hallmark 67-nm-banding pattern typ-
ical of type I collagen has been documented in fossil tissues, following liberation by demineralisation®, and the
presence of type I collagen in the vascular canals of a ~190 Mya sauropod dinosaur rib was suggested by synchro-
tron Fourier-transform infrared spectroscopy and Raman analyses’.

Various mechanisms, including transition metal-catalysed intermolecular crosslinking of structural pro-
teins®!°, have been proposed to explain this unexpected preservation, but experimental testing of these proposed
mechanisms has not been widely conducted. Therefore, in this work, our goal was to identify and test for the
possible contribution of an explicit set of transition metal-catalysed crosslinking mechanisms to the preservation
of vessel-like structures recovered from the compact bone of a Tyrannosaurus rex (USNM 555000 [formerly,
MOR 555]), to lay a possible foundation for additional studies of preservation mechanisms for other soft tissues
recovered from Mesozoic or more recent fossils.

The walls of vertebrate blood vessels are comprised of three distinct layers, the tunica intima (innermost,
also identified as the tunica interna), tunica media, and tunica externa (outermost)''. These layers can be dif-
ferentiated morphologically and chemically because of their unique molecular composition. Homotypic type
I and heterotypic type I/III fibrillar collagen molecules, both of which exhibit 67-nm-banding character and
are vertebrate-specifi >'>°', constitute the predominant collagen fraction of blood vessels (as much as 90%),
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primarily localizing to the tunica media and tunica externa to serve as the structural foundation of the ves-
sel!1216, Elastin, a helical protein also specific to vertebrates®, confers resistance to pressure changes in vascular
walls'! and is localized primarily to the tunica media and the basement membrane, which separates the tunica
intima from the tunica media'’. Thus, we proposed that these proteins could be detectable in some form if the
structures investigated in this work were remnant dinosaur vessels, with chemical signatures diagnostic of their
current preservation state.

Both elastin and collagen are identifiable by certain hallmark features constrained by their structure and
molecular composition. For example, collagen is a repetitive helical protein with every third residue occu-
pied by glycine'?, which demonstrates unusual hydroxylation patterns on proline and lysine residues'®. The
67-nm-banding motif of fibrillar collagen results from a characteristic head-to-toe stacking pattern and off et of
adjacent molecule stacks that results from chemical composition and is critical to mechanical performance!?-'>.
Elastin is also a highly repetitive helical protein capable of self-assembly, and is comprised of high levels of gly-
cine, proline, and valine'. The tertiary structure of both fibrillar collagens and elastin arises from intramolecular
crosslinks formed between lysine residues on adjacent tropocollagen and tropoelastin molecules, respectively, and
in living organisms, these pathways are mediated by similar lysyl oxidase (enzymatic) mechanisms (Fig. $1)**2..

However, intramolecular (and ultimately, intermolecular) crosslinks can also form by non-enzymatic, and
hence unregulated, pathways, particularly as tissues age'>?>?*. Such pathways have also been studied in associa-
tion with atherosclerotic plaque formation, changes in hormones, and glucose regulation, among others?*-. The
presence of reducing sugars contributes to the formation of carbonyl-containing glycation products (see Fig. S1),
which then mature into advanced glycation end products via subsequent reaction mechanisms (i.e., AGEs or
Maillard reaction products)?*?. Because these pathways are non-enzymatically driven, they can continue after
death. These post mortem reactions may contribute significantly to tissue preservation by conferring resistance
to degradation to the structural proteins that form the basis for the vessel structure. The existing biomedical
and materials engineering literature shows that the accumulation of these non-enzymatic crosslinks between or
within structural proteins signifi antly reduces their susceptibility to common degradation pathways, because
as these crosslinks accumulate, vessel walls increase in stiffness'>!7?% and become more resistant to biological
turn-over'? and/or enzymatic degradation?’.

The involvement of structural proteins in Fenton chemistry and glycation crosslinking pathways yields a suite
of diagnostic characters that can be detected, targeted, and characterized using a variety of techniques. For exam-
ple, the metal-oxide precipitates’ and carbonyl (C=0)-containing crosslinks resulting from these processes (see
Fig. S1), together with the formation of end product AGEs, contribute to changes in the spectroscopic properties
of tissues®. In particular, fi ely crystalline iron oxide, which appears reddish-brown in colour depending on
oxidation state, has been observed in the walls of ancient vessel tissues recovered from multiple specimens®!?,
and the typical brownish hue of fossilised organic tissues has been attributed as much to AGE formation as to the
presence of metal-oxide precipitates®.

To test our hypothesis that these early diagenetic processes could have contributed to the survival of these T.
rex microvascular structures from deep time, we conducted an actualistic experiment in which non-enzymatic
crosslinks of known character were induced in extant chicken type I collagen (recovered from the cortical bone of
a chicken tibia) through Fenton and glycation pathways, using reactant concentrations relevant to known verte-
brate systems (see Methods). We targeted type I collagen because it is the dominant protein in vertebrate tissues,
and we derived our reference tissues from chicken because this species is phylogenetically close to non-avian
dinosaurs. Moreover, this protein has been widely characterized and is readily available. Crosslink character-
istics in the treated chicken tissues were directly compared with untreated tissues using synchrotron radiation
Fourier-transform infrared spectroscopy (SR-FTIR) conducted in transmission mode. Then, we compared both
treated and untreated states to our observations of the microvascular tissues recovered from the compact/cor-
tical bone of the T. rex specimen (USNM 555000). Prior to SR-FTIR analysis, we employed optical and electron
microscopy methods, small angle X-ray scattering (SAXS), and in situ immunohistochemistry (IHC) to test the
endogeneity of these tissues. Finally, micro-focused X-ray fluorescence (u-XRF) and extended X-ray absorption
near-edge structure spectroscopy (u-XANES) were utilized to document the presence of transition metals in
the T. rex tissues and then to determine their chemical speciation, for iron compounds in particular, as further
supporting evidence of the likely contribution of these crosslinking mechanisms to vessel tissue preservation.

Results
SR-FTIR analysis of crosslink character in chicken type | collagen. We induced crosslinks in fresh,
extant chicken type I collagen using either the Fenton reagent or iron-catalysed glycation?”?°, and then used
transmission SR-FTIR to analyse each tissue. Curve fitting and second derivative analysis identifi dlocations and
relative absorption intensities of key sub-bands of the protein Amide I band, which is consistent with, but not
exclusive to, protein secondary structure. The Amide I band of untreated immature type I collagen was observed
at ~1633cm™! (Fig. 1a), consistent with un-crosslinked (immature) type I collagen®-*2

Post-treatment SR-FTIR analysis (Fig. 1b,c) revealed three significant changes to chicken fibrillar colla-
gen profiles when compared to untreated samples. First, treatment with the Fenton reagent (1657 cm™') and
iron-catalysed glycation (1660 cm ') caused an apparent blue shift in the Amide I band (Fig. 1), as the absorp-
tion of the triple-helix (~1658-1660 cm™')*"** and intermolecular sub-bands (~1683-1690 cm™')**** increasingly
dominated, consistent with changes in the secondary structure of mature collagen due to increased intramolec-
ular crosslinking®~**. Second, both glycation and Fenton treatments gave rise to a non-peptide carbonyl band
at ~1739cm™! (Fig. 1b,c). Prior studies on aged collagenous tissues®, glycated fibrillar collagens®**4-%¢, and
demineralised tissues of Mesozoic fossils*’ all reported this same spectral feature to varying relative intensities,
which can result from Fenton-type reactions in the immediate vicinity of peptide sequences®®, leading to peptide
crosslinking and the subsequent formation of aldehydic carbonyls¥’, or immature, intramolecular crosslinks (see
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Figure 1. Amide I sub-band localisation of untreated and treated chicken type I collagen in SR-FTIR
spectra. Sub-bands (3-sheet, ~1633 cm™'; triple-helix, ~1658-1660 cm™'; intermolecular, ~1683-1690 cm ')
are indicated in the figu es. Red traces denote second derivatives of experimental curves. Although the
intermolecular sub-band typically presents at lower wavenumber, the identifi d value was the nearest local
minimum in each of the second derivative traces and consistently appears across all samples; therefore, in this
sample, the intermolecular sub-band was indexed at 1697-1699 cm ™.

Fig. S1). Third, a carbohydrate band (~900-1100 cm™?, Fig. $2)*>** developed in extant tissues after glycation.
We report this latter observation simply as evidence of crosslink introduction, but explore the feature no further
because the shape of this band is highly dependent on the nature and amount of different sugar molecules pres-
ent during crosslinking® (i.e., in this work, we only carried out glycation analyses with D-glucose as a reagent),
and because in these chicken tissues, the intramolecular crosslinks that have formed are of the immature variety,
lacking exposure to the necessary subsequent pathways to mature into intermolecular crosslinks, or AGEs***.

Characterisation of T. rex vessel structures and evidence for endogenous structural pro-
teins. Th ee types of vessels were liberated from demineralised (see Methods) T. rex cortical bone (Fig. S3),
characterised as: (1) extensive, brown-hued, pliable vessel networks (Fig. 2a), (2) fragmented, opaque structures
(Fig. S4a), and (3) fragmented, semi-translucent structures (Fig. S4a) under visible light microscopy (VLM). The
pliable vessels (1) were hollow, ranged from 10-40 um in width, and demonstrated branching networks con-
sistent in size and morphology with microvascular tissues in extant bone*. Energy-dispersive X-ray spectros-
copy (EDS; Fig. S4c—e) coupled with scanning electron microscopy (SEM) and, separately, u-XRF spectroscopy
(Fig. S5) confi med that the differences observed in VLM between the soft, transparent (1) and opaque (2) and/
or semi-translucent (3) vessels arose from compositional variation between these samples. The opaque (2) vessels
were dominated by iron oxide, while the semi-translucent fragments (3) were composed of barium, sulphur, and
oxygen. We focused all further analyses on the pliable (1) vessel networks, because they appeared most similar to
those observed in extant bone tissue, and thus were presumably less altered.

When analysed by SEM, the pliable T. rex vessels (Fig. 2b) exhibited ordered fibrous structures across their
outermost surface. At higher magnifi ation (Fig. 2¢), the vessel exteriors were roughly textured and fi ely striated,
exhibiting features morphologically consistent with fibrillar collagen'?. These same striated, fibrous features were
also observed (Fig. 2d) in longitudinal sections of vessels imaged by transmission electron microscopy (TEM;
see Methods). The average structural features included a fibril width of 110 nm, fibre bundle width of 1.0 um, and
~74-nm periodicity (d-spacing) of fine striations as recorded in SEM (Fig. 2e) and 56 nm, in TEM (Fig. 2f). We
used SAXS to determine the periodicity of T. rex fibrillar structures more precisely, calculating a d-spacing of
66.5nm (Fig. S6).

These combined features are consistent with those seen in extant vessels liberated from cortical bone (see
Fig. 3 of reference'), and with fibrillar collagen (predominantly type I in the tunica media and tunica externa of
blood vessels!"'21¢), which shows striations with an accepted d-spacing of 67 nm*. Similar features have been
observed in vessels' and mineralised fibrils® recovered from other fossil specimens. Importantly, these vessel
networks are too large, and not consistent in morphology, with fungal hyphae*!.

The SR-FTIR spectrum of the T. rex vessels was dominated by Amide I and Amide II bands, at values consist-
ent with the absorption bands of extant chicken type I collagen (Fig. 3)**4>%3, The maximum absorption intensity
of the Amide I band, corresponding to carbonyl (C=0) stretching, was located at ~1657 cm™!; the Amide II band
(N-H bending), at ~1541 cm™!; the CH, bending vibration also seen in collagen, at ~1458 cm™'; and the C-OH
stretching vibrations of carbohydrate moieties (associated with AGE formation)*** at ~1036 and ~1066 cm ™!
were observed in both the treated extant and ancient tissues. Specifi ally, the location of the Amide I band for
the dinosaur tissue is indicative of a predominant a-helix structure®, consistent with the triple a-helix structure
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Figure 2. Microscopy images of T. rex vascular tissue and associated analysis of fibrillar collagen banding.

(a) Transmitted VLM of T. rex soft tissue shows an extensive network of hollow, pliable, vascular structure

and typical brown hue. (b) SEM image of the surface of a vessel. (c) Magnifi d image of (b) detailing features
consistent with collagen fibre bundles (collagen fibril, “f”; collagen fibre, “CF”). Average fibril width was
measured as 110 nm, and average fibre width, 1.0 um. (d) TEM image of fibrous features observed in a
longitudinal vessel cross-section. Intensity profiles of banded texture in (e) boxes 1 and 2 in ¢ and (f) boxes 3,

4, 5 in (d) with example peak-to-peak distances (SEM average, ~74 nm; TEM, ~56 nm) called out in red. See
Fig. S6 for precise d-spacing values determined using SAXS. For comparison to a modern blood vessel network
in bone, see Fig. 5b of ref.®.

of mature (crosslinked) fibrillar collagen. The C-H stretch (2852 and 2922 cm™!) and non-peptide carbonyl
(1739 cm™!) bands can be associated with the presence of lipids and/or proteins® and are discussed in more detail
below. Because this analysis was carried out in transmission mode, all layers of the vessel structures (including
the layers exhibiting morphological characters consistent with fibrillar collagen; see Fig. 2b,c) were probed during
analysis.

Immunohistochemistry (IHC) of T. rex vessels. The above results indicate that these T. rex tissues are
composed of a signifi ant fraction of protein-derived compounds, and possess a degree of structural character
consistent with fibrillar collagen. As a corroborating line of evidence, we also conducted in situ IHC analyses
to identify and localise to the micron-scale protein-specific epitopes of the structural proteins elastin and type
I collagen, and other proteins associated with extant microvascular tissue (actin, tropomyosin, haemoglobin).
THC was selected for identifi ation of protein constituents because of the specific ty of the vertebrate immune
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Figure 3. SR-FTIR full spectra of isolated T. rex vascular tissue and chicken type I collagen (no treatment). All
key bands for the identifi ation of protein (Amide I, Amide II, Amide IIT) are present in the dinosaur tissue
spectrum. The T. rex spectrum also presents a strong non-peptide carbonyl (C=0) band at 1739cm™' and a
carbohydrate band at ~1010cm ™.

response, which can be employed to differentiate endogenous proteins associated with blood vessels** from those
arising due to exogenous contaminates*. Specifically, actin proteins constitute the cytoskeleton of blood vessel
endothelial cells*® and contribute to the functionality of the thin filaments, along with tropomyosin, in smooth
muscle cells?’. Tropomyosin is a component of muscle tissues and is localised within the tunica media of vessel
walls, where smooth muscle cells reside*®. Thus, tropomyosin, actin, and collagen often co-localise in extant
vessels at the lower magnifi ations represented herein. Elastin is a major component of the basement mem-
brane that forms the boundary (i.e., internal elastic lamina) between the endothelial cells of the tunica intima
and the collagen and smooth muscle cells forming the tunica media*. Haemoglobin, the major protein within
vertebrate erythrocytes (red blood cells), is abundant in highly vascularised bone. When released during post
mortem haemolysis, haemoglobin protein can interact with and adsorb onto surrounding tissues; in modern ver-
tebrates, haemoglobin imparts a red hue to bone and the walls of blood vessels'’. Thus, these proteins constitute
a reasonable suite of targets for IHC techniques, and their in situ identifi ation in fossil blood vessels supports
their endogeneity. Concurrently, we tested for reactivity of these vessels to antibodies raised against peptidogly-
can, a component of bacterial biofilms, and employed established negative controls to account for non-specifi
reactivity.

As shown in Fig. 4, antibodies raised against all of the components of extant vasculature that we tested
exhibited positive binding to the dinosaur vessel walls. Composite images (Fig. 4a,c,e,g,i,k,m,0) were created
by overlaying fluorescence images corresponding to antibody-antigen complexes upon VLM images of vessel
sections. A fluorescent filter was used during capture of the adjacent images (Fig. 4b,d,f,h,j,1,n,p), which show the
localisation and distribution of antibody-antigen complexes (green fluorescence). Negative controls to account
for non-specific binding (Fig. 4a-d) were conducted by exposing vessels to secondary antibodies raised against
mouse (a,b) and rabbit (c,d), the host species for antibodies employed. No signal was observed, indicating that
spurious binding of the secondary antibodies to the tissues was not responsible for positive signal in the images.
The response of these dinosaur vessels to actin antibodies (Fig. 4e,f) was observed as a thin and evenly distributed
layer, whereas antibodies raised against the muscle protein tropomyosin (Fig. 4g,h) were bound with greater
intensity over a broader portion of the vessel walls, consistent with the distribution of these proteins in extant
vessels***”. The dinosaur vessels also reacted to type I collagen antibodies (Fig. 4i,j), although elastin antibodies
were bound with greater intensity (see Fig. 4k,1). These two proteins are highly evolutionarily conserved in certain
regions of their respective sequences**’, making them good targets for fossil studies. Antibodies raised against
ostrich haemoglobin' also showed positive binding, although at comparatively lower intensity (Fig. 4m,n). No
reactivity was seen for vessels exposed to antibodies against bacterial peptidoglycan (Fig. 40,p), eliminating the
possibility that these structures arose from microbial contamination®.

Investigation of possible crosslinking mechanisms in T. rex vessel structures. We previously
demonstrated that the treatment of extant microvascular tissue with haemoglobin, an Fe-coordinating protein,
can signifi antly enhance stability over multi-year time frames'?, in effect acting as a preserving agent. Here,
we extend this experimental observation to propose that enhanced resistance to degradation is due in part to
Fe-catalysed non-enzymatic crosslinking of molecules comprising structural tissues, with haemoglobin suggested
as the primary source of such Fe in vessels undergoing diagenesis.

To test whether post mortem structural protein crosslinking (specifi ally, on type I collagen) could have
enhanced the resistance of these T. rex vessel structures to degradation/diagenetic alteration processes, we
employed two experimental approaches: for our fi st approach, we analysed the spectral features of the dinosaur
tissues with the same approach applied to chicken type I collagen, and found that all three signifi ant changes
observed in the treated (crosslink-induced) chicken tissues were, to some degree, identifiable in the dinosaur ves-
sel structures. In this work, our focus was specifi ally on fibrillar collagen (predominantly type I collagen in extant
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Figure 4. T. rex tissues exhibit positive antibody binding to protein components of extant vascular tissue.
(a,c,e,8,1,k,m,0) Are composite images in which fluorescence corresponding to antibody-antigen complexes is
overlain upon VLM images of vessel sections, with adjacent images (b,d,f,h,j,1,n,p) captured using a fluorescent
filter. (a-d) No spurious binding was observed for negative controls in which vessels were exposed to secondary
antibodies raised against the host species of all other antibodies used, i.e., mouse (a,b) and rabbit (c,d). (e,f)
Positive binding of dinosaur vessels to actin antibodies can be seen in thin, evenly distributed layers, and (g,h)
more broadly distributed binding is apparent for muscle tropomyosin antibodies. Antibodies to both (i,j)

type I collagen and (k,]) elastin bind positively to these T. rex vessels. (m,n) Antibodies raised against ostrich
haemoglobin exhibit comparatively lower binding intensity. (o,p) No reactivity of dinosaur vessels to antibodies
against bacterial peptidoglycan was observed.

vessel tissues), for several reasons: (1) this structural protein type imparts structural integrity to modern vessels,
(2) fibrillar collagen is most abundant in the tunica media and tunica externa, with the potential to encapsulate
and protect the innermost contents of fossil vessel networks, and (3) our SEM and TEM imaging studies of these
T. rex vessels clearly demonstrated extensive fibrillar surface features on the outermost preserved layers of the
vessels as well as in their longitudinal sections.

Using transmission SR-FTIR, the maximum absorption intensity of the Amide I band of the T. rex tissue
was observed at 1657 cm™! (Fig. 5a). Sub-band analysis (Fig. 5a) indicated that this band location was due to
increased relative intensities of the triple-helix (~1658-1660 cm~!)*"** and intermolecular (~1683-1690 cm™!)**3
sub-bands, as observed in both samples of crosslinked chicken vessels. The maximum absorption intensity of
the T. rex Amide I band fell between the Amide I bands recorded for chicken type I collagen crosslinked using
Fenton chemistry (1657 cm™') and Fe-catalysed glycation (1660 cm™"), suggesting that both mechanisms could
have contributed to post mortem crosslinking in this tissue.

The prominent non-peptide carbonyl band (Fig. 5b) observed in the dinosaur tissues (1739 cm™") also devel-
oped in the chicken type I collagen tissues treated by both crosslinking mechanisms, because non-peptide car-
bonyls were introduced within immature, intramolecular crosslink structures?**-3. Th s same spectral feature
has been recorded, but not discussed, in two other works on ancient fossil soft tissues*®. Concurrently, crosslink-
ing of the chicken tissues enhanced the absorption intensity and prominence of C-H stretch bands, representing
aliphatic protein groups at 2850 and 2930 cm ™! (Fig. 1). These same bands exhibited strong absorption in the
dinosaur tissues (Fig. 3). Although C-H stretch and non-peptide carbonyl (C=0) bands can also be associated
with lipids, the presence of lipids is only supported if strong and sharp (cusp-like) absorption bands associated
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Figure 5. SR-FTIR analysis of T. rex vascular tissue, NaBH, reduced T. rex vascular tissue, chicken type

I collagen without treatment, and chicken type I collagen treated with Fenton reagent and iron-catalysed
glycation. (a,b) Average FTIR spectra in the non-peptide carbonyl and protein amide I regions for all five
samples. (a) Signifi ant reduction in the non-peptide carbonyl band follows treatment of T. rex vascular tissue
with NaBH,, which reduces (immature) peptide crosslinks. The blue-shifted Amide I band of the dinosaur
tissue, Fenton reagent-treated chicken type I collagen, and Fe-catalysed glycation-treated chicken type I
collagen indicate increasing a-helix structure (~1660 cm™!) as the higher-energy triple-helix and intermolecular
sub-bands (see Fig. 1 for method of identifi ation) increasingly predominate the spectra. The development

of aldehydic carbonyl, ketoaldehyde, and/or immature ketoimine bands in both treated chicken tissues is
consistent with the strong carbonyl band in the dinosaur tissue.

with C-H bending modes are present in the fi gerprint region (~1450 cm™!) and the absorption feature of ole-
fins® is present at ~3010 cm ™. In contrast, protein methyl group absorption in the region of (1500-1300cm™?)
exhibits a broader, more-rounded character (e.g., chicken spectrum in Fig. 3). Because the spectrum for the T.
rex tissue exhibits neither strong, sharp C-H bending modes nor strong olefin absorption, we associated the C-H
stretch and non-peptide carbonyl bands observed in the dinosaur tissue with the presence of protein structures.

Th T rex SR-FTIR spectrum also exhibits increased absorption in the carbohydrate region. The shape of
the absorption band in this region is dependent on the nature and amount of different sugar molecules present
during crosslinking®. In this specimen, the doublet presenting at ~1036 and ~1066 cm™! (Fig. 3) is highly con-
sistent in energy position, absorption intensity, and overall feature shape with observations of AGE ‘hotspots’
formed in the cardiac tissue of mice fed high-glycemic-index diets (specifi ally, amylopectin, which is a glucose
starch)?. Increased absorption intensity in this same region was observed in both the Fenton chemistry- and
glycation-treated chicken type I collagen samples, suggesting that the absorption band in the T. rex tissue could be
due to multiple effects. Although a degree of contribution from enzymatic glycosylation® cannot be ruled out, the
combination of features present, in coordination with the carbohydrate band absorption shape, strongly indicate
that this feature arises from non-enzymatic crosslinking mechanisms. Furthermore, the differences between the
carbohydrate band of T. rex and that of either crosslinked chicken sample are likely due to a difference in crosslink
state: the immature, intramolecular crosslinks induced in the chicken tissues lacked exposure to the subsequent
pathways necessary for maturation into mature, intermolecular crosslinks (AGEs).

For our second experimental approach, we treated bulk T. rex tissue (Fig. 5¢) with NaBH,. Th s compound
reduces the carbonyl group within immature crosslinks, thereby decreasing the non-peptide carbonyl band
absorption intensity (see Fig. S1)*. After treatment, we observed signifi antly lower intensity of the non-peptide
carbonyl band at ~1739 cm™! in the T. rex tissues, suggesting that a significant fraction of the crosslinks in this
tissue are immature. The data suggest that this T. rex tissue possesses both intramolecular and intermolecular
crosslink types.

Elemental mapping using u-XRF (Fig. 6a,b,e) revealed that Fe was the only metal concentrated within the
dinosaur vessel tissues (Figs. 6¢,d,f and S5). Extended u-XANES at the Fe K-edge on seven tissue locations
(Fig. 6g) showed Fe*" embedded in the vessel walls. These spectra, which were recorded up to 300 eV past the
K-edge into the extended X-ray absorption fi e structure (EXAFS) region, were used to identify the nature of Fe
oxides present by simultaneously fitting several of the distinctive EXAFS features (see Fig. S7). Least-square lin-
ear combination fitting of the Fe K-edge XANES spectra, using a published spectral database of >90 Fe standard
compounds, showed that these vessels contained finely crystalline goethite (a-FeO(OH)), a mineral we previ-
ously observed in vascular tissues recovered from two different dinosaur specimens'.

Discussion

The identification of still-soft tissues and cellular structures in a suite of Mesozoic fossils , and claims of
endogenous proteins preserved within these materials®>*3-1%28, is controversial because it challenges both conven-
tional wisdom and theoretical kinetics, which preclude the persistence of proteins over geological time scales®*°.
Data supporting endogeneity have been viewed with scepticism, in part because no mechanisms have been iden-
tifi d that could reasonably contribute to such preservation.

1-5,8,10
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Figure 6. X-ray microprobe analysis of iron in the T. rex vascular tissues. (a,b,e) Optical microscope images

of vessel tissues and (c,d,f) corresponding iron p-XRF distribution maps recorded at 10 keV. Brighter pixels
correspond to higher Fe content. All scale bars are 50 ym. Additional elemental maps of regions (a) and (b) can
be found in Fig. S5. In (b,d) the vessel structure is not an organic tissue but a mineralised cast rich in Baand S
(see Fig. S5). Such fi e-scale variation in preservation underscores the notion that preservation depends on the
microenvironment. Numbered white circles indicate locations of Fe y-XANES analysis. (g) Stacked normalised
Fe K-edge extended XANES spectra of spots 0-6. Fits are shown in red dashed lines, with corresponding
residuals plotted at the bottom. All spectra match to goethite (a-FeO(OH)) with normalised sum-square values
ranging from 0.59 to 1.93-10~*. For comparison, an example set of the iron bearing reference spectra used are
displayed in Fig. S7.

Our data support the presence of vertebrate-specific endogenous proteins, localized to these soft tissue dino-
saur structures, including the presence of a signifi ant quantity of type I collagen, consistent in location and
chemistry with the vasculature of extant vertebrates'"!»!6, Furthermore, we provide data to support a two-step
mechanism that stabilises biomolecules and vessel structures shortly after organismal death, promoting their
persistence within densely mineralised skeletal elements.

When biological iron, which exists in the thermodynamically unstable Fe*" state, is released from complexing
molecules, it oxidises rapidly, generating free radicals!®>¢-8 in the conversion from Fe?* to the more stable and
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insoluble Fe*™ form. We hypothesise that early in diagenesis, perhaps immediately post mortem, iron-mediated
Fenton and glycation pathways contributed to enhanced T. rex tissue longevity by rapidly crosslinking arginine
and lysine residues of elastin and fibrillar collagen (and other vascular proteins) within and surrounding the
blood vessels. Th s Fenton-type reaction would have been heavily favoured by conditions of oxidative stress as
Fe-containing haemoglobin was liberated into and degraded within the vessel lumen during haemolysis®*~>’. The
iron would have fi st bound to a metal-binding site on collagen, normally occupied by Ca, producing hydroxyl
radicals that would then have instantaneously reacted with local amine groups!?, leading to aldol condensation
and crosslinking among adjacent protein molecules. Alternatively, or perhaps simultaneously, autoxidised car-
bohydrates in non-enzymatic glycation would have undergone condensation with the terminal amine groups of
lysine, leading to ketoaldehyde formation and protein crosslinking. Both processes are catalysed by transition
metal species, including iron®, and hence would have driven crosslinking in the immediate vicinity of the Fe
catalyst'’. Hence, the central role of Fe in structural protein crosslinking also provides a causal mechanism to
explain the observations of intimately associated and distributed iron oxyhydroxides within the dinosaur tissues
reported here. Th s idea is fully supported by the formation of iron oxyhydroxide precipitates observed in the
walls of extant vascular tissues incubated in haemoglobin, and ancient vascular tissues recovered from other
dinosaur specimens'’.

Overall, the role of iron in generating free radicals is central to both the Fenton reaction and transition
metal-catalysed glycation, and the immature, intramolecular crosslinks resulting from both pathways exhibit
non-peptide carbonyl functional groups, which have been recorded, although not commented on, in other spec-
tral analyses of ancient tissues*?. We show that the chemical complexity of crosslinks in the dinosaur struc-
tural proteins varies widely, with the presence of both mature, intermolecular crosslinks identifiable via SR-FTIR
Amide I sub-band analysis*'~** and based on the shape of the carbohydrate absorption band in the T. rex tis-
sue (consistent with AGEs)? and immature crosslinks verifi d by treatment with the reducing agent NaBH,>.
Although lipid peroxidation can also give rise to a carbonyl band at the same energy as the non-peptide carbonyl
band resulting from intramolecular crosslinking, the full FTIR profile of a lipid is distinct from that of a pro-
tein. The T. rex tissues were found to exhibit a predominantly proteinaceous character, strongly indicating that
the majority of the carbonyl groups in this sample derive from crosslinks associated with protein compounds.
Molecular crosslinks (essentially, hyper-crosslinking) would have afforded exceptional resistance to mechanical,
biological, and thermal degradation'>!7262761-64 Moreover, post mortem lipid peroxidation events would have
resulted in cell membrane degradation®, contributing to increased diffusion of serum proteins (e.g., haemo-
globin) and myoglobin-containing Fe in smooth muscle cells to the structural components of vessel walls dur-
ing short-term diagenesis. In contrast, lipoprotein oxidation events associated with ROS-mediated mechanisms
could lead to the uptake of these compounds into vessel walls; therefore, it would not be unreasonable to expect
the observation of lipoprotein plaque deposition in other fossil soft tissues, similar to atherosclerotic plaque for-
mation in living systems®.

The extensive presence of fi ely crystalline goethite (a-FeO(OH)) in these fossil vessels suggests that con-
ditions favoured thermodynamically-driven nucleation over kinetically-driven growth, and that this mineral
formed on a large number of distributed nucleation sites (i.e., Ca-binding sites), as previously demonstrated®.
In accordance with the fundamentals of mass transfer phenomena, diffusion mechanisms are aided by factors
such as small crystallite size (large surface area), elevated temperature, solubility (K;), pH, and/or long time peri-
ods. Ultimately, growth within the sub-microscopic features of the microvascular walls would have intrinsically
restricted crystallite size.

Goethite formation from aqueous ferrihydrite (Fe*") signifi antly predominates over haematite in the range
from pH 4 (>95% goethite) to pH 5 (>80% goethite)®, with the highest crystallinity of goethite exhibited at
pH 4%. Goethite solubility at neutral pH is extraordinarily low®. In this work and in our previous study’, we
observed the presence of fi ely crystalline goethite throughout the fossil blood vessels investigated, suggesting
that the mineral formed under acidic pH, which is consistent with the development of a hypoxic post mortem
environment®. Over time, the vessel cavity pH would have been regulated primarily by ground water and the
strong buffering capacity of bone mineral®”%, maintaining values near neutral pH and, as a result, preventing
goethite dissolution. Micromobilisation of apatite crystals from the encapsulating bone onto the vessel walls
could have provided a secondary form of stabilisation via encapsulation (note that such crystals would have been
removed by the demineralisation process used to liberate the T. rex vessels in this work, and hence would not have
been observed during microscopy studies). Therefore, we argue that such formation conditions are consistent
with the Fe-catalysed crosslinking mechanisms tested in this work, and not of exogenous, geological origin.

We provide additional support for our hypothesis by demonstrating that both chemical pathways tested herein
were capable of inducing crosslink formation in chicken type I collagen tissues within 48 h at reactant concen-
trations consistent with anticipated values in dinosaur blood systems (see Methods). Such observations rein-
force the likely role of Fenton- and glycation-type transition metal (Fe)-catalysed pathways in the early and rapid
diagenetic stabilisation of microvascular tissues in the burial environment. As we have previously shown, Fe in
haemoglobin compounds can signifi antly enhance microvascular tissue stability over multi-year time frames'’.

Conclusions

These data represent the fi st comprehensive chemical and molecular characterisation of vascular tissues recov-
ered from this T. rex specimen (USNM 555000). By combining synchrotron and laboratory techniques with
verifi d and well-understood immunological, diffraction, and microscope imaging methods, we provide the
fi stidentifi ation of reducible, intramolecular (immature) and irreducible, intermolecular (mature) crosslinks
in preserved, ancient vessel tissues. These data strongly support the previous hypothesis'® invoking transition
metal (Fe)-mediated mechanisms as an agent of vessel preservation. Exposure of extant chicken type I collagen
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tissues to Fenton chemistry and transition metal-catalysed glycation rapidly induces chemical modifi ations also
observed in the dinosaur tissues studied here.

In addition to these inherent molecular features conferring resistance to degradation in tissues that possess
them, the sequestration of proteinaceous components within mineralised tissue has also been demonstrated
to promote longevity, by restricting degradative pathways in the immediate and long-term post mortem envi-
ronment®7°. We hypothesize that the enzymatic and non-enzymatic pathways described herein, coupled with
adsorbance to the mineralized components of bone, can result in exceptional preservation of the original organic
components of dinosaurian vascular tissues.

We have shown that actualistic taphonomy provides mechanisms for preserving endogenous soft tissues pre-
viously considered impossible, that these mechanisms provide a means for preserving constituent molecules
to the degree that they may shed light on evolutionary relationships, and that certain aspects of the immediate
microenvironments of degradation can be deduced by examining the chemistry of preservation. These results
confirm earlier findings'~>7, and those reported in other studies*®, and shed light on the possible suite of pro-
cesses involved in fossilisation at the molecular level. The ability to localize structural proteins within vascular
tissues and correlate these observations to chemical and structural alterations in fossil soft tissues will contribute
to the development of a comprehensive model of mechanisms that contribute to vascular tissue survival from
deep time.

Methods

For a detailed description of the methods and techniques used, please see the Supplementary Information.

Received: 2 December 2018; Accepted: 29 September 2019;
Published online: 30 October 2019

References
1. Schweitzer, M. H., Wittmeyer, J. L., Horner, J. R. & Toporski, J. K. Soft- issue Vessels and Cellular Preservation in Tyrannosaurus rex.
Science 307, 1952-1955, https://doi.org/10.1126/science.1108397 (2005).
2. Schweitzer, M. H., Wittmeyer, J. L. & Horner, J. R. Soft tissue and cellular preservation in vertebrate skeletal elements from the
Cretaceous to the present. P. Roy. Soc. B-Biol. Sci. 274, 183-197, https://doi.org/10.1098/rspb.2006.3705 (2007).
3. Schweitzer, M. H. et al. Biomolecular Characterization and Protein Sequences of the Campanian Hadrosaur B. canadensis. Science
324, 626-631, https://doi.org/10.1126/science.1165069 (2009).
4. Lindgren, J. et al. Microspectroscopic Evidence of Cretaceous Bone Proteins. PLoS ONE 6, 19445, https://doi.org/10.1371/journal.
pone.0019445 (2011).
5. Zhuoxin, Y., An, B., Ramshaw, J. A. M. & Brodsky, B. Bacterial collagen-like proteins that form triple-helical structures. J. Struct. Biol.
3,451-461 (2014).
6. Sage, H. Structure-function Relationships in the Evolution of Elastin. J. Invest. Dermatol. 79, 146-153, https://doi.org/10.1038/
jid.1982.27 (1982).
7. Cleland, T. P. et al. Mass Spectrometry and Antibody-Based Characterization of Blood Vessels from Brachylophosaurus canadensis.
J. Proteome Res. 14, 5252-5262, https://doi.org/10.1016/j.jsb.2014.01.003 (2015).
8. Bertazzo, S. et al. Fibres and cellular structures preserved in 75-million-year-old dinosaur specimens. Nat. Comms. 6, 7352, https://
doi.org/10.1038/ncomms8352 (2015).
9. Lee, Y.-C. et al. Evidence of preserved collagen in an Early Jurassic sauropodomorph dinosaur revealed by synchrotron FTIR
microspectroscopy. Nat. Comms. 8, 14220, https://doi.org/10.1038/ncomms14220 (2017).
10. Schweitzer, M. H. et al. A role for iron and oxygen chemistry in preserving soft tissues, cells and molecules from deep time. P. Roy.
Soc. B-Biol. Sci. 281, 20132741, https://doi.org/10.1098/rspb.2013.2741 (2013).
11. Shadwick, R. E. Mechanical design in arteries. J. Exp. Biol. 202, 3305-3313 (1999).
12. Bailey, A. ., Paul, R. G. & Knott, L. Mechanisms of maturation and ageing of collagen. Mech. Ageing Dev. 106, 1-56, https://doi.
org/10.1016/50047-6374(98)00119-5 (1998).
13. Fleischmajer, R. et al. and Type III Collagen Interactions during Fibrillogenesis. Ann. N.Y. Acad. Sci. 580, 161-175, https://doi.
org/10.1111/j.1749-6632.1990.tb17927.x (1990).
14. Gautieri, A., Vesentini, S., Redaelli, A. & Buehler, M. ]. Hierarchical Structure and Nanomechanics of Collagen Microfibrils from the
Atomistic Scale Up. Nano Lett. 11, 757-766, https://doi.org/10.1021/n1103943u (2011).
15. Cameron, G. J., Alberts, I. L., Laing, J. H. & Wess, T. J. Structure of Type I and Type III Heterotypic Collagen Fibrils: An X-Ray
Diffraction Study. J. Struct. Biol. 137, 15-22, https://doi.org/10.1006/jsbi.2002.4459 (2002).
16. Mayne, R. Collagenous proteins of blood vessels. Arteriosclerosis 6, 585-593, https://doi.org/10.1161/01.atv.6.6.585 (1986).
17. Wagenseil, J. E. & Mecham, R. P. Elastin in Large Artery Stiffness and Hypertension. J. Cardiovasc. Transl. Res. 5, 264-273, https://
doi.org/10.1007/s12265-012-9349-8 (2012).
18. Kivirikko, K. I. & Prockop, D. J. Enzymatic Hydroxylation of Proline and Lysine in Protocollagen. PNAS 57, 782-789 (1967).
19. He, D. et al. Comparative genomics of elastin: Sequence analysis of a highly repetitive protein. Matrix Biology 26, 542-540, https://
doi.org/10.1016/j.matbio.2007.05.005 (2007).
20. Eyre, D. R., Paz, M. A. & Gallop, P. M. Cross-Linking in Collagen and Elastin. Ann. Rev. Biochem. 53, 717-748, https://doi.
org/10.1146/annurev.bi.53.070184.003441 (1984).
21. Eyre, D.R. & Wu, ]. J. Collagen Cross-Links. Top. Curr. Chem. 247, 207-229, https://doi.org/10.1007/b103828 (2005).
22. Ulrich, P. & Cerami, A. Protein glycation, diabetes, and aging. Recent Prog. Horm. Res. 56, 1-22 (2001).
23. Zieman, S. J. Mechanisms, Pathophysiology, and Therapy of Arterial Stiffness. Arterioscl. Throm. Vas. 25, 932-943, https://doi.
org/10.1161/01.atv.0000160548.78317.29 (2005).
24. Chace, K. V,, Carubelli, R. & Nordquist, R. E. The role of nonenzymatic glycosylation, transition metals, and free radicals in the
formation of collagen aggregates. Arch. Biochem. Biophys. 288, 473-480, https://doi.org/10.1016/0003-9861(91)90223-6 (1991).
25. Birarda, G. et al. Synchrotron infrared imaging of advanced glycation endproducts (AGEs) in cardiac tissue from mice fed high
glycemic diets. Biomed. Spectrosc. Imaging 2, 301-315, https://doi.org/10.3233/BSI-130057 (2013).
26. Briiel, A. & Oxlund, H. Changes in biomechanical properties, composition of collagen and elastin, and advanced glycation
endproducts of the rat aorta in relation to age. Atherosclerosis 127, 155-165, https://doi.org/10.1016/s0021-9150(96)05947-3 (1996).
27. Spoerl, E., Wollensak, G. & Seiler, T. Increased resistance of crosslinked cornea against enzymatic digestion. Curr. Eye Res. 29, 35-40,
https://doi.org/10.1080/02713680490513182 (2004).
28. Wiemann, J. et al. From white to black: Maillard reaction products and endogenous porphyrins stain fossil hard tissues. Paper
presented at Society of Vertebrate Paleontology 76th Annual Meeting, Salt Lake City, Utah, USA (October 26-29, 2016).

SCIENTIFIC REPORTS |

(2019) 9:15678 | https://doi.org/10.1038/s41598-019-51680-1


https://doi.org/10.1038/s41598-019-51680-1
https://doi.org/10.1126/science.1108397
https://doi.org/10.1098/rspb.2006.3705
https://doi.org/10.1126/science.1165069
https://doi.org/10.1371/journal.pone.0019445
https://doi.org/10.1371/journal.pone.0019445
https://doi.org/10.1038/jid.1982.27
https://doi.org/10.1038/jid.1982.27
https://doi.org/10.1016/j.jsb.2014.01.003
https://doi.org/10.1038/ncomms8352
https://doi.org/10.1038/ncomms8352
https://doi.org/10.1038/ncomms14220
https://doi.org/10.1098/rspb.2013.2741
https://doi.org/10.1016/s0047-6374(98)00119-5
https://doi.org/10.1016/s0047-6374(98)00119-5
https://doi.org/10.1111/j.1749-6632.1990.tb17927.x
https://doi.org/10.1111/j.1749-6632.1990.tb17927.x
https://doi.org/10.1021/nl103943u
https://doi.org/10.1006/jsbi.2002.4459
https://doi.org/10.1161/01.atv.6.6.585
https://doi.org/10.1007/s12265-012-9349-8
https://doi.org/10.1007/s12265-012-9349-8
https://doi.org/10.1016/j.matbio.2007.05.005
https://doi.org/10.1016/j.matbio.2007.05.005
https://doi.org/10.1146/annurev.bi.53.070184.003441
https://doi.org/10.1146/annurev.bi.53.070184.003441
https://doi.org/10.1007/b103828
https://doi.org/10.1161/01.atv.0000160548.78317.29
https://doi.org/10.1161/01.atv.0000160548.78317.29
https://doi.org/10.1016/0003-9861(91)90223-6
https://doi.org/10.3233/BSI-130057
https://doi.org/10.1016/s0021-9150(96)05947-3
https://doi.org/10.1080/02713680490513182

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.
46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Reiser, K., McCormick, R. J. & Rucker, R. B. Enzymatic and nonenzymatic cross-linking of collagen and elastin. The FASEB Journal
6,2439-2449 (1992).

Akagawa, M., Sasaki, T. & Suyama, K. Oxidative deamination of lysine residue in plasma protein of diabetic rats. Eur. J. Biochem.
269, 5451-5458, https://doi.org/10.1046/j.1432-1033.2002.03243.x (2002).

Bozkurt, O., Severcan, M. & Severcan, E. Diabetes induces compositional, structural and functional alterations on rat skeletal soleus
muscle revealed by FTIR spectroscopy: a comparative study with EDL muscle. Analyst 135, 3110-3119, https://doi.org/10.1039/
c0an00542h (2010).

Nguyen, T.-H. & Lee, B.-T. Fabrication and characterization of cross-linked gelatin electro-spun nano-fibers. J. Biomed. Sci. Eng. 3,
1117-1124, https://doi.org/10.4236/jbise.2010.312145 (2010).

Barth, A. Infrared spectroscopy of proteins. Biochimica et Biophysica Acta (BBA)- Bioenergetics 1767, 10731101, https://doi.
org/10.1016/j.bbabio.2007.06.004 (2007).

Roy, R., Boskey, A. & Bonassar, L. . Processing of type I collagen gels using nonenzymatic glycation. J. Biomed. Mater. Res. A 93,
843-851, https://doi.org/10.1002/jbm.a.32231 (2009).

Guilbert, M. et al. Probing non-enzymatic glycation of type I collagen: A novel approach using Raman and infrared biophotonic
methods. Biochim. Biophys. Acta 1830, 3525-3531, https://doi.org/10.1016/j.bbagen.2013.01.016 (2013).

Xiao, H., Cai, G. & Liu, M. Fe2+4-Catalyzed non-enzymatic glycosylation alters collagen conformation during AGE-collagen
formation in vitro. Arch. Biochem. Biophys. 468, 183-192, https://doi.org/10.1016/j.abb.2007.08.035 (2007).

Sastry, T. P,, Chandrsekaran, A., Sundaraseelan, J., Ramasastry, M. & Sreedhar, R. Comparative study of some physico-chemical
characteristics of osteoporotic and normal human femur heads. CLB 40, 907-912, https://doi.org/10.1016/j.clinbiochem.2007.04.011
(2007).

Leopold, L. E, Leopold, N., Diehl, H.-A. & Socaciu, C. Quantifi ation of carbohydrates in fruit juices using FTIR spectroscopy and
multivariate analysis. J. Spectrosc. 26, 93-104, https://doi.org/10.1155/2011/285890 (2011).

Cnudde, V. et al. Virtual histology by means of high-resolution X-ray CT. J. Microsc. 232, 476-485, https://doi.org/10.1111/j.1365-
2818.2008.02142.x (2008).

Li, Y. & Aparicio, C. Discerning the Subfibrillar Structure of Mineralized Collagen Fibrils: A Model for the Ultrastructure of Bone.
PLoS ONE 8, e76782, https://doi.org/10.1371/journal.pone.0076782 (2013).

Nurmiaho-Lassila, E.-L., Timonen, S., Haahtela, K. & Sen, R. Bacterial colonization patterns of intact Pinus sylvestris
mycorrhizospheres in dry pine forest soil: an electron microscopy study. Can. J. Microbiol. 43, 1017-1035, https://doi.org/10.1139/
m97-147 (1997).

Petibois, C., Gouspillou, G., Wehbe, K., Delage, J.-P. & Déléris, G. Analysis of type I and IV collagens by FT-IR spectroscopy and
imaging for a molecular investigation of skeletal muscle connective tissue. Anal. Bioanal. Chem. 386, 1961-1966, https://doi.
org/10.1007/500216-006-0828-0 (2006).

Gough, K. M., Zelinski, D., Wiens, R., Rak, M. & Dixon, I. M. C. Fourier transform infrared evaluation of microscopic scarring in
the cardiomyopathic heart: Effect of chronic AT1 suppression. Anal. Biochem. 316, 232-242, https://doi.org/10.1016/s0003-
2697(03)00039-3 (2003).

Baluk, P, Morikawa, S., Haskell, A., Mancuso, M. & McDonald, D. M. Abnormalities of Basement Membrane on Blood Vessels and
Endothelial Sprouts in Tumors. Am. J. Pathol. 163, 1801-1815, https://doi.org/10.1016/s0002-9440(10)63540-7 (2003).

Schweitzer, M. H., Moyer, A. E. & Zheng, W. Testing the Hypothesis of Biofilm as a Source for Soft Tissue and Cell-Like Structures
Preserved in Dinosaur Bone. PLoS ONE 11, e0150238, https://doi.org/10.1371/journal.pone.0150238 (2016).

Hall, A. Rho GTPases and the Actin Cytoskeleton. Science 279, 509-514, https://doi.org/10.1126/science.279.5350.509 (1998).
Fatigati, V. & Murphy, R. A. Actin and Tropomyosin Variants in Smooth Muscles. The J. Biol. Chem. 259, 14383-14388 (1984).
Patel, A, Fine, B., Sandig, M. & Mequanint, K. Elastin biosynthesis: The missing link in tissue-engineered blood vessels. Cardiovasc.
Res. 71, 40-49, https://doi.org/10.1016/j.cardiores.2006.02.021 (2006).

Wada, H., Okuyama, M., Satoh, N. & Zhang, S. Molecular evolution of fibrillar collagen in chordates, with implications for the
evolution of vertebrate skeletons and chordate phylogeny. Evol. Dev. 8, 370-377, https://doi.org/10.1111/j.1525-142x.2006.00109.x
(2006).

Chung, M. L S. et al. Sequences and domain structures of mammalian, avian, amphibian and teleost tropoelastins: Clues to the
evolutionary history of elastins. Matrix Biol. 25, 492-504, https://doi.org/10.1016/j.matbio.2006.08.258 (2006).

Laurens, L. M. L. & Wolfrum, E. J. Feasibility of Spectroscopic Characterization of Algal Lipids: Chemometric Correlation of NIR
and FTIR Spectra with Exogenous Lipids in Algal Biomass. BioEnerg. Res. 4, 22-25, https://doi.org/10.1007/s12155-010-9098-y
(2011).

Khajehpour, M., Dashnau, J. L. & Vanderkooi, J. M. Infrared spectroscopy used to evaluate glycosylation of proteins. Anal. Biochem.
348, 40-48, https://doi.org/10.1016/j.ab.2005.10.009 (2006).

Eyre, D. Collagen cross-linking amino acids. Methods in Enzymology 144, 115-139, https://doi.org/10.1016/0076-6879(87)44176-1
(1987).

Collins, M. J,, Riley, M. S., Child, A. M. & Turner-Walker, G. A Basic Mathematical Simulation of the Chemical Degradation of
Ancient Collagen. J. Archaeol. Sci. 22, 175-183, https://doi.org/10.1006/jasc.1995.0019 (1995).

Wadsworth, C. & Buckley, M. Proteome degradation in fossils: investigating the longevity of protein survival in ancient bone. Rapid.
Commun. Mass Sp. 28, 605-615, https://doi.org/10.1002/rcm.6821 (2014).

Balla, G. et al. Ferritin: a cytoprotective antioxidant stratagem of endothelium. J. Biol. Chem. 267, 148-153 (1992).

Balla, J. et al. Endothelial-cell heme uptake from heme proteins: induction of sensitization and desensitization to oxidant damage.
Proc. Natl. Acad. Sci. USA 90, 9285-9289 (1993).

Simoni, J., Feola, M. & Canizaro, P. C. Generation of Free Oxygen Radicals and the Toxicity of Hemoglobin Solutions. Biomat. Artif.
Cells Artif. Organs 18, 189-202, https://doi.org/10.3109/10731199009117301 (1990).

Comporti, M., Signorini, C., Buonocore, G. & Ciccoli, L. Iron release, oxidative stress and erythrocyte ageing. Free Radical Bio. Med.
32, 568-576, https://doi.org/10.1016/S0891-5849(02)00759-1 (2002).

Sajithlal, G. B., Chithra, P. & Chandrakasan, G. An in vitro study on the role of metal catalyzed oxidation in glycation and
crosslinking of collagen. Mol. Cel. Biochem. 194, 257-263, https://doi.org/10.1023/A:1006988719374 (1999).

Leach, J., Wolinsky, J., Stone, P. & Wong, J. Crosslinked «-elastin biomaterials: towards a processable elastin mimetic scaffold. Acta
Biomater. 1, 155-164, https://doi.org/10.1016/j.actbio.2004.12.001 (2005).

Olde Damink, L. H. H. et al. Glutaraldehyde as a crosslinking agent for collagen-based biomaterials. J. Mater. Sci.-Mater. M. 6,
460-472, https://doi.org/10.1007/bf00123371 (1995).

Saito, M. & Marumo, K. Collagen cross-links as a determinant of bone quality: a possible explanation for bone fragility in aging,
osteoporosis, and diabetes mellitus. Osteoporosis Int. 21, 195-214, https://doi.org/10.1007/s00198-009-1066-z (2009).

Yang, C. Enhanced physicochemical properties of collagen by using EDC/NHS-crosslinking. B. Mater. Sci. 35, 913-918, https://doi.
0rg/10.1007/s12034-012-0376-5 (2012).

Hennig, B. & Chow, C. K. Lipid Peroxidation and Endothelial Cell Injury: Implications in Atherosclerosis. Free Radical Bio. Med. 4,
99-106 (1988).

Schwertmann, U. & Murad, E. Effect of pH on the formation of goethite and hematite from ferrihydrite. Clay. Clay Miner. 31,
277-284 (1983).

SCIENTIFIC REPORTS |

(2019) 9:15678 | https://doi.org/10.1038/s41598-019-51680-1


https://doi.org/10.1038/s41598-019-51680-1
https://doi.org/10.1046/j.1432-1033.2002.03243.x
https://doi.org/10.1039/c0an00542h
https://doi.org/10.1039/c0an00542h
https://doi.org/10.4236/jbise.2010.312145
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1016/j.bbabio.2007.06.004
https://doi.org/10.1002/jbm.a.32231
https://doi.org/10.1016/j.bbagen.2013.01.016
https://doi.org/10.1016/j.abb.2007.08.035
https://doi.org/10.1016/j.clinbiochem.2007.04.011
https://doi.org/10.1155/2011/285890
https://doi.org/10.1111/j.1365-2818.2008.02142.x
https://doi.org/10.1111/j.1365-2818.2008.02142.x
https://doi.org/10.1371/journal.pone.0076782
https://doi.org/10.1139/m97-147
https://doi.org/10.1139/m97-147
https://doi.org/10.1007/s00216-006-0828-0
https://doi.org/10.1007/s00216-006-0828-0
https://doi.org/10.1016/s0003-2697(03)00039-3
https://doi.org/10.1016/s0003-2697(03)00039-3
https://doi.org/10.1016/s0002-9440(10)63540-7
https://doi.org/10.1371/journal.pone.0150238
https://doi.org/10.1126/science.279.5350.509
https://doi.org/10.1016/j.cardiores.2006.02.021
https://doi.org/10.1111/j.1525-142x.2006.00109.x
https://doi.org/10.1016/j.matbio.2006.08.258
https://doi.org/10.1007/s12155-010-9098-y
https://doi.org/10.1016/j.ab.2005.10.009
https://doi.org/10.1016/0076-6879(87)44176-1
https://doi.org/10.1006/jasc.1995.0019
https://doi.org/10.1002/rcm.6821
https://doi.org/10.3109/10731199009117301
https://doi.org/10.1016/S0891-5849(02)00759-1
https://doi.org/10.1023/A:1006988719374
https://doi.org/10.1016/j.actbio.2004.12.001
https://doi.org/10.1007/bf00123371
https://doi.org/10.1007/s00198-009-1066-z
https://doi.org/10.1007/s12034-012-0376-5
https://doi.org/10.1007/s12034-012-0376-5

www.nature.com/scientificreports/

67. Sawyer, W. R., Steup, D. R., Martin, B. S. & Forney, R. B. Cardiac Blood pH as a Possible Indicator of Postmortem Interval. J. Forensic
Sci. 33, 12588], https://doi.org/10.1520/jfs12588j (1988).

68. Bushinsky, D. A, Krieger, N. S., Geisser, D. L., Grossman, E. B. & Coe, F. L. Effect of pH on bone calcium and proton fluxes in vitro.
Am. J. Physiol. Renal 245, F204-F209 (1983).

69. Schmidt-Schultz, T. H. & Schultz, M. Bone protects proteins over thousands of years: Extraction, analysis, and interpretation of
extracellular matrix proteins in archeological skeletal remains. Am. J. Phys. Anthropol. 123, 30-39, https://doi.org/10.1002/
ajpa.10308 (2003).

70. Trueman, C. N. & Martill, D. M. The long-term survival of bone: the role of bioerosion. Archaeometry 44, 371-382, https://doi.
org/10.1111/1475-4754.t01-1-00070 (2002).

Acknowledgements

The authors acknowledge the supporting contributions, both technical and material, of Dr. Ping Hu (LBNL)
toward the preparation of chicken tissues for FTIR, of Eric Schaible (LBNL), Dr. Robert Ritchie (UC-Berkeley/
LBNL), and Dr. Claire Acevedo (LBNL) toward the SAXS analyses, and of Dr. John R. Horner (Museum of the
Rockies) toward the T. rex specimen tissues. All synchrotron work was performed at the Advanced Light Source,
Lawrence Berkeley National Laboratory, which is supported by the U.S. Department of Energy, Offic of Science,
Office of Basic Energy Sciences. The Berkeley Synchrotron Infrared Structural Biology (BSISB) program is funded
by the U.S. Department of Energy, Offic of Science, Offic of Biological and Environmental Research. Both were
through Contract No. DE-AC02-05CH11231.

Author contributions

E.M.B. and H.-Y.N.H. conceived and designed the experiments; E.M.B., H.-Y.N.H., S.C.E, and W.Z. performed
the experiments; E.M.B., H.-Y.N.H., and S.C.F. analysed the data; M.H.S., M.B.G., and R.G. contributed materials/
analysis tools; E.M.B., M.B.G., M.H.S., and H.-Y.N.H. co-wrote the manuscript. All authors contributed to data
interpretation, participated extensively in manuscript editing and revision, and gave fi al approval for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51680-1.

Correspondence and requests for materials should be addressed to E.M.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15678 | https://doi.org/10.1038/s41598-019-51680-1


https://doi.org/10.1038/s41598-019-51680-1
https://doi.org/10.1520/jfs12588j
https://doi.org/10.1002/ajpa.10308
https://doi.org/10.1002/ajpa.10308
https://doi.org/10.1111/1475-4754.t01-1-00070
https://doi.org/10.1111/1475-4754.t01-1-00070
https://doi.org/10.1038/s41598-019-51680-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mechanisms of soft tissue and protein preservation in Tyrannosaurus rex

	Results

	SR-FTIR analysis of crosslink character in chicken type I collagen. 
	Characterisation of T. rex vessel structures and evidence for endogenous structural proteins. 
	Immunohistochemistry (IHC) of T. rex vessels. 
	Investigation of possible crosslinking mechanisms in T. rex vessel structures. 

	Discussion

	Conclusions

	Methods

	Acknowledgements

	Figure 1 Amide I sub-band localisation of untreated and treated chicken type I collagen in SR-FTIR spectra.
	Figure 2 Microscopy images of T.
	Figure 3 SR-FTIR full spectra of isolated T.
	Figure 4 T.
	Figure 5 SR-FTIR analysis of T.
	Figure 6 X-ray microprobe analysis of iron in the T.




