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Abstract

Collagen glycation, and in particular the formation of advanced glycation end-product (AGE) crosslinks, plays
a central role in the ageing process and in many of the long-term complications of diabetes. Glucosepane, the
most abundant and relevant AGE crosslink, has been suggested to increase the stiffness of tissue and reduce
its solubility, although no evidence is available concerning the mechanisms. We have used a combination of
computational and experimental techniques to study a collagen-rich tissue with a relatively simple
organisation to further our understanding of the impact of glucosepane on the structural and physical
properties of collagen fibrils. Our work shows that glucosepane levels increase dramatically in aged tendon
tissue and are associated with the reduced density of collagen packing and increased porosity to water
molecules. Our studies provide the basis to understand many of the tissue dysfunctions associated with
ageing and diabetes across a range of different tissues types.

© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Glucosepane has emerged as the most abundant
and clinically relevant advanced glycation end-
product (AGE) crosslink in type I collagen-rich
tissues [1] and it is associated with many of the
long-term complications of diabetes, including ne-
phropathy, neuropathy and retinopathy [2]. More
recently, increases in glucosepane have been
correlated with the progression of the age-related
degenerative disease osteoarthritis [3]. Despite the
association of glucosepane with severe tissue
dysfunction, the mechanism by which these chang-
es are imposed on the tissue remains largely
unexplored.
Like all AGE crosslinks, glucosepane is formed

following a series of spontaneous adventitious
modifications to the amino group on the side-chain
of lysine and arginine residues in protein polypep-
tide chains [4]. Although the formation of AGE
ed by Elsevier B.V. This is an open access
crosslinks has been known about for almost forty
years [5], the AGE crosslink glucosepane was only
identified relatively recently [6]. In the case of
glucosepane, its formation is initiated by the amino
group of a lysine residue undergoing a nucleophilic
attack by a reactive carbonyl group of glucose in a
reaction commonly known as the Maillard reaction.
The product of this reaction undergoes a rearrange-
ment to form the more stable Amadori product. This
is followed by a series of reactions, where the
carbonyl group is passed down the backbone of the
glucose molecule before cyclisation takes place;
further reaction with the amino group on an arginine
residue side-chain then forms the glucosepane
crosslink [6,7].
Glucosepane is generating much interest, partic-

ularly with respect to the mechanisms of ageing,
although the complex chemistry of glucosepane has
hindered progress in assessing its impact on
function [8]. Glucosepane levels were first measured
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Fig. 1. Human tendon tissue was subjected to sequential enzymatic digestion to release glucosepane, which was
separated and quantified using LC Q-TOF MS (a). Relative levels of glucosepane in Achilles and anterior tibialis tendon
tissue against patient age. Red squares represent anterior tibialis tendon tissue (dark red = male, light red = female), blue
diamonds represent Achilles tendon tissue (dark blue = male, light blue = female) (b). The fragmentation pattern of
glucosepane in the tissue sample matched that of the glucosepane standard preparation (c).

2 Glucosepane is associated with changes to collagen fibrils
in human dermal collagen and glomerular basement
membrane in diabetic and non-diabetic subjects [9].
Levels of glucosepane in dermal collagen were
found to increase significantly with increasing age in
non-diabetic samples and to be significantly higher
in diabetic skin samples [9]. To our knowledge,
glucosepane levels have not been quantified in other
collagen-rich human tissues such as tendon, liga-
ment, bone, cartilage and blood vessels, although it
has been shown robustly that glucosepane levels in
dermal collagen are associated with micro-vascular
disease in other organs [9] and they are an accurate
predictor of future microvascular complications in
diabetic patients [10]. Furthermore, plasma levels of
glucosepane were found to be increased sixfold in
patients with advanced osteoarthritis relative to
healthy controls [3]. Disease progression is thought
to be manifested by an AGE crosslink-induced
stiffening of the tissue and reduced susceptibility to
proteolytic degradation; both factors are also asso-
ciated with advancing chronological age.
Tendon tissue is one of the most collagen-rich

tissues in the body. Tendons are rope-like struc-
tures, connecting muscle to bone, which are

Image of Fig. 1


Fig. 2. Crystallographic dimensions of lengths and angles (a) accompanied by a cross-section representation of the unit
cell periodically replicated (insert). Single collagen protein surface area (b), the number of inter-polypeptide hydrogen
bonds found across a single collagen protein (c), the radius of gyration of a single collagen protein (d) and a systemic
protein density plot (e).
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responsible for transmitting tensile forces generated
by muscle contraction to the bony skeleton to bring
about movement around a joint. The high tensile
strength required for their function is provided by
type I collagen, which forms the majority (about 80%)
of the dry weight of tendon [11]. In addition to high
tensile strength, the stiffness and elasticity of tendon
are highly tuned and tendon-specific for efficient
function [12,13]. These properties stem from the
precise arrangement of collagen throughout the
hierarchical structure of the tissue from collagen
molecules to fibrils, fibres, fascicles and finally the
whole tendon (for a review of tendon structure see
Thorpe and Screen (2016) [14]).
Collagen in tendon has a long half-life, estimated

to be around 200 years in equine flexor tendon

Image of Fig. 2


4 Glucosepane is associated with changes to collagen fibrils
tissue [11], with almost no turnover in human
Achilles tendon [15]; as a result, the collagen is
vulnerable to glycation and crosslinking. Indeed,
other more easily quantified measures of AGE
formation, such as collagen-linked fluorescence
and the AGE crosslink pentosidine [11], show a
significant positive correlation with donor age,
providing evidence of an accumulation of age-
related post-translational modifications to collagen
and suggesting that glucosepane is highly likely to
accumulate in tendon tissue. Interestingly, the
incidence of tendon injury is well known to increase
with older age in human [16–18] and equine [19–21]
species, suggesting a decline in the mechanical
competence of tendon with ageing.
Given the high content of type I collagen mole-

cules in tendon and its relatively simple parallel
arrangement into fibrillar structures, tendon has the
potential to provide an ideal model to study the
impact of increasing glucosepane levels on collagen
structural and molecular properties. In this study, we
have used a combination of computer simulations
and experimental work on ex vivo human tissue to
determine the impact of glucosepane crosslinks on
the material properties of tendon tissue at a nano-
scale level.
Results and discussion

Glucosepane levels in tendon tissue

In our studies, we have used human Achilles and
anterior tibialis tendon tissue from young (16.7 ±
2.7 years, n = 6) and old (71.2 ± 6.0 years, n = 6)
groups of donors to quantify the levels of glucosepane
anddeterminechanges in levelswith age (Fig. 1a&b).A
glucosepane standard was prepared by incubating
lysine, arginine and glucose followed by liquid chroma-
tography (LC) separation and purification. High
resolution-high accuracy mass spectrometry analysis
confirmed the expected monoisotopic mass of
429.2461 Da with an error of −1.18 ppm (Fig. 1c).
Human tendon tissue was digested using sequential
enzymatic digestion [1], and glucosepane was separat-
ed and relative levels quantified using LC mass
spectrometry. Our results show a highly significant
(p b 0.001) four-fold increase in glucosepane levels in
the old group of donors compared to the young group for
the Achilles and anterior tibialis tendon. The fragmenta-
tion pattern of glucosepane in the tissue samples was
identical to that of the standard preparation.

Glucosepane impact on the backbone
conformation of collagen

We have used molecular dynamics (MD) simula-
tions to investigate the impact of glucosepane on
collagen molecule packing within the fibril. MD
simulations were carried out using GROMACS
5.1.2 [22] with a collagen-like peptide in a unit cell
repeated via periodic boundary conditions in all three
dimensions (Fig. 2a). Three models were created for
study; a wild-type, which is effectively an extension
to the unit-cell of the 4Z1R crystal structure of a
collagen-like peptide; the same structure but modi-
fied with a lysine and arginine side chain substituted
between two polypeptide chains at residue positions
17 and 49, respectively (pre-cross-link formation);
and the structure modified with a glucosepane cross-
link between two polypeptide chains of the same
collagen molecule, at positions 17 and 49. In the pre-
cross-linked and cross-linked models, only one
collagen molecule from the eight was modified in
the final extended unit cell. Each system was
subjected to a series of equilibrium simulation
steps, as described in the methodology. After
equilibration, each system was simulated for 20 ns
using the NPT ensemble. The initial 10 ns of
equilibration were discarded and all analyses were
performed over the remaining 10 ns trajectories.
Structural changes to the collagen molecule were

investigated first by using a rolling sphere with a
radius of 1.2 nm to calculate the total solvent-
accessible surface area (SASA) [23] of the peptide
backbone atoms for each of the three models. Each
set of surface area values were shown to remain
consistent (Fig. 2b) providing evidence suggesting a
well-equilibrated system. The addition of an arginine
and lysine sidechain contributed to a 7.5 nm2

increase in surface area compared to the wild-type,
whereas the surface area increased by 9.8 nm2 as a
result of the inclusion of a glucosepane crosslink.
The increase in SASA is indicative of backbone
access increasing in the presence of glucosepane,
due to an increase in distance between collagen
polypeptide chains.
Second, we investigated whether the change in

SASA was reflected by a change in the number of
hydrogen bonds within the single collagen molecule.
A hydrogen bond in this analysis was defined as
having the frequently used distance cut-off of
0.35 nm and angular cut-off of 30 degrees. Carbonyl
oxygen atoms and nitrogen atoms were regarded as
hydrogen acceptors, whilst hydroxyl group hydrogen
atoms and amine hydrogen atoms were regarded as
hydrogen atom donors. The results show that the
increase in the SASA is associated with a decrease
in the number of hydrogen bonds. The number of
hydrogen bonds was consistently between 14 and
22 (Fig. 2c), with an average of 18.7 bonds for the
wild-type, 18.0 bonds due to the inclusion of lysine
and arginine residues, and a drop to 16.9 bonds in
the presence of the glucosepane crosslink, due to a
parting of the crosslinked backbone.
Third, the spatial distribution of the peptide atoms

about the peptide principal axis was calculated over



Fig. 3. The diffusion of interstitial water as seen in the wildtype (a), with lysine and arginine amino acids (b) and with glucosepane (c): blue - basic, green - polar, and
white - nonpolar. A representative structure of the position of glucosepane relative to the neighbouring collagen (d) and rotated 90 degrees (e).
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6 Glucosepane is associated with changes to collagen fibrils
the duration of each production simulation. Calcula-
tion of the radius of gyration remained consistent
within the time frame (Fig. 2d) and the error was
insignificant (in the magnitude of 10−5). Given the
flexibility and length of the arginine and lysine side
chains, the radius of gyration increased by
0.0123 nm in the pre-cross-linked model compared
to the wild-type collagen. The presence of glucose-
pane increased the radius of gyration by as much as
0.0473 nm compared to the wild-type indicating a
greater degree of conformational change to the
collagen protein.
Finally, the density profile, measured along the

unit cell width for the complete peptide content for
each system was calculated. Each system was
centred to factor in fluctuations to the unit cell volume
and the calculation was partitioned into 60 bins and
data points were collected at 20 ps step intervals.
The peptide density plots for each of the three
models show two peptide peaks (Fig. 2e) as
expected due to the alignment of the collagen
molecules within the fibril and bound by the unit
cell (see Fig. 2a insert). The wild-type and the pre-
crosslinked model yield similar profiles; of particular
interest was the similarity in a drop of collagen
density at approximately 1.4 nm along the Y-axis of
the unit cell; this drop was significantly greater in the
presence of glucosepane, presumably due to the
bulky size of glucosepane that prohibits close
interactions between neighbouring collagen
molecules.
Overall these simulations provide evidence that

the presence of intra-molecular glucosepane dis-
rupts the local structure of the collagen molecule by
opening the triple helix of the collagen molecule and
potentially disrupting routine packing between colla-
gen molecules.

Influence of glucosepane on the diffusion of
water within the collagen structure

The collagen structure includes a significant
number of structural water molecules within its
framework. Structural water molecules are
hydrogen-bonded within the collagen triple helix
[24] and form part of the primary hydration or bound
water, along with water molecules forming hydrogen
bonded chains lying on the surface of the collagen
molecule in the cleft of the collagen triple helix.
Secondary or free water molecules reside within and
between collagen fibrils. Given the impact of
glucosepane on the collagen structure, the diffusion
of water within and around the collagen molecule
was investigated. Calculations of water diffusion
were made using the Einstein relation and least
squares fitting of a straight line through the mean
squares displacement of all water molecules over
the duration of a simulation. The results showed an
increase in water diffusion by 0.0661 × 10−5 ±
0.0172 × 10−5 cm2 s−1 in the lysine/arginine model
and an increase of 0.0956 × 10−5 ± 0.0267 × 10−

5 cm2 s−1 in the glucosepane model compared to
the wild-type collagen.
Detailed observation of the simulation trajectories

revealed that the water dynamics were unique to
each model. In the wild-type model, interstitial
water was present and the signature triple helical
fold was consistent throughout the polypeptide
chains (Fig. 3a). Upon substituting arginine and
lysine side chains, there was a noticeable relaxa-
tion in the triple helical fold, with water gaining
access to the backbone atoms at the substituted
sites (Fig. 3b). Finally, the inclusion of a glucose-
pane cross-link resulted in further separation in the
triple helical fold at the immediate site by increasing
the distance between two of the three-polypeptide
chains, and as a result, water was seen to diffuse
through the collagen molecule (Fig. 3c). As
expected, water formed transitory short-range
interactions with the polar hydroxyl group of the
seven-membered ring of glucosepane. The bulk of
the crosslink extended into the interstitial collagen
space (Fig. 3d & e) and remained positioned within
the reach of short-range interactions with the three
neighbouring collagen molecules. The aliphatic
side chains of the cross-link remained within close
proximity of the pyrrolidine of neighbouring proline
residues (Fig. 3d & e), whilst the polar seven-
membered ring remained consistently lodged be-
tween collagen molecules, and neighbouring hy-
droxyproline and proline backbone atoms and
water molecules rapidly exchanged with the polar
groups of glucosepane.
These simulations suggest that water molecules

readily diffuse between collagen polypeptide chains
and that glucosepane positions itself to maximise
polar contacts with neighbouring polar side chains.

Experimental determination of tendon tissue
water content

To test the predictions from the computational
studies, the water content in the young and old groups
of tendon tissue was investigated, first by drying under
vacuum, and second using the thermo-analytical
technique of differential scanning calorimetry (DSC).
DSC is able to detect physical transformations in the
tissue as specific heat capacity changes; using the
latent heat of fusion, melting and evaporation allows
calculation of tissue water content [25]. In these
experiments tendon tissue was cooled to −40 °C and
then heated to 160 °C in a perforated pan. The
exothermic peak corresponding to water freezing and
the endothermic peak due to ice melting were used to
calculate free water content and the endothermic peak
resulting from water evaporation was used to calculate
total water content (free and bound) (Fig. 4a). The
results showed that the total water content of tendon



Fig. 4. DSC thermogram of human tendon tissue showing physical transformations of water within the tissue (a) and total water content calculated from the
evaporation peak (b). Total water content showed a good correlation (r2 = 0.66) between the two different methods (freeze-drying and DSC) of quantification (c). Free
water content (d) and bound water content (e) in young and old groups of Achilles and anterior tibialis tendon tissue. Data are shown as mean ± SD. * represent a
significant difference relative to the young group of tendons and † a significant difference relative to Achilles tendon.
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Fig. 5. Typical DSC thermogram of human anterior tibialis tendon tissue showing denaturation of collagen within the tissue from two representative samples (red
trace = old tissue, blue trace = young tissue) (a), peak temperature of collagen denaturation (b), enthalpy of collagen denaturation (c) and the collagen denaturation
peak width/height ratio (d). Data are shown as mean ± SD. * represent a significant difference relative to the young group of tendons and † a significant difference
relative to Achilles tendon. Total water content showed a significant negative correlation (r2 = 0.62) with the shape of the collagen denaturation peak (e).
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9Glucosepane is associated with changes to collagen fibrils
tissue was significantly (p b 0.001) higher in the
Achilles tendon than the anterior tibialis tendon and
was significantly (p b 0.001) higher in the old groups for
both tendon types (Fig. 4b). Water content calculated
by weight loss following drying under vacuum showed
close agreement (r2 = 0.66) with that obtained using
DSC (Fig. 4c). Free and bound water pertains to the
location of water molecules within the collagen supra-
molecular assembly [26] and free water molecules are
more easily removed. The higher water content
detected in our samples appeared to be due to
significantly higher free water content (p b 0.001
between tendon types, p = 0.002 betweenagegroups)
(Fig. 4d) rather than bound water (Fig. 4e), suggesting
that the collagen molecules might be less densely
packed within the fibril in older tissue. In other skeletal
tissues such as articular cartilage, the glycosaminogly-
can side-chains of proteoglycans play an important role
in attracting water into thematrix. In our study however,
the GAG content did not differ significantly between old
and young groups of tendons (Supplementary fig. 1
and Supplementary note 1). Previous work has
demonstrated that glucosepane is very hydrophilic
[27] and may therefore be responsible for the higher
water content detected in the tendon tissue from old
donors.

Thermo-kinetic properties of collagen in tendon
tissue from young and old donors

Collagen molecules are composed of three poly-
peptide chains (α chains) each with a left-handed
helix formation and wrapped around each other to
form a right-handed super-helix [28]. The collagen
molecule is stabilised by the water-bridged hydrogen
bonds within the helix (as described above) and,
following fibrillogenesis, further stabilised by
enzyme-mediated intermolecular crosslinks be-
tween collagen molecules. When heated above
physiological temperatures the water-bridged hydro-
gen bonds become less stable and eventually break
thereby allowing the triple helix to unwind. The
denaturation temperature increases substantially as
a result of collagen crosslinking and depends, in
part, on the number of crosslinks present [29]. We
have used DSC to measure the thermokinetic
properties of collagen in the young and old groups
of Achilles and anterior tibialis tendons (Fig. 5a). In
these experiments, the tendon tissue was heated in
a sealed pan to 90 °C prior to the water content
measurements described above.
The results show a collagen denaturation temper-

ature of between 65 and 69 °C. The denaturation
temperature was significantly (p = 0.002) higher in
the anterior tibialis tissue compared to the Achilles
tendon tissue and significantly (p = 0.006) higher in
the old group of donors compared to the young
group for the anterior tibialis tendon (Fig. 5b). A
higher peak temperature for collagen denaturation
suggests greater cross-linking between collagen
molecules. Quantification of lysyl oxidase-mediated
pyridinoline crosslinks showed a significant de-
crease in total pyridinoline crosslinks in old groups
of tendons compared to young (Supplementary fig.
2a, b & c and Supplementary note 2), implicating
AGE crosslinking as the likely cause for increased
denaturation temperature. The unexpected relatively
low denaturation temperature for the old group of
Achilles tendons compared to the old group of
anterior tibialis tendons, suggest there may be
fragments of collagen retained in the matrix, as has
been previously observed during ageing in the
functionally equivalent and frequently injured equine
superficial digital flexor tendon [11].
The enthalpy of denaturation of collagen is

provided by the area of the collagen denaturation
peak, which has been shown to relate to the
density of packing within the collagen fibril as
described by the “polymer in a box” theory [30]. The
enthalpy of denaturation was significantly lower
(P = 0.037) for the old groups of tendons, suggest-
ing that the collagen molecules are less confined
within the fibril structure (Fig. 5c). These results are
in keeping with a higher free water content, thereby
reducing the density of collagen within the fibril.
The shape of the denaturation peak, when the
scanning rate is constant, is related to the
activation energy required for triple helix unfolding
[31]. A higher activation energy is the consequence
of a greater number of hydrogen bonds, either
through hydroxyproline or water-bridged bonding
between the three polypeptide chains and is
observed by a narrower denaturation peak. The
peak width to height ratio shows a significantly
sharper peak (p b 0.001) in Achilles tendon tissue
compared to anterior tibialis tendon tissue, and a
significantly sharper peak in the old tissue (p =
0.002), particularly for the anterior tibialis tissue
(Fig. 5d) showing a higher activation energy for
collagen denaturation. As the collagen turnover is
essentially zero in human tendon tissue [15], it is
likely that the increase in activation energy results
from an increase in water content rather than a
change in the hydroxyproline level. Indeed the
activation energy, measured by peak width to
height ratio, shows a significant negative correla-
tion (p b 0.001) with tendon water content (Fig. 5e).
Conclusions

Our study is the first to show that glucosepane
levels accumulate in human Achilles and anterior
tibialis tendon with increasing chronological age.
Direct evidence of the impact of glucosepane on
collagen properties is not possible at present due to
the difficulties in creating a physiologically relevant
model of a non-enzymatic process that occurs over
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many years. We have demonstrated however that
ageing is associated with changes to the physical
organisation of collagen molecules within the fibril.
Molecular simulations suggest that the presence of
intra-molecular glucosepane increases hydration
around the collagen molecules and results in a less
tightly held helical structure with increased porosity
to water. These findings are reinforced by experi-
mental work showing a corresponding increase in
the free water content in tendons from older aged
individuals. In addition, the changes detected in the
physical properties of collagen molecules can be
explained by a more highly cross-linked collagen
scaffold, but less confinement of molecules within
the collagen fibril. Despite a more open structure to
the collagen molecule, susceptibility to degradation
is likely to be reduced in the presence of a higher
density of crosslinks.
Alongside advances in understanding the chem-

istry of formation and in developing pharmacological
agents to break AGE crosslinks, an understanding
of the impact of glucosepane on tissue properties is
essential. Our study demonstrates impact at the
molecular level, which may at first seem counter-
intuitive but can explain age-related changes at a
tissue level. The findings of this study are key to
understanding age-related changes in healthy
individuals and the multi-organ pathologies in
diabetes and are essential to developing effective
therapies.
Methods

Human tendon collection

The Achilles tendon (AT) and anterior tibialis
tendon (ATT) were harvested from limbs amputated
in tumour resection operations at the Royal National
Orthopaedic Hospital, Stanmore, UK. Only tendons
where there were no visual signs of injury or disease
and no previous surgeries affecting the tendons
were selected. Tendons were collected into gender-
balanced young groups (age range 14–21 years,
mean ± SD 16.7 ± 2.7 years, n = 6) and old groups
(age range 65–81 years, mean ± SD 71.2 ±
6.0 years, n = 6). The ATT was unavailable for
one male donor in the young age group due to
technical reasons. Tissue was retrieved from the
limb within 24 h of limb amputation, snap frozen in
hexane on dry ice and stored at −80 °C.

Ethical approval

Tissue collection was carried out initially through
the Stanmore Musculoskeletal BioBank (REC refer-
ence 09/H0304/78) which subsequently operates as
a satellite to UCL/UCLH Biobank for Studying Health
and Disease (HTA license number 12055). All
patients gave consent for their tissue to be used for
musculoskeletal related research. Local R&D ap-
proval for this project was given by the UCL/UCLH/
RF Joint Research Office (Ref: 11/0464).

Water content

Outer paratendinous and epitenon tissue was
trimmed from the tendon tissue blocks whilst semi-
frozen and discarded, the remaining tendon tissue
was finely diced. Approximately 100 mg wet weight
tissue was reserved for DSC analysis (Mettler-
Toledo, Leicester, U.K.) and the remaining tissue
was weighed accurately (±0.01 mg) on a digital
balance (Mettler-Toledo, Leicester, U.K.) prior to
lyophilisation using a freeze drier (Alpha1-2 LDplus,
Christ, Germany). When a constant weight was
reached the tissue was re-weighed and the water
content calculated as a percentage of the wet
weight.

Glucosepane quantification

A sample of freeze dried tissue (approximately
10 mg) was weighed accurately and subjected to a
sequential enzymatic digestion with 500 μl collage-
nase from Clostridium histolyticum (24 mg/ml or
3000 CDU/ml) at 37 °C for 24 h, 450 μl pronase from
Streptomyces griseus (5 mg/ml or 35 units/ml) at
37 °C for 24 h and 50 μl aminopeptidase from
Aeromonas proteolytica (4 units/ml) at 37 °C for
16 h, respectively. All enzymes were purchased
from Sigma, U.K. and prepared in 0.1 M Tris
(hydroxymethyl)methylamino]propanesulfonic acid
buffer (TAPS buffer, pH 8.5) containing 0.1 M
CaCl2. After each digestion step, the corresponding
enzyme was deactivated by immersion into a water
bath thermostated at 70 °C for 10 min.
The relative levels of glucosepane were measured

using LC-MS on a Bruker Impact-series Q(q)-TOF
geometry mass spectrometer (Bruker-Daltonics,
Coventry, U.K.), interfaced with a Dionex Ultimate
3000 UHPLC chromatograph (Thermo Scientific, U.
K.). Chromatography was performed on a 150 mm ×
2.1 mm, 3 μm, Waters Atlantis C18 column (Waters
Corporation, Wilmslow, U.K.) using a binary solvent
system under gradient conditions and a flow rate of
0.20 ml/min (Table 1). Mobile Phases A and B were
5 mM ammonium formate buffer (pH 5.8) containing
0.1% formic acid in water and methanol, respective-
ly. The mass spectrometer was set up to acquire the
range m/z 30 to 650 at 2 Hz, optimised for
transmission at m/z 429 in positive ion. Analyses
were externally mass calibrated using sodium
formate clusters with addition of imidazole. As
some interference issues were seen in two samples,
quantitation was repeated using accurate-mass MS/
MS for added selectivity in addition to the orthogonal



Table 1. Gradient elution program for the UHPLC
separation and quantification of glucosepane in tendon
samples.

Time (min) Mobile Phase A (%) Mobile Phase B (%)

0.0 99 1
1.0 80 20
3.5 80 20
4.0 20 80
6.0 20 80
7.0 80 20
9.0 80 20
10.0 99 1
15.0 99 1

Mobile Phase A: 5 mM Ammonium formate buffer (pH 5.8) in
water containing 0.1% formic acid.
Mobile Phase B: 5 mM Ammonium formate buffer (pH 5.8) in
methanol containing 0.1% formic acid.
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separation offered by the liquid chromatography
technique. Collision induced dissociation was used
as tandem mass spectrometry technique. All anal-
yses were performed in triplicate. Glucosepane was
prepared using the method of Biemel et al. (2002) [6]
and standards diluted in Solvent A in the range of
0.01 to 10 μg ml−1. Processing of data was per-
formed in Bruker QuantAnalysis software (Bruker-
Daltonics, Coventry, U.K.).

Differential scanning calorimetry (DSC)

Calorimetric measurements were made using a
computer controlled DSC 1 (Mettler Toledo, Leices-
ter, U.K.) fitted with an intracooler and purged with
nitrogen gas. The manufacturers software (STARe
version 13.0) was used to run the program and
analyse the data. Samples of tendon tissue (approx-
imately 20 mg) were weighed accurately on a
precision balance (0.01 mg resolution) into a 40 μl
aluminum crucible and the pan sealed. The DSC
was run from 25 °C to −40 °C and − 40 °C to 90 °C
at a heating rate of 5 °C per min. Free water content
was calculated from the exothermic freezing peak
and the collagen denaturation peak used to deter-
mine the characteristics of collagen denaturation.
Following the first run, the pan was removed from the
DSC and perforated using a sharp pin. A second run
was performed from 25 °C to 160 °C in the
perforated pan to determine the total water content
of the sample using the endothermic peak for water
evaporation. Following DSC measurements the
pans were opened and the tissue removed and
weighed and placed in a small glass hydrolysis tube.
Samples were hydrolysed in 1 ml of 6 M HCl at
110 °C for 24 h, dried under vacuum and re-
dissolved in H2O prior to hydroxyproline assay as
previously described [32] to determine collagen
content.
Statistical analysis

Statistical significance was evaluated using a
General Linear Model in SPSS Statistics Software,
version 24, (IBM, New York, USA). Age group and
tendon type were used as fixed factors and
interaction between factors were noted. The level
of significance was set at p ≤ 0.05. Results are given
as mean ± standard deviation.

Electronic structure calculations

Electronic structure optimisation and frequency
calculations were performed using Gaussian G09
[33]. The Hartree-Fock (HF) method was employed
for the derivation of force constants of glucosepane
and a basis set of 6-31G(p) was used. The
optimisation threshold was set to “tight” and checked
for imaginary frequencies using frequency analysis
calculations. Ab initio calculations were performed in
a vacuum.

Restrained electrostatic partial charge
derivation

The optimised structures were submitted to the
pyRED server [34]. Gaussian geometry optimisation
was switched off and the capped groups were
restrained for RESP charge fitting to the central
fragment only, resulting in a net charge of zero.
Partial atomic charges compatible with the
Amberff99SB force field were assigned to the
glucosepane structure. The bonded force constants
and equilibrium values were derived using ForceGen
[35]. Validation of the force constants and the link to
the topology files can be found in the Supplementary
information (note 3) documentation.

Molecular dynamics simulation details

All MD simulations were carried out using
GROMACS 5.1.2 [22], utilising a time step of
0.002 ps. Short-range Van der Waals interactions
were defined using the LJ-6-12 expression with a
1.2 nm cut-off and electrostatic interactions were
defined using the Particle Mesh Ewald summation
method [36] with a 1.2 nm cut-off. All bonded
interactions were holonomically constrained using
the LINCS constraint algorithm [37]. The Verlet cut-
off scheme was employed to keep energy drift
constant and the minimum update frequency of the
nearest neighbour search was set to 5 steps. The
temperature and pressure were held at 310 K and
1 atm, respectively, using the steps outlined below.
The unit cell was accompanied by periodic bound-
ary conditions in all three dimensions. Energies,
velocities and coordinates were collected every
2 ps.
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Preparation of model collagen system

Three models were created for study; a wild-type,
which is an extension to the unit-cell of the 4Z1R
crystal structure of a collagen-like peptide [38], a
model with a lysine and arginine side chain
substituted between two polypeptide chains at
residue positions 17 and 49 respectively, and a
glucosepane cross-link between two polypeptide
chains of the same collagen molecule at positions 17
and 49. Only one collagen molecule from the eight
available was modified (with the exception to the
wild-type) in the final extended unit cell.
The 4Z1R crystal structure was downloaded as an

asymmetric unit cell. The water molecules were
removed and any missing side-chains were recovered
using the Protein Preparation Wizard in Schrodinger
Maestro. The crystal structure unit cell was reproduced
by replicating the asymmetric unit cell on the y-axis,
yielding to sets of two neighbouring molecules. To
prevent the short-range interaction distance from being
longer than half the unit cell dimension, the four
molecules and the crystallographic dimensions were
replicated normal to the long axis, yielding two repeats
of four collagen molecules. All adjustments were made
using the CCP4 software package [39].
The atom types were encoded using the

Amber99FFSB force field [40], incorporating the
bonded and angular force constants, equilibrium
constants and LJ-potential terms for the glucosepane
molecule (see Supplementary information, note 3, for
parameter set). Eight times the quantity of water from
the asymmetric unit cell was added using the TIP3P
water molecule and the system was neutralised with
counter ions. Thecompletedmodelwith accompanying
extended unit cell dimensions can be seen in Fig. 2a.

System equilibration

The three models were equilibrated using the
following steps. Firstly, to resolve steric clashes
between solute and solvent and the discrepancy in
bond lengths and bond angles from manually
inserting glucosepane and the two charged side
chains, each model was subjected to a steepest
descent energy minimisation with a force threshold
of 1000 kJ mol−1 nm−1. Further minimisation was
performed using the conjugate gradient energy
descent with a force threshold of 100 kJ mol−1 nm-
−1. The cut-off scheme, electrostatics and Van der
Waals properties were as described. Secondly, each
model adopted the NVT ensemble (fixed number of
particles, volume and temperature) by setting a
velocity scaling thermostat to 310 K, and the first
simulation was performed for 100 ps. Coordinates
and velocities were preserved and each model
equilibrated for a further 100 ps whilst coupling an
isotropic Berendsen pressure scheme. Compress-
ibility was set to 4.5e−5 in all three spatial dimen-
sions. Finally, the pressure coupling was replaced
with the Parrinello-Rahman pressure coupling for a
truer representation of an NPT ensemble (fixed
number of particles, pressure and temperature) and
10 ns equilibrium simulation was performed.
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