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The sparse but functionally essential post-translational collagen
modification 5-hydroxylysine can undergo further transformations,
including crosslinking, O-glycosylation, and glycation. Dynamic nuclear
polarization (DNP) and stable isotope enriched lysine incorporation
provide sufficient solid-state NMR sensitivity to identify these adducts
directly in skin and vascular smooth muscle cell extracellular matrix
(ECM), without extraction procedures, by comparison with chemical
shifts of model compounds. Thus, DNP provides access to the
elucidation of structural consequences of collagen modifications
in intact tissue.

Lysine modifications are critical to collagen ECM structure,
function, and properties.””> These usually start with hydroxyl-
ation at the J-(i.e. the 5-) carbon and lead to a cascade of
reactions that generate diverse chemical structures. The modi-
fications can be enzymatically-driven as part of collagen and
ECM biosynthesis, but can also occur without enzymatic
involvement in conditions such as diabetes, cancer and ageing.
Interruption of the lysine modification process may lead to
embryonic and perinatal lethality in mouse, and osteogenesis
imperfecta and Ehler-Danlos disease in humans.™ Being able
to observe such lysine modifications in tissues without the
application of extraction procedures is critical for understanding
their physiological necessity, as well as the role they play in
pathological and degradation processes.

Lysyl hydroxylases® modify C; in less than 2% of lysine
residues in collagen to yield (R)-5-hydroxylysine (Hyl). Hyl residues
are critical sites for further modifications, including their
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attachment to other Lys residues in a variety of cross-links,*’
(ESI,t Schemes S1 and S2), adduction of sugar species via specific
and essential enzymatic glycosylation,>® (ESI,+ Scheme S3), and
invariably deleterious spontaneously occurring glycation'®'!
(ESLt Scheme S4). The generation of Hyl and all three types
of subsequent modifications will produce broadly predictable
changes in the NMR spectra of ECM materials; the challenge is
detecting these low abundance species against an overwhelming
background of irrelevant signals.

Conventional analysis of collagen modifications relies on
mass spectrometry.'>* The identification procedure demands
many, often chemical, pre-treatments.'>'® While sensitive and
potentially quantitative, these approaches are destructive and
raise the possibility of side reactions or degradation during
processing. There is a need to develop complementary analytical
techniques to arrive at a full picture of the identity and quantity
of collagen modifications in a range of biological samples.

Solid-state NMR (ssNMR) offers the possibility of identifying
such collagen modifications in intact tissue without extensive
processing or purification. With ssNMR, the types of species
present may be identified, and valuable structural and dynamical
information on crosslinked, glycosylated and glycated sites
within intact ECM may be obtained. A significant challenge
in this approach is the relatively low sensitivity of solid-state
NMR spectroscopy, exacerbated by the low natural abundance
of NMR-active nuclei and the fact that the residues of interest
occur at levels well under 2% of all residues found in collagen
proteins.

The strategy applied here combines stable isotopic labelling
with NMR signal enhancement by DNP."”™*° To show the wide
applicability of this strategy, two different kinds of samples
were investigated: skin obtained from mice fed a (U-*Cg)-lysine
diet, and ECM generated by vascular smooth muscle cell (VSMC)
culture as a potential in vitro model with relevance to vascular
diseases. Labelling with NMR-active stable isotopes (e.g. °C, °N)
is a well-established procedure for enhancing sensitivity and
information content.>>*" We have developed cell culture methods
for generating labelled ECM by supplementing growth media

This journal is © The Royal Society of Chemistry 2018
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with isotope-enriched amino acids.”” A dietary approach is
particularly effective for labelling mice in essential amino acids
like lysine, where incorporation from diet is not in competition
with de novo native biosynthesis.>® Accordingly, **C-enriched
murine skin was obtained by direct feeding of mice with
(U-"*Cg)-lysine, while VSMC ECM>* was labelled using growth
medium supplemented with (U-">Ce,"°N,)-lysine. Note that the
dietary approach does not completely isotope enrich the experi-
mental animal as tissue biosynthesis and turnover can vary; we
achieved 45% "*C-lysine enrichment on mouse skin.

The second component of our strategy to overcome the
significant challenge of observing dilute molecular sites was
to use DNP* to enhance signal sensitivity further. Despite the
inhomogeneous signal broadening inevitable at cryogenic tem-
peratures due to reduction of motional averaging, and the
homogeneous signal broadening due to the presence of the
radicals, the increased sensitivity from DNP enhancement renders
weak signals observable that do not emerge above noise within a
reasonable timeframe by conventional NMR. DNP has been use-
fully applied to large molecular systems, such as ribosomes,?® and
assembled HIV capsid proteins.”” In a similar vein, we use DNP
signal enhancement to probe sparse modifications of specifically
labelled residues within intact collagen fibrils: large well-ordered,
super-coiled, cross-linked units of triple-helical collagen, each
around 300 kDa in molecular weight.

The *C-Lys enriched samples are dry, solid biomaterials,
hence we doped 10-15 mg of each with 17-20 mM AMUPol*®
dissolved in water (75% D,0, 25% H,0), centrifuged the added
radical solution several times in the rotor, and incubated the rotor
in the fridge. This procedure resembles the incipient wetness
impregnation technique as applied to porous materials.?

(A) Mouse skin, 5 ms DARR

(B) VSMC ECM DARR
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In contrast to common practice in DNP-NMR, glycerol was not
added as it modifies collagen stability.>* Mouse skin samples
do exhibit up to 50% higher enhancements with glycerol (ESI, T
Fig. S1), however, the VSMC ECM sample without glycerol showed
higher enhancement than the glycerol-containing mouse skin
sample. Furthermore, glycerol addition leads to artefacts in the
same region as the Hyl signals (ESIL,f Fig. S2). Considering the
potential structural complications, and as Hyl signals can already
be observed in both samples without glycerol, we omitted it for
the rest of this study.

DNP enhancements of 26.5 + 1.5 for skin and 57 £ 4 for
VSMC ECM were measured by comparing microwave-on versus
microwave-off 1D "*C MAS NMR spectra. The error is obtained by
calculating the average enhancement of the most (generally C,)
and the least (generally Cy/C,) enhanced signals (ESL Fig. S1),
indicating uniform DNP enhancements. Taking possible depolar-
ization effects of up to 60% into account,' these enhancements
represent one to two orders of magnitude reduction in NMR
signal averaging time. All experiments were carried out at 110 K,
the lowest temperature where we have the required long-term
stability to complete the NMR experiments.

As expected, the 1D >C CP DNP NMR spectra of the isotope
enriched skin and VSMC ECM are dominated by signals from
unmodified Lys in collagen®* and other proteins (ESLt Fig. S2).
Cross peaks in 2D dipolar assisted rotational resonance (DARR)*
spectra (Fig. 1A and ESI, Fig. S2, S3) reveal proximal "*C-'*C paits.
While the most intense signals arise from Lys residues, three distinct
Hyl-derived spin systems can be resolved in the DARR spectra,
highlighted in Fig. S2 (ESIT) (red boxes) and detailed in Fig. 1A.
As these signals can only arise from derivatives of **C-enriched Lys,
they must correspond to Lys post-translational modifications.
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Fig. 1 (A) Regions of 2D **C-C DARR DNP-NMR spectra (5 ms mixing time, 110 K) of U-"Cg Lys labelled skin (15 mg, 8300 Hz MAS, acquisition 17 h, top)
and VSMC ECM (15 mg, 8889 Hz MAS, acquisition time 7 h, bottom) showing cross peaks between Hyl Cs and other *C-labelled carbons in Hyl and its
derivatives. Blue annotations at 69 ppm (F) depict underivatized Hyl (Hyl-NH,), green annotations at 71 ppm (F;) modified Hyl likely due to crosslinks and/or
glycation (Hyl-NH-R), and orange annotations at 75 ppm (F;) glycosylated Hyl ((Glc)GalHyl). (B) Traces taken from DARR correlations of labelled VSMC
ECM at different DARR mixing times, showing intensity changes of cross peaks involving Hyl Cs. The rapid build-up of the correlation with the C, signal of
Hyl-NH-R (green traces) at 56 ppm indicates that this signal can be distinguished from the correlation to the more distant Hyl C,, at 54 ppm, which builds up
more slowly. (C) 2D ®*C-1C SQ-DQ DNP NMR spectrum of labelled skin, showing the same Hyl Cs—C, signal that we have identified in (A) and (B).
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Specifically, the cross peaks in Fig. 1A are consistent with
Hyl and its derivatives, with the signals of the hydroxylated Cs
around 70 ppm. The largest signals, centred at 69 ppm, likely
correspond to Hyl residues that have not undergone further
modification and show good agreement with solution-state NMR
chemical shifts (see ESIt), thus we refer to this set of signals as
Hyl-NH,. A set of weaker but distinct signals at 75 ppm is
consistent with O-glycosylated Hyl, in line with solution-state
NMR shifts of GalHyl***> and GlcGalHyl,*>*® thus we refer to it
as (Glc)Gal-Hyl (ESLt Scheme S3), though we note that we are
unable to determine whether Hyl is glycosylated with GlcGal or
only Gal at this stage. We expect these signals to be weaker since
only up to one third of all Hyl is glycosylated. The well-resolved
cross peak at 71 ppm (F;) and 56 ppm (F,) is consistent with a
Cs—C; cross peak for Hyl derivatized at N (see ESIT for reference
model structures), which we term Hyl-NH-R. The rapid build-up
of the Hyl-NH-R cross peak at 71-56 ppm (Fig. 1B green traces)
distinguishes it from the overlapping but more slowly increasing
signal corresponding to the Hyl-NH, C;-C, correlation, for
which the cross peak occurs at 69 ppm F,; and 54 ppm F,
(Fig. 1B blue traces). This effect is especially apparent in the
traces from spectra recorded with DARR mixing times of 5 ms
(Fig. 1B). From this result, we can deduce that the 71-56 ppm
cross peak arises from two carbons that are directly bonded to
each other. The signals around 70 ppm are due to Hyl C;, thus
the 56 ppm signal is identified as C; by elimination. The SQ-DQ
spectrum (Fig. 1C), where one-bond correlations dominate,
provides further evidence of this pair of atoms, where we
observed the 71-56 ppm correlation occurring at the expected
DQ (sum) frequency of 127 ppm.

For Hyl without further modifications (Hyl-NH,), C, occurs
at 45 ppm. However, we can expect that substitutions at the Hyl
N; primary amino group would shift the C, signal about 10 ppm
to higher frequency, thus providing a rationale for identifying
the 56 ppm signal as C. of Hyl-NH-R. Therefore, the Hyl-NH-R
signal may represent Hyl modifications such as early glycation
adducts, for instance with the C-1 of 1-deoxyfructose derived
from glucose (ESL Scheme S4). It may also correspond to
enzymatically derived ketoamine crosslinks (e.g. HLKNL in
ESI,1 Scheme S2). Chemical shifts in Table 1 are consistent
with those of appropriate model compounds.>*® While the
conventional aldimine structural formulation of immature
aldimine cross links (e.g. deH-HLNL in ESLi Scheme S2)
predicts a signal at 160-165 ppm for the e-imino carbon derived
U-3Cq allysine, such signals were not observed.

Independent evidence that '*C signals around 70 ppm are
due to Hyl C; and its derivatives comes from heteronuclear

Table1 C Chemical shifts (ppm) of lysyl PTMs observed by DNP-NMR in
collagen ECMs. Percentages represent abundances relative to Lys, esti-
mated by volume integration of 5 ms mixing time DARR Cs—C, cross peaks

PTM C, Cs C, Cs C; %Skin %VSMC
Lys 54 30 23 28 40 100 100
Hyl (Hyl-NH,) 54 28 30 69 45 14 7
Cross links/glycation (Hyl-NH-R) 54 30 28 71 56 3 4
(Gle)GalHyl 54 28 30 75 44 3 2
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Fig. 2 Detail from >N-*C correlation DNP-NMR experiment showing

the correlation between Hyl Cs and Hyl N; signals for (U—13C6, 15N2)—Lys
enriched VSMC. This experiment took 51 hours.

correlations involving Hyl "N in the (U-"’Cs, '°Ny)-Lys
enriched VSMC (Fig. 2 and Fig. S4, ESIf). Fig. 2 shows the
region centred at 38 ppm "°N chemical shift corresponding to
the Lys or Hyl 6-amino (N;) group. The magnetisation evolved
on "N (Lys/Hyl N;) was transferred to neighbouring C., and
then further down the carbon skeleton by DARR mixing to the
hydroxylated C;s around 70 ppm **C chemical shift, resulting in
a correlation connecting Hyl N, (38 ppm) to the corresponding
Cs (69-71 ppm).

In summary, combining Lys isotope labelling and DNP
enhancement enabled solid-state NMR observation of Hyl
and other post-translational modifications in freeze-dried but
otherwise intact collagenous ECM. We identified those due to
O-glycosylated Hyl and signals indicative of N-adducts that
correspond to early glycation products and/or crosslinks. These
were present at levels of only a few percent of total Lys; we have
thus conclusively shown that detection of these low abundance
species within biologically-produced materials is possible with-
out substantial extraction or purification. Our study attests to
the potential of combining specific labelling and DNP to study
the structural roles of Hyl in more complex organic-inorganic
biocomposites such as bone**?” and pathological vascular
calcifications.*® The similarity of Hyl and derivatives between
mammalian VSMC ECM generated by cell culture and native
mouse skin supports our use of in vitro biomaterials as conve-
nient and ethical model systems amenable to isotope labelling,
in which the post-translational modification machinery is
functioning faithfully. We are currently identifying the species
adducted to Hyl using *C-enriched sugar precursors, and
increasing the proportions of *C-labelled Lys and Hyl in our
ECM to characterize cross links in more detail and under bio-
logically relevant conditions. We envisage that such NMR-based
techniques will be central in understanding the structural roles of
Hyl and its modifications at the atomic level, to further our
understanding of their physiological necessity in healthy tissue,
and the part they play in disease and ageing.
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