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ABSTRACT: The interactions between glycosaminoglycans (GAGs) and proteins are essential in numerous biochemical processes
that involve ion-pair interactions. However, there is no evidence of direct and specific interactions between GAGs and collagen
proteins in native cartilage. The resolution of solid-state NMR (ssNMR) can offer such information but the detection of GAG
interactions in cartilage is limited by the sensitivity of the experiments when 13C and 15N isotopes are at natural abundance. In this
communication, this limitation is overcome by taking advantage of dynamic nuclear polarization (DNP)-enhanced magic-angle
spinning (MAS) experiments to obtain two-dimensional (2D) 15N−13C and 13C−13C correlations on native samples at natural
abundance. These experiments unveiled inter-residue correlations in the aliphatic regions of the collagen protein previously
unobserved. Additionally, our findings provide direct evidence of charge−pair salt−bridge interactions between negatively charged
GAGs and positively charged arginine (Arg) residues of collagen protein. We also identified potential hydrogen bonding interactions
between hydroxyproline (Hyp) and GAGs, offering atomic insights into the biochemical interactions within the extracellular matrix
of native cartilage. Our approach may provide a new avenue for the structural characterization of other native systems.

Supramolecular noncovalent interactions among molecules
are crucial in various chemical and biological systems.

They play important roles in the interaction of GAGs with a
wide array of proteins including neutrophil-activating chemo-
kines, fibroblast growth factors, and heparan sulfate−binding
proteins.1−3 This Communication presents direct evidence of
probing these interactions in native cartilage, an area that has
remained unexplored by biochemists until now. Cartilage is
known to be a specialized connective tissue distributed
throughout the body. It provides flexible and resilient support,
cushions joints, facilitates movement, and absorbs shocks.4−6

The extracellular matrix (ECM) of cartilage mainly comprises
type II collagen protein (∼12% by weight), proteoglycan
(∼6% by weight), water (∼82% by weight), and non-
collagenous proteins, such as cartilage oligomeric matrix
protein, matrilin-1, and cartilage intermediate-layer pro-
tein.7−11 Proteoglycans further consist of proteins and
polysaccharide chains, including chondroitin sulfate, keratan
sulfate, heparan sulfate (HS), and hyaluronan, which are
collectively known as GAGs.12−14

The cartilage ECM is a complex structure, characterized by
highly mobile GAGs juxtaposed with rigid collagen proteins
(Figure 1).15,16 The interactions between proteins and GAGs
are biologically critical as they regulate a diverse array of
processes in the physiological system.17−20 Interaction of
GAGs, especially with collagen proteins, is essential for
cartilage stability and despite its significance, studies on their
nanoscale interact ion at natura l abundance are
limited.7,13,21−24 This current study confirms coulombic forces
between the positively charged basic amino acids of proteins
and the negatively charged anionic groups of GAGs.25 The

conventional models involve interactions between proteins and
HS of GAGs that are predominantly governed by ion-pair
interactions and are often termed salt bridges.1,2,26−29 Despite
this well-established concept, there is no direct evidence of this
specific interaction in cartilage. One of the reasons for this
knowledge gap can be the inherent molecular mobility of
GAGs, which makes it very challenging for various techniques
to study their interaction in the native state. To investigate
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Figure 1. (A) Bone and cartilage. (B) Microstructure of cartilage. (C)
Molecular view of cartilage ECM.
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GAG−protein interactions,30−33 solid-state NMR (ssNMR)
spectroscopy has proved to be particularly valuable for
elucidating local structures, dynamics, and interactions within
cartilage on the molecular level.34−40 This technique has also
been used to study native collagen and extracted collagen,41−43

but the understanding of their interactions with less abundant
components in native cartilage ECM is challenging due to the
inherent molecular mobility of GAGs. Indeed, the mobility and
limited sensitivity of ssNMR at natural 13C and 15N isotopic
abundance7,38 make detecting these interactions difficult. The
sensitivity of the experiment is usually addressed by isotopic
labeling for NMR, which is a costly and challenging process for
bones/cartilage.34,44−46 To avoid the need for isotopic labeling,
here we combined magic angle spinning dynamic nuclear
polarization (MAS-DNP) enhancement with multidimensional
ssNMR spectroscopy.47−54 Carried out at low temperature,
100 K, this froze the motion of the GAGs and enabled the
detection of weak NMR signals that cannot be observed using
conventional MAS ssNMR methods alone. Importantly, the
sample preparation is intended to maximize the sensitivity,55

which enabled the recording of 15N−13C correlation experi-
ments. The reported spectra herein represent a significant
milestone: they are the first obtained on bones and cartilage at
a natural isotopic abundance.
Finally, building upon previous investigations,7,39,56−61 we

achieved successful identification and assignment of the 13C
and 15N resonances present in the organic matrices of bone
and cartilage. Interestingly, we identified the interaction
between GAGs and collagen in the assignment, which will be
discussed below.
First, the DNP-enhanced cross-polarization (CP)MAS

NMR spectra measured on the native bone and cartilage
samples successfully facilitate the assignments of most of the
13C and 15N resonances from the organic matrix, with
particular emphasis on the collagen protein containing glycine
(Gly), proline (Pro), and hydroxyproline (Hyp). Remarkably,
these 13C resonances (Figure 2) exhibit similarities to spectra
obtained via conventional ssNMR.38,62−64 This similarity

suggests that the sample preparation preserves the structural
integrity of the organic matrix and is suitable for MAS DNP
ssNMR studies.
To obtain structural information, we employed 2D 15N−13C

(NC) correlations and double-quantum filtered (DQF) single
quantum (SQ)−single quantum (SQ) 13C−13C correla-
tions.57,65,66 We emphasize that acquiring the correlation
spectra presented in Figure 3 represents a remarkable

achievement. The scarcity of 15N (natural abundance:
0.37%), with its low gyromagnetic ratio (−2.71 × 107 rad
T−1 s−1), poses substantial challenges in detecting the 15N
spectra of collagen protein at its natural abundance using
conventional ssNMR techniques. Combined with the low
natural abundance of 13C (1%) renders conventional ssNMR
nearly impractical for generating a 2D 15N−13C correlation
spectrum. The 2D 15N−13C correlation spectra, while common
in biological NMR,67,68 are rarely reported at natural isotopic
abundance.55,69−71 The experiments require a significant NMR
sensitivity gain to begin with and thus require careful sample
preparation. High sensitivity was obtained by DNP via the use
of AsymPol-POK that enables the employment of a very short
signal acquisition delay.55,72 This biradical, used to enhance the
NMR sensitivity with DNP, is particularly adapted to such
conditions. In cartilage, it generated an enhancement of ∼85
for 1H−13C CPMAS and a short hyperpolarization time of
∼1.5 s, whereas in bone, it generates an enhancement of ∼50.
In applying 1H−15N CPMAS to the same sample under these
conditions, observation was not possible without microwave
irradiation in a reasonable amount of time. However, the
spectrum possesses an excellent S/N ratio under the
microwave irradiation (see Figure S1 and Table S3 of the
Supporting Information). Using DNP enhanced 15N−13C
heteronuclear dipolar correlations, we explored the backbone

Figure 2. 13C aliphatic resonances of the cartilage ECM at natural
isotopic abundance. The one-letter codes for different amino acids are
as follows: I for isoleucine, A for alanine, M for methionine, K for
lysine, T for threonine, P for proline, E for glutamate, R for arginine,
D for aspartate, Hyp for hydroxyproline, and G for glycine. Lists of
chemical shifts are available in SI Table S7.

Figure 3. DNP-enhanced 2D 15N−13C dipolar correlation spectra of
natural 15N and 13C abundance in cartilage (A) and bone (B). Full
spectral region figures, lists of chemical shifts, S/N ratio, line width of
assigned peaks, and amino acid distributions in COL1A1 and
COL2A1 are provided in the SI.
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structure of natural collagen protein within bone and cartilage
matrices.
The 2D 15N−13C dipolar correlation spectra of cartilage and

bone samples (Figures 3) show interesting differences in how
collagen protein resonances are arranged in both spectra. The
line width for signals of collagen in cartilage (SI Table S3) is
broader in comparison to bone (SI Table S4). ProHypGly is
known to be the most common triplet of collagen73 and allows
the tight packing and stability of triple helices. Indeed, we
found their resonances in both the spectra with little variations
in their chemical environment; e.g., Gly Cα (41.2 ppm) shows
correlation with Gly N (106.6 ppm) in Figure 3A, whereas in
Figure 3B, Gly Cα (42.1 ppm) shows correlation with Gly N at
109.7 ppm. Pro Cδ (47.5 ppm) shows correlation with Pro N
at 128.8 ppm (Figure 3A), whereas in Figure 3B Pro Cδ (46.5
ppm) correlates with Pro N at 122.2 ppm. Hyp Cδ (55.1 ppm)
shows correlation with Hyp N (128.1 ppm) in Figure 3A,
whereas in the bone spectrum Hyp Cδ (53.4 ppm) shows
correlation with Hyp N at 133.7 ppm. The difference of
chemical shifts has also been seen in aliphatic amino acid
alanine and negatively charged amino acid aspartate. Ala Cα
(48.6 ppm) shows a cross-peak with Ala N at 127.1 ppm
(Figure 3A), whereas in Figure 3B Ala Cα (48.3 ppm) shows a
correlation with Ala N at 120.6 ppm. In the cartilage spectrum,
Asp Cα (52.9 ppm) shows a cross-peak with Asp N at 123.7
ppm. This cross-peak, along with overlapped peaks of Pro Cα
and Hyp Cα, produces a strong signal at ∼52 ppm of the 13C
chemical shift. In contrast, the bone spectrum shows only the
correlation of Asp Cα (51.5 ppm) with Asp N at 126.3 ppm.
The unassigned signals detected between 140 and 180 ppm in
the 15N chemical shift are likely from DNA bases, since the
sample may contain cells (e.g., chondrocytes, osteoblasts,
osteoclasts, or osteocytes).74 The observed differences between
collagen resonances of type I in bone and collagen type II in
cartilage may involve different levels of water accessibility for
collagen in these tissues. This, in turn, could affect the DNP
efficiency.
To further refine our model, we used DQF SQ−SQ

13C−13C experiments to probe the spatial proximities of 13C.
Whereas this experiment has similar sensitivity as compared to
the conventional double quantum (DQ)−single quantum
(SQ) INADEQUATE method,45,65,75−77 the DQF SQ−SQ
13C−13C correlations offer advantages over the conventional
DQ−SQ approach, notably an expanded measurable distance
range by employing an extended mixing time which is not
subject to pulse imperfections.57 Here, the experiment
employed a dipolar-assisted rotational recoupling (DARR)
scheme,78 with mixing times of 20 and 80 ms (Figure 4A and
B, respectively). The DQF-DARR type experiment allows for
the correlation of 13C pairs separated up to a range of 4−5 Å.79
Utilizing the identical sample preparation,72 we obtained
13C−13C correlations between carbons of GAGs and collagen.
The aliphatic and carbonyl portions of the 2D 13C−13C

dipolar correlation spectra of cartilage (Figure 4), obtained
through the DQF-DARR mixing scheme. In this study, the
majority of the detected 13C signals in 2D 13C−13C cross-peaks
originate from type II collagen. Proline (P) and hydroxyproline
(Hyp) along with unique intra-residue correlations involving
arginine (R) and glutamate (E) were observed in the aliphatic
region (Figure 4A). Previous findings in the 2D 13C−13C
dipolar correlation spectra of bone, using the DQF-DARR
method with a 20 ms mixing time, revealed some intraresidue

correlations in the carbonyl region.57 However, when we
repeated the same experiment with the same DARR mixing
time on cartilage, no correlations were observed in the
carbonyl region (Figure 4A).
To uncover the longer-range 13C−13C correlations, the

DARR mixing time was extended to 80 ms, for which
additional cross-peaks emerged. They reveal not only intra-
residue correlations but also numerous inter-residue correla-
tions in the aliphatic regions (Figure 4B). One remarkable
aspect is the observation of signal enhancement in various 13C
resonances within the cartilage matrix (Figure S1). Notably,
the GAG ring carbons, located at 20.2, 68.4, 71.5, and 78.7
ppm in Figure 4B, exhibited increased signal intensity. This
enhancement is particularly intriguing given that GAGs are
known to be less abundant components within the cartilage
ECM.7 Moreover, Figure 4B displays the presence of aliphatic
isoleucine and methionine resonances along with charged
aspartate and glutamate resonances. In the previous bone
study, with a similar DARR mixing time, these resonances were
invisible.57 Interestingly, our current research revealed addi-
tional correlations between pyranose ring carbons and
collagen. These are related to the intermolecular charge-pair
salt-bridge-type interaction between the sulfate group of GAGs
and Nε of the guanidinium group of Arg, along with N−H···O
hydrogen bonding between the CO group of GAGs and NH2+
of the guanidinium group of Arg. These interactions facilitate
the orientation of carbons, allowing them to be approximately
4−5 Å closer.79 However, no anomeric carbon (C1)−collagen
correlations were observed in the spectra. Notable 13C−13C
dipolar correlations found in Figure 4B include (1) GAGs CH3
(20.2 ppm) resonance with Arg Cγ (28.1 ppm), (2) GAGs C6
(68.4 ppm) resonance with Arg Cβ (30.3 ppm) and Hyp Cα
(58.9 ppm), (3) GAGs C4 and C5 (71.5 ppm) resonance with
Met Cε (19.4 ppm), and (4) GAGs C3 resonance at 78.7 ppm
with Hyp Cγ (70.5 ppm). The correlation observed between
the carbons of GAGs and Hyp arises from their spatial

Figure 4. DQF 2D SQ−SQ 13C−13C dipolar correlation spectra of
cartilage by using the DARR mixing scheme. To obtain 13C−13C
correlations, two different DARR mixing times of 20 (Figure 4A) and
80 ms (Figure 4B) were used after a DQF block that is required to
suppress dominant SQ 13C coherences. The signals observed in the
cross-peak regions of 168−174 ppm (F2) and 60−80 ppm (F1) are
spinning-induced sidebands or artifacts that are denoted by asterisks
(*). Full spectral region figures, an overlay figure, and a list of
chemical shifts are available in the SI.
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proximity, which resulted from O−H···O hydrogen bonding
involving their hydroxyl groups.
Figure 5 is a 3D model-based visualization that we are

observing as cross-peaks between GAGs and amino acids of

collagen protein in the 2D 13C−13C spectra (Figure 4B). The
correlations observed in Figure 4B highlight the spatial
association between GAG carbons and collagen residues.
This spatial relationship is established through 13C−13C
dipolar coupling networks that resulted from the charge-pair
salt-bridge interaction between negatively charged GAGs and
positively charged Arg residues and hydrogen bonding
between GAGs and Hyp of collagen protein within the
cartilage ECM. These findings confirm the existence of these
specific types of interactions in cartilage ECM, which had no
direct atomic level evidence previously. The results not only
unveil atomic insights about the intricate biochemical
interaction within native cartilage ECM but are also paving a
way for exciting new possibilities in exploring structural
intricacies of other native systems.
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