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Abstract

Collagen provides mechanical and biological support for virtually all human tissues in the
extracellular matrix (ECM). Its defining molecular structure, the triple-helix, could be damaged
and denatured in disease and injuries. To probe collagen damage, the concept of collagen
hybridization has been proposed, revised, and validated through a series of investigations reported
as early as 1973: a collagen-mimicking peptide strand may form a hybrid triple-helix with the
denatured chains of natural collagen but not the intact triple-helical collagen proteins, enabling
assessment of proteolytic degradation or mechanical disruption to collagen within a tissue-of-
interest. Here we describe the concept and development of collagen hybridization, summarize

the decades of chemical investigations on rules underlying the collagen triple-helix folding, and
discuss the growing biomedical evidence on collagen denaturation as a previously-overlooked
ECM signature for an array of conditions involving pathological tissue remodeling and mechanical
injuries. Finally, we propose a series of emerging questions regarding the chemical and biological
nature of collagen denaturation and highlight the diagnostic and therapeutic opportunities from its
targeting.
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Introduction

As the most abundant protein and the predominant component of the extracellular matrix
(ECM), collagen forms the living environment with structural and biological support for
cell adhesion, migration, differentiation, and function in almost all human organs.! In many
diseases and pathological conditions, collagen in the lesions can suffer substantial damage,
much like buildings crumbled by natural disasters. For instance, collagen degradation,
commonly mediated by matrix metalloproteases (MMPS), is intrinsically involved in cancer
metastasis.? In atherosclerosis, the proteolytic weakening of the collagenous fibrous cap
renders the plaques susceptible to rupture, leading to myocardial infarction and sudden
cardiac death.3 Additionally, as many fibrotic disorders progress, collagen synthesis and
breakdown are often simultaneously up-regulated.*® Collagen is also the primary load-
bearing component of connective tissues, providing tensile strength to bone, cartilage,
ligaments, tendons, muscles, skin, corneas, and blood vessels. Injuries to these tissues
largely involve mechanical destruction of the hierarchical collagen structures at various
scales. For example, osteoarthritis, a prevalent disabling condition in the aged population,
is considered to be heavily driven by the overuse of the articular cartilage in joints, which is
rich in type Il collagen.

All 28 collagen subtypes share an iconic structural motif in which three protein chains
intertwine into a triple-helix, forming stabilizing inter-chain hydrogen bonds..7 This triple-
helical structure protects the collagen molecules in the ECM from degradation by most
proteases except certain collagenases, such as MMP1, 3, 8, 13, 14, and Cathepsin K.8:9
Following the initial cleavage of collagen | with MMP1 for instance, the fragmented
collagen triple-helices become thermally unstable and spontaneously unfold at body
temperature, leaving the cleaved and denatured collagen chains cross-linked within the
partially degraded matrix.10-12 Meanwhile, biomechanical studies showed that the collagen
molecules in connective tissues (e.g., tendon) can become susceptible to trypsin digestion
following tissue overloading or cyclic fatigue, indicating that mechanical disruption can also
compromise the collagen triple-helix structure in tissues.1314 Furthermore, cells can readily
recognize collagen denaturation: receptors DDR1 and DDR2,15:16 a5 well as integrins a2p1,
alpl, a10B1, and al11p1, only recognize their target collagen domains in the triple-helical
conformation;1” yet the denatured collagen single chains can expose cryptic sites that are
otherwise inactive in the triple-helical form, including numerous RGD sequences that are
recognized by another integrin subset.18 It can be envisioned that collagen denaturation
could be a crucial feature of tissues undergoing pathological remodeling or mechanical
injury, which can be explored for diagnostic and therapeutic purposes. In this regard,

an array of scientific questions regarding the structure, cellular effects, and downstream
degradation pathways of the denatured collagen matrices needs to be answered for both
fundamental and biomedical goals.
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Even though advanced microscopic techniques, such as second-harmonic generation (SHG),
atomic force microscopy (AFM), and transmission electron microscopy (TEM) can indicate
structural alteration of collagen at the fiber scale (Fig. 1a),19:20 they cannot reveal denatured
collagen molecules /n situ. Therefore, a targeting agent that specifically recognizes the
denatured collagen molecules could be the first step to approach the above-mentioned
questions by identifying and localizing collagen damage in the body. Likewise, while

the upstream proteolytic activities leading to collagen denaturation can be readily probed
using fluorescence-based MMP substrates (e.g., MMPSense),2! the denatured collagen
itself is typically undetectable within the tissue-of-interest (Fig. 1b). This is because most
common small-molecule dyes (Picrosirius red and Masson’s trichrome) and antibodies bind
to collagen regardless of its triple-helical folding.22:23 To this end, at least two classes

of monoclonal antibodies (mAbs) against denatured collagens have been developed. (i)
From the late 1980s, Poole and coworkers developed a series of mAbs for assessing
collagen 11 damage. Using cyanogen-bromide-treated collagen Il as immunizing peptides,
they produced mAb COL2-3/4m which reacts with denatured collagen 11.2425 Further
development using peptide epitopes at the MMP-cleavage sites yielded mAbs C1,2C
(epitope: GGEGPOGPQG, O: hydroxyproline) and C2C (epitope: GPOGQG) against the
MMP-cleaved collagen 11.26:27 Efficacies of these antibodies were nicely demonstrated in
assays of body fluids and immuno-stains of human articular cartilage for the detection of
collagen Il breakdown in both osteo- and rheumatoid-arthritis.24-28 (ii) Through subtractive
immunization using thermally denatured collagens, Brooks and coworkers developed mAbs
targeting the cryptic epitopes within proteolyzed or denatured collagens in the 2000s.29:30
Among them, mAb HU177 recognizes the PGxPG epitope (x: multiple amino acid
residues) in the unfolded chains of type 1-V collagens,3132 and was shown to inhibit

tumor angiogenesis and growth by disrupting cellular interactions with the denatured
collagen.31-33 A phase-I clinical trial towards evaluating the antitumor activity of the
humanized version of HU177 yielded encouraging results in 2010.34 Additionally, elevated
levels of soluble HU177 epitopes were detected in the sera of melanoma patients with
worse prognoses.3°3¢ These works well demonstrate the distinctive biological activities of
denatured collagens as well as their diagnostic and therapeutic potentials.

Over the past two decades, we and others have developed a collagen-mimetic peptide to
target denatured collagen strands in a fashion of triple-helix hybridization, which enabled /n
situ detection of collagen denaturation in an array of pathological tissues and investigations
into its biological nature within these lesions. In this perspective, we introduce the concept
and development of collagen hybridization and summarize the decades of ongoing chemical
research on the structural principles underlying collagen triple-helical folding. We also
discuss the current novel biomedical discoveries on collagen denaturation in a wide range of
diseases and injuries aiming at potential diagnostic and therapeutic applications.

2. Collagen Hybridizing Peptide

The triple-helix is a super-secondary structure virtually exclusive to collagens.137 The
Collagen Hybridizing Peptide (CHP) can specifically hybridize with denatured collagen
strands by re-forming the triple-helical structure, in a fashion similar to a primer binding
to melted DNA strands during PCR (Fig. 1c). The close-packing of a collagen triple-
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helix requires every third residue be Gly, creating a sequence of repeating GlyXaaYaa
triplets.} In the design of the first-generation of CHPs, there are 6-10 repeating units

of glycine(G)—proline(P)-hydroxyproline(O). The GPO triplet possesses the strongest triple-
helix propensity among all GlyXaaYaa units found in native collagens,3® allowing the CHPs
to hybridize tightly with the denatured collagen strands. Presumably, the hybrid is stabilized
through multiple hydrogen bonds formed among the backbones of the CHP and collagen
strands, similar to a native collagen triple-helix.

The CHP-collagen hybridization involves several key features (Fig. 1). (1) Structural
selectivity: the CHPs were shown to bind strongly to collagen chains denatured by heat,
MMPs,39 and mechanical damage,® but have much lower affinity to intact collagen due to
the absence of binding sites. (2) Collagen types: as the triple-helix structure is ubiquitous

in all types of collagens in mammals, the CHPs bind to unfolded collagen chains across
animal species (e.g., human, rat, mouse) and collagen types (e.g., type I, 11, 111, 1V),4041
(3) Binding specificity: without charged and hydrophobic amino acids in the sequences, the
CHPs exhibit virtually no non-specific binding to non-collagenous biomolecules.*C This is
also because the triple-helix structure is essentially exclusive to the collagens in mammals,
except a group of secreted proteins involved in host defense that contain triple-helical
domains (e.g., C1q, surfactant protein A and D).42 Meanwhile, collagen-like proteins with
G-X-Y repeating sequences (e.g., streptococcal collagen-like proteins)*3 are also widely
present in bacteria, which could also be potential targets of the CHPs.#4 (4) Serum
stability: the CHPs are highly stable in serum against a full panel of enzymes including
proteases and esterases, thanks to their unique neutral, hydrophilic, Pro-rich, and repetitive
sequences.?® (5) Histopathology and /7 vivo capacity: the fluorescently tagged CHPs
allowed histological assessment of collagen damage in osteoarthritis and intervertebral disc
degeneration, as well as collagen remodeling in myocardial, glomerular (Fig. 1d), liver, and
pulmonary fibrosis.#1:46-49 Also, the intravenously administered CHPs were shown to target
pathological collagen remodeling (e.g., tumor xenografts3® and osteolytic bone lesions®0)
and mechanical destruction (e.g., intervertebral disc,® Fig. 1f-g) in vivo.

Targeting denatured collagen by the triple-helix hybridization is a unique concept in
structure binding, particularly compared to conventional library-based approaches for ligand
discovery such as phage display and antibody production.242° Unlike antibody-epitope
recognition based on interactions of hydrophobic and charged amino acid sidechains,

the collagen triple-helix forms predominantly via hydrogen bonding among the chain
backbones. The self-assembled CHP triple-helices have been studied as a structural model
for collagen since the 1960s,51 but its power for probing the molecular structure of collagen
had not been harnessed until recent decades.

3. Development of the Collagen Hybridizing Peptides

The hybrid formation between bovine collagen a chains and synthetic polypeptides [e.g.,
(ProAlaGly),, (ProProGly),] was first reported in 1973 by Heidemann, Harrap, and
Schiele.>2 After cooling the heated collagen-peptide mixture, they isolated the hybrid by
molecular sieve chromatography and identified it by amino acid analysis. Optical rotation
data supported that a common triple-helix structure was adopted by the hybrid.>2
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The Yu group reported in 2005 that a collagen mimetic peptide (CMP) with a strong triple-
helical propensity [e.g., (ProHypGly)19] may adhere to intact collagen protein presumably
through a “strand exchange” process to form a hybrid triple-helix, especially within

the thermally labile domains of the collagen sequence,®3:>4 a process analogous to the
spontaneous invasion and strand displacement of a DNA’s double helix by a peptide

nucleic acid.®® Similar notions were also proposed by other researchers whose focus was on
exploiting the single-stranded collagen peptides to invade synthetic collagen mimetics rather
than the actual collagen protein.>6-58 Initially, Yu and colleagues tested the hybridization by
directly adding heated solutions of CMP monomers onto collagen films, and believed that
denaturation of the collagen protein is not required for CMP binding.>3 This idea prompted
our early efforts during the 2000s to anchor therapeutic drugs (e.g., growth factors) to living
tissues and collagenous biomaterials for tissue engineering applications.>*

To disengage the factor of collagen denaturation from the CMP hybridization, we designed
a caged, monomeric CMP whose triple-helical folding can be photo-triggered so that the
hybridization experiments could be performed without heating.3% When the binding assays
were performed at 4 °C with exposing the caged CMP to UV light directly on collagen and
gelatin films, Li found that the UV-activated peptide has almost negligible binding on intact
collagen, but exhibits a level of adhesion over an order of magnitude higher for gelatin, as
well as for collagen denatured by MMP1 degradation.3® These results decisively changed
the original hypothesis that the monomeric CMP can spontaneously hybridize with intact
collagen molecules through strand invasion and displacement,>3 and re-directed the research
towards targeting denatured collagen in pathological tissues for the detection, imaging, and
treatment of conditions associated with collagen remodeling.37:50:59-69 |n 2016, we coined
the term “collagen hybridizing peptide” for these rationally designed synthetic peptides that
target denatured collagens viatriple-helical folding,’? and started using the acronym CHP
in subsequent reports. Compared to the term collagen mimetic peptide (CMP),>* the term
CHP emphasizes the peptide’s hybridization function and implies its single-strand structure
in action. We soon found that, besides the MMP-degraded collagen, CHPs can also target
mechanically damaged collagen in connective tissues,® 7172 as well as unfolded collagen
molecules in ECM scaffolds decellularized with different agents.”3 These findings have
helped expand the concept of collagen hybridization into the fields of biomechanics and
tissue engineering.

4. Chemistry of Collagen Hybridization

4.1. The backbone

The structural base of collagen hybridization is the CHP’s strong propensity to form the
collagen triple-helix. For a typical GlyProHyp-based CHP, this propensity lies in the peptide
backbone and is dominated by several structural elements, including a glycine residue that
is small enough to fit inside the tight triple-helix, a network of interchain hydrogen bonds,
as well as abundant proline and hydroxyproline residues whose pyrrolidine rings impose
the backbone conformation. Here we summarize the guiding principles of triple-helical
folding from decades of chemical research based on the GPO triplet unit and focus on

how they can be applied to new CHP designs for hybridization. Related topics, such as
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the triple-helix folding of the CMP sequences modified with natural amino acids,’* as
well as the charge-pairing-based CMP heterotrimer self-assemblies,”® have been extensively
reviewed elsewhere, and thus not included in this perspective.

The amides.—Like most folded proteins, interchain hydrogen bonds between the
backbone amides are directly responsible for the structural integrity of collagen. Within the
(GlyXaaYaa), triple-helix, the N-HgJy)...O=C(xaa) hydrogen bonds (most often Xaa: Pro)
are specifically formed in between chains (Fig. 2, panel i). By replacing the central Pro-Gly
amide of (ProProGly), with a hydrogen-lacking ester (1, Fig. 2a), Raines and colleagues
estimated that an interchain hydrogen bond contributes approximately —2.0 kcal/mol to

the triple-helix stabilization.”® They also found that the triple-helix is stabilized when the
hydrogen-bonding amide at the Pro-Gly position is substituted with a thioamide (2, Fig. 2a),
a stronger hydrogen bond donor than the natural oxoamide.’”

The peptide amide bond has a partial double bond character resulting in two distinct
conformations: cisand frans (Fig. 2, panel ii). In the folded collagen triple-helix, all amides
must be the #rans isomer.”® Because the amide bond preceding the dialkylated Pro residue
has a higher c/is-conformation propensity than common amino acids, Etzkorn and colleagues
envisioned that locking the Gly-Pro amide in frans-conformation with an alkene isostere

(3, Fig. 2a) would promote triple-helical folding by reducing the entropy cost for c/s-trans
isomerization. However, the resulting frans-alkene isostere was strongly destabilizing.”® This
discrepancy highlights the contribution from structural factors other than the amide bond
isomerization, such as the 7— *interactions between the backbone amides.8°

Glycine analogs.—Every 3" residue within a collagen triple-helical domain is occupied
by Gly, the only amino acid residue that can be sterically accommodated inside the closely
packed helix. Substituting Gly to any other canonical amino acid would substantially
destabilize the triple-helix. Creatively, the Chenoweth group replaced one Gly residue in

a collagen peptide with aza-glycine (azGly, 4, Fig. 2b):8! due to the possible extra hydrogen
bond between azGly’s NH group and an interchain carbonyl, the thermal stability of the
triple-helix increased by as much as 10 °C.82 They further validated that introducing
multiple azGly residues stabilizes the structure synergistically while placing azGly near

the center of the collagen peptide has a stronger stabilizing effect than that at both termini.83
The team also reported the first crystal structure of a triple-helical collagen model peptide
featuring an azGly substitution.84 Together, their azGly studies demonstrated a critical
structural basis for the triple-helix formation with Gly modification: whether it brings new
stabilizing interactions, it must preserve the strict steric and conformational requirements for
Gly in the triple-helix.84

Proline analogs.—The thermal stability of triple-helical collagen is dramatically
enhanced through hydroxylation of Pro,8° a post-translational modification step before the
chains fold into a triple-helix. The first crystal structure of the collagen triple-helix showed
that the OH group on the pyrrolidine ring does not form direct interchain hydrogen bonds.”
To understand the chemical nature of its stabilizing effect, seminal work by Raines and
colleagues in 1998 demonstrated that replacing every Hyp with a 4(R)-fluoroproline residue
(Flp, 5, Fig. 2c) in (ProHypGly)g drastically increased the stability of the triple helix ( 7y:
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69 — 91 °C).86 Since fluorine does not form hydrogen bonds, this result de-emphasized the
contribution from the previously proposed hydrogen bonds formed among Hyp’s OH groups
and bridging water molecules.” A series of further studies from the Raines group suggested
that the stabilization of Flp or Hyp comes from the inductive effect of the electronegative
fluorine or oxygen atom, which favors the CY-exoring pucker (Fig. 2, panel iii) of the
pyrrolidine ring and the #rans-isomer of the amide bond, both of which promote the correct
peptide backbone conformation for the triple-helix formation.8”

Raines’ studies on Hyp and Flp’s stabilizing stereoelectronic properties opened an

avenue for designing collagen mimetic peptides featuring synthetic proline derivatives

with electron-withdrawing moieties. Particularly, the Wennemers group substituted Hyp
with (4R)azido-proline (Azp, 6, Fig. 2c), showcasing that (4/)Azp has a stabilizing
stereoelectronic effect similar to Hyp while allowing facile functionalization via “click”
chemistry.88 They also investigated the switchable triple-helix assemblies mediated by
amino-proline and y-azaproline residues (7, 8, Fig. 2c), whose ring puckering and hydrogen
bond formation/release can be controlled by pH changes.89-21 Furthermore, the group
recently attached hydrophobic moieties such as fatty acids through A-acylation of amino-
proline (9, Fig. 2c), and found that the pendant lipids promote and accelerate the triple-helix
formation,%2 and even more so for the longer and more flexible fatty acids.?3 Lastly, more
exotic electron-withdrawing groups such as aminooxy (10, Fig. 2¢) and oxime moieties
were attached to proline, which enabled chemo-selective crosslinking within collagen triple-
helices by oxime ligation%* as well as targeted imaging of lysyl oxidase-mediated collagen
crosslinking in vivo.%

One key principle of almost all proline derivatization studies is preorganization: if the
propensity of the free peptide strands to adopt the required conformation (/.e., a polyproline
Il type helix, PPII) is enhanced, the entropy cost for triple-helix formation is reduced,
thereby leading to structural stability.%6 In seeking new preorganization strategies different
from 4-substitution on proline, Baumann, Schmalz, and coworkers developed a “proline-
stapling” approach, where two adjacent proline rings are covalently connected viaa Co
bridge to freeze the PPII-helix conformation (11, Fig. 2c), which produced triple-helices
with stabilities close to the parent collagen model peptide.®”

The pyrrolidine ring.—The high proline content in human collagen (~22%) is crucial
for its triple-helical structure. As the only ribosomally-encoded A-substituted amino acid,
proline promotes distinct secondary protein structures, due to its unique pyrrolidine ring
with the restricted backbone dihedral angles and its tertiary amide group lacking the ability
to donate a hydrogen-bond. Replacing Pro in the GlyProHyp triplet with any of the natural
amino acids will destabilize the triple-helix;38 thus, for over five decades, proline and its
derivatives have been considered compulsory for designing synthetic collagen mimetics. To
appreciate the uniqueness of proline’s pyrrolidine ring, the Wennemers group explored the
effect of four-and six-membered ring-size analogs of proline on the collagen triple-helix
(12, Fig. 2d):%° they showed that both analogs destabilize the structure because of the
inappropriate #rans/cis conformation or dihedral angles. Additionally, the Raines group
found that converting Pro to A-methyl-L-alanine (13, Fig. 2d, i.e., removing only the
vy-carbon and opening the ring structure), substantially destabilizes the triple-helix.190 These
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studies highlighted Pro’s perfectly-adjusted conformational feature for the collagen triple-
helix.

Alternatively, from a chemical perspective, proline can also be considered an A-~substituted
a-amino acid. In an attempt to produce collagen triple-helices without Pro, Goodman

and colleagues conducted the pioneering studies showing that replacing Pro with A-
isobutylglycine (Nleu, 14, Fig. 2d), a synthetic peptoid residue within CMPs results in stable
triple-helices.101-105 They attributed the stabilization to the interchain interactions between
the hydrophobic side chains of Nleu and the adjacent Pro.102-104 Recently, we confirmed
that besides Nleu, many other peptoid residues exhibit a general triple-helical propensity
similar to or greater than Pro in CMPs (15, Fig. 2d).106 Supported by atomic-resolution
crystal structures and computational analysis, we reasoned that the stability is less involved
with hydrophobic interchain interactions, but primarily because the peptoid residues can
sterically preorganize individual CMP chains into the required PPII conformation.1%¢ Since
there are hundreds of synthetically available peptoid residues, we anticipated this structural
principle of peptoids to enable the syntheses of stable triple-helical CMPs with extraordinary
side-chain diversity and open up opportunities for a new generation of collagen-inspired
therapeutics and materials.

4.2. Supramolecular designs for collagen hybridization

Non-self-trimerizing CHP monomers.—For CHP-collagen hybridization, the strong
triple-helical propensity of a CHP strand is both the driving force and a barrier at the

same time. This is because the single-stranded CHPs (monomers) can spontaneously and
gradually form peptide homotrimers in solution, thereby losing their propensity for collagen
hybridization. Consequently, a CHP solution needs to be heated (e.g., at 80 °C) to dissociate
the peptide into monomers immediately before a hybridization application (e.g., tissue
staining).#! Although the pre-heated solution can be quickly quenched to room temperature
to avoid thermal impairment to tissues, this pre-heating process complicates the histological
and /n vivo applications of the CHPs, and poses a challenge for fully quantitative analysis
of the imaging results, due to the uncertainty over the active concentration of the CHP
monomers. For these reasons, various strategies have been explored to inhibit the CHP
self-trimerization while maintaining its collagen-hybridizing capacity.

One ad hoc strategy is to introduce unfavorable interactions (e.g., electrostatic, steric)

that weaken the self-trimerization more than the hybridization. For instance, the Xiao
group attached multiple Asp residues to (GPO)5 to destabilize the peptide homotrimer

by electrostatic repulsion, allowing histological recognition of denatured collagen without
preheating.197 However, it remains to be further tested whether these charges may reduce
the peptide’s binding specificity. The team also created a monomeric CHP by attaching a
fluorescein dye to a Y-positioned (25,45)-aminoproline residue in the peptide’s center,%0 to
introduce inter-strand steric repulsion from the bulky fluorescein dye (Fig. 3a). Utilizing
unnatural proline derivatives, the Raines group discovered that (flpFlpGly)7 [flp: (45)-
fluoroproline, Flp: (4R)-fluoroproline] does not self-trimerize due to the steric hindrance
between the fluorine atoms from neighboring chains but can from stable heterotrimeric
helices with (ProProGly);.198.109 Similarly, (flpHypGly), or (GlyflpHyp), [(GfO),] should
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not self-assemble into a stable homotrimeric helix because flp is sterically repulsed by every
neighboring Hyp residue (Fig. 3a).119 However, Bennink et a/. reported that the sequence
maintains the ability to hybridize with denatured collagen,®® probably because Hyp only
occurs in about 34% of the Gly-X-Y triplets within natural collagen chains [compared to
100% for (GfO)g].38 Without the pre-heating requirement, this CHP sequence has greatly
promoted the in vivo imaging of collagen damage.*?

Another approach involves CHP precursors with designed chemical modifications which
can be removed when collagen-hybridization is demanded. A caged CHP can be designed
by attaching a photo-cleavable nitrobenzyl (NB) group to the central Gly residue (Fig.

3a). This abolishes the CHP’s triple-helical folding, yet the NB cage can be released by

UV exposure to trigger the CHP to hybridize.3? This photo-triggered hybridization allows
photo-patterning of gelatin hydrogels!!! as well as the first in vivo study of collagen
hybridization.3% Recently, the Koide group developed a monomeric CHP precursor featuring
a central O-acyl isopeptide unit to disrupt the triple-helical folding (Fig. 3a); upon changing
from acidic to physiological pH, the inserted ester bond is converted to a peptide bond via
an O-to-/Vacyl migration, allowing the peptide to regain its folding and collagen-binding
ability.112

Dimeric CHPs.—Because the collagen-hybridization requires the formation of
heterotrimeric helices, numerous constructs featuring covalently-tethered parallel CHP
strands (dimeric CHPs) have emerged as novel designs to target single collagen
chains.113114 Koide and coworkers synthesized such dimeric CHPs using an N-terminal
Lys branching unit and cyclic CHPs by combining Lys and Cys linkages at both termini
(Fig. 3b).11° They revealed that the cyclic CHP could form a more stable hybridized
product with collagen than the single-strand.115 Surprisingly, even the cyclic CHPs showed
a tendency to self-assemble into homotrimers.%1 Therefore, to avoid the pre-heating and
disassembling step in detecting denatured collagen, the team optimized the cyclic design
by introducing charged residues and incorporating two CHP chains with different lengths
(Fig. 3b).%1 Interestingly, the cyclic CHP construct featuring two (ProProGly);g strands
made by the Raines group was shown to be monomeric in solution and was utilized as

a polypeptide model of naturally damaged collagen for evaluating CHP hybridization at
the molecular level (Fig. 3c).116 Meanwhile, Yu and coworkers reported that the dimeric
CHPs are particularly effective in capturing trace-levels of degraded collagen fragments
from biological fluids (e.g., urine from osteopenic mice) and enable peptidomic analyses
towards biomarker discovery and disease detection.11” Because only one collagen chain is
needed to form a triple-helix with a dimeric CHP, it could be inferred that its hybridization
with denatured collagen may be faster than a single-strand one. However, this and other
advantages of the dimeric CHPs remain to be further verified in direct comparison to the
single-strand counterparts, especially in tissues and /in vivo.

Self-assembled nanostructures.—Nanomaterials have also been created to target
denatured collagen viaassembling CHPs into precise structures that limit their triple-helical
self-association. By conjugating an anti-parallel -sheet peptide motif to a CHP strand,
the Yu group fabricated a self-assembled, water-soluble nanofiber that displays CHP single-
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strands at a fixed distance (Fig. 3d), thereby preventing their trimerization.6® This fiber
maintained a high affinity to denatured collagen and enabled direct /n vivotargeting of
collagen remodeling without any pre-injection treatment.56 Furthermore, the Kiick group
produced a set of thermoresponsive conjugates of elastin-collagen-like peptides (ELP-CLP)
(Fig. 3e), which self-assembled into nanoscale vesicles displaying CHPs at the surface and
showed strong retention on a type Il collagen film.8” By adjusting the composition and
length of the ELP and CLP domains, various spherical or rectangular nanostructures were
further assembled and exhibited.18 These nano-assemblies provide new opportunities for
controlled drug delivery to the matrices in pathological tissues.119

5. Biology of Collagen Hybridization

The collagen matrix is present in virtually all tissues (Table 1) and undergoes constant
remodeling. Controlled collagen remodeling is essential to tissue morphogenesis during
development, while its dysregulation can lead to pathological conditions, including fibrosis,
inflammation, and cancer.8 The remodeling process mediated by specific proteases (e.g.,
metalloproteinases) may disrupt the collagen triple-helix. Besides, mechanical damages

to connective tissues can also render the collagen triple-helix in a denatured state. Our
understanding of the biological significance of collagen denaturation in disease and injury is
still in its infancy, although evidence for the presence and disease-correlation of denatured
collagen is emerging from dozens of recent studies!20-123 enabled by the CHP-collagen
hybridization (Table 1).

Collagen denaturation related to biomechanics

In 2017, utilizing a fluorescent CHP, the Weiss and Yu groups reported that denaturation
of collagen molecules can occur and accumulate during a monotonic stretch of a rat

tail tendon fascicle once the stress-strain curve departs the linear region.® This was

the first report of visual detection of mechanical damage to collagen at the molecular
level, which demonstrated that the unwinding of the collagen triple-helix is an important
mechanism of mechanical damage to connective tissues.® Subsequent research on tendon
biomechanics’2:124-128 not only described the mechanical properties of tendons with
different anatomical functions (/.e., positional vs. energy-storing) from the molecular
level, 125126 hyt also suggested that the unfolded collagen triple-helices can accumulate
during cyclic fatigue loadings (Fig. 4a)72124.127.128 and may precede changes in the local
tissue mechanics.128 Interestingly, it was noted that there lacks a correlation between

the levels of collagen fiber kinking and the molecular denaturation,28 which seemed to
suggest that the structures at the fibrillar and molecular scales have different mechanical
functions,124

Apart from the tendon studies, Wagner and coworkers discovered that the bovine cartilage
specimens worn with loading in the direction orthogonal (transverse) to the collagen fiber
orientation at the articular surface had collagen damage extended through greater depth

of the tissue than those worn in the directions parallel (longitudinal) to the collagen

fibers (Fig. 4b).12° This study revealed a new anisotropic mechanical behavior of articular
cartilage. Moreover, the Li group reported the live animal imaging and 3D visualization of
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collagen destruction to the soft tissues in rodent spines with fluorescent CHP probes.*® The
study revealed that the collagen destruction was localized to the load-bearing anatomical
components including the annulus fibrosus and facet joints in normal spines, where aging,
tensile force, and disc degeneration (e.g., Fig. 4c) can escalate the collagen damage.
Interestingly, prominent CHP binding was noted in the degenerated intervertebral disc (1VD)
in regions where no MMP activities were detected (Fig. 4c),*° seemingly suggesting that the
observed collagen destruction within the torn 1\VVDs in this needle-puncture mouse model is
more likely to correlate with mechanical disruption rather than pathological proteolysis.

More interestingly, collagen denaturation caused by mechanical factors outside the
musculoskeletal soft tissues were also interrogated recently. The Frangogiannis group
uncovered the distinct spatiotemporal patterns and molecular mechanisms of collagen
denaturation throughout the myocardial infarction process (Fig. 4e):130 while the denatured
collagen molecules are found near the macrophages and myofibroblasts with upregulated
MMP14 during the early inflammatory and proliferative phases, in the maturation phase of
infarct healing, extensive denaturation of the collagen fibers is noted in the hypocellular
infarct, the border zone, and the mitral valve annulus where MMP14 are absent. They,
therefore, reasoned that instead of proteolysis, this collagen denaturation may be caused

by the mechanical tension from the contraction of the viable cardiomyocytes and the
increased intraventricular pressure.130 This is the first study proposing a new biomechanical,
non-inflammatory mechanism of collagen damage in myocardial scarring. Interestingly, by
labeling the disrupted collagen IV in the mosquito midgut with a fluorescently-tagged CHP,
Armstrong, Brackney, and colleagues found that virus dissemination within mosquitoes

can be facilitated by the expansion of and micro-perforations in the midgut basal lamina
following successive blood acquisitions (Fig. 4f).131

Collagen denaturation related to remodeling

Collagen denaturation related to biological tissue remodeling (e.g., due to inflammation,
Fig. 5) can be prevalent in the musculoskeletal or connective tissues thanks to their high
collagen contents. For example, while studying how bone fracture healing is delayed by
obesity and prediabetic hyperglycemia, Elbarbary and colleagues discovered that unfolded
collagen molecules could pathologically accumulate in the diet-induced obesity (DI1O)
mice with fracture healing defects during endochondral ossification.132 They reasoned

that the DIO-related changes in the fibrillar collagen structure can be partially attributed

to the accumulation of advanced glycation end products (AGEs) that increase collagen-
fiber crosslinking. Also, Haqgi and colleagues showed that mitochondrial dysfunction in
chondrocytes and cartilage explants from patients with OA increased the mitochondrial
superoxide production, the expression of inflammatory factors, and the degradation

of type 1 collagen in the cartilage matrix.133 The correlation of intervertebral disc

(IVD) degeneration with aging,*8 inflammatory factors,*8 dysregulated osmoadaptation,134
accumulation of AGEs (Fig. 5a),13%:136 and ex vivo mechanical culturing conditions3”
have been assessed histologically with CHPs to show the denatured collagen in the annulus
fibrosus of the IVDs. The cornea and sclera are connective tissues formed by networks of
collagen fibrils. The /n vivo collagen degradation and disruption in mouse corneas caused by
an inflammatory response to virus infection was readily visualized by CHPs.138 Similarly,
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another mouse study showed that the inflammatory stimulation of interleukin 1-p (1L1-B)
results in significant scleral collagen degradation, which can be rescued by a dexamethasone
treatment (Fig. 5b).139

Collagen denaturation has been linked to tissue remodeling during development and
healing.140-142 The Yutzey team measured the level of collagen remodeling in postnatal
mouse hearts, revealing a cardiac ECM transition from fibronectin to fibrillar collagen
during heart maturation after birth.141 The Molkentin group showed that intracardiac
injection of stem cells induces the accumulation of CX3CR1* and CCR2* macrophages

in the active remodeling region of the heart (Fig. 5¢), which can reduce fibrosis and
enhance the mechanical properties of the injured area by regulating the activity of local
fibroblasts.142 In a recent article about tendon healing, Huang and colleagues marked the
persistent collagen damage with CHPs in the transected and unhealed Achilles tendon from
neonatal mice with regulatory T cell (Treg) ablation, suggesting that the neonatal Tregs are
critical for promoting tendon regeneration.143

Collagen denaturation has also been implicated in the resolution of organ fibrosis. The
hallmark of pulmonary fibrosis, a progressive and devastating interstitial lung disorder, is
the excessive deposition of ECM proteins, primarily type | collagen, by activated fibroblasts.
Through probing the fibrotic lung tissues from the bleomycin mouse model with CHPs

and a hydroxyproline antibody, Song et a/. followed the disease progression with extended
durations and located large amounts of hydroxyproline-rich, denatured collagen fragments
accumulating intracellularly 10-16 weeks post the bleomycin-treatment. This study strongly
supported that the fibrotic condition of the bleomycin mouse model undergoes spontaneous
resolution following the peak of fibrogenesis (4 weeks post-bleo), a notion that had been
under debate.*® In the lung tissues from the Col1la.1-GFP* mice with the bleomycin-induced
injury, Haak and colleagues discovered that those CHP-labeled intracellular collagen
fragments highly colocalize with the GFP* fibroblasts when the mice had been treated

with dihydrexidine, an agonist of dopamine receptor D1 (DRD1). This study indicated that
the DRD1 agonism can stimulate a cathepsin K-mediated fibrosis resorption in the lung
fibroblasts in vivo (Fig. 5d),144 implying a therapeutic potential of this pathway.

Collagen denaturation related to other factors

The collagen triple-helix has been found to be unfolded by different means other

than biomechanics and tissue remodeling. While developing new vision-correction laser
approaches, Huang et al. visualized the photo-induced denaturation of collagen in the
rabbit corneal stroma caused by femtosecond laser through fluorescent CHP staining.14°
Inspiringly, Takeyari et al. revealed that the collagen deposited by fibroblasts derived from
patients of osteogenesis imperfecta, a bone disorder mainly caused by genetic mutations of
collagen I, contains excessive misfolded triple-helices, while treatment with the chemical
chaperone 4-phenylbutyric acid normalizes the collagen misfolding (Fig. 5e).146 Besides,
the collagen hybridization technique has become a widely adopted quality-control method
for measuring collagen denaturation in the decellularized ECM scaffolds prepared by
various detergents and methods.”3147:148 |t has also been creatively utilized in various
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investigations of cell-matrix interactions inside 3D collagen matrices'4%-151 and the biology
of non-mammalian organisms.44.152

6. Outlook

For decades, the scientific interrogations of the pathological changes to the ECM have been
focused on the abundance, composition, and mechanical strength (e.g., in fibrosis),8 whereas
less attention has been paid to the finest underlying structural changes at the molecular

level 153154 As the collagen hybridization methodology becomes widely adopted, there is
growing evidence of the extensive collagen denaturation as a structural signature of the
ECMs in a broad range of diseases and injuries. Accordingly, a series of fundamental
questions regarding the chemical and biological nature of collagen denaturation are starting
to emerge. For instance, what are the exact proteases, cell phenotypes, and cytokines that
mediate the collagen degradation and denaturation in each pathological remodeling event?
What are the differences in the biological role between intact and denatured collagen

in tissues? Specifically, how does denatured collagen affect the essential physiological

or pathological processes, such as wound healing, immunoregulation, and responding to
mechanical stimuli, through specific receptor-mediated signaling pathways? What are the
recognition sites for these cellular receptors in the denatured collagen? Are they different
from the ones found in the intact collagen? What is the structure of the denatured collagen
and how is it different from the intact triple-helix depicted by crystallography? What is the
biological fate of denatured collagen in health and disease? How is the denatured collagen
catabolized extracellularly and intracellularly? Do collagen peptide fragments in body fluids
exhibit distinctive profiles under various pathological conditions?

As our understanding of the principles governing the folding of the collagen triple-helix
advances, new peptides and peptidomimetics with strong collagen-hybridizing capacities
will be developed for improved affinity with limited self-trimerization. Furthermore, CHP
libraries can be built to screen for candidates that target the denatured chains from

specific collagen types or tissues (e.g., type Il collagen in cartilage). We need these novel
molecular tools to answer the above-mentioned fundamental questions of matrix biology
and to further clarify the biomedical significance of the damaged collagen molecules as a
biomarker. These scientific explorations and technological developments will lead to novel
diagnostic and therapeutic strategies for unmet medical needs. For instance, a new class

of contrast agents and biochemical assays targeting collagen remodeling can be created
for the non-invasive detection, prognostic monitoring, and therapeutic efficacy assessment
of fibrosis and degenerative diseases. Meanwhile, the collagen hybridization approach is
now being employed to deliver therapeutic agents including small molecules, peptides,
and antibodies to targeted lesions.2:64 Moreover, with the expansion of the “alphabet” of
collagen sequences by unnatural residues, 95196 new CHPs with desired biological activities
can be screened from billions of sequences to not only anneal to the damaged collagen

in lesions, but also interact with specific cellular receptors or enzymes for therapeutic
goals including wound management, bone regeneration, and fibrosis treatment. Therefore,
we anticipate the long-awaited new era of collagens as targets for emerging biomedical
technologies.
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Figure 1. Targeting denatured collagen using the concept of collagen hybridization.
(a) TEM images showing characteristic collagen fibril structures of normal human large

airways and mice abdominal aorta compared to disorganized and truncated collagen fibrils
from the asthmatic airways and abdominal aorta aneurysm. Adapted with permission from
ref 153 (Copyright 2019 American Thoracic Society) and 154 (Copyright 2020 Elsevier
Ltd.). (b) The triple-helix, the hallmark structure of the collagen molecule, may be denatured
due to protease degradation (e.g., by MMPs) or mechanical disruption to the collagen fibrils.
(c) The Collagen Hybridizing Peptide (CHP), often conjugated with a functional moiety

(X, e.g., a fluorophore) can specifically target a denatured collagen molecule through the
formation of a hybrid triple-helix. (d) The fluorescently-labeled CHP, but not the anti-Col
IV antibody, detects collagen degradation histologically within the glomeruli of nephritic
rats. (c) and (d) adapted with permission from ref 41. Copyright 2017 American Chemical
Society. (€) The fluorescence from the CHP staining increased with incremental strain levels
within the stretched center of the rat tail tendon fascicles, reflecting molecular denaturation
of collagen from mechanical damage. Adapted with permission under a Creative Commons

Normal
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Attribution 4.0 License from ref 6. Copyright 2017 Springer Nature. (f) /n vivobinding:
CHP targets denatured collagen within normal mice intervertebral discs sandwiched between
the vertebral bodies marked by OsteoSense and MMPSense. SCHP: sequence-scrambled
control peptide. (g) Light sheet microscopy 3D fluorescence imaging showing denatured
collagen marked by /in-vivo-administered CHP in the intervertebral disc (/va), facet joints
(7)), and the attachment point (ap) of the supraspinous ligament on a spinous process of a

rat lumbar spine. (f) and (g) adapted with permission from ref 49. Copyright 2021 American
Chemical Society.
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Figure2.

The structural model of the collagen hybridizing peptides, whose triple-helix folding
is governed by the interstrand N-H(gyy)...O=C hydrogen bonding (i), the zrans/ cis

conformation of the Pro-
insights into the peptide’

amide bond (ii), and the pucker of the pyrrolidine ring (iii). To gain
s propensity to form the collagen triple-helix, extensive chemical

modifications (in orange) have been made to its various structural sub-units (blue) including
the amide bond (a), the Gly and Hyp residues (b,c), as well as the pyrrolidine ring (d).
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Figure 3. Supramolecular designs of collagen hybridizing peptides.
(a) Designs of monomeric CHPs that do not self-trimerize but can inherently or be triggered

to hybridize with denatured collagen. Adapted with permission from ref 50. Copyright
2018 Elsevier Ltd. (b) Concepts of the dimeric CHP designs to promote the hybridizing
affinity and to limit the peptide self-association. Adapted with permission from ref 61
(Copyright 2019 Royal Society of Chemistry) and 115 (Copyright 2018 Wiley-VCH). (c) A
cyclic dimeric CMP was designed to mimic the damaged collagen molecules for assessing
triple-helix hybridization. Adapted with permission from ref 116. Copyright 2020 American
Chemical Society. (d) CHP strands displayed on anti-parallel p-sheet nanofibers at distance
were sterically restricted from self-trimerizing, but they provided the nanofibers the capacity
to target denatured collagen /7 vivo. Adapted with permission from ref 66. Copyright 2017
American Chemical Society. (€) Design of the self-assembled elastin- and collagen-like
peptide conjugate (ELP-CLP) nanovesicle. Adapted with permission from ref 67. Copyright
2017 American Chemical Society.
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Figure 4. Mechanically denatured collagen revealed via collagen hybridization.
(a) Collagen damage accumulation in the mouse supraspinatus tendon, indicated by CHP

fluorescence, increased with the number of loading cycles. CHP intensity was initially
concentrated in a few fibers near the tendon mid-substance and ultimately propagated down
the entire tendon in concentrated bands. Adapted with permission from ref 124. Copyright
2021 American Association for the Advancement of Science. (b) Bovine condylar cartilage
specimens worn in the transverse direction have higher CHP staining than those worn

in the longitudinal direction, suggesting more collagen damage. Adapted with permission
from ref 129. Copyright 2020 Elsevier Ltd. (c) Left: Fluorescence imaging of lumbar

spine specimens collected from a needle-punctured mouse model of intervertebral disc
degeneration intravenously injected with CHP and MMPSense, showing prominent CHP
binding to the damaged disc but the absence of MMPSense signals (red arrowheads).

Right: 3D fluorescence scan of the lumbar spine after tissue clearing showed strong CHP
signals in the punctured disc. Adapted with permission from ref 49. Copyright 2021
American Chemical Society. (d) Configuration for axial overstretch of a sheep middle
cerebral artery (left); CHP imaging and quantitative analysis showed that the damaged
collagen fibers were mainly aligned with the loading direction in the axial orientation (+90
degrees, right). Adapted with permission from ref 71. Copyright 2017 Acta Materialia. (€)
During the proliferative phase of cardiac repair (7d after coronary occlusion), denatured
collagen was concentrated pericellularly in the highly cellular healing infarct areas (arrows).
During the maturation phase (28d infarct), although the scar has a low cellular content, it
exhibited a marked increase in collagen denaturation in the infarct zoom (arrows), likely
reflecting mechanical tension (red: wheat germ agglutinin, green: CHP, blue: DAPI; bottom:
quantitative image analysis, BZ: border zone, I: infarct, R: remote myocardium). Adapted
with permission from ref 130. Copyright 2021 Elsevier. (f) Left: Engorged A. aeqypti
mosquito midguts with micro-perforations in the basal lamina (yellow arrow) with clear
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signs of epithelial infection (green: Zika virus antigen) post-blood-meal (pbm). Right: high
degrees of CHP binding to the midguts within 15 min and up to 36 h pbm. Adapted with
permission from ref 131. Copyright 2019 Springer Nature.
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Figure 5. Collagen denaturation associated with pathological remodeling revealed via collagen
hybridization.

(a) High advanced glycation end product (AGE) diets caused collagen degradation in the
central anterior annulus fibrosus of mouse intervertebral disks, as shown by a marked
decrease in SHG intensity and an increase in CHP staining. Adapted with permission
under a Creative Commons Attribution 4.0 License from ref 135. Copyright 2020 Wiley
Periodicals LLC. (b) The IL1-B-induced collagen degradation in organotypic cultured
mouse scleral tissue was abolished with dexamethasone treatment. Adapted with permission
from ref 139. Copyright 2021 Springer Nature. (c) Histological images of ischemia-
reperfusion injured hearts of mice that received a bone marrow mononuclear cell treatment
showed localization of CCR2* and CX3CR1* macrophages within areas of active collagen
remodeling (CHP: purple) in the infarct border zone. Adapted with permission from

ref 142. Copyright 2019 Springer Nature. (d) Dihydrexidine (DHX) treatment promoted
fibroblast-mediated collagen degradation, evidenced by an enhancement in CHP staining

JAm Chem Soc. Author manuscript; available in PMC 2024 January 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 30

that colocalized with Colla1-GFP+ fibroblasts in fibrotic lungs of mice treated with DHX
in addition to bleomycin. Adapted with permission from ref 144. Copyright 2020 The
Company of Biologists Ltd. (€) The ECM produced by cultured dermal fibroblasts isolated
from patients with osteogenesis imperfecta (Ol) contained a heavy portion of misfolded
collagen I, estimated by the fluorescence ratio between the CHP and collagen I stains.
Adapted with permission under a Creative Commons Attribution 4.0 License from ref 146.
Copyright 2020 Elsevier Inc. (f) Enhanced CHP staining indicative of greater ECM turnover
was noted in the injured (1) limb quadriceps muscle compared to the non-injured (NI) ones.
Adapted with permission from ref 155. Copyright 2019 SAGE Publications. (g) Collagen
denaturation assessed by CHP staining on human burn wound eschar after scalding or flame
burn at different post-burn days (PBD). Adapted with permission from ref 156. Copyright
2020 Wound Healing Society.
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Table 1.

Selected examples of collagen denaturation reported in various diseases and conditions.

Page 31

Factors associated with collagen denaturation

degradation

Tissue Conditions ref
Biomechanics Tissue remodeling Other factors
bone osteogenesis imperfecta glﬂﬁ{gl?ogndue 146
cartilage rheumatoid arthritis protease degradation, 62,133
osteoarthritis inflammation
. intervertebral disc . aging, inflammation,
spine degeneration mechanical damage agcugr]nulation of AGEs 48,49,136,137
immune response,
heart myocardial infarction mechanical tension inflammation, protease 130
degradation
mechanical loading
tendon in vitrotesting and cyclic fatigue 72,124-128
damage
muscle quadriceps muscle atrophy fibrosis 155
eye scleritis Fnrﬁtae;srﬁ Ei?gr:adatlon, 139
chronic ultraviolet radiation repair and remodeling
skin 156,157
burn wounds thermal burns
artery in vitrotesting mechanical stretching 71
liver biliary atresia progressive fibrosis 47
lung fibrosis (bleomycin injury) cathepsin K-mediated 144
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