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Collagens are the most abundant structural proteins in the extracellular matrix of animals and play crucial roles
in maintaining the structural integrity and mechanical properties of tissues and organs while mediating
important biological processes. Fibrillar collagens have a unique triple helix structure with a characteristic
repeating sequence of (Gly-X-Y),. Variations within the repetitive sequence can cause misfolding of the triple
helix, resulting in heritable connective tissue disorders. The most common variations are single-point missense
mutations that lead to the substitution of a glycine residue with a bulkier amino acid (Gly — X). In this review,
we will first discuss the importance of collagen’s triple helix structure and how single Gly substitutions can
impact its folding, structure, secretion, assembly into higher-order structures, and biological functions. We will
review the role of “designer collagens,” i.e., synthetic collagen-mimetic peptides and recombinant bacterial
collagen as model systems to include Gly — X substitutions observed in collagen disorders and investigate their
impact on structure and function utilizing in vitro studies. Lastly, we will explore how computational modeling of
collagen peptides, especially molecular and steered molecular dynamics, has been instrumental in probing the
effects of Gly substitutions on structure, receptor binding, and mechanical stability across multiple length scales.

Collagens: Introduction categories based on their function, domain architecture, and supramo-

lecular organization: (1) fibril-forming collagens; (2) fibril-associated

Collagens are the most abundant class of animal proteins, accounting
for one-third of the total protein by mass in animals [1,2]. As a primary
component of the extracellular matrix (ECM), collagen plays an essential
role in defining the shape and architecture of tissues and organs and
providing structural integrity [3-5]. Collagens interact with cell surface
receptors and various components of the ECM, thereby regulating crit-
ical cellular functions, including adhesion, spreading, differentiation,
migration, secretion of the ECM and other molecules, and tissue devel-
opment, repair, and remodeling [6-8]. Collagens assemble into diverse
higher-order structures across different tissues, providing various bio-
logical functions to these tissues.

In vertebrates, 45 distinct collagen genes have been identified, pro-
ducing 28 classes of collagens [1,7]. Collagens are divided into five

collagens with interrupted triple helices (FACIT); (3) multiplexins; (4)
network-forming collagens; and (5) transmembrane collagens [9-11].
This review focuses on the fibrillar species for which synthetic model
systems have provided significant insight. Fibrillar collagen is composed
of three polypeptide chains, called a-chains, that self-assemble to form a
rope-like triple helix in a zipper-like fashion [10]. The folding of the
triple helix begins with a few monomer units forming a nucleus, fol-
lowed by a growth phase that results in a large, organized structure [12-
15].

Mutations in collagen can impair function by disrupting folding or
supramolecular assembly, reducing collagen secretion by cells, and/or
disrupting collagen proteostasis via the endoplasmic reticulum stress
signaling pathway [16-25]. These alterations in collagen structure and
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function ultimately impact the structure and function of tissues and
organs. Consequently, mutations in genes coding for a-chains are asso-
ciated with several inherited connective tissue disorders, including
osteogenesis imperfecta (OI), Ehlers-Danlos syndrome (EDS) and its
various subtypes, epidermolysis bullosa, many chondrodysplasias,
Alport syndrome, and Knobloch syndrome [10,26-28].

In this review, we will briefly summarize the significance of collagen
structure and conformation, and how single Gly substitutions affect the
triple helix structure, leading to impaired function. We then focus on the
applications of “designer collagens,” i.e., synthetic collagen-mimetic
peptides (CMPs) and recombinant bacterial collagen-like proteins
(CLPs), which have been used to investigate the impact of Gly sub-
stitutions. Finally, we will discuss how computational modeling me-
chanics and dynamics are complementing in vitro studies of collagen
biology.

Collagen’s triple helical structure

Fibrillar collagens are initially produced as procollagen, which
contains a triple helical domain flanked by two non-helical domains: the
N- and C-propeptides. The triple helical domain has an essential (GXY),
repeating sequence, where X and Y are often proline (Pro, P) and 4-hy-
droxyproline (Hyp, O), respectively [29-32]. Following the synthesis of
a-chains, the C-propeptide domains of all three a-chains associate via
specific recognition sequences that are stabilized by inter-chain disulfide
bonds [26,27,33-36]. The association of the C-propeptide domains en-
forces the staggered association of the three chains and nucleate triple
helix folding. This nucleation step is followed by the propagation of the
helix from the C- to the N-terminus of the molecule in a zipper-like
fashion [10,26,37].

Interestingly, animal collagen is thermally unstable at the human
body’s physiological temperature and prefers to exit as random coils
instead of a triple helix [38,39]. Consequently, the triple helix folding
does not begin until critical post-translational modifications have
occurred: the hydroxylation of at least 100 Pro residues at position Y to
Hyp by prolyl-4-hydroxylase [26,40]. This delay in folding ensures the
proper propagation and folding of the thermally stable triple helix,
which is further stabilized by the Hsp47 chaperone [38,41-43]. Inhib-
iting prolyl 4-hydroxylation using a, o’-dipyridyl causes the procollagen
chains to accumulate within the cell in a random-coiled form instead of a
triple helix [44]. Furthermore, the rate of propagation of the triple helix
is limited by the cis — trans isomerization of peptide bonds involving Pro
and Hyp residues [45]. While collagen contains all peptide bonds in the
trans state, a random coiled a-chain contains a high fraction of the
peptide bonds in the cis state [46,47]. Thus, before an a-chain can fold
into a triple helix, all the cis peptide bonds need to be isomerized into the
trans state, a process that requires high activation energy and thus, can
be the rate-limiting step for triple helix propagation [48]. The resulting
triple helices are transported from the endoplasmic reticulum (ER) to the
Golgi and secreted into the ECM via post-Golgi carriers for fibril as-
sembly. Procollagen processing and initial fibril synthesis can occur in
closed, elongated, intracellular Golgi-to-plasma membrane carriers
(GPC) in both chick and mouse tendons to initiate fibril formation [49-
51]. These GPCs are eventually targeted to plasma membrane pro-
trusions projecting from the cell surface, which are called as fibriposi-
tors, and are present only during embryonic development [50].
However, in postnatal mouse tendon cells, procollagen processing also
occurs in intracellular compartments even in the absence of intracellular
fibrillogenesis [52]. The GPCs containing new collagen fibrils can either
fuse with the plasma membrane to form a new fibripositor or fuse with
the existing fibripositors [49]. In both cases, the collagen fibril grows in
two different ways: (1) through the addition of new collagen molecules
at the end of the growing fibril, or (2) through end-to-end fusion to
generate long collagen fibers [53,54]. The cellular cytoskeleton ma-
chinery, in particular actin filaments, has been found to regulate
fibripositor-mediated fibril formation and alignment of extracellular
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collagen fibrils (Fig. 1) [55].

One of the crucial steps in the formation of collagen fibrils is the
removal of N- and C- propeptides. N-propeptide removal is catalyzed by
members of ADAMTS (a disintegrin and metalloprotease with throm-
bospondin motifs), including ADAMT-2, ADAMT-3, and ADAMT-14,
while the C-propeptide removal is catalyzed by all members of the
tolloid family of zinc metalloproteinases, including BMP-1, mTLD, and
TLL-1 [56-61]. The removal of both N- and C-propeptides can occur
either prior to or in tandem with fibril formation [49,50]. While collagen
with retained N-propeptide can still form fibrils that are thin, irregular,
and loosely packed, the removal of the C-propeptide is essential for the
self-assembly of collagen fibrils [62-64]. Canty-Laird et al. used em-
bryonic and postnatal tendon explants to show that N-propeptides are
removed first either within the ER-Golgi compartments or Golgi, while
the C-propeptides are removed in post-Golgi compartments, suggesting
their individual roles for procollagen secretion and fibril formation,
respectively [65]. To further confirm the location of N-propeptide pro-
cessing, loss of Golgi giantin, an integral component of the Golgi
membrane, in cells caused defects in intracellular N-propeptide pro-
cessing, highlighting an essential role of giantin in procollagen pro-
cessing [66,67].

The three a-chains adopt a left-handed polyproline II conformation
and are supercoiled into a right-handed triple helix, with each chain
staggered by one residue relative to the next [37,68]. The triple helix has
an essential (GXY), repeating sequence, where X and Y are often Pro and
Hyp, respectively [29]. The tight packing of the triple helix requires
every third residue to be buried in the center of the triple helix. The
staggering of the three chains enables the packing of Gly near the center
of the helix, with a side chain of only a single hydrogen (H) atom,
whereas the bulkier amino acids occupy the outer positions that are
exposed to solvents. Unlike most proteins, collagen does not have a
hydrophobic core. Instead, structure and stability depend on a network
of inter-chain hydrogen bonds between the backbone amide nitrogen of
glycine and the backbone carbonyl oxygen of the X position amino acid
[28,68,69]. High Pro and Hyp content stabilize the fold. These amino
acids have a rigid, five-membered pyrrolidine ring that limits the chain
flexibility and enforces the polyproline-II conformation required for a
triple helix [29,69,70]. The restricted ring conformation of Pro and Hyp
confers stability to collagen folding by reducing the entropy cost [71].
Additionally, Hyp provides stereoelectronic stabilization via n — =*
interactions, which further supports the trans conformation of the pep-
tide bond [72-74]. The occurrence of Hyp residues at the Y position
results in faster folding by overcoming one component of the entropic
barrier to folding, cis-trans isomerization of peptide bonds, and enables
intermolecular H-bonding, which dramatically increases the structure’s
thermal stability [75-78]. The importance of Hyp content in maintaining
the thermal stability of collagen is further demonstrated by the direct
correlation between the Hyp content at the Y position and the dena-
turation temperature of collagens in vertebrates [79-83]. Consequently,
the triple helix starts to unfold in the regions with low Hyp content,
which are more thermolabile than other regions [76,84].

Five triple helices associate both laterally and axially to form a
staggered array of microfibrils with distinct periodicity. The staggering
process in collagen plays a critical role in producing various triple helix
conformations, especially for collagens forming heterotrimers. For
collagen-I, consisting of two al and one a2 chains, staggering could
result in a conformation of three different triple helices with the a2 chain
occupying either the leading, middle, or lagging strand position. In
contrast, collagen-V consists of three different a-chains, which can
produce six different conformations. The staggered microfibrils have an
alternating gap-and-overlap region, known as a D-period, every 67 nm
or 234 amino acid residues [85-87]. This D-period contains an overlap
region of 0.4D and a gap region of 0.6D and is related to the length (L) of
the molecule such that L = 4.46D [85]. When visualized under an
electron microscope after negative staining, this staggered arrangement
appears striated with a characteristic light-and-dark banding pattern
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Fig. 1. Collagen synthesis and assembly. Self-assembly in fibrillar collagens from monomers to triple helix to higher-order structures, including fibrils. Created with

BioRender.com.

[85,88-90]. The microfibrils further self-assemble into larger fibrils in
various architectures, including parallel bundles in tendons and liga-
ments, orthogonal lattices in cornea, basket weaves in skin, and
concentric weaves in long bones [91-95]. The fibrils are stabilized by the
formation of inter- and intra-molecular crosslinks at specific locations in
the telopeptide domains, which are catalyzed by lysyl oxidase [96].
Lysyl oxidase also catalyzes the intermolecular crosslinking between
collagen and elastin [97]. The combination of staggering of a-chains and
D-period could have important implications in collagen-cell-ECM in-
teractions, cell behavior, and mechanical properties of fibrils, fibers, and
tissues [98-101].

Disruptions of the collagen sequence

Different genetic modifications to collagen have been reported in
inherited connective tissue disorders, including deletions, insertions,
duplications, splice-site mutations, complex rearrangements, and single-
base substitutions. Of the characterized mutations, almost 75% are
missense mutations, i.e., single-base substitutions that change the codon
of a critical amino acid to another amino acid [102-105]. The vast
majority of disease-causing mutations are substitution of a single Gly
residue with another bulkier amino acid within the (GXY), sequence.

Effect of Gly substitutions on collagen’s structure

The repetitive (GXY), sequence pattern is not strictly conserved in
non-fibrillar collagens that contain naturally occurring interruptions.
These interruptions are often associated with regions of lesser stability
to provide molecular flexibility and might also be involved in recogni-
tion by cellular receptors and other ECM components [113-115]. In
human collagen I and III alone, more than 1200 naturally occurring
mutations that interrupt the (GXY),, pattern within fibrillar regions have
been noted [106]. The conservation of the repetitive sequence is an

absolute necessity in fibrillar collagens, where the replacement of a
single Gly residue with another amino acid can lead to severe patho-
logical conditions (Table 1) [10,26-28]. The effects of Gly substitutions
are variable and depend on the type of substituted amino acid and its
location along the triple helix. The occurrence of high- and low-stability
regions within a collagen triple helix further complicates this genotype-
phenotype correlation [116]. Fibrillar collagens are more susceptible to
glycine substitutions than non-fibrillar collagens. In non-fibrillar colla-
gens, triple helical domains can often accommodate additional in-
terruptions with no or mild effects [10].

In fibrillar collagens, the stoichiometry of a-chains can also impact
the disease phenotype. For homotrimers, such as collagen-II and
collagen-III, the a-chain from either of the two alleles can assemble to
form a homotrimer. In such cases, only 12.5% of the assembled trimers
contain three normal chains, while the remaining 87.5% of trimers will
contain either one, two, or three pathogenic a-chains. In contrast, in the
self-assembly of heterotrimers, such as collagen-I, the ratio of normal-to-
pathogenic triple helices will depend on the a-chain (xl1(I) or a2(I))
containing the mutation. For collagen-I, mutations in a1(I)-chains will
result in 25% of normal and 75% of pathogenic triple helices, whereas
mutations in a2(I)-chains will give a 50-50% ratio of normal to patho-
genic triple helices.

Effects of Gly substitutions can be grouped into two broad categories:
ones that prevent the folding of the triple helix, and ones that produce a
structurally abnormal protein (Fig. 2) [10,26,27]. In the former case,
substitutions in/near the C-terminal region prevent the C — N terminal
zipper-like folding of the triple helix, leading to the accumulation of
unfolded, mutant a-chains in the cells, followed by their degradation,
possibly through endoplasmic reticulum-mediated or lysosomal degra-
dation pathways [22,117,118]. In contrast, substitutions in the triple
helical domain and in/near the N-terminal region permit the association
of chains at the C-terminal to form the nucleation domain but partially
interfere with the propagation of the triple helix, causing the synthesis of
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Table 1
Inherited collagen disorders involving Gly — X substitutions with their under-
lying collagen source and clinical features [10,26-28,106-112].

Type Class Gene(s) Pathology
1 Fibrillar COL1A1, Osteogenesis Imperfecta (OI)",
COL1A2 Classical-like Ehlers-Danlos
Syndrome (EDS)", Arthrochalasia
EDS (Type I and I)*
I Fibrillar COL2A1 Chondrodysplasias
(Achondrogenesis type II or
hypochondrogenesis®, Multiple
Epiphyseal Dysplasisa®, Kniest
Dysplasisa’, Legg-Calve Perthese
Disease”,
Otospondylomegaepiphyseal
Dysplasia®, Platyspondylic Lethal
Skeletal Dysplasia”,
Spondyloepiphyseal Dysplasia
Congenita’, Stickler Syndrome®
111 Fibrillar COL3A1 Vascular EDS"
v Network COL4A1, Alport Syndrome™", Gould
COL4A2, syndrome”, X-linked Deafness”,
COL4A3, Brain Small Vessel Disease”, Retinal
COL4A4, Arterial Tortuosity™
COL4AS5,
COL4A6

\Y Fibrillar COL5A1, Classical EDS”
COL5A2,
COL5A3

VI Network COL6A1, Bethlem myopathy?, Ullrich
COL6A2, Congenital Muscular Dystrophy*”
COL6A3,
COL6A5

VII Anchoring COL7A1 Dystrophic Epidermolysis

fibrils Bullosa®™", Nonsyndromic
Congenital Nail Disorders”

VIII Network COL8A1, Fuchs Endothelial Corneal
COL8A2 Dystrophy”
X FACIT COL9A1, Multiple Epiphyseal Dysplasia™,
COL9A2, Stickler Syndrome”
COL9A3
X Network COL10A1 Schmid metaphyseal
chondrodysplasia®
XI Fibrillar COL11A1, Stickler Syndrome®,
COL11A2 Stospondylomegaepiphyseal
Dysplasia™”
XII FACIT COL12A1 Bethlem myopathy®
XIII MACIT COL13A1 Congenital Myasthenic Syndrome”
XIV FACIT COL14A1 -
XV MULTIPLEXIN COL15A1 -
XVI FACIT COL16A1 -
XVII MACIT COL17A1 Junctional Epidermolysis Bullosa”
XVIIL MULTIPLEXIN ~ COL18A1l Knobloch Syndrome”
XIX FACIT COL19A1 -
XX FACIT COL20A1 -
XXI FACIT COL21A1 -
XXII FACIT COL22A1 -
XXIIT MACIT COL23A1 -
XXIV Fibrillar COL24A1 -
XXV MACIT COL25A1 Congenital Fibrosis of the
Extraocular Muscles”
XXVI FACIT COL26A1 -
XXVII  Fibrillar COL27A1 Steel Syndrome”
XXVIII COL28A1 -

2 Represents the autosomal-dominant inheritance.
b Represents the autosomal-recessive inheritance of mutations.

a structurally altered protein with impaired functionality. Substitutions
in the C-terminal region lead to abnormal a-chains that do not assemble
into a triple helix and are ultimately degraded. As a result, there is
reduced collagen secretion in the ECM that would directly influence the
stiffness of the ECM, since fibrillar collagens are the major contributors
to ECM stiffness [119]. These substitutions result in a milder phenotype,
which has been supported by the observation of mild OI phenotype in
such cases [10,120-122]. However, substitutions that result in the
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formation of structurally-altered proteins can be more devasting and can
show mild to severe phenotypes. Such substitutions permit the associ-
ation of chains to form a nucleation domain followed by the propagation
of the triple helix folding with a possibility of local disruption or a kink
at the substitutions site. These abnormally synthesized triple helices can
exert a wide spectrum of effects, including overmodification of specific
amino acid residues causing delayed and/or reduced collagen secretion,
delayed fibril formation, and alteration in the morphology of fibrils and
fibers [10,26,118,120,123,124]. Incorporation of abnormal fibers into
the ECM can disrupt matrix deposition and their interaction with cell
surface receptors and other components of the ECM, and the overall
structure, organization, stiffness, and function of the ECM due to the
crosslinking between abnormal and normal fibrils to generate structur-
ally altered fibers [10,26,118,120,123,124].

In vitro studies to examine the structure-function relationship in
collagen disorders

To better understand the impact of collagen substitutions on triple
helix folding and improve our knowledge of the structure—function
relationship, several different approaches have been utilized to model
single Gly substitutions in inherited connective disorders, including the
design and production of synthetic collagen-mimetic peptides (CMPs)
and recombinant bacterial collagen.

Synthetic collagen-mimetic peptides (CMPs)

Since the 1960-70’s [125-129], short, synthetic CMPs, also known as
triple-helical peptides, have been widely used model systems to inves-
tigate the structural and biological consequences of collagen mutations.
CMPs contain either repeating sequences of (GXY), or a host-guest
sequence flanked by (GPO), repeats (Fig. 3) [130]. The host-guest
sequence is defined as the introduction of a “guest” sequence in a “host”
sequence, such as introducing an animal collagen sequence in (GPO),
repeats or bacterial collagen Scl2 sequence [131]. The stability of the
triple helix can be improved by adding non-native amino acids, such as
4R-fluoroproline, 4R-hydroxyproline, 4R-fluoroproline, 4R-methylpro-
line, trans-4-amino-L-proline, N-methylalanine, etc., within the peptide
sequence or covalently crosslinking the three chains. Both of the stra-
tegies have been reviewed extensively [130,132,133].

Brodsky et al. established a propensity scale for amino acids in the X
and Y positions within the (GXY), to relate the amino acid sequence and
triple helix stability [134]. Of the 20 amino acids studied, the most
stable residues in the X position were Pro > Ala > Gln, whereas for the Y
position, Hyp > Arg > Met, i.e., (GPO), offers the maximum stability to
the triple helix [134,135].

Host-guest CMPs incorporating various types of Gly substitutions
observed in collagen disorders have been extensively used to investigate
their effects on triple helix structure, stability, and folding to establish
structure-function relationships of collagen mutations and relate to
disease severity. Bella et al. incorporated a Gly — Ala substitution,
which has been identified in several connective tissue diseases, into a
(GPO)1¢ peptide [19]. The crystal structure of the peptide showed two
interesting features: (1) the three chains formed a triple helix with
bulging or “twist relaxation” observed at the substitution site to
accommodate three Ala residues within the center of the triple helix, and
(2) the loss of three direct interchain H-bonds due to steric hindrance
caused by the Ala side chain (Fig. 4) [19]. Four water molecules were
also seen inside the molecule, which provided the necessary interchain
H-bonding to maintain the overall stability of the triple helix [19]. This
indicates that alterations in the (GPO), sequence can allow the non-
imino acids in the X and Y positions to participate in interchain in-
teractions, including H-bonding, side-chain interactions, or solvent-
mediated H-bonding [19,136]. The crystal structure of the (GPO)o
peptide with Gly — Ala substitution provided crucial structural infor-
mation on how a single Gly substitution can cause conformational
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concentration, and enhancing the peptides attachment to tissue culture treated plastics. In contrast, CLPs (or SCI2 proteins) are designed to contain an affinity tag
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like (CL) domains. A protease cleavage site can be included following either the affinity tag or the V-domain depending on the downstream application. Moreover,
multiple CL domains, separated by a linker, can be included in one construct for specific applications, e.g., inclusion of integrin-binding sites (highlighted in grey) for

enhanced cell attachment. Created with BioRender.com.

changes and loss of spatial arrangement of the triple helix on both sides
of the substitution site. Gly — Ser substitution also confirmed the
asymmetric effects of the mutation, i.e., altered H-bonding and
increased structural flexibility on the C-terminal side of the substitution
site versus the N-terminal side [137].

These structural changes have functional implications. For example,
CMPs were designed to include reported Gly — X (X = Ala, Arg, and Val)
substitutions occurring within the high-affinity integrin «2f1 binding
motif, GROGER, in vascular EDS patients. These mutated sites were
flanked with (GPO), sequences at both ends [138]. The study again

demonstrated that the identity of the residue in a Gly — X substitution
could have a range of impacts on triple helix stability, binding with the
integrin a2-inserted (a2-I) domain, and the expected severity of a dis-
ease phenotype [138]. Cell adhesion assays demonstrated that human
mesenchymal stem cells (hMSCs) grown on the Gly — Ala peptide
exhibited strong cell adhesion similar to wild-type peptides, while cells
cultured on Gly — Val peptide adhered poorly, and those that were
adherent displayed altered morphology with a “pancake-like” appear-
ance [138]. While the host-guest peptides approach enabled the
investigation of structural consequences of Gly — X substitutions
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Fig. 4. (A), Triple helical structure of (Gly-Pro-Hyp)® peptide (PDB code 3B0S) and Gly — Ala peptide (PDB code 1CAG). A local unwinding of the triple helix can be
seen at the Ala substitution site (highlighted in dark blue). (B), H-bonding is highlighted in dark gray dashes between the three chains. While the normal H-bonding is
seen in the native triple helix, Gly — Ala substitution hindered normal H-bonds formation at the Ala site due to bulging of the triple helix to accommodate three Ala
residues in the center of the helix. Created with The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

utilizing the highly stable triple helix formed by the (GPO), sequence, it
failed to consider the role of sequence-dependent variation in the triple
helix in determining the impact of Gly substitutions.

Role of CMPs in understanding the impact of local sequence
microenvironment on the structure and stability of the triple helix:
Previous studies have highlighted the influence of the local sequence
environment surrounding the Gly — X substitution site on the local and
global stability of the triple helix. To further demonstrate how the same
Gly — X substitution can have variable clinical phenotypes ranging from
minimal to severe, Yang et al. designed multiple peptides incorporating
a local region of the a1(I) chain of collagen-I, which contain sites for a
lethal and a non-lethal Gly — Ser substitution [139]. Although substi-
tution at either location terminated the triple helix propagation upon
encountering the Ser site, they differentially impacted the thermal sta-
bility of the resulting helix. The lethal mutation caused a 22 °C reduction
in the thermal stability of the peptide, which was twice the impact of the
non-lethal mutation [18,139,140]. This difference in thermal stability
could be attributed to their surrounding sequence, i.e., the sequence

A.

surrounding the non-lethal Gly — Ser has a higher imino acid content,
whereas the sequence surrounding the lethal one has more ionizable
residues [139]. Similar results were obtained when a smaller Gly — Ala
substitution was introduced at the same locations [141]. These findings
were further corroborated by Bryan et al., where the impact of different
Gly — X substitutions (X = Ala, Ser, Arg, and Asp) was compared when
surrounded by either a highly stable sequence of (POG);g or compara-
tively lower stable sequence from natural collagen with less rigidity
[142]. As expected, the bulkier amino acid decreased triple helix sta-
bility (Ala = Ser > Arg > Asp) [142]. Nonetheless, Gly — X substitutions
had a significantly higher impact on structure and stability when sur-
rounded by the stable (POG);( units versus lower stable regions [142].

All these findings highlight that collagen’s triple helix is a rodlike
structure with some regions more flexible than others. The helical
symmetry, in other terms, “helical twist,” varies along the collagen
length and is determined by the local sequence [116,143,144]. Imino
acid-rich regions of the helix demonstrate a tighter 7/2 helical-
symmetry (7 amino acids per two helical turns) compared to imino
acid-poor regions, which have a 10/3 helical-symmetry (10 amino acids

! !

Imino-rich region
with 7/2 helix

Imino-poor region
with 10/3 helix

! !

Imino-rich region Cysteine knot
with 7/2 helix region

Fig. 5. (A), Triple helical structure of a 42-residue C-terminal sequence from collagen-III (PDB code 3DMW) showing sequence-dependent variation of helical twist in
cartoon and surface form. (B), The imino rich regions demonstrate a tighter 7/2 triple helix whereas the imino poor region (OGPRGNRGERGS) is comparatively
relaxed. The cysteine knot region (GPCC) demonstrates a different conformation. Created with The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC

and Biorender.com.
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per three helical turns) (Fig. 5) [116,143-145]. The 7/2 helical-
symmetry of the triple helix arises due to the steric constraints (fixed
y angle and restricted ¢ angle) imposed by the repeating imino acid-rich
sequences (such as GPO or GPP) [143]. With an increase in the non-
imino acid content in the helix, the symmetry of the triple helix
changes towards the 10/3 helical-symmetry. Such variations in the tri-
ple helix symmetry have important structural and functional implica-
tions, including nucleation, interactions with cellular receptors via
ligand binding sites, accessibility of enzymatic cleavage sites, etc.
Moreover, there are multiple factors that ultimately affect the triple
helix stability, including the identity of substituted amino acid, its
location along the length of the triple helix, the local sequence envi-
ronment surrounding the substitution site, and its proximity to an
interaction site, such as integrin receptors, metalloproteases, pro-
teoglycans, etc. [104].

NMR analysis of CMPs to study folding and propagation of the triple helix
folding:

Owing to their small size, relatively low molecule weight, and slow
folding rates, CMPs are a great tool for nuclear magnetic resonance
(NMR) spectroscopy to understand the individual steps involved in the
triple helix folding and conformational changes in real-time at the
substitution site and N- and C-terminal of the site. Specific residues of
CMPs can be labeled with 1C and 1°N to study the kinetics of triple helix
folding by monitoring the decrease in the intensity of monomer peaks
and/or increase in the trimer peaks [146]. Brodsky et al. designed a
peptide based on a collagen-III sequence, which was capped by (POG),
triplets at both ends for stabilization, to probe the influence of amino
acid sequence on the dynamics of triple helix folding [147]. Real-time
NMR data showed that the folding of peptides into a triple helix oc-
curs in three steps: (i) the dimerization of monomer chains, (ii) the as-
sembly of ‘nucleated trimer’ species in which a part of the peptide at the
C-terminal is in a triple helical environment while the rest is still
unfolded, and (iii) the slow propagation of the nucleated species into a
triple helix [147]. These synthetic CMPs contain (GPO), repeating se-
quences at both ends that not only stabilize the peptide but also act as
the nucleation domain due to high imino acid content [148]. Following
the nucleation, the triple helix folding propagates from the C- to N-ter-
minus. Surprisingly, nucleation is possible at the N-terminal (GPO),, sites
when imino-rich sequences are included at both ends [147,149]. On the
contrary, nucleation in animal fibrillar collagens occurs at the C-termi-
nal via the initial association of the C-propeptide region of three
a-chains. This brings together the C-terminal Hyp residues in close
proximity to initiate nucleation, which is followed by the formation of
inter-chain disulfide bonds that further stabilize the nucleation domain
[150]. Next, the sequences present in the C-propeptide and triple helical
domain guide the chain alignment for the propagation of the helix in the
N-terminal direction [151].

Bhate et al. further utilized NMR spectroscopy to compare the con-
sequences of Gly — Ala substitution in the nucleation domain versus the
propagation domain [141]. Similar to previous results, CMPs with an
Ala substitution in the propagation domain formed a triple helix at the C-
terminal, which propagated in the C- to N-terminal direction until
encountering the Ala substitution site [141]. In contrast, the impact of
substitution in the nucleation domain is slightly more complicated. In OI
and other connective tissue disorders, Gly substitutions in the nucleation
domain can prevent the folding of the triple helix nucleus, resulting in
the accumulation of unfolded molecules. However, in synthetic peptides
with the Ala substitution in the nucleation domain, the peptides still
formed a triple helix around the substitution site due to the incorpora-
tion of stable surrounding sequences at both the N- and C-terminal of the
peptides, a finding previously reported by Bella et al. [19,141]. This
suggests that Gly — Ala substitution in the nucleation domain can
initiate triple helix assembly, possibly through a different mode, as more
N-terminal residues folded before the substitution site compared to
human collagen’s folding mechanism [141]. Alternative folding
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mechanisms have been demonstrated in CMPs in the absence of a strong
nucleation domain at the C-terminal [148]. Buevich et al. demonstrated
that inserting the nucleation domain at the N-terminal did not change
the directionality of triple helix propagation; instead, no directionality
was observed [148]. Hyde et al. replaced the imino acid-poor sequence
occurring N-terminal to the Gly — Ala substitution site with a high imino
acid sequence and improved the refolding of the triple helix around the
substitution site as well as the N- and C-terminal [152]. Some of the
other triple helix folding mechanisms could involve regions of disulfide
bonds, T4-phage foldons, or coiled-coil domains at either end of the
terminal, which can act as nucleating sites to initiate triple helix as-
sembly [152-155].

One of the common outcomes of Gly — X substitution is the inability
of the triple helix to fold N-terminal of the substitution site. Synthetic
peptides with Gly substitutions maintained the triple helical conforma-
tion C-terminal of the substitution site but exhibited mobility of mono-
meric chains both at the substitution site and N-terminal from it
[146,156]. It is hypothesized that the short length of the peptides pre-
vents the renucleation of the a-chains N-terminal of the substitution site,
unlike full-length collagens obtained from patients with OI and other
collagen disorders, where the three a-chains can renucleate N-terminal
of the substitution site to form full-length but structurally defective
triple helices [139,141]. The introduction of Gly — X substitutions in
human collagens causes a significant delay in the triple helix propaga-
tion around the substitution site, which ultimately affects their secretion
into the ECM [20,23,120,157]. These observations are consistent with
the fact that mutations in collagen a-chains result in post-translational
over-modifications at the N-terminal of the mutation site [18,139].
These over-modifications occur only in the unfolded chains of the
collagen, i.e., N-terminal of the mutation site, since the enzymes
(including prolyl hydroxylase, lysyl hydroxylase, and glycosyl-
transferases) catalyzing these reactions act only on the non-helical
chains and do not react with the same chains folded into a triple helix
[123]. Consequently, Gly — X substitutions delay the folding of the
triple helix N-terminal of the substitution site, which prolongs the
exposure time between the unfolded chains and the modifying enzymes
that leads to excessive hydroxylation of lysine residues and glycosyla-
tion of the hydroxylysine residues on the unfolded chains [18].

Although synthetic peptides are a valuable tool and laid the foun-
dation to investigate the impact of single Gly substitutions on triple helix
structure, folding, and stability found in collagen disorders, there are
disadvantages to this system. These CMPs are comparatively expensive,
and their thermal stability is much greater than that of animal collagen,
which can significantly alter the structure stability and binding with
active ligand sites [158]. Even with advances in coupling chemistry,
yields at each step of synthesis are below 100%, resulting in truncated
versions of the peptides that act as impurities. The inclusion of impu-
rities can result in imperfect and less stable triple helix structures [159].
The CMPs are often stabilized by including cysteine residues within the
terminal triplets of the peptides. However, these cysteines can undergo
random, air-induced oxidation, resulting in inter- and intra-helix disul-
fide bonds that ultimately give rise to smaller polymers [160]. Lastly,
owing to the small size (<10 nm in length) of CMPs and limited sequence
diversity within 15-40 amino acid residues, it is challenging to char-
acterize the effects of multiple Gly — X substitutions occurring in
different regions of collagen on structure and function [161]. One
plausible alternative to synthetic CMPs is recombinant bacterial
collagen.

Recombinant bacterial collagen

More than 100 different bacterial species containing collagen-like
sequences have been found, including Streptococcus pyogenes, Bacillus
anthracis, Clostridium taeniosporum, Pasteuria ramose, and more [162-
164]. The collagen-like sequences in different bacterial strains can serve
two distinct functions: (1) they help the invading pathogen to evade the
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immune system of the host, and (2) they interact and bind to multiple
cell surface receptors to promote host cell invasion [165]. All of the
characterized bacterial collagens vary in amino acid composition and
length, yet they all contain the characteristic (Gly-X-Y), sequence
[162,166].

The bacterial collagen from S. pyogenes has been widely utilized in
biomaterials and as a tool to investigate the sequence-structure—function
relationships in normal and pathological collagens. The S. pyogenes, a
gram-positive bacterium, produces Streptococcal collagen-like proteins
1 and 2 (Scll and Scl2), which have been well characterized in terms of
their structural and functional properties [162,163,167-170]. Both Scll
and Scl2 contain an N-terminal signal sequence, a sequence-variable
globular domain (V-domain), a collagen-like triple helix domain (CL),
which consists of repeating units of (Gly-X-Y),, and a C-terminal cell
wall or membrane attachment domain. The V-domain contains a coiled-
coil motif crucial for the trimerization and proper folding of the triple
helix [169]. This review will mainly focus on the Scl2 protein and its
applications for studying collagen-based disorders.

The Scl2 protein is larger than the Scll protein [162] and has been
widely used to generate various constructs with sequence modifications
in recombinant E. coli to study the effect of interruptions in the (Gly-X-
Y), repeating sequence on structure, stability, folding, and function
(Fig. 3). The recombinant Scl2 protein self-assembles into a stable triple
helix despite the lack of Hyp residues, which are crucial for triple helix
stability in animal collagen. Compared to animal collagen, the collage-
nous domain of Scl2 contains a relatively low content of Pro residues
(~12%), comparable to fibril-forming animal collagen (~20%) [171].
The most remarkable difference between animal collagen and Scl2 is the
increased charged residue content, with approximately 15% in animal
collagens and 30% in Scl2 [171,172]. These charged and polar amino
acid residues in Scl2 stabilize the triple helix via electrostatic in-
teractions, forming an ordered hydration network in association with
the polar residues [171]. The melting temperature of Scl2 ranges from
35 ~ 40 °C, which is comparable to animal collagens [162,166].
Without the need for post-translational modifications to maintain
structural stability, Scl2 presents an excellent opportunity to produce
large quantities of protein with high purity and minimal batch-to-batch
variation.

Unlike animal collagen, which contains several ligand-binding sites
that interact with cell surface receptors and other ECM components, the
Scl2 protein does not inherently bind to human cell surface receptors
[162,163,173]. Thus, in terms of bioactivity, Scl2 acts as a “blank-slate”
and allows selective integration of specific human collagen ligand-
binding sites to study distinct protein-collagen interactions. To date,
we and several others have introduced one or more unique biological,
functional ligand-binding sites, including integrin, fibronectin, heparin,
hyaluronic acid, chondroitin-sulfate, and matrix metalloproteinases,
and demonstrated cell-specific adhesion of smooth muscle cells, fibro-
blasts, myoblasts, and endothelial cells from different species, such as
human, bovine, rat, and mouse [163,173-180]. With these modifica-
tions, Scl2 can be used to characterize the effects of specific Gly sub-
stitution at any location while controlling the surrounding sequence to
attribute the impact on cell function to particular interactions with the
inserted biological motifs along with the location.

One of the most established ways to investigate the triple helical
nature of collagen-based peptides and proteins is through trypsin
digestion assays because an intact triple helix is resistant to this enzy-
matic activity. However, any substitutions that can disrupt the triple
helix make the structure prone to trypsin digestion. Recombinant Scl2
was first used to interrogate the effects of single Gly substitutions on the
triple helix conformation and folding [181]. Cheng et al. introduced Gly
— X substitutions (X = Ser/Arg) either near the middle or the N-terminal
of the collagenous domain of Scl2 [181]. While all constructs showed
triple helical conformation, the Gly — Arg substitution near the N-ter-
minal showed partial cleavage of the protein upon trypsin digestion,
suggesting that the Arg amino acid had a more pronounced effect on the
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structure of the helix. Whereas the Gly substitutions near the middle of
the CL domain resulted in slower folding rates as compared to wild-type
constructs, Gly substitutions near the N-terminal significantly impeded
the triple helix folding [181]. Unlike animal collagen, where the triple
helix folds from the C- to N-terminal, Scl2 contains the trimerization
domain at the N-terminus, resulting in the triple helix folding from the
N- to C-terminal. This suggests that Gly — X substitutions within or near
the nucleation domain (N-terminal in Scl2 and C-terminal in animal
collagens) disrupt and/or delay the triple helix folding in both animal
collagens and collagen-like peptides/proteins.

The interactions of collagen with cell-surface receptors and other
ECM components are dependent on the triple helical conformation of
collagen. To better understand how mutations within an integrin-
binding site impact this crucial interaction, Yigit et al. incorporated a
human al(I) collagen sequence containing a GFPGER integrin-binding
site within the Scl2 domain [182]. From this basic design, Gly — Ser
substitutions observed in OI patients were introduced within and near
the GFPGER sequence to investigate their impact on structure, integrin
binding, and cell adhesion [182]. Similar to the results shown by syn-
thetic peptides, the authors found an asymmetric effect of Gly — Ser
substitutions on integrin binding, i.e., substitutions within the GFPGER
site and up to nine triplets N-terminal to the sequence significantly
altered integrin binding and prevented cell adhesion, whereas sub-
stitutions C-terminal to the site had minimal-to-no impact [182]. It is
hypothesized that the local sequence N-terminal of the GFPGER
sequence could play a role in the initial recognition of the a2-I domain of
the integrin receptors [183]. In a similar study, Qui et al. studied the
impact of multiple Gly — X (X = Ala/Ser/Val) substitutions within and
C-terminal to the GFPGER integrin-binding site in an effort to establish
the relationship between the altered biophysical properties (including
structural and functional outcomes) and the severity of OI [184].
Although all proteins with Gly substitutions formed a triple helix, the
substitutions reduced their thermal stability and sensitivity to trypsin
digestion depending on the amino acid and its location, in agreement
with previous studies [138,139,182,184]. As expected, the size of the
substituting amino acid had a direct effect on the destabilization of the
triple helix, which in turn impacted the binding affinity between the
peptide and the integrin a2-I domain. Greater degrees of destabilization
(Val > Ser > Ala) generated lower binding with integrins (Ala > Ser >
Val) [184]. On a similar note, Chumm et al. demonstrated the differ-
ential impact of Gly — Ser substitutions within the fibronectin (Fn)
binding site of aI(II) chain of collagen-II. As the location of the substi-
tution moved from N- to C-terminus within the Fn binding site, a higher
fraction of the less stable and partially-unfolded species in equilibrium
with the fully-folded species were found that impacted their thermal
stability and sensitivity to trypsin digestion [185]. This is in contrast to
Gly substitutions within an integrin-binding site, which had minimal
impact on structure and stability [182]. This substitution also interfered
with Fn binding [185-187]. These studies confirm how single Gly sub-
stitutions can have varying biological consequences, which could affect
downstream cellular signaling pathways that rely on the crucial inter-
action between collagen and cell-surface receptors.

In addition to their potential in investigating the role of single Gly
substitutions, the recombinant bacterial collagen also allows the intro-
duction of a short stretch of sequence within the CL domain of Scl2.
Hwang and Brodsky introduced natural interruptions from the a5 chain
of collagen-IV, where mutations lead to Alport syndrome [188]. Three
different interruptions of varying length were included: (1) a 4-residue
interruption (VCL-X4-CL), (2) a 15-residue interruption (VCL-X;5-CL),
and (3) a Gly — Ser substitution before the 4-residue interruption (VCL
(G-S)-X4-CL) [188]. Although the 4-residue interruption caused small
structural perturbations, the peptide remained resistant to trypsin
digestion, indicating the formation of a tightly packed triple helix [188].
In comparison, the 15-residue interruption showed varied structural
conformations. The central residues of 15-residue interruption were
sensitive to trypsin, but not the residues found near the (GXY),, sequence
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boundary, indicating the presence of two conformations of the triple
helix with a transition from a flexible, less stable structure to a tightly-
packed triple helix [188]. Both of these findings are consistent with
previous observations where small interruptions (1 to 4 residues) can be
accommodated within the triple helix, as seen in collagen-X, but large-
sized interruptions do not pack well within the triple helix, as seen in
collagen-VII, and make the triple helix sensitive to enzymatic digestion
[189,190]. Furthermore, the introduction of Gly — Ser substitutions
before the 4-residue interruption disrupted the folding of the triple helix
and made the protein susceptible to trypsin digestion. Similar results
were demonstrated by Yeo et al., where the author introduced different
Gly — X (X = Glu/Val/Asp) substitutions of Alport syndrome in a much
larger interruption sequence (29-residue long) [191]. Consistent with
the previous results, all Gly substitutions dramatically altered the
structural stability of the triple helix with local bulging at the substitu-
tion site, leading to increased sensitivity to trypsin digestion [191]. The
disruption of the triple helical structure also led to a significant loss in
integrin binding, which was further confirmed by cell adhesion assays
[191]. While the (GXY), sequence is strictly conserved in fibrillar col-
lagens, the same is not true in non-fibrillar collagens, such as collagen-IV
or collagen-X, where natural interruptions are well distributed
throughout the molecule and play a crucial role in providing molecular
flexibility and supercoiling ability for higher-order structures as well as
potential sites for collagen degradation and ligand binding
[115,192,193]. Despite the natural occurrence of interruptions in non-
fibrillar collagens, destabilization of the triple helix and alteration in
the interaction between collagen-integrin receptors indicate that the
replacement of a single Gly residue within the (GXY), sequence can
dramatically influence the structure and folding of the triple helix and its
complex interactions with cell-surface receptors, further strengthening
the effects of Gly — X substitutions that are in close proximity to natural
interruptions and leading to collagen disorders with variable clinical
phenotype.

The recombinant Scl2 has proven to be an excellent model to study
and replicate the folding of the animal collagen due to the following
three parallels: (1) initiation of the folding via trimerization of the V-
domain (or nucleation in animals) at one end of the helix, (2) propa-
gation of the triple helix formation in one direction (N- to C-terminus in
Scl2 versus C- to N-terminus in animal collagens), and (3) a similar
temperature dependence (i.e., increased triple helix formation at low
temperatures compared to high temperatures) [194,195]. The recom-
binant Scl2 collagen system has shown tremendous potential as a
biomaterial that is used to study the functions of normal and patho-
logical human collagen through the introduction of biologically func-
tional molecules.

Limitations of synthetic peptides and recombinant collagen

Synthetic CMPs and recombinant CLPs have played integral roles in
elucidating the structure, assembly, and biochemistry of collagen.
However, almost all the studies utilized peptides that self-assemble into
homotrimers. Since peptides containing (GPO), or (GPO), repeating
units (n greater than 6) can assemble into a stable triple helix without
the need for any crosslinking mechanism, it was significantly easier to
synthesize short CMPs that would eventually form homotrimeric triple
helices [196,197]. Although these trimers are good models for collagen-
II and collagen-III, they do not correctly mimic the effect of Gly sub-
stitutions found in heterotrimeric collagen, such as collagen-I. As dis-
cussed earlier, the ratio of normal to pathogenic triple helices will
depend on whether the mutation is in the oal(I) or a2(I) chain of
collagen-I and their staggering to form a triple helix. As such, the
homotrimeric triple helix model will potentially exaggerate the effect of
Gly substitution compared to the heterotrimeric triple helix. Gauba and
Hartgerink developed stable collagen heterotrimers using three different
peptide sequences, each with a distinct charge, i.e., (POG)1¢ - neutral,
(PKG)10 - positive, and (DOG)jo - negative [198]. The authors
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demonstrated that the incorporation of an a-chain containing Gly — Ser
substitution had a substantial effect on the thermal stability of the
assembled heterotrimers, while the incorporation of additional Ser
substitutions had dramatically less impact [198].

While these heterotrimeric triple helices helped examine the effects
of one, two, or three Gly substitutions in collagen, the self-assembly of
heterotrimers faces two main challenges: lack of control over composi-
tion and registration of a-chain for forming a triple helix. First, the
mixing of peptides with distinct neutral, positive, and negative charges
can lead to the formation of triple helices with ten different combina-
tions: homotrimers (As, B3, and C3), heterotrimers with two same chains
(A2B, ABy, A;C, ACy, B2C, C2B), and a single ABC heterotrimer. With two
different peptide sequences, there are still four possibilities: Ag, B3, A2B,
and AB,. This problem is further magnified when registration of a-chains
is considered. A single ABC heterotrimer can have six different regis-
trations, where each chain can occupy the leading, middle, or lagging
strand position. Studies have already shown that the terminal amino
acid residue of CMP can have a significant effect on their stability [199].
As such, the use of heterotrimeric triple helices has been limited in
studying normal and pathological collagen.

Another significant variation between CMPs and CLPs versus animal
collagen is the folding mechanism and stability of the triple helix. Unlike
animal collagen, where specific recognition sequences within the C-
propeptide region are critical to the initial nucleation of the triple helix,
the presence of high imino acid sequences (GPP and GPO) and the V-
domain is responsible for the triple helix folding in CMPs and CLPs,
respectively. As mentioned earlier, while the triple helix folds from C- to
N-terminal in animal collagen, the triple helix propagates from N- to C-
terminal in bacterial CLPs. Therefore, Gly substitutions near the N-ter-
minal of the animal collagen and the C-terminal of CLPs are expected to
have similar folding effects. In contrast, CMPs can nucleate and propa-
gate from either C- or N-terminal, and thus, such models provide vital
information about the impact of Gly substitutions on structure, stability,
and interactions with cellular receptors. However, a nucleation domain
at both N- and C-terminal can facilitate the folding of the triple helix
from both directions, even in peptides containing Gly — X substitution
[148].

It is also important to consider the role of sequence microenviron-
ment around the Gly — X substitution site [141]. Nucleation sequences
with high imino acid content and stability can also potentially serve as
sites for renucleation to occur N-terminal of the Gly — X substitution site
[200]. Hyde et al. investigated the influence of different sequences with
varied length, stability, and nucleation propensity on triple helix folding
N-terminal of the Gly — Ala substitution [152]. Surprisingly, while the
incorporation of five triplets from collagen-I N-terminal of the site failed
to generate refolding of the triple helix around the Ala mutation site, the
inclusion of more imino acid-rich sequence found further downstream of
the Ala mutation site, GPO(GAO)3, formed a stable helix [152]. Thus,
refolding of the triple helix N-terminal of the Gly — X substitution site is
dependent on the sequence and can explain the folding of the triple helix
containing Gly — X substitution. However, in the absence of a renu-
cleation domain adjacent to the substitution site, there will be a delay in
the triple helix folding until the next renucleation sequence is encoun-
tered, resulting in the restart of the folding. The structural perturbation
in the triple helix caused by delayed folding can further have severe
implications, including the propagation of an altered triple helix with
helical phase shifts [201,202].

Insights from in silico modeling of collagen disorders
Molecular dynamics simulations

The in vitro studies on designer CMPs and CLPs provide critical in-
formation about the impact of Gly — X substitutions on structure and

function. Combining these with computational modeling and simula-
tions of collagen molecules has allowed scientists to further understand
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the influence of mutations on collagen structure, folding, and mechan-
ical strength at multiple levels of hierarchy, ranging from the sub-atomic
scale to molecular and mesoscopic scales. Together with the experi-
mental techniques, computational modeling, especially molecular dy-
namics (MD) and steered MD simulations of collagen molecules,
provides critical information about the structure and stability of normal
and mutated collagens as well as their interactions with human cell-
surface receptors that are not possible to study at the in vitro level
(Fig. 6).

Identifying the first crystal structure of a collagen peptide with Gly
— Ala substitution was a major milestone in showing the impact of Gly
— X substitutions on the triple helix and intermolecular H-bonding
pattern. However, it has been shown that the crystal structures of pro-
tein samples can have different conformations in the crystal form versus
in solution [203]. In comparison to the crystal structure, where all three
Ala residues had interstitial water bridges instead of direct H-bonds, the
MD simulations of (GPO);o peptide with Gly — Ala substitution
demonstrated more asymmetric H-bonding [19,204]. Because of the
different distribution of water molecules around the different chains of
the molecule, the Ala residue in one chain was able to maintain a direct
H-bond with the backbone, while the Ala residues in the other two
chains could not. Since experimentally-derived crystal structures can
exhibit conformational variations because of different crystallization
conditions, it is important to consider multiple techniques to obtain
structural information to minimize crystallization artifacts that can

A

C-terminal stretched in
the opposite direction

Fixed N-
terminal

Fig. 6. Computational modeling of collagen sequences have been performed to
(A) understand the impact of Gly — X mutations on folding and propagation of
the triple helix, (B) to examine the interaction of collagen with crucial cell
surface receptors, including integrin (PDB 1DZ1) and fibronectin, and (C)
investigate the mechanical properties at different hierarchies of collagen, such
as tropocollagen, fibrils, and fibers, using SMDs. Created with BioRender.com.
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impact both the structure and the dynamics.

MD simulations have allowed scientists to gain insight into the
folding and propagation of the triple helix and the effect of substitutions
on the process. Hartmann et al. utilized unfolded (GPP)s peptides with
an already-formed nucleation site at the C-terminus to study triple helix
propagation [15]. The MD simulations matched in vitro results and
showed that the propagation of the triple helix involves two steps: (1)
formation of a transient template, where two o-chains associates
together with the third chain still unfolded; and (2) binding of the
transient template to the third chain to fold along this template,
resulting in the folding of all three chains with a 3-residue stagger [15].
Changing the stability of the nucleus impacted the association of the
chains during propagation and resulted in misfolded triple helices [15].
Moreover, the triple helix propagated despite the introduction of Gly —
Ala/Thr substitutions in the center of one chain. Substitution in all three
chains made it nearly impossible for the triple helix to fold into a stable
structure [15]. Lee et al. further extended the MD simulations and
applied stochastic boundary conditions to study the influence of Gly — X
substitutions on the free energy of the system [205]. The relative free
energy changes of mutant collagen molecules versus wild-type were
larger in mutants containing two substitutions compared to a single Gly
— X substitution [205]. Moreover, the free energy changes correlated
well with the size of the substituting amino acid and the clinical severity
of OI (Ser < Cys < Val < Glu < Arg < Asp < Trp) [205].

MD simulations have played a central role in describing the role of
Gly — X substitutions on triple helix structure and how these sub-
stitutions alter the binding between collagen and cell-surface receptors
or ECM molecules, including integrins and fibronectin, that play an
essential role in regulating cell-signaling pathways. Yigit et al. per-
formed MD simulations on collagen-integrin complexes with a Gly — Ser
substitution within or outside of binding sites [182]. The simulations
confirmed that Gly — Ser substitutions within the GFPGER integrin-
binding site cause disruption in the local interchain H-bonding and
alter key interactions between the integrin receptors and integrin-
binding site in collagen, thus, explaining the loss of integrin binding
in cell adhesion assays [182]. In contrast, no disruptions of key in-
teractions with the integrin receptors were observed when the Gly — Ser
substitutions were outside the integrin-binding site [182]. These find-
ings were further supported by Hoop et al., where the effect of Gly —
Ala/Arg/Val substitutions on the triple helix conformation and how
these structural effects alter the interactions between collagen peptides
and a2-I domain of integrin were examined [138]. While Ala, being a
smaller amino acid, had no significant impact on the triple helix’s
diameter, both Arg and Val substantially increased the diameter versus
wild-type peptide [138]. These results correlated well with the effects of
these substitutions on collagen-a2-I domain interactions that are medi-
ated by Mg?" coordination, where the introduction of Gly — Ala sub-
stitutions had no consequences on key interactions with the integrin
receptors, but Gly — Arg/Val differentially impacted o2-I-Mg?* coor-
dination [138]. Specifically, a Gly — Arg substitution caused instability
in the o2-I-Mg?" coordination and loss in H-bonds and salt bridges,
whereas a Gly — Val substitution resulted in the extreme loss of a2-I-
Mg2+ coordination [138]. In a similar fashion, Gly — Ser substitutions
near the N- and C-terminal of the Fn binding site resulted in local
unfolding of the triple helix and reduced interaction between the
B-strand of collagen peptide and p-sheet of Fnl domain, significantly
disrupting the formation of interchain H-bonds and salt bridges that can
extend up to three-four triplets [185].

MD simulations can be further extended to understand the differ-
ential sensitivity of Gly — X substitutions within collagen peptides to
digestion by common proteases. Introduction of the Glu/Val or Asp
substitution within a natural interruption sequence increased the pro-
tein—protein contacts with trypsin by more than 20% and 40%, respec-
tively, in comparison to the wild-type sequence that had the lowest
number of contacts between collagen peptide and trypsin [191]. Again,
this highlights the impact of local disruptions in the triple helix structure
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from Gly substitutions, the magnitude of which is modulated by the type
of substituted amino acid, its location along the triple helix, and the local
sequence surrounding the substitution.

Steered molecular dynamics (SMD) simulations

Given the rich biomechanical functions of collagens in the body, it is
important to understand the mechanical properties of collagenous tissue
at different hierarchies, wherein tropocollagen molecules are the
building blocks. While uniaxial testing of tissues has provided critical
information about their mechanical properties, they fail to consider the
information about individual tropocollagen molecules whose arrange-
ment governs the macroscopic properties of tissues. Experimental
techniques based on the application of mechanical forces to a single
molecule have played a crucial role in studying the interactions between
ligands and biomolecules in response to an external force. When com-
bined with molecular modeling, these techniques provide a powerful
approach to understand the molecular mechanics of collagen at different
hierarchical levels at spatial and temporal scales that are difficult to
study experimentally. SMD is one such technique where time-dependent
forces can be applied to a single collagen molecule to investigate its
mechanical behavior and changes due to alterations in the amino acid
sequence [206,207].

While conventional MD simulations can be used to capture confor-
mational changes in proteins and other biomolecules of interest, such
biological processes usually occur over a timescale of microseconds to
milliseconds and beyond, which makes it significantly challenging for
MD simulations to achieve enough conformational sampling from one
state to another within the time constraints of a single MD simulation
[208]. SMD offers a significant advantage over conventional MD simu-
lations by inducing large conformational changes with enhanced sam-
pling timescales that are otherwise too slow to model. This is achieved
by applying a moving harmonic potential (in the form of a spring) to
induce motion along certain degrees of freedom (usually a cardinal di-
rection). The application of the external force field drives the system to
move from its initial equilibrium state to different metastable states to
provide crucial atomistic-level information about the biological process
under investigation [209,210]. Moreover, this method can compute
free-energy differences between states based on the work applied to the
system for an ensemble of trajectories using the Jarzynsky equality
[211]. It is important to note that SMDs are non-equilibrium simulation
methods, where the harmonic constant and the pulling velocity are vital
to understand the mechanical behavior of proteins.

Lorenzo et al. used SMD simulations to relate the mechanical prop-
erties of tropocollagen to molecular behavior and factors governing its
structure and stability [212]. The repeated (GPO), sequence in collagen
allows the formation of an intramolecular H-bond network between the
NH group of Gly and the CO group of Pro and Hyp as well as with the NH
group of other Gly residues located in adjacent chains, which plays a
critical role in maintaining the structural stability of tropocollagen
molecules [212,213]. During the SMD simulations, stretching of the
molecule led to the redistribution of H-bonds, which caused a reduction
in the Gly-Pro interactions and an increase in both Gly-Hyp and Gly-Gly
interactions with the total amount of H-bonds remaining approximately
constant [212]. However, when the central Gly was replaced with Ala,
the substituted amino acid could not preserve the interactions [212]. In
the same manner, Gautieri et al. introduced seven different Ol mutations
in a tropocollagen molecule (Ala, Ser, Cys, Arg, Val, Glu, and Asp) to
relate the effects on the mechanical properties to the severity of the
disorder [214]. Consistent with in vitro results, the substitution of Gly
with a large, bulky amino acid reduces the Young’s modulus of the
molecule [214]. This reduction in Young’s modulus can be further
correlated with the side-chain volume and hydropathy index of the
substituting amino acid, i.e., an amino acid with a side-chain volume of
~100 A% and hydropathy index of —3.75 leads to severe phenotype in OI
[214]. Given that Gly residue occupies every third position and is buried

11

Matrix Biology Plus 21 (2024) 100139

into the core of the triple helix, substituting Gly with a hydrophobic
residue can have minimal impact on the helix disruption because of its
fit within the collagen’s hydrophobic core, while substitution to a hy-
drophilic residue can make up for the loss in mechanical properties by
forming H-bonds via water molecules [214,215]. Thus, the size-chain
volume and hydropathy index of an amino acid impact the mechanical
response of the triple helix and could be used to predict the severity of
the disease.

The local surrounding sequence of Gly — X substitutions also plays a
critical role in determining the stability and conformation of the triple
helix, which in turn govern its mechanical properties and structural
integrity. Mutations within highly stable regions can have drastic effects
on triple helix structure and function compared to mutations in less
stable regions. Srinivasan et al. applied SMD to study the molecular
mechanisms of mutations and their impact on the local sequence envi-
ronment of collagen type-IV in Alport syndrome [216]. While some Gly
— X substitutions caused significant structural changes, including
kinking of the triple helix, others showed minimal impact, where per-
turbations were primarily localized around the substitution site [216].
Moreover, the introduction of the Gly — X substitution severely altered
the mechanical properties of tropocollagen, which was demonstrated by
following the stress-strain response of the molecule over time and
comparing it to the wild-type. As the clinical severity of a mutation
increased, a large variation was observed in the elastic modulus. In
contrast, mutations associated with less severe clinical presentation
exhibited the lowest variability compared to the wild-type [216].

In addition to affecting the mechanical properties of individual
tropocollagen molecules, Gly — X may also impact the properties of
higher-order structures. To this end, Marlowe et al. built a collagen fibril
model utilizing pre-optimized tropocollagen molecules to examine the
effect of specific Gly — Ala/Ser/Cys/Asp substitutions on the structure
and mechanical properties of fibrils [217]. As expected, the substitution
of Gly with a smaller amino acid (Ala, Ser, and Cys) caused local bulging
of the triple helix with longer folding times. Substitution with a large,
bulky amino acid (Arg) significantly destabilized the triple helix struc-
ture of tropocollagen molecules by preventing complete triple helix
formation as demonstrated by in vitro studies, and in turn, altered the
structure, shape, and mechanical properties of mutant fibrils
[18,20,217,218]. The results showed that the mechanical strength of
mutant fibrils decreased with an increase in the triple helix destabili-
zation [217]. Similar results were observed when the fibrils were
sheared by pulling the central tropocollagen, i.e., the interaction be-
tween tropocollagen molecules declined as the size of the amino acid
increased, which altered the H-bonding pattern between different tro-
pocollagens [217]. This study highlights how Gly — X substitutions not
only impact the mechanical properties of tropocollagen at the molecular
level, but also alter how these structurally-altered tropocollagen interact
with other tropocollagen molecules to form higher-order structures,
such as fibrils, fibers, and tissues.

While both MD and SMD simulations have been instrumental in
elucidating the impact of Gly — X substitutions on the mechanical
properties of individual tropocollagen molecules as well as higher-order
fibrils, these studies suffer from a major limitation: the Gly substitutions
were introduced into already assembled, energy-minimized, and stabi-
lized tropocollagen molecules. Certain bulky substitutions, such as Asp
and Arg, will prevent the formation of a triple helix structure, while
others can cause folding defects. The mechanical properties of tropo-
collagen molecules will be perturbed in both cases, i.e., creating a triple
helix structure utilizing the amino acid sequence containing the sub-
stitution versus introducing substitution within an already assembled
triple helix structure. It would be interesting to explore the time-
dependent assembly of tropocollagen molecules containing Gly — X
substitutions to obtain triple helix structures that closely resemble the
folding of a-chains in vivo. Although such studies would be computa-
tionally expensive, they would provide essential information about the
structural and functional impact of Gly substitutions at different
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hierarchies.
Self-assembly of designer collagens into higher-order structures

In animal collagens, five triple helices pack together to form a
microfibril, which again self-assembles in axial and lateral directions to
create a fiber [219]. This complex and multistep self-assembly is specific
to native collagen only; replicating this multi-hierarchical structure has
been one of the significant challenges in designer collagens, limiting
their use for biomedical applications. The Brodsky group was the first to
demonstrate the formation of higher-order aggregates with a filamen-
tous and branched structure formed by self-association of (POG); re-
peats. This groundbreaking study laid the foundation for future research
to create higher-order structures using synthetic peptides.

Higher-order assembly of CMPs

Various strategies have been employed to create self-assembling
CMPs, including electrostatic, hydrophobic, and aromatic interactions,
cysteine knots, and chemical crosslinking. Kishimoto et al. used chem-
ical crosslinking agents to generate nanofiber-like structures (10 nm
diameter) of poly (POG)1¢ peptides [197]. Similarly, Paramonov et al.
utilized a native chemical ligation technique in a (POG)g9 sequence
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containing an N-terminal cysteine and a C-terminal thioester (Fig. 7A)
[220]. This resulting native chemical ligation led to the formation of a
dense fibril network (10-20 nm in diameter) [220]. While both studies
showed the potential of CMPs in generating higher-order structures with
a diameter comparable to a collagen fibril, no characteristic light-and-
dark banding pattern was observed, which could be explained by the
lack of extended sticky ends to generate fibrils in axial and lateral
directions.

Another widely used technique to drive the supramolecular assembly
of CMPs is a cysteine (Cys) knot that creates disulfide linkages to
crosslink the triple helices. Including the Cys knot increases the stability
of the resulting triple helices and controls higher-order assembly [221].
In one approach, Koide et al. designed (POG),-based sequences to
include Cys residues within the sequence to provide staggered over-
hangs that acted as cohesive ends and formed large supramolecular
structures, which were confirmed by ultrafiltration and laser diffraction
particle size analyzer (Fig. 7B i) [222]. In another approach, Kotch and
Raines utilized a cysteine knot to crosslink three triple helices, resulting
in (PYG)s overhanging sticky segments that enabled the intermolecular
self-assembly into fibrils of varied lengths (30-400 nm) (Fig. 7B ii)
[223]. These very long fibrils are the only collagen-like assemblies
produced by synthetic peptides that are longer than the length of a
tropocollagen molecule (300 nm). Recently, Krishna and Kiick
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Fig. 7. (A), Assembly of collagen fibrils using native chemical ligation technique. (B), Cysteine knots create disulfide bonds to promote self-assembly of CMPs, where
staggering of triple helices will depend on the Cys location. The figure on the right demonstrates the supra-molecule formation with each set of synthetic peptides.
(C), Use of electrostatic interactions to drive microfibril formation (as seen on the right) in CMPs with i) Arg and Glu residues, and ii) Lys and Asp, as positively and
negative charged, respectively. (D), Three different designs for metal-ion mediated assembly of CMPs along with their self-assembly organization as shown on the
right. i) linear design: metal-binding ligands at the N- and C-terminal of the (POG), backbone enables head-to-tail assembly of triple helices (side view), ii) radial
design: metal-binding ligands at present at the center of the backbones and enables a radial assembly of triple helices (top view), and iii) crosslinking design: metal-
binding ligands are present at the N- and C-terminal and the center of the backbone, forming a crosslinked network (side view). The metal-binding ligands are
depicted as black solid spheres, bracket, and half-moons. M stands for metal. Created with Biorender.com.
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combined cysteine knots and charged amino acids to drive supramo-
lecular assembly into fibrils, ranging from nano- to microscale in length
(Fig. 7B iii) [224].

While all the above-listed techniques have successfully created
collagen-like fibrils morphology, none of them could recapitulate the
light-and-dark banding pattern of native collagen fibrils. Utilizing
electrostatic interactions while designing CMPs has successfully driven
fibril formation that displayed characteristic D-banding pattern
observed in native collagen. Rele et al. designed a self-assembling pep-
tide that included a hydrophobic core domain of (POG), repeating units
flanked by distinct peptide repeats containing either a positively (Arg) or
a negatively (Glu) charged residue (Fig. 7C i) [225]. The presence of
charged residues at the terminal facilitated a linear assembly of stag-
gered triple helices, followed by their self-assembly into stable micro-
fibrils with a D-periodicity of approximately 18 nm [225]. While this D-
periodicity is significantly lower than native collagen (67 nm), it is an
important milestone in creating collagen-mimetic microfibrils with
precisely defined periodicity. O’Leary et al. further improvised the
peptide sequence by replacing the Arg residue with Lys and the Glu
residue with Asp to achieve Lys-Asp salt-bridge hydrogen bond forma-
tion (Fig. 7C ii) [226]. The peptides self-assembled into nanofibers,
where the triple helix packing was similar to native collagen, and these
nanofibers further assembled to form hydrogels [226].

Metal-ion mediated self-assembly of CMPs is another common
technique that can direct the assembly of the triple helices into higher-
order structures. The Chmielewski group utilized this technology to
drive the hierarchical self-assembly in synthetic collagen peptides based
on metal-ligand interactions [158,221,227,228]. Moreover, various
structures can be produced by selecting a specific metal ion and
including the associated metal-coordinating ligands at a distinct loca-
tion. There are three different design principles based on metal-
promoted self-assembly: (1) linear design- where the metal-binding li-
gands are positioned at the N- and C-terminal of the (POG), backbone,
enabling head-to-tail assembly of triple helices (Fig. 7D i); (2) radial
design- where metal-binding ligands occupy the center positions of the
(POG), backbone that will allow the radial growth of triple helices
(Fig. 7D ii); and (3) crosslink design- is a combination of linear and
radial design, where metal-binding ligands are placed both N- and C-
termini and the center of the (POG), backbone, giving rise to crosslinked
network formation (Fig. 7D iii) [227,229-234].

Lastly, incorporating hydrophobic interactions at the termini of the
backbone has also been shown to drive the self-assembly of CMPs into
fibers and discs. Cejas et al. designed a synthetic (POG);(¢ peptide con-
taining a pentafluorophenylalanine residue at the C-terminal and a Phe
residue at the N-terminal, which self-assembled into fibrillar-like
structures, similar to collagen fibrils, due to inter-chain aromatic-
stacking and ordered hydrophobic interactions [235]. Moreover, the
fibril-forming peptide induced platelet aggregation with similar potency
as collagen type-I, highlighting the biological activity of self-assembled
fibrils. Similarly, McGuinness et al. strategically placed hydrophobic
residues (such as Leu or Ile) along the peptide backbone to drive their
self-assembly into nanofibers and nanodiscs of varied morphology
[236].

Synthetic CMPs have come a long way since their inception. The
initial focus was on their usage as collagen surrogates to study the
structure and function of collagen with the primary goal of attaining a
thermally stable triple helix structure. In recent years, these peptides
have demonstrated outstanding potential in mimicking collagen’s ar-
chitecture, including the ability to form fibrils with a D-banding pattern.
However, there are still significant challenges that are currently limiting
their applications in the biomedical industry. The synthetic fibrils are
significantly smaller in length when compared with those of natural
collagen with similar diameters between the two, creating the need for
designs to improve the self-assembly in the axial direction further is
highly desirable. Early work demonstrating cell encapsulation and
platelet aggregation is promising and highlights their ability to mimic
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collagen’s biological functions. Still, there is a greater necessity to
include essential ligand binding sites and growth factors in these higher-
order structures to facilitate cell-cell and cell-ECM interactions for their
use as scaffolds for cell and tissue growth.

Higher-order assembly of CLPs

Limitations associated with CMP-derived fibril size and the expense
of scaling up peptide production are potentially addressable using
designer collagens based on CLPs that can have significantly longer se-
quences and be expressed recombinantly with high yields and purities. A
major goal in CLP design is targeting the D-banding pattern of collagen
type-I. Col108 was a synthetic collagen designed by combining frag-
ments from the al chain of human collagen type-I. Col108 formed D-
periodic bands with a spacing of 35 nm, corresponding to hydrophobic
residues on the surface of the helix every 123 residues [237]. This is
consistent with the structure of the triple helix, which has a rise of 2.89 A
per residue [32]. Another class of CLPs based on fragments of the bac-
terial collagen Scl2 also produced banded structures [238]. In these
designs, two proline-rich adhesive sequences flanked a ‘functional-
driver’ domain whose sequence could be altered to control morphology
and function. The banding pattern could be precisely controlled by
sequence design, producing banded fibrils that are 500-800 nm in
length. Robust expression and assembly of these proteins allowed
structural characterization by cryo-EM tomography, indicating a
unique, log-cabin style packing instead of the staggered packing of
Col108 and natural collagen. Despite these differences, the inclusion of
cell-activating integrin-binding sequences in the functional domains
resulted in tissue-culture substrates that encouraged adhesion, growth,
and early stages of differentiation of bone progenitor cells. CLPs such as
these are a powerful testbed for developing biomaterials with targeted
mechanical properties and cellular activities and a useful model system
for answering basic questions regarding collagen biology and disease.

Conclusion and future directions

As a research tool, designer collagens have provided a tremendous
amount of knowledge to understand the basic characteristics of collagen
folding into a stable, triple helix structure and biological interactions
with crucial cell-surface receptors and ECM components. By establishing
a sequence-structure-function relationship for the triple helix, re-
searchers have determined why some Gly substitutions are more dele-
terious than others in inherited collagen disorders. The detailed
information about the triple helix structure gained through synthetic
and recombinant bacterial collagen highlights their potential for a wide
range of applications, including probing cell-ECM interactions. Recom-
binant bacterial collagen can potentially be engineered with defined
mechanical properties while presenting matrix cues (such as cell-
adhesive ligands) to gain a deeper understanding of how ECM param-
eters influence cell behavior and function. Future studies should focus
on engineering designer collagens that form higher-order structures
such as fibrils and fibers to further explore the role of cellular mecha-
notransduction pathways.

Introducing cells to these designed, higher-order structures can
enable investigation of mechanobiology in mimics of normal and
pathologic tissues to inform and refine clinical treatments. For example,
with the emerging understanding of crosstalk between collagen and the
tumor microenvironment contributing to initiation and progression in
different types of cancer, there is a need to develop model systems to
mimic the complex and diverse cell-tissue microenvironment in-
teractions. Designer collagens provide yet another opportunity to create
engineered three-dimensional (3D) tumor models to study the basics of
cancer biology in a native-like microenvironment as well as for testing
the efficacy of new and available therapeutic agents to improve clinical
outcomes.

The field of recombinant bacterial collagen has also inspired the
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development of collagen-based biomaterials and synthetic ECM for
biomedical applications to avoid animal-derived collagens and growing
concerns associated with their use. Animal-derived collagen poses a
potential risk of transmitting diseases and other pathogens and can
cause immunogenic reactions, thus posing a great safety issue [163,239-
242]. Additionally, it is impossible to modify the extracted collagen to
improve its functional properties. Other concerns include batch-to-batch
variation as well as different species, high extraction costs, difficulty in
extracting minor collagen types, as well as religious and ethical issues
[243-247]. In combination with the possibilities offered by synthetic
biology and protein engineering and advances in 3D printing and bio-
manufacturing, these tissue-engineered biomaterials will pave the way
to create complex systems with multiple hierarchies and different types
of collagen and other ECM components to develop designer biomaterials
for regenerative medicine. Such systems will provide a native tissue-like
microenvironment, allowing precise control over cell behavior and
signaling, with the goal of engineering tissue structure and function.
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