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ARTICLE INFO ABSTRACT

Keywords: Collagen is a key component of the extracellular matrix (ECM). In the remodeling of ECM, a remarkable variation
Extracellular matrix in collagen post-translational modifications (PTMs) occurs. This makes collagen a potential target for under-
Collagen

standing extracellular matrix remodeling during pathological conditions. Over the years, scientists have gathered
a huge amount of data about collagen PTM during extracellular matrix remodeling. To make such information
easily accessible in a consolidated space, we have developed ColPTMScape (https://colptmscape.iitmandi.ac.in
/), a dedicated knowledge base for collagen PTMs. The identified site-specific PTMs, quantitated PTM sites, and
PTM maps of collagen chains are deliverables to the scientific community, especially to matrix biologists.
Through this knowledge base, users can easily gain information related to the difference in the collagen PTMs

Collagen PTMs
PTM identification
PTM quantitation
Knowledge base

across different tissues in different organisms.

Introduction

The extracellular matrix (ECM) forms a meshwork composed of
different macromolecules such as elastin, collagen, proteoglycans, and
others to support the tissues as well as help in cell proliferation, differ-
entiation, and apoptosis [1]. The ECM remodels according to the cell
behavior, which is also observed in pathological conditions such as
fibrosis [2]. In fibrosis, excessive collagen deposits in the ECM (a hall-
mark) [3]. Collagen is a fibrous structural protein, which is most
abundant in the ECM [4]. Owing to the structural integrity of collagen, it
provides mechanical strength to the tissues. Collagen has a right-handed
triple helical structure, comprising three left-handed polyproline type II
(PPID)-like polypeptide strands. A common repetitive tripeptide motif,
Gly-Xaa-Yaa, is required for the formation of a collagen triple helix.
Prevalently, proline and hydroxyproline occupy the Xaa and Yaa posi-
tions, respectively [5]. There are two broader families of collagen based
on the organization, which are, fibrillar and non-fibrillar in nature.
Collagen I and collagen IV are the abundant types in fibrillar and
basement-membrane forming collagen families, respectively. The pres-
ence and variations of types of collagens are tissue-specific. Collagen has
a plethora of post-translational modifications (PTMs) such as
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hydroxylation, glycosylation, phosphorylation etc. [6,7]. The levels of
PTMs vary in types of collagen, for instance, collagen type IV has a
higher number (10-15 residues per 1000 amino acids) of 3-hydroxypro-
line (3-Hyp), whereas only 1-2 residues in a collagen chain of collagen
type I [8-11]. Two of the PTMs that are well-studied are hydroxylation
of proline and lysine and glycosylation of hydroxylysine (Fig. 1). PTMs
of collagen are critical for the maintenance of tissue homeostasis. Per-
turbed PTMs of collagen culminate in different disorders, such as 3-Hyp
deficiency in collagen I and IV causes osteogenesis imperfecta [12,13],
platelet aggregation [14], and poor eye tissue development [15],
respectively. Similarly, the deficiency of 4-Hyp, a PTM that provides
thermal stability to collagen, can cause the development of musculo-
skeletal diseases, myopia, etc. [16]. Lysine can be hydroxylated and
further o-glycosylated to form hydroxylysine and galactosyl-
hydroxylysine (Gal-Hyl) or glucosyl-galactosyl-hydroxylysine (GluGal-
Hyl), respectively [17-19]. The lysine or hydroxylysine residues in the
telopeptide region become allysine (Lysald) or hydroxyallysine (Hylald),
respectively, to go into a condensation reaction to form crosslinks be-
tween collagen molecules, which are essential to forming a collagen
fibril [17,20,21]. These modifications stabilize the collagen fibril
through the crosslink formation [17,21]. The alteration in the levels of
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hydroxylysine (Hyl) and o-glycosylations of Hyl is implicated in cerebral
small vessel disease [22], musculoskeletal defects [23], connective tis-
sue disorder [24], Bruck syndrome [25,26], fibrosis [27,28], connective
tissue disorder [29-31], high myopia [15], Ehlers Danlos syndrome type
VI A [32], cancer [33-35], etc. The levels of collagen as well as its PTMs
alter during the ECM remodeling [6,36]. Therefore, the knowledge of
the alteration in collagen and its PTMs is significant to understanding
the undergoing changes in the diseased conditions. However, the char-
acterization of collagen PTMs has remained a challenge for the scientific
community.

After the discovery of collagen structure, gaining information about
amino acid sequence of collagen has become of paramount importance.
Initially, the amino acid analysis was performed by hydrolysing the
collagen chains [37-39], which provided qualitative information.
However, site-specific quantitation of PTMs remained elusive. With the
development of high-resolution mass spectrometry (MS)-based prote-
omics it has become feasible now to identify and quantitate site-specific
collagen PTMs [6,22,40-45]. Different research groups including our
lab have been using MS-based proteomics approach to characterize the
matrisome proteins and site-specific collagen PTMs [40,45-48]. The
knowledge base for the matrix biology community has been created
(MatrisomeDB and MatrixDB) [49-53]. However, the resolution of
different types of hydroxylations and glycosylations on collagen at a site-
specific level were not properly addressed. Such information could be
immensely useful for matrix biologists, clinicians, and basic scientists to
understand the molecular changes in collagen during disease develop-
ment. This has inspired us to develop a dedicated knowledge base solely
for collagen PTMs, named ColPTMScape (https://colptmscape.iitmandi.
ac.in/). ColPTMScape is uniquely different from the other large extra-
cellular matrix-related databases. It is dedicated to only collagen PTMs
and highlights the data in a map that is already available from different
research studies. Hence, it is less complicated, loads faster, and is easy to
use. ColPTMScape has incorporated the occupancy level of site-specific
PTMs of collagen. Downloading the site-specific PTMs and copying the
sequence of a collagen chain is available. However, it has some
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limitations. Currently, the database does not show sequence coverage,
does not allow a user to download the highlighted PTM map of a
collagen chain, and does not have data on abnormal or disease condi-
tions. This paves the way for future incorporation of additional features.

With ColPTMScape, we will bring the site-specifically identified and
quantified collagen (mainly I and IV) PTMs to one consolidated space.
Characterization of specific hydroxylation and glycosylation was per-
formed using the in-house developed in-silico approach. Data for 6
different organisms from several published studies
[26,30,31,35,40,41,45-48,54-56] has been used to develop the first
version of this knowledge base. We have highlighted the following PTMs
based on the availability of data: hydroxyproline (Hyp), 3-Hyp, 4-hy-
droxyproline (4-Hyp), Lysald/Hylald, Hyl, galactosyl-hydroxylysine (Gal-
Hyl), and glucosylgalactosyl-hydroxylysine (GluGal-Hyl) in the knowl-
edge base. With new discoveries in collagen PTM field, ColPTMScape
will be updated on a regular basis. This knowledge base would lay the
consolidated foundation on collagen PTMs in a tissue and species-
specific manner and would contribute to the larger matrix biology
community.

Results and discussion
ColPTMScape search request

ColPTMScape consists of a user-friendly interface to search for the
collagen chains in the desired tissue of an organism. We provided the
drop-down option to the user to select an organism as well as a tissue in
that organism (Fig. 2A). Then, the user needs to select the “List Collagen
Chains” button (Fig. 2B). The button directs the user to the page where
collagen chains in the selected tissue of the organism are listed.

Listing collagen chains

After selecting the organism and the tissue, the user will see the page
with all collagen chains that were analyzed for site-specific PTM

A. Proline Modifications

OH

OH
GluGal-Hyl

Fig. 1. Modifications on proline and lysine. A. Two types of prolyl hydroxylations, 4-hydroxyproline (4-Hyp) and 3-hydroxyproline (3-Hyp). B. Lysine can be hy-
droxylated to form hydroxylysine (Hyl) and o-glycosylated to form galactosyl-hydroxylysine (Gal-Hyl) and glucosylgalactosyl-hydroxylysine (GluGal-Hyl).
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A. Select a species and tissue to list all collagen chains associated with the combination.

Species Tissue

| List Collagen Chains

B. Select a species and tissue to list all collagen chains associated with the combination.

Human Lung List Collagen Chains
C . Following is the list of collagen chains associated with Lung of Human
aactosyT- icosylgatactosyl-
Collagen | Hydroxyproline 3-Hydroxyproline i i Relevant
#  Chain (Hyp) (3-Hyp) 4-Hydroxyproline (4-Hyp) (Hyl) (Gal-Hyl) (GluGal-Hyl) Lys?4/Hyl*¢} publications View

P87, P93, P13, P190, P193, P196, P198, P205, P208, P211, P223, P26, P241, P247,
P256, P262, P282, P285, P289, P292, P298, P303, P307, P313, P316, P334, P336, P339,

P343, P346, P373, P376, P378, P384, P383, P304, P403, P40, P412, P417, P427, P429,
PA439, P41, P460, P462, PATS, PAT7, P481, P484, P496, PS04, PS07, P514, P516, PS19,
P523, P529, P535, P44, P547, P5S6, P558, PS65, PS68, PST1, P583, PS8S, P92, P601,
P604, P622, P624, P636, P640, P646, P48, P652, PESS, P664, P70, P672, P691, PE93,
P715, P718, P724, P739, P741, PT72, P74, P778, P786, P789, P799, P80S, P30S, P810,

P817, P23, P41, P843, P846, PSO, PA52, PSS9, PST1, PET7, P86, P89S, P89S, PA0D, K265, K277, K286,
P15, P919, P25, P928, PO30, PO37, PI42, P46, PI49, PI64, POT3, P76, PIS2, POS7, K352, K397, K442,
P999, P1003, P1009, P1018, P1041, P1045, P1048, P1051, P1054, P1086, P1120,
P94, P97, P1119,  P1123, P1126, P1131, P1144, P1150, P1159, P1165, P1180, P1183, P1186, P1189,

P426, P555, PS67,
P690, P771, PB8S5

1 COLIAT P1122,P1164, 1179 P1192, P1205, P1302, P1450, P1460

K505, K538, K586,
K742, K781, K826, K277, K448,
K862, K934 K520, K586

K265, K277, K448,
K520, K586, K862

K170, K1208

Fig. 2. Interaction with initial pages of the knowledge base. A. Drop-down options are highlighted with the red box. B. For getting collagen chains for a particular
tissue, the list collagen chains button directs to the respective page. C. All the PTMs are highlighted with the red box. A user can view these PTMs on the PTM map
using the view button. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

identification and quantitation. For each collagen chain, the user finds
positions of Hyp, 3-Hyp, 4-Hyp, Hyl, Gal-Hyl, GluGal-Hyl, and Lys"’ld/
Hyl*!d mentioned on the page. Moreover, by selecting the “View” button,
the user is directed to the page where the collagen map of a particular
chain is available (Fig. 2C). The collagen PTM map contains information
on the key PTMs. Furthermore, there is a “Download Information”
button on the page where the list of all collagen chains and site-specific
posttranslational modifications (PTMs) is present for any combination of
organism and tissue in the form of an excel sheet. (Fig. 2C).

Collagen PTM map

As a result of searching through ColPTMScape, users find a site-
specific collagen PTM map. This page contains crucial information. On
the top middle of the page (highlighted in the red box in Fig. 3A), the
information bar provides initially the length of the sequence of the
collagen chain. Post-selecting the modifications to be displayed on the
map, the box on the top of the page shows the number of modified amino
acid residues. Moreover, on the top-left corner of the page, the toggle
buttons allow the user to select an option, for instance, the 3-Hyp
modification. The 3-Hyp modified residues are highlighted (Fig. 3B).
Similarly, the user can select other modifications.

One toggle button is provided for highlighting the signal peptide in a
sequence of a particular collagen chain (Fig. 3A). ColPTMScape numbers
amino acids in the sequence from the N-terminal of the signal peptides
for any collagen chain. The amino acids in sequences are numbered in
multiples of 10 as it allows a user to easily locate the modifications.
Moreover, the N- and C-terminal propeptides are highlighted through
solid black underline, whereas the N- and C-telopeptides through the
solid red underline. To avoid overcrowding in a single page and for a
better visualization, ColPTMScape does not highlight the helical
domain. The domain that is not highlighted using a button or a type of
underline is a helical domain in the map. On the top right side, there is a
button named “Copy Sequence”, which allows a user to copy the
sequence without any spaces between amino acids. Also, there is an
option to go to a Uniprot ID from where the sequence is used for
generating the map.

On hovering over the highlighted modified amino acid residues, a
small data box pops up. In the box, the position of the modified residue

and the occupancy levels of each modification are displayed (Fig. 3B).
The information displayed in the box follows the same pattern for every
toggle button except one that is the “Lysald/Hylald” button. When a user
clicks on this button, lysine in the telopeptides will get highlighted. On
hovering over such lysine residues, the occupancy of it being lysine (Lys)
or Hyl will be displayed. The information can be used to understand the
variations in the position and occupancy level of PTMs in normal and
diseased conditions.

Compare conserved sites

At the home page of the ColPTMScape, a user finds a section named
“Compare Conserved Sites” at the top of the page (Fig. 4A). We have
developed a comparison tool that compares collagen chains of different
organisms. Currently, we have only listed the conserved 3-Hyp and
crosslinking lysine sites, both the telopeptidyl and helical lysine or
hydroxylysine sites, of collagen 1 ol and o2 chains. After selecting the
collagen chain and modification, a user needs to select one or more
organisms according to the requirement and then click on “Get Results”
(Fig. 4A). The conserved PTM sites will be presented in a table format
(Fig. 4C), which can be downloaded in a csv file format. A hyphen (-) in
comparison is used if there is no evidence of the conserved PTM site
detected in an organism. Moreover, this comparison tool does not show
any results for an organism for which there is no mass spectrometry
(MS)-based experimental evidence available.

Conclusions

In summary, we have developed a dedicated knowledge base,
ColPTMScape for collagen PTMs. It provides information on the site-
specific PTMs with the occupancy level of each modification. Along
with the tabular information, the knowledge base can make a collagen
PTM map, highlighting the selected PTMs as per the requirement.
Moreover, information regarding the position of site-specific modifica-
tion and occupancy level is available for users in a consolidated box.
Also, the user can download the site-specific PTMs of collagen chains
corresponding to a tissue of an organism. In the future, we would like to
include data from different organisms and tissues. Moreover, we would
also like to show the conservative nature of the site-specific PTMs, other
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Fig. 3. COL1A1 PTM map of the human lung. A. The length of the collagen chain is highlighted in the red box. On the top-left side of the page, all modifications and
signal peptides are given as toggle buttons. On the top right-side of the page, buttons connecting to Uniprot and to copy sequence are available. B. 3-Hyp is selected to
be highlighted on the collagen PTM map. The number of 3-Hyp on the information bar are highlighted with the red box. 3-Hyp modifications are highlighted with
blue color. The position and occupancy of a particular 3-Hyp can be seen by moving the cursor to the modification. Underline in black represents propeptides, and
underline in red represents telopeptides. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

than 3-Hyp, across different organisms and the variations of occupancy
levels of PTMs in different diseased conditions.

Methodology

The project aimed to develop a web-based PTM (Post-Translational
Modification) site visualizer for the matrix-biology community. An in-
house in silico approach was developed to identify and quantify the
site-specific collagen PTM using MS data [45]. Different datasets have
been utilized as a source of MS data for different organisms. PXD011627
and PXD010092 for zebrafish myocardium ECM [57], PXD028908 for
human’s heart ECM [58], PXD002488 for mice’s heart ECM [59],
PXD005726 for pig’s BES and DES-induced neointima ECM [60],
PXD008802 for fibrillar collagen in mice’s skin were utilized [61]. Using
an in-house developed pipeline, our lab could identify and quantify
collagen PTM sites more than previously known for these tissues. The
information gathered through these studies was used as an input for
knowledge base curation. We used collagen sequence, number of PTMs,

and sites of PTMs to develop this first version of the knowledge base. The
primary objective was to create a knowledge base and web tool that
would display PTM sites of proteins from various species. PTM data for
various tissues and proteins were collected from available sources. The
backend of the web application was developed using Python-Flask, a
microweb framework, to handle data processing and communication
with the knowledge base Flask-Python was chosen for the backend due
to its flexibility and simplicity. It allowed for efficient data handling,
routing, and API development. The front end was designed using Boot-
strap 5.0, providing a responsive and user-friendly interface for data
visualization. Bootstrap, a popular frontend framework, was employed
for designing the web interface. Its responsive design ensured compat-
ibility with various devices and screen sizes. A comprehensive knowl-
edge base was designed to store PTM data, ensuring that it could
accommodate a wide range of proteins, tissues, and PTM types. One of
the key features of the tool is its scalability. It can efficiently handle a
growing number of entries and PTMs as the knowledge base expands
over time. The web tool’s user interface was developed to provide a user-
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Fig. 4. A web page to compare conserved sites. A. Compare conserved sites link is present at the top of the home page. B. COL1A1 and 3-Hyp sites are selected for
organisms Human and Mouse. C. 3-Hyp sites of COL1A1 chain that are conserved in organisms Human and Mouse are presented in a table. P1-P14 are abbreviations

for position 1 to position 14.

friendly experience, allowing researchers to easily access and visualize
PTM sites in proteins from different species. The knowledge base is
optimized for the Google Chrome and Mozilla Firefox browser.
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