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Cysteine cathepsins constitute the largest cathepsin family, with 11 proteases in human that are present primarily
within acidic endosomal and lysosomal compartments. They are involved in the turnover of intracellular and
extracellular proteins. They are synthesized as inactive procathepsins that are converted to mature active forms.
Cathepsins play important roles in physiological and pathological processes and, therefore, receive increasing
attention as potential therapeutic targets. Their maturation and activity can be regulated by glycosaminoglycans
(GAGsS), long linear negatively charged polysaccharides composed of recurring dimeric units. In this review, we

summarize recent computational progress in the field of (pro)cathepsin-GAG complexes analyses.

1. Introduction
1.1. Glycosaminoglycans structure and biological role

GAGs represent a class of long linear negatively charged poly-
saccharides. GAG chains are composed of repeating disaccharide units,
in which (with the exception of keratan sulfate) an amino sugar and an
uronic acid are present [1]. Each GAG possesses a distinct sulfation
pattern, delineating the exact locations of sulfate groups along the car-
bohydrate chain [2]. Taking into account high number of feasible sul-
fation patterns within a GAG repeating disaccharide unit, these
molecules are chemically extremely heterogenous. There are six main
classes of GAGs: heparin (HP), heparan sulfate (HS), chondroitin sulfate
(CS), dermatan sulfate (DS), hyaluronic acid (HA), and keratan sulfate
(KS) (Fig. 1).

GAGs are mainly present in the extracellular matrix (ECM) and in the
acidic lysosomes [4]. With the exception of HA, GAGs are covalently
bound to core proteins, forming proteoglycans [5]. GAGs fulfill various
biological functions in living organisms, related to their structural
properties. HA is composed of N-acetyl-p-glucosamine (GlcNAc) and
p-glucuronic acid (GlcA) units with —1 electrostatic charge per disac-
charide unit, making it one of the least charged GAGs. HA can form
unbranched chains with a wide spectrum of polysaccharide chain

* Corresponding author.
E-mail address: krzysztof.bojarski@pg.edu.pl (K.K. Bojarski).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.carres.2024.109201

length, starting from 100 to even 30 000 disaccharide units per one
chain [5], depending on the tissue origin [6]. HA plays a role in tissue
differentiation [7], as evidenced by its association with cell migration
and proliferation. Furthermore, HA has been found to induce gene
expression related to wound healing in macrophages, endothelial cells,
eosinophils, and specific epithelial cells [8-10]. The presence of HA
degradation products triggers an inflammatory response, serving as an
injury signal [11]. Disaccharide unit of CS consisting of N-acetyl-p-ga-
lactosamine (GalNAc) and GlcA. Sulfation of hydroxyl groups can occur
either at the 4th carbon atom position of GalNAc (chondroitin 4-sulfate;
C4-S, CS-A) or at the 6th carbon atom position of the same aminosugar
(chondroitin 6-sulfate; C6-S, CS-C), leading to a net charge of —2 per
disaccharide unit. In some instances, sulfation can occur at both the 4th
and 6th carbon atom positions of GalNAc, producing “highly sulfated”
chondroitin (chondroitin 4,6-sulfate, C4,6-S, CS-E) with a net charge of
—3 per disaccharide unit. These variants of CS are identified animals
other than mammals. CS carbohydrate chains are much shorter
compared to HA as they are usually composed of 40-100 recurring
disaccharide units [12]. CS primarily participates in bone resorption
[13]. DS shares a disaccharide structure similar to CS but with iduronic
acid (IdoA) instead of GlcA. DS chains usually consists of 40-100
recurring disaccahride units [12]. In terms of biological role DS exhibits
antithrombotic activity [14]. KS lacks uronic acid in its structure and its
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disaccharide unit mainly composed of GlcNAc and p-galactose (Gal), their distribution in the linear chains [17-20]. It is proposed that there
each sulfated at the 6th position. KS carbohydrate chains are made up of are 20 variants of HS disaccharide unit, making it one of the most
5-34 disaccharide units, making it one of the shortest GAGs [15]. KS can heterogenous GAGs [21]. Their polysaccharide chains consist of 10-50
be found in the cornea, contributing to proper tissue hydration necessary and 25-200 disaccharide units, for HP [22] and HS [23], respectively.
for corneal transparency [16]. Both HP and HS share a disaccharide unit Both GAGs play essential roles in angiogenesis, anticoagulation, cell
consisting of p-glucosamine (GIcN) and IdoA for HP, and GlcA/IdoA for growth and development, and defense against viral invasion [24].

HS with a varying sulfation pattern (GlcNSAc, GlcNSAc(6S), GIcNS(6S), Additionally, they are vital for protease storage and contribute to
GIcNS(3S6S), IdoA(2S), GlcA(2S)). The difference which allows to wingless signaling when they are bound to a protein core [25]. Besides
distinguish between HP and HS is the percentage of these residues and altered sulfation, abnormal GAG expression affects cell biological
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Fig. 1. Dimeric units of different GAG classes employed in molecular modelling studies described in this review along with their symbol nomenclature for glycans
(SNFG) representation [3].
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behavior by dysregulating enzymatic activity of their protein targets and
finally drives to the development of various severe diseases, such as
cancers [14], autoimmune diseases [26], Alzheimer’s disease [27],
Parkinson’s disease [28], arthritis [29], and mucopolysaccharidosis
[30]. Considering their involvement in development of aforementioned
diseases and their biological significance GAGs emerge as pivotal
promising targets for regenerative medicine [31,32]. Specifically, GAGs
present opportunities for potential modifications aimed at enhancing
their essential biological properties. These modifications could entail the
addition of extra sulfate groups [33-35] or the substitution of sulfates
with alternative negatively charged groups, such as phosphate groups
[36]. The objective of these modifications is to modulate the strength
and selectivity of protein-GAG interactions, thereby augmenting the
inhibition or activation of protein activity.

1.2. Challenges in analysing glycosaminoglycan containing systems

The molecular description of protein-GAG interactions often neces-
sitates the application of both experimental and computational methods
for their accurate characterization. While these complementary ap-
proaches offer diverse perspectives on protein-GAG interactions, each
one faces distinct limitations. Up to date there are two main experi-
mental methods that have been so far successfully applied to determine
structure of protein-GAG systems: X-ray crystallography and nuclear
magnetic resonance (NMR). Their challenges for protein-GAG com-
plexes are the following.

Application of X-ray crystallography requires primarily the acquisi-
tion of a crystal of the studied complex. Due to the specific conditions of
crystallization, this process is not always straightforward, while the
obtained structure may not properly reflect protein-GAG complex in
solvent.

NMR analysis of protein-GAG interactions necessitates sufficient
purified concentrated samples for experimentation. Furthermore, pro-
teins, which size exceed a molecular weight of 35 kDa are challenging to
analyse with this method due to the complexity of the spectrum
assignment.

Considering that analysis of protein-GAG complexes at the atomic
level with aforementioned methods is both time consuming and a costly
processes, computational approaches are usually employed. The in silico
analysis of protein-GAG systems also features essential challenges due to
the GAG intrinsic properties that often require application of advanced
techniques.

GAGs are highly flexible molecules [37]. With the increase of length
of the polysaccharide chain, the number of degrees of freedom that
should be accounted for increases linearly. This originates from the
pyranose rings which may adapt various conformations [38] corre-
sponding to different binding affinities when these molecules are bound
[39], which also increases the number of degrees of freedom that should
be considered in modeling. Conformational flexibility is not only limited
to pyrasone rings as glycosidic linkages of GAGs may also adapt different
conformations, which correspond to different binding affinities [40].
Furthermore, it was observed that the degree of HP chain bending
increased with the length of the polysaccharide chain, while maintain-
ing approximately linear structure [41]. This is pivotal in molecular
docking since many conventional molecular docking approaches are
limited to handle ligands with a large number of degrees of freedom.
Additionally, the negatively charged chains of GAG interact with the
long flexible positively charged side chains of Arg and Lys residues [42,
43], which adds more conformational space of the complex, and
therefore increases the computational cost and time of the analysis [44].

Considering the density of negative charges of GAGs, electrostatics is
one of the major driving force of interactions with protein, conferring an
additional challenge in GAG-protein identification [45]. Moreover, the
driving force for assembly is also dominated by long-range, ion specific
interactions [46] as well by solvent molecules [47]. The role of ions on
GAG molecular recognition was discussed in several experimental
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studies [48-54]. Furthermore, application of ab initio and molecular
dynamics approach revealed that ions might have direct effect on ring
puckering [55] as well as GAG global conformational properties [56].

GAGs from the same class may bind to their protein targets with
comparable binding free energies. As a result, despite the simplicity of
their carbohydrate backbones, GAGs structures can be exceedingly
complex mainly due to their sulfation pattern (position and density),
which is a critical determinant of protein-GAG interactions, a key aspect
dictating structural attributes, molecular recognition, and biological
activity [57].

GAGs can likely interact with protein at the same site but with
different poses, yielding similar binding free energies. This phenomenon
is known as multipose binding [58,59]. Such low specificity
GAG-binding was observed for GAG complexes with Interleukin-8 [60],
Hepatocyte Growth Factor [61] and SARS-CoV-2 protein [62].
Furthermore, a GAG might bind in the same pose but with antiparallel
orientations, resulting in indistinguishable binding free energies [63].

In recent years, several computational tools for discovering protein
interactions have been developed. However, despite these advance-
ments, there remains a lack of consistent and reliable frameworks for
studying GAG interactions [64]. Among the known challenges in this
area are predicting binding poses, determining the appropriate system
size when solvating in explicit solvent, and keeping force field param-
eters up-to-date [65,66].

The availability of experimental structures of protein-GAG com-
plexes is limited. According to GAG-DB, to date, there are only 109 such
structures available [67]. Consequently, the application of machine
learning algorithms remains a significant challenge. This stems from the
fact that with an insufficient number of available experimental struc-
tures, machine learning algorithms lack access to a diverse range of
structural information essential for accurate analysis and effective pre-
dictions. Moreover, the scarcity of thermodynamic data further com-
plicates the development of effective machine learning methods in this
field. Finally, setting up proper scoring functions remains a substantial
challenge [68].

1.3. Molecular modelling methods to characterise protein-
glycosaminoglycan interactions

Despite the challenges discussed above, a combination of following
computational approaches is usually employed to characterise protein-
GAG interactions constituting a general pipeline with the following
steps (Fig. 2).

Calculation of electrostatic potential isosurfaces provides data on
potential GAG binding regions on the protein surface by employing, for
example, Poisson-Boltzmann Surface Area (PBSA) method from
AmberTools package [69]. In this approach, solvent is treated implicitly
by Poisson-Boltzmann equation [70] which allows to perform analysis in
short time. Protein is represented as a dielectric body with vacuum
permittivity whose shape is defined by atomic coordinates and radii. As
a result, electrostatic potential data of the protein surface is obtained,
which allows to identify regions that might be electrostatically attractive
or repulsive for GAGs. This method has been succesfully applied in
different studies, especially in work of Samsonov et al. in which for most
of the experimentally available protein-GAG complexes, authors
correctly predicted binding regions [71].

Molecular docking aids in prediction of GAG binding poses. In
standard molecular docking protocol few steps are performed in order to
obtain protein-GAG structures. First, ligand binding poses are generated.
This could be performed for the molecules with fixed conformation and
with no conformational flexibility allowed (rigid molecular docking). It
is also possible to allow for certain conformational changes (mostly for
the ligand) and then to perform flexible molecular docking by employ-
ing different algorithms such as fast shape matching, incremental con-
struction, simulated annealing, distance geometry-based algorithm or
evolutionary programming. Moreover, ligand binding poses could be
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Fig. 2. Schematic representation of the computational pipeline employed to study protein-GAG interactions.

predicted taking into consideration whole surface of the receptor or just
part of it, usually based on the results from PBSA calculations. In the
next step calculated structures are ranked. The obtained structures are
classified by scores reflecting interaction energies that could have very
diverse origin and the nature of physical principles considered. In the
prediction of protein-GAG complexes Autodock 3 [72] software is
oftently employed with parameters adjusted to protein-GAG systems
[71], as it was shown to perform well for a wider variety of protein-GAG
complexes [73]. Furthermore, in order to properly address
solvent-mediated and ion-mediated interactions, advanced molecular
docking methods such as steered molecular dynamics [74,75] or
repulsive scaling replica exchange molecular dynamics [76] are
employed.

Molecular dynamics (MD) allows to study dynamical evolution of a
protein-GAG complex over time by numerically solving Newton’s mo-
tion equations [77,78]. Forces between the particles and their potential
energies are calculated by using specific interatomic potentials defined
in specific force fields, such as bonded, non-bonded, electrostatic and
van der Waals interactions as well as dihedral angles. MD might be
performed in all-atom (in which each atom is considered in calculations)
or coarse-grained respresentation [79] (a reduced model in which group
of atoms are treated as one pseudoatom). MD simulations for
GAG-containing systems are oftenly performed with application of
ff14SB/GLYCAMO6j [69,80,81] and CHARMM36 m [66,82] force fields.

Binding free energy analysis is employed to estimate the binding
affinity in a protein-GAG complex and the impact of specific amino acid
residues on its stability. In order to do that, Molecular Mechanics
Poisson-Boltzmann Surface Area (MM-PBSA) method is employed [83,
84], which uses Generalised-Born approximation. By summing up
electrostatic component with hydrophobic contribution term it is
possible to calculate full solvation free energy. This calculated energy is
next computed with binding free energy in vacuo in order to produce
binding free energy in solvent. In this approach free energy components
of binding and per residue individual energy impacts such as bonded
(bond, angle, dihedral) and non-bonded (van der Waals, electrostatic,
polar solvation, surface area) energy components are post-processed
based on the obtained MD trajectories.

Considering the challenges inherent in employing computational
methodologies by applying GAG-specific approaches, it was neverthe-
less feasible to characterise in silico protein-GAG interactions in various
biological systems. Among the studied protein targets that have been
studied successfully are growth factors [40,63], cysteine cathepsins [85,
86], SARS-CoV-2 protein [87], N-deacetylase-N-sulfotransferase [88],
antithrombin [89], bone morphogenic protein 6 [90], chemokines [91]
and collagen [92].

1.4. Cysteine cathepsins: structure, synthesis, expression, and biological
roles

Human cysteine cathepsins (Cat) (CatB, C, F, H, K, L, O, S, V, X, and
W) belong to the family C1 of clan CA cysteine proteases, sharing the
typical papain-like fold, which is composed of two domains (L-left
domain, R-right domain), with the V-shaped active site cleft (catalytic
residues: Cys25, His159 and Asnl75 papain numbering [93]) at the
interface (Fig. 3). Cysteine cathepsins are monomeric proteins (20-35
kDa mass range) except for CatC, which forms tetramers (circa. 200
kDa).

Cathepsins are synthesized as inactive precursors (zymogens) termed
as procathepsins. Procathepsins undergo post-translational glycosyla-
tion and are directed to the lysosomal compartment mainly through
cellular mannose-6-phosphate receptors, and alternatively by other re-
ceptors depending on cell-type [94,95]. They can be found in acidic
endosomes/lysosomes compartments and are responsible for the intra-
cellular endocytosed protein turn-over. Furthermore, they are also
released outside the lysosomes (cytosol, mitochondria, nucleus, or
extracellular environment) where they exert many proteolytic events,
including zymogen activation, cellular protein digestion, and extracel-
lular matrix (ECM) and basement membrane (BM) remodeling
[96-100]. However, in various human diseases, their proteolytic activ-
ity can be dysregulated, ensuing frequently in their extracellular over-
expression, as observed in cancer, muscular dystrophy, hepatitis,
rheumatoid arthritis, cardiovascular and bone diseases, lung diseases,
immune system-related disorders, and neurodegenerative diseases [95].
Consequently, cysteine cathepsins including CatB, CatC, CatK, CatL, and
CatS have been proposed as potential therapeutic targets for several
inflammatory disorders. Cysteine cathepsins show highest enzymatic
activity at acidic pH (optimal pH 5) and are unstable at neutral pH [96].
However, CatS remains stable and active at neutral pH, contrary to the
other related cathepsins [101]. CatB and CatK are found partially active
at neutral pH in the presence of GAGs [102,103]. Cathepsin activity is
subject to regulation by various physicochemical conditions (e.g., pH,
temperature, ionic strength, and redox status), and endogenous protein
inhibitors like members of the cystatin family. Cathepsins activity can be
also inhibited by their respective propeptides [104-110]. In addition,
the proteolytic activity of mature CatB, CatK, CatS, CatV, and CatX is
modulated by sulfated GAGs [30,111]. Besides the scope of this review
focused on mammalian cysteine cathepsins, a number of studies have
also reported that GAGs can also modulate the activity and the stability
of other cysteine proteases from other organism such as plant [112] and
microorganism pathogens (i.e., Trypanosoma, Leishmania, Schistosoma
[113-116]). In the last two decades, GAGs have emerged as regulators of
human cysteine cathepsin enzymatic activities in disease (i.e., osteo-
porosis [117], rheumatoid arthritis [118], Alzheimer’s disease [119],
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Fig. 3. Structure of CatK (PDB ID: 4X6H, 1.0 A) in cartoon representation (A) with its active site cleft (B). Catalytic site residues are shown in green sticks.

carcinoma [120] and mucopolysaccharidosis [121]). At the same time,
structural information on cathepsin-GAG interactions is limited. Mature
human CatK-C4-S and DS hexamer complexes are the only X-ray crystal
structures available up to now (PDB IDs: 3C9E, 3H7D, 4N8W, 4N79),
and structure prediction of cathepsin-GAG interactions predominantly
stems from in silico approaches [85,86,122,123].

Therefore, a comprehensive understanding of the molecular mech-
anisms underlying GAG-cysteine cathepsin interactions to selectively
modulate protease activity is one promising avenue for clinical utility. In
this review, we summarize recent progress on molecular interactions
between GAG and cathepsin (pro- and mature forms) by computational
studies and highlight their significance as pillar of investigation,
alongside the conventional experimentation’s workbench. Specifically,
our focus is on elucidating the latest in silico studies dedicated to the
CatB, CatK, CatL, CatS, and CatV complexes with GAGs. These com-
plexes are not only biologically relevant but have also been extensively
explored through diverse experimental approaches in the past.

2. In silico methods in analysing (pro)cathepsin-
glycosaminoglycan interactions

2.1. Modulation of procathepsins B and S processing by GAGs

Cysteine cathepsins are synthesized as inactive pre-proenzymes.
After the removal of the N-terminal signal peptide in the endoplasmic
reticulum, the propeptide helps in the proper folding of cathepsins and
their delivery to the endosomes/lysosomes. Their inactivity arises from
the presence of the propeptide that sterically blocks the active site. In
lysosomes, the propeptide is cleaved and removed by other proteases
[94], or by autocatalytic processing [124,125]. In previous studies,
GAGs (i.e., CS, HP, DS) and dextran sulfate favors the autocatalytic
removal of the propeptide of cathepsins B, K, L, and S at both acidic (pH
< 5.0) and higher (neutral) pH. This suggests that negatively charged
GAGs interact with specific basic residues of CatB, K, L, and S propep-
tides, which have a theoretical isolectric point (pI) above 9.0, except for
CatK (pI ~6.3 [126]) and are therefore positively charged. Even though
no studies have been carried out on procathepsin V processing, it can be
hypothesized that GAGs likely contribute to its maturation in regards to
the pl of its prepropeptide (~9.5). This might be supported by the fact
that CatV shares similar percentage of basic residues (Lys, Arg, His)
present in propeptide with CatB, CatK, CatL and CatS (from 17.7 % to
22.4 %) (Fig. 4). Furthermore, some of these basic residues are highly
conserved throughout proenzymes of these cathepsins, suggesting their
role as putative GAG binding sites. Similarly, sequential signatures for
heparin-binding sites (i.e., Cardin/Weintraub motifs [127]) are present
in the prodomain of CatS, K, L, and V. No such motifs are found in the
procathepsin B sequence, which is markedly shorter (62 residues)
compared to the other forementioned cathepsins. Mutations in one of

these motifs (K99 and K104) in the proenzyme of CatL altered the pro-
cessing of procathepsin L [128]. This suggests that this propeptide
consensus sequence is important in terms of its effect on CatL-like
zymogen destabilization and activation in the extracellular
environment.

In silico methods were employed to investigate the structure, corre-
sponding potential enzymatic activities, and energetic characteristics of
the interactions of diverse type and length of GAGs with procathepsins B
[85] and S [86]. Molecular docking, MD simulations, and binding free
energy calculations were performed to scrutinize the molecular in-
teractions between procathepsins B, S, and GAGs (CS, DS, HP, HS,
defined as a desulfated HP throughout the computational studies dis-
cussed in this review, and HA) with different degrees of polymerization
(dp). Docking results for proCatB indicated that two residues of the
propeptide (K50 and R54) were important in the interaction with C4-S
(dp4 and dp6), C6-S (dp6), DS (dp6), HP (dp6), HS (dp4 and dp6). In
addition, another GAG binding region on proCatB surface (residues R85,
K86, K127, K130, K141 and K144) was present for C6-S (dp4), DS (dp4),
HP (dp4 and dp6), HS (dp4). Presence of such binding regions suggests
the possibility of allosteric regulation mechanism that may affect
conformation of the active site of the enzyme and the propeptide. In a
computational study Novinec proposed binding of C4-S to CatK may
affect conformation of an active site [130]. Similar allosteric regulation
of CatB by HS was observed by Costa et al. [131]. Furthermore, in their
experimental study, Caglic et al. suggested that GAG binding to mature
CatB may induce conformational change of propeptide [132]. It is likely
that long GAG chains (>dp10) bind to both binding regions, and thus,
regulate conformational flexibility of the propeptide and may alloste-
rically affect the active site. For proCatS, GAGs showed stronger pref-
erence in binding to the propeptide as all clustered docking structures
were bound at least partially to the propeptide. At the same time, it was
possible to identify also favorable docking solutions structures, in which
a GAG was not bound to the propeptide. Results of MD-based binding
free energy analysis showed that HS formed the most stable complex
with the propeptide of cathepsins B and S, favouring the HS tetramer
(dp4) and hexamer (dp6), respectively. Stable complexes were also re-
ported with HP, corroborating experimental results on the relevance of
GAGs in the maturation in vitro of procathepsins. Subsequent micro-
second MD simulations were conducted for cathepsins B and S (pro- and
mature forms) in the absence and presence of HS (dp4), to study the
effect of GAG on the proenzyme conformational flexibility and the ge-
ometry of the active site cleft. For proCatB, HS (dp4) binding drives to an
increased flexibility of the active site, favoring its more open confor-
mation and, therefore, autoproteolytic activity. In contrast, HS (dp4)
binding decreases flexibility of the propeptide and as a result, may sta-
bilize conformation in which the active site is accessible. In the absence
of HS (dp4), the propeptide was more flexible, which may impel
conformational change that uncovers CatB active site and makes it
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CatS (P25774) DCSTEKYGNKGCNGGFMTTAFQYIIDNKGIDSDASY-—————— PYKA-—————mmmmmm 94
CatK (P43235) DCVS---ENDGCGGGYMTNAFQYVQKNRGIDSEDAY ——————— PYVG-———————— e —— 91
CatV (060911) DCSRP-QGNQGCNGGFMARAFQYVKENGGLDSEESY-—————— PYVA-———m—mmmmmm 93
CatL (P07711) DCSGP-QGNEGCNGGLMDYAFQYVQDNGGLDSEESY——————— PYEA-—————mmmm 93
CatB (P07858) TCCGS-MCGDGCNGGYPAEAWNFWTRKGLV-SGGLYESHVGCRPYSIPPCEHHVNGSRPP 118
* LRk Kk *ess PO * * %
VA VAVAVAVAVAVAVA, === sVAVENI\ I, Y1, 11, ], 1A=t VAV
CatS (P25774) = ——————————- MDQKCQYDSKYRAATCSKYTELP-YGREDVLKEAVANKGPVSVGVDARH 142
CatK (P43235) = —————————n QEESCMYNPTGKAAKCRGYREIP-EGNEKALKRAVARVGPVSVAIDASL 139
CatVv (060911) = ———-————eua VDEICKYRPENSVANDTGFTVVA-PGKEKALMKAVATVGPISVAMDAGH 141
CatL (P07711]) = ——————————m TEESCKYNPKYSVANDTGFVD-I-PKQEKALMKAVATVGPISVAIDAGH 140
CatB (P07858) CTGEGDTPKCSKICEPGYSPTYKQDKHYGYNSYSVSNSEKDIMAEIYKNGPVEGAFS-VY 177
* . » . . * %k .
WA —— N\ S VA eV ——
CatS (P25774) PSFFLYRSGVYYEPSCT-QNVNHGVLVVGYGDLN----GKEYWLVKNSWGHNFGEEGYIR 197
CatK (P43235) TSFQFYSKGVYYDESCNSDNLNHAVLAVGYGIQK----GNKHWIIKNSWGENWGNKGYIL 195
CatVv (060911) SSFQFYKSGIYFEPDCSSKNLDHGVLVVGYGFEGANSNNSKYWLVKNSWGPEWGSNGYVK 201
CatL (P07711) ESFLFYKEGIYFEPDCSSEDMDHGVLVVGYGFESTESDNNKYWLVKNSWGEEWGMGGYVK 200
CatB (P07858) SDFLLYKSGVYQHVTGE-MMGGHAIRILGWGVEN----GTPYWLVANSWNTDWGDNGFFK 232
JK o3k Kok A L ee thop KRR, ok kg,
B, 1N VAV ———=r 2 VAV
CatS (P25774) MARNKGNHCGIASFPS--YPEI-———-—— 217 Legend
CatK (P43235) MARNKNNACGIANLAS--FPKM-—————— 215 X : Basic residues
CatVv (060911) IAKDKNNHCGIATAAS--YPNV-==———— 221 X : Active site residues
CatL (P07711) MAKDRRNHCGIASAAS--YPTV-—--—=- 220 X : Exosites for elastolytic activity
CatB (P07858) ILRG-QDHCGIESEVVAGIPRTDQYWEKI 260 X : Cardin/Weintraub motifs (GAGs binding domains)
C # X : Residues involved in GAGs interaction

determined by mutagenesis and/or in silico studies

Fig. 4. Multiple sequence alignment of cathepsins S, K, V, L, and B. A) Primary sequences of prodomain and B) mature form of cathepsins. Sequences are from
UniProtKB database and are aligned using Clustal Omega 1.2.4 program [129]. Corresponding secondary structure of CatL (proform and mature form) is placed
above the sequences. Conservation of each residue can be found below the sequences with symbols signifying a conserved site (*), a conservative substitution (), a
semi- (.) or a non-conserved site (). Cardin/Weintraub motifs [127] refer to similar XBBXBX and XBBBXXBX sequences with X and B, corresponding to hydropathic

(neutral and hydrophobic) and basic residues, respectively.

accessible for another proCatB molecule. Regarding proCatS, it was
suggested that the binding pose of HS has an additional alternative effect
on zymogen structural stability. HS could bind elsewhere on the mature
domain of CatS, thus promoting conformational changes of the pro-
peptide from a closed inactive form to an opened active form.

Altogether, these results supported the hypothesis that sulfated GAG
binds to proCatB and proCatS in a conformation corresponding to
available crystallographic structures of these unbound proenzymes (PDB
ID: 3PBH, 2C0Y) and affect conformational flexibility of the propeptide
and active site. What remained unexplored was whether GAG forms a
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stable complex with proCatB and proCatS molecule in 'opened active’
conformation (where the active site is accessible) as well. Therefore,
coarse-grained modeling was employed to model corresponding struc-
tures. Subsequent in silico analysis for HP and HS, representing the most
and the least charged GAGs respectively, suggested that these two GAGs
form stable complexes with both proenzymes in their 'opened active’
state.

Based on the computational results obtained for proCatS and pro-
CatB, two molecular mechanisms of their GAG-mediated maturation
were proposed as summarized in Fig. 5. Similar mechanism for proCatK
processing was also suggested, as described [133]. Lemaire and col-
legues observed that binding of C4-S to proCatK may increase the rate of
proenzyme’s maturation akin to how HS induced conformational
change of proCatS as observed in in silico study (Fig. 5A). Furthermore,
they proposed that under acidic pH, proCatK may undergo conforma-
tional changes, which render the enzyme into an open active confor-
mation (Fig. 5B). Of note, to facilitate the autocatalytic activation of
recombinant papain-like cysteine proteases (C1 family, clan CA), the
negatively charged GAG dextran sulfate is commonly used [134].

2.2. Specificity of the interactions between mature cathepsins and GAGs

Albeit mature form of human CatK, L, S, and V share high protein
identity (>56 %), the electrostatic potentials of their molecular surface
are markedly different (Fig. 6) [30]. The predicted isoelectric point (pI)
of CatK, V, and S are 8.9, 8.6, and 7.6, respectively, and are higher than
that of CatL (pl: 4.7). Multiple sequence alignement of cathepsins indi-
cated difference in the number and position of basic residues and acidic
residues (Fig. 4). Main differences primarily located in the active site (or
in its close vicinity) of cathepsins, specifically the substrate binding site,

'
'
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: e N ? :
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GAG-induced
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which is weakly positive for CatV, while that of CatL is negative. This
characteristic is likely determinant for their substrate preference and
GAG interactions.

Recently, a systematic prediction of the interactions between CatB,
CatK, CatL, CatS, and CatV and different types and lengths of GAG,
followed by MD-based refinement and binding free energy analysis was
performed [122]. Based on the results, authors suggested that stability of
cathepsin-GAG complex increased with the GAG chain length, except for
CatL, which electrostatic potential is predominanlty characterized by
negatively charged surface [30], indicating that electrostatic in-
teractions are likely the driving force of cathepsin-GAG interactions. For
all analyzed cathepsin-GAG complexes three main binding regions were
conserved (Figs. 7 and 8). One binding site is located on the back of the
enzyme (R-domain) away from the active site, and partially overlaps
with the C4-S binding site reported in CatK-C4-S crystallographic
structure (PDB ID: 3C9E). Alternatively, GAGs bind to the L-domain of
CatK, particularly to basic residues K77, R111 R127, and K214. Another
binding site is located directly the active site of all cathepsins, which
may dampen substrate cleavage sterically.

Identification of novel in silico binding sites might be essential for
characterisation of GAG-mediated allosteric regulation of cathepsins’
activity. The work by Costa et al. delves into the allosteric regulation of
CatB by HP (dp2) [131]. The authors identified two regions where GAG
binding occurs: one was located near the N-terminus and it partially
overlaps with experimentally determined 4N8W-like binding site
(Fig. 7B) and near the one of the recently proposed in silico binding site
(in silico BS1, Fig. 8A). The other binding site was located on the
L-domain of CatB in a vicinity of another recently reported in silico
binding site (Fig. 8B). Authors also concluded that short HP chains likely
bind to R-domain, while long ones might bind to L-domain instead. Next

Fig. 5. Proposed mechanisms of GAG-mediated procathepsins B and S maturation (A, B, C). Similarly to one previously suggested for proCatB in the absence of GAG,
propeptide of cathepsin S could change its conformation, adapting one that exposes the active site into an open conformation (B). GAG binding to proCatS in this
altered conformation stabilizes its structure, including that of the active site, thus facilitating the maturation (C). An alternative processing pathway was also
suggested for proCatS, which involves a direct interaction of GAG with the mature cathepsin region of the proenzyme (A). Formation of such a complex induces a
conformational change of propeptide, which renders the active site accessible for another proCatS molecule (autoproteolytic process). (D, E) Structures of ProcatS-HS
(dp4) with predicted binding regions. The propeptide and mature enzyme are depicted in red and white cartoon, respectively, and HS (dp4) is in cyan sticks. Panels
(F, G) provide close-up views of the binding sites shown in (D, E), respectively. GAG binding may either induce a conformational change in the propeptide (E, G) or
stabilize its conformation (D, F) by interacting with both propeptide and mature enzyme.
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Fig. 6. Crystallogrpahic structures of CatB (PDB ID: 6AY2, 1.6 A), CatK (PDB ID: 4X6H, 1.0 A), CatL (PDB ID: 2XU3, 0.9 A), CatS (PDB ID: 2H7J, 1.5 A), CatV (PDB
ID: 1FHO, 1.6 108) in white cartoon representation and calculated electrostatic potential isosurfaces in surface representation (red, —3 kcal/(mol-e); blue, +3 kcal/
(mol-e), respectively). Position of an active site is depicted with dotted square in reference to CatB. Electrostatic potential isosurfaces were calculated with “pbsa”

module of AMBER [69] and visualised with VMD [135].

Costa and colleagues conducted MD simulations of the CatB-HP complex
under varying pH conditions. Interestingly, they found that the unbound
CatB remained highly stable at acidic pH levels. However, as the pH
increased, the enzyme exhibited increased conformational flexibility.
Consequently, the interactions between active site residues were dis-
rupted, potentially elucidating the enzyme’s inhibition under alkaline
conditions. Furthermore, the binding of HP to CatB at this pH induced a
rearrangement of contacts between enzyme domains, thereby favoring
the maintenance of helical content and active site stability. These find-
ings shed light on the intricate interplay between pH, GAG binding, and
the structural dynamics of CatB, offering valuable insights into its reg-
ulatory mechanisms. The allosteric mechanism was further explored in
the study conducted by Novinec [130]. This investigation focused on

elucidating the conformational flexibility of unbound CatF, CatK, CatL,
CatS, and CatV, as well as CatK in complex with C4-S (dp6) and small
substrates NSC13345 and NSC94914. Notably, the study characterized
three binding regions for C4-S: two of these regions aligned with the
crystallographic structures available for CatK-C4-S (dp6) complexes
(Fig. 7A and B), while the third was situated between the L- and R-do-
mains, a region that had recently been investigated in silico as a potential
binding site (Fig. 8C). It was hypothesized that the binding region of the
allosteric regulator could play a crucial role in modulating enzymatic
activity. Additionally, the study suggested that the binding of any of the
aforementioned effectors did not significantly impact the overall
conformational flexibility of the entire CatK molecule, but rather
affected its active site. These findings offer valuable insights into the
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A 3C9E-like BS

Fig. 7. Structures of Cat-GAG (dp6) complexes which represent experimentally
determined binding sites (BS): (A) CatK-DS; (B) CatK-C4-S; (C) CatS-HA.

intricate regulatory mechanisms governing cathepsin function.

Analysis of binding free energies revealed that sulfation pattern is
essential in the stability of cathepsin-GAG complex. For cathepsins B, L
and S differences in stability were observed for C4-S and C6-S, which
have the same net charge. In general, CatB-C6-S, CatL-C4-S and CatS-C4-
S complexes were more energetically favorable than CatB-C4-S, CatL-
C6-S, and CatS-C6-S, respectively. It is essential to point out that albeit
CatL-GAG complexes were reported with favorable binding free en-
ergies, suggesting a potential binding, the lifetimes of these complexes
were shorter than the other investigated Cat-GAG complexes. These
lifetimes were estimated by taking into account the time during which
GAG was bound to the cathepsin, using RMSD as a metric. This cor-
roborates previous results, which reported the absence of complex for-
mation for cathepsin L in the presence of C4-S, using gel mobility shift
assays [103]. For cathepsins K and V, complexes with C4-S and C6-S
were of similar affinity. In summary, these findings suggest that the
sulfation pattern of GAG has important biological consequences for
cathepsin-GAG interactions. Additionally, it can be concluded that
binding free energies might correlate with the lifetimes of Cat-GAG
complexes, as shorter lifetimes have been reported for complexes with
lower binding affinity.

Carbohydrate Research 543 (2024) 109201

in silico BS1

Fig. 8. Structures of Cat-GAG (dp6) complexes which represent binding sites
(BS) identified with application of in silico approaches. (A) CatV-C6-S; (B) CatB-
HA; (C) CatL-HS.

2.3. Chondroitin 4-sulfate enhances collagenolytic activity of human
cathepsin K

Human CatK (hCatK) is highly expressed in osteoclasts and primarily
responsible for efficiently cleaving the triple helical chains of both type I
and II collagens, thus playing a vital role in bone resorption [136]. The
potent collagenolytic activity of CatK is induced by the formation of a
specific high molecular weight CatK-C4-S complex, extensively dis-
cussed in the literature [137,138]. Of note, in the absence of C4-S, the
ability of CatK to efficiently cleave the collagen fibrils is hindered. Two
experimental structures were obtained for the CatK-C4-S complex,
revealing two distinct binding sites for C4-S (PDB ID: 3C9E and 4N8W).
These two crystal structures have been associated with low and high
collagenolytic activities of CatK, respectively [137,138]. Given its bio-
logical significance, dysfunction of CatK could lead to severe disorders
such as pycnodysostosis [139], osteoporosis [140], rheumatoid arthritis,
bone cancer [141], lung fibrosis [142], and lymphangioleiomyomatosis
[143]. Consequently, effective treatment relies on identifying inhibitors
that can mitigate the excessive activity of CatK by dicephering its mo-
lecular regulatory mechanisms. All synthetic inhibitors that have been
clinically evaluated so far exclusively target the active site of CatK, thus
blocking both its collagenolytic activity and other biological proteolytic
activities such as maturation of thyroid hormones and TGF-§ 1 hydro-
lysis [144]. Therefore, strategies that consist of blocking its active site
may trigger unwanted side effects. An alternative approach would
consist of targeting these two GAG-binding exosites to selectively
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hamper the excessive collagenolytic activity of CatK in disease [145]. In
these lines, application of computational methods could potentially
allow to investigate such binding at accessible time scales. MD simula-
tion approach has been successfully applied to uncover molecular
mechanisms of CatK-substrate [146] and CatK-GAG interactions [122].

Computational endeavors effectively identified two main C4-S (dp6)
binding sites on CatK surface with a greater preference of the binding
pose corresponding to the 4N8W structure compared to the 3C9E
structure in terms of the predicted binding affinity (Fig. 7). Similarly for
other tested GAGs (C6-S, DS, HA, HP, HS), the same two binding regions
corresponding to crystallographic structures 3C9E and 4N8W were
identified. In addition, novel binding regions were identified on
different parts of the L-domain or between L- and R-domains of CatK (in
silico BS1, BS2 and BS3, Fig. 8).

To validate the reliability and robustness of in silico GAG-binding
sites in hCatK, enzymatic assays were tested on its rat counterpart,
which is a common animal model for the evaluation of hCatK inhibitors.
These two enzymes share high sequence identity (88 %) and similarity
(93 %), initially suggesting a similar C4-S-mediated mechanism. How-
ever, experimental evidence reported that albeit C4-S could enhance the
collagenolytic activity of hCatK, it had negligeable effect on rCatK
[123]. Subsequent computational studies aimed to discern the atomic
level origin of this disparity. Analysis of electrostatic potential iso-
surfaces for rCatK and hCatK revealed similar GAG putative binding
regions on their surfaces. Binding free energy analysis of hCatK-C4-S
(dp6) complex allowed prediction of the most stable complex that cor-
responded to the crystallographic structure 4N8W. Preference towards
4N8W binding region was also reported in computational study of
Maszota-Zieleniak et al. [147]. By employing Repulsive Scaling Replica
Exchange Molecular Dynamics [76] authors reported a C4-S binding to
both experimentally determined binding regions with a clear preference
for the 4N8W. In contrast to hCatK-C4-S complex, the rCatK-C4-S
complex corresponded to the low collagenolytic activity (3C9E-like
structure). The results derived from the C4-S (dp6) simulations sug-
gested that for longer polysaccharide chains, differences between the
two enzymes were more pronounced, which may explain their distinct
collagenolytic activities in the presence of C4-S. In fact, docking solu-
tions for C4-S (dp12) to rCatK and hCatK revealed notable disparities in
the obtained binding poses. For rCatK it was observed that C4-S (dp12)
binds to the protein surface in position, where it can interact with amino
acids responsible for CatK-C4-S interactions in both 3C9E and 4N8W
crystallographic structures at the same time. For hCatK C4-S (dp12)
could interact with amino acids involved in C4-S binding in either 3CO9E
or 4N8W experimental structure only. MD simulations and binding free
energy analyses suggested stability of the rCatK complex with C4-S
(dp12) connecting at both binding regions.

In another study, Marcisz et al. described C4-S (dp12) binding to
hCatK with Umbrella Sampling approach, starting from experimental
structure 3C9E, in which C4-S (dp6) was elongated [148]. Authors
observed preference towards structure in which C4-S (dpl2) was
located in similar binding region to previously reported rCatK-C4-S
(dp12) complex. Marcisz et al. also observed high complexity of the
free energy landscape in the proximity of the native pose.

All these computational findings that enabled the rational interpre-
tation of the experimental data, facilitated the proposal of a molecular
mechanism for collagen degradation involving rCatK and hCatK in the
presence of C4-S (Fig. 9). For rCatK, the binding of C4-S (dp12) to both
the 3C9E and 4N8W binding sites leads to the formation of a molecular
complex associated with lower collagenolytic activity [137]. In contrast,
for hCatK, C4-S (dp12) binds only to 4N8W, forming a complex char-
acterized by higher collagenolytic activity [138].

2.4. GAGs inhibit enzymatic activity of human cathepsins S and V

2.4.1. Cathepsin S
Cathepsin S plays a pivotal role with other proteases in the
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Fig. 9. Mechanism of collagen hydrolysis by rCatK and hCatK in the presence
of C4-S (A). Structures of hCatK (B) and rCatK (C) with C4-S (dp12).

degradation of ECM and BM proteins [149-151]. Its dysregulation has
been linked to various inflammatory skin conditions, as well as disorders
such as arthritis, asthma, psoriasis, and atherosclerosis [152,153].
Consequently, CatS has been proposed as a potential therapeutic target
in these human diseases [154-156]. To understand the impact of GAG
on the enzymatic activity of CatS, several GAGs, including C4-S, C6-S,
HP, HS, and HA, were investigated both computationally and in vitro
[157]. Among them, C4-S and HS exhibited the strongest inhibitory
effect on type IV collagen degradation as well its peptidase activity. This
enzymatic activity supression effect was reversed upon the addition of
NaCl, suggesting the significance of electrostatic interactions. Addi-
tionally, intrinsic fluorescence spectroscopy suggested that C4-S could
induce subtle local conformational changes in CatS structure, primarily
affecting Trp residues exposed to the hydrophilic environment.
Furthermore, C4-S was found to decrease the rate of proCatS maturation
in a dose-dependent manner. Conversely, other GAGs tested had no ef-
fect on proCatS processing rate, regardless of their concentration. Mo-
lecular docking results for C4-S indicated the presence of three potential
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binding regions, one located within the active site, which corroborates in
vitro experiments. Two others GAG-binding sites are positioned away
from the catalytic cleft, one exosite located near domains that bind to
elastin [158]. Moreover, it was observed that substrate binding prior to
GAG binding facilitated the interaction of C4-S with the enzyme’s active
site. This binding scenario could explain the inhibitory mechanism of
C4-S on CatS, wherein GAG binding to the substrate impedes substrate
dissociation, consequently decreasing its enzymatic activity. Addition-
ally, it was concluded that the minimum size for specific C4-S binding is
a tetramer, and further GAG elongation had no significant effects on
binding affinity. Similar findings were obtained for C6-S, although in
this case, an alternative binding region was more preferred than one
including the active site.

2.4.2. Cathepsin V

In addition to cathepsins K and S, CatV, also known as cathepsin L2,
has a highly tissue-restricted expression (e.g., cornea, thymus, heart,
brain, lung and skin) [121]. CatV plays a crucial role in the release of
antigenic peptides and the maturation of MHC class II molecules, and
participates in the degradation and turnover of insoluble elastin fibrils.
Likewise, CatV exhibits the highest elastolytic activity yet described
among mammalian elastase-like proteases. In addition to its diverse
roles in physiological processes, CatV participates in autoimmune dis-
eases, mostly related to its dysregulation or its ~out of place” activity,
supporting the hypothesis that targeting CatV may have utility as a novel
and promising therapeutic target. It was also discussed that dysregula-
tion of CatV might lead to mucopolysaccharidosis. HS, a major GAG that
accumulated in mucopolysaccharidosis types I, II, and III (MPS I, -1I, and
~III) inhibited the enzymatic activity of CatV, in a dose-dependent
manner [121] by a non-competitive mechanism. Molecular modeling
studies suggested that HS binding sites are predominantly located near
the active site of CatV, which may account for its inhibition [159].
Therefore, in order to define key residues involved in HS binding,
structure of CatV was compared with CatL. Both enzymes share high
primary sequence identity (80 %) but their electrostatic potential sur-
faces are essentially different [30]. Moreover, in contrast to CatL, CatV
formed a complex in vitro with C4-S similar to that described for CatK
[160,161]. C4-S bound to CatV exosites located near the domain that
interacts with elastin. In addition, high concentrations of C4-S strongly
inhibited the elastolytic activity of CatV. Molecular docking results
indicated that HS bound to the active site of CatV (in a similar manner to
what was observed for other cathepsin-GAG complexes, Fig. 7C), while
for CatL such HS binding poses within enzymatic site were not identi-
fied. Analysis of key CatV amino acid residues involved in the binding of
HS suggested that K20 is a critical residue for binding, as confirmed by
site-directed mutagenesis study. Findings presented in this study suggest
that the inhibition of elastolytic activity of CatV in MPS patients due to
the increased HS levels may contribute to MPS development, particu-
larly lung-related disorders, as a result of HS binding to the CatV active
site. These insights also offer valuable clues about the potential structure
of specific agents that could prevent CatV-HS complex formation and
thus restore its biological activities.

3. Conclusions

Numerous reports have shed light on the biological relevance of
cysteine cathepsin-GAG interactions. GAGs have been found to impact
the enzymatic activity of (pro)cathepsins by binding to their active site.
It was discussed that GAGs regulate maturation of proCatB and proCatS
and that a particular GAG binding region might determine which
mechanism is induced. In silico studies revealed that dodecameric C4-S,
in opposite to human CatK, binds to rat CatK in a way that bridges two
experimentally identified binding sites resulting in different mechanism
of collagen degradation. Furthermore, computational studies showed
that in many cases an increase of GAG chain length and net sulfation,
favors stability of a cathepsin-GAG complex, suggesting the key role of
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electrostatic interactions in these molecular systems. Molecular
modeling also allowed to propose potential C4-S binding regions on the
surface of CatS essential for its inhibition and provided putative mech-
anisms for such process. Computational studies proposed that HS
binding to CatV active site might inhibit its elastolytic activity, which
might be important in the development of MPS disorders. The following
studies demonstrate that in silico methods can be effectively utilized to
accurately characterise protein-GAG interactions. However, despite
recent progress, some questions remain unanswered. One aspect of
procathepsin maturation requiring further investigation is the confor-
mation of the proenzyme, particularly regarding the accessibility of the
active site. Such investigation could elucidate whether there exists a
single specific conformation or multiple conformations, thereby aiding
in the identification of potential patterns in the maturation processes of
different procathepsins. Another aspect of protein-GAG interactions
necessitating further exploration is the role of GAGs in (pro)cathepsin
enzymatic activity. In this regard, the application of Quantum Me-
chanics/Molecular Mechanics approaches could be applied to gain
essential insights into GAG-mediated cathepsin enzymatic processes at
the quantum level. The application of QM/MM methods could provide a
more detailed view of the GAG-mediated procathepsin maturation
process. Furthermore, this approach would allow for the study of the
kinetics behind cathepsin enzymatic reactions and the effect of GAG
binding on these processes. Simultaneously, there is room for the
advancement of experimental approaches for characterizing protein-
GAG complexes. For instance, the cryo-EM method holds promise in
this regard, despite its ongoing development. Despite its successful
application in studying various biological complexes, to date, no
experimental structure of a protein-GAG complex has been obtained
using this approach.

In conclusion, studies performed with theoretical approaches pro-
vided data on GAG binding exosites that could be targeted for devel-
opment of novel and innovative therapeutic option to reduce
collagenolytic and elastinolytic activities of specific cathepsins in
human disease. At the same time, numerous facets of cathepsin-GAG
interactions remain unexplored, leaving this field wide open for
further comprehensive investigation. Better understanding of cathepsin-
GAG interactions paves the way towards molecular design of novel GAG-
based drugs which might be an effective compounds in treatment of
diseases caused by dysregulation of cathepsins enzymatic activity.
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