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ABSTRACT: Procathepsins are an inactive, immature form of cathepsins,
predominantly cysteine proteases present in the extracellular matrix (ECM)
and in lysosomes that play a key role in various biological processes such as
bone resorption or intracellular proteolysis. The enzymatic activity of
cathepsins can be mediated by glycosaminoglycans (GAGs), long
unbranched periodic negatively charged polysaccharides found in ECM
that take part in many biological processes such as anticoagulation,
angiogenesis, and tissue regeneration. In addition to the known effects on
mature cathepsins, GAGs can mediate the maturation process of
procathepsins, in particular, procathepsin B. However, the detailed
mechanism of this mediation at the molecular level is still unknown. In this study, for the first time, we aimed to unravel the
role of GAGs in this process using computational approaches. We rigorously analyzed procathepsin B−GAG complexes in terms of
their dynamics, energetics, and potential allosteric regulation. We revealed that GAGs can stabilize the conformation of the
procathepsin B structure with the active site accessible for the substrate and concluded that GAGs most probably bind to
procathepsin B once the zymogen adopts the enzymatically active conformation. Our data provided a novel mechanistic view of the
maturation process of procathepsin B, while the approaches elaborated here might be useful to study other procathepsins.
Furthermore, our data can serve as a rational guide for experimental work on procathepsin−GAG systems that are not characterized
in vivo and in vitro yet.

1. INTRODUCTION
Majority of functions of living organisms are based on enzymatic
reactions, in which various chemical compounds are processed
by respective enzymes and, therefore, converted into other
compounds with energy emission or consumption.1 Among a
vast number of enzymes, there are cathepsins, which are
predominantly cysteine proteases2 present in the extracellular
matrix (ECM) and lysosomes, where they play a crucial role in
various biologically relevant processes. These include bone
resorption, intracellular proteolysis, regulation of programmed
cell death, or degradation of antimicrobial peptides/proteins
depending on the type of cathepsin.3−5 Cathepsins share a
similar 3D fold regardless of differences in their amino acid
sequence.6 Malfunction of different cathepsins’ activity, which
might be potentially the result of misfolding,7 may lead to many
serious diseases including pycnodysostosis, osteoporosis,
rheumatoid arthritis, osteoarthritis, asthma psoriasis, athero-
sclerosis, cancer, obesity, autoimmune disorders, and viral
infection.8,9 Therefore, to properly and effectively treat diseases
caused by impaired cathepsin activity, it is important to
understand these processes at a molecular level.
Cathepsins, an active form of enzymes, are products of the

maturation process of procathepsins, their inactive precursors.
In a procathepsin, a propeptide part occupies a cathepsin active
site, rendering it inactive. This fragment can be removed in a
specific reaction that requires a procathepsin with an active site

accessible of either the same or a different type depending on the
type of the processed procathepsin.10−14 Cathepsin activity
might be mediated by glycosaminoglycans (GAGs).15 GAGs are
long linear negatively charged polysaccharides that consist of
recurring disaccharide units.16 With an exception of keratan
sulfate, every GAG includes in its structure one hexosamine and
one hexose or hexuronic acid. GAGs are present in ECM as well
as in lysosomes,17 where they are involved in numerous
processes like cell proliferation, angiogenesis, anticoagulation,
adhesion, and signaling cascades.18 It is suggested that GAGs
may play a vital role in the medical treatment of disorders
associated with disruptions of the above-mentioned pro-
cesses19−22 and represent one of the key targets for regenerative
medicine.23 Binding GAGs by respective protein targets such as
chemokines,24 growth factors,25 and collagen26 leads to the
fundamental involvement of these polysaccharides in the
aforementioned biological processes. Moreover, GAGs can
mediate the activity of enzymes such as cathepsins by
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intermolecular interactions with them. Potentially, GAGs can
inhibit cathepsin enzymatic activity, which might be fulfilled by
several mechanisms: (i) a GAG can bind in an active site of the
cathepsin, whichmakes it inaccessible for a substrate, (ii) a GAG
can bind on the already formed complex between a protein and a
substrate steoretically blocking the substrate, which makes
dissociation of a substrate unfeasible, and (iii) a GAG can bind
to the cathepsin in a way that causes an allosteric change in the
active site.27,28 In addition, GAGs can also mediate the
maturation process of procathepsin B, as proposed by Caglic ̌
et al.29 The results of this experimental work suggested that
amino acid residues were crucial for GAG binding in the
procathepsin B−GAG complex. The data obtained in the same
study allowed the authors to propose a molecular mechanism in
which binding of GAG on the procathepsin B surface leads to a
conformational change of the proenzyme that exposes its active
site, therefore allowing such an activated procathepsin to process
another one. However, the detailed description of the
maturation process mediated by GAGs at the atomic level that
could explain the obtained experimental data is unavailable.
In the absence of experimentally available atomistic details of

this process, computer modeling can be useful to opt for such
details.30,31 However, applying the methodology of computa-
tional chemistry to study a GAG-containing system represents a
substantial challenge. Features that make modeling GAG-
containing systems challenging are (i) extensive conformational
space of GAGs in terms of their glycosidic linkages and
monosaccharide rings,32−35 (ii) GAGs’ highly charged nature,36

(iii) GAGs preference to bind at solvent-exposed and spatially
closed but sequentially not necessarily successive positively
charged amino acid patches37 made up of long and, therefore,
flexible lysine or arginine residues, (iv) the multipose binding
observed in several protein−GAG complexes,38,39 (v) highly
variable sulfation pattern of GAGs known as “sulfation code”40

defining its structural properties, molecular recognition, and
functional activity,41 and (vi) availability of two energetically
similar antiparallel orientations of a GAG on the protein
surface.42

In our study, we extensively analyzed the impact of GAGs on
the procathepsin B maturation process by rigorous computa-
tional approaches. The calculation of the electrostatic potential
map of (pro)cathepsin B allowed us to predict GAG binding
sites on the enzyme and its immature zymogen and compare
them. Using the molecular docking approach, we calculated
various structures of (pro)cathepsin B−GAG complexes
depending on the type and length of GAG addressing the
aspect of putative specificity in these interactions. Application of
coarse-grained molecular dynamics (CG MD) simulations
yielded potentially probable procathepsin B structures, in
which the active site was accessible for the substrate. All-atom
molecular dynamics (AA MD) simulations allowed us to study
the dynamics of various (pro)cathepsin B−GAG complexes and
were complemented by free energy analysis to characterize the
stability of these complexes in time. From the results obtained in
this study, we could propose the role of GAGs in the maturation
process of procathepsin. The computational procedures used in
this work can be potentially applied to other procathepsin−
GAG systems, therefore extending our knowledge about these
highly biologically relevant complexes.

2. MATERIALS AND METHODS
2.1. Structures of (Pro)cathepsin B and GAGs. The

structure of procathepsin B was obtained from the Protein Data

Bank (PDB ID: 3PBH, 2.50 Å).43 Based on this structure, the
cathepsin B structure was prepared by removing the propeptide
from procathepsin (Figure 1).

The tetra- (dp4; dp stands for degree of polymerization) and
hexasaccharides (dp6) of chondroitin-4-sulfate (C4-S: GalNAc-
(4S)-GlcA disaccharide unit), chondroitin-6-sulfate (C6-S:
GalNAc(6S)-GlcA disaccharide unit), dermatan sulfate (DS:
GalNAc(6S)-IdoA disaccharide unit), hyaluronic acid (HA:
GlcNAc(6S)-GlcA disaccharide unit), heparin (HP: GlcNS-
(6S)-IdoA(2S) disaccharide unit), and heparan sulfate (HS:
heterogenous structure; here, we modeled this molecule using
its unsulfated form GlcNAc-IdoA) as well as octa- (dp8) and
dodecasaccharides (dp12) of HP were built using tleap script of
AMBER1644 from the building blocks of the sulfated GAG
monomeric unit libraries.45 Their charges were taken from the
GLYCAM06 force field46 and from the literature for sulfate
groups.47

2.2. Electrostatic Potential Calculations. To calculate
electrostatic potential isosurfaces for monomers of human
cathepsin B and procathepsin B, a Poisson−Boltzmann surface
area (PBSA) program from AmberTools44 was used with a grid
spacing of 1 Å. The results of PBSA analysis allowed us to predict
potential GAG-binding regions on the protein surface.
Previously, we successfully applied this approach to predict
GAG binding regions for X-ray protein−GAG structures.48 The
obtained electrostatic potential maps were visualized with the
use of VMD software.49

2.3. Molecular Docking. For docking simulations,
Autodock 3 was used50 since it has proven to yield best results
among different docking programs used in our previous study.51

Figure 1. Crystallographic structures (PDB ID: 3PBH, 2.50 Å) of catB
(A) and procatB (B).43 The enzyme is shown as white cartoon with the
active site residues CYS92, HIS262, and ASN282 (C) and the
propeptide shown as green sticks and gray cartoon.
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A grid box with dimensions of 126 Å× 126 Å× 126 Å and a grid
spacing of 0.475 Å containing the whole catB and procatB
molecules was applied in GAG docking to catB and procatB,
respectively. Independent runs (100) of the Lamarckian genetic
algorithm with an initial population size of 300 and a
termination condition of 105 generations and 9995 × 105

energy evaluations were carried out. The top 50 docking results
were clustered using the DBSCAN algorithm52 with the
parameters defined as follows: m, the minimal neighborhood
size and ε, the neighborhood search radius. Three representative
poses from each of the obtained clusters were selected for further
MD calculations.
2.4. Molecular Dynamics. 2.4.1. All-Atom Approach.

(Pro)catB−GAG complexes were solvated in a TIP3P
octahedral periodic box with a layer of water molecules of 6 Å
from the border of the periodic box to the solute and neutralized
with counterions (Na+). Energy minimization was carried out in
two steps: first, 0.5 × 103 steepest descent cycles and 103

conjugate gradient cycles with harmonic force restraints of 100
kcal/(mol·Å2) on solute atoms and then, 3 × 103 steepest
descent cycles and 3 × 103 conjugate gradient cycles without
restraints. Afterward, the system was heated up to 300 K for 10
ps with harmonic force restraints of 100 kcal/(mol·Å2) on solute
atoms and equilibrated for 100 ps at 300 K and 105 Pa in
isothermal isobaric ensemble (NPT). Finally, a 50 ns productive
MD run was carried out in an NTP ensemble. The SHAKE
algorithm, 2 fs time integration step, 8 Å cutoff for nonbonded
interactions, and the particle mesh Ewald method were used.
The structures were written every 10 ps, which produced 104 in
total per simulation used for further analysis. Additionally, the
most stable structures of (pro)catB/HS dp4 selected based on
free energy analysis results (see Section 2.5) were simulated
using the same protocol as the one applied for the unbound
(pro)catB structures with the production run of 1 μs. AA MD
simulation was also used to obtain a structure of the
procathepsin B dimer, in which one of the procathepsin B
molecules had an uncovered active site. In this scenario, one
procathepsin B is able to cut a propeptide part from another one.
ThisMD simulation was performed with the same parameters as
described above with the production run of 500 ns.
2.4.2. Coarse-Grained Approach. Multiplexed replica

exchange molecular dynamics (MREMD) simulations in the
UNRES force field53 were performed to obtain a procathepsin B
structure with enzymatically active conformations, which is not
feasible for the all-atom MD approach. In these simulations,
restraints were set on cathepsin, which allowed us to predict
probable conformations of propeptide keeping native the rest of
the protein structure. The aforementioned restraints were used
as was described in our previous work.54 In this study, we ran
trajectories at 12 replica temperatures, 4 trajectories per
temperature (48 trajectories per system total): 260, 262, 266,
271, 276, 282, 288, 296, 304, 315, 333, and 370 K. Such a range
and spacing of temperatures covered the region of the folding−
unfolding transition and provided an efficient exchange of
replicas necessary to obtain convergence.54 Each trajectory
consisted of 6× 107MD steps with a 4.89 fs step length. Replicas
were exchanged and snapshots were saved every 104 MD steps.
The temperature was controlled by the Berendsen thermostat55

with the coupling constant τ = 48.9 fs. Once an MREMD run
was completed for a given target, the last 200 snapshots from
each trajectory (a total of 14 400 conformations) were processed
by the weighted histogram analysis method (WHAM),56 which
was implemented inUNRES in the work of Liwo et al.57 WHAM

enables the calculation of the probabilities of all conformations
at a desired temperature and ensemble-averaged and thermody-
namic quantities, in particular, the heat capacity. The temper-
ature at which the conformational ensemble was analyzed (Tα)
was determined to be 20 K below the major heat-capacity peak;
usually it ranged from 260 to 300 K. The conformations were
then sorted in the descending order of probabilities and those
which constituted together 99% of the ensemble were dissected
into five families by means of Ward’s minimum-variance
clustering.58 After clustering was accomplished, the fractions
of the families in the conformational ensemble atTα, the selected
temperature, were calculated using the procedure developed in
the work of Liwo et al.57 The families were then ranked
according to decreasing probabilities. A weighted-average
conformation was calculated for each cluster (with weights
determined by WHAM), and the conformation of the cluster
closest to the average conformation was selected to represent the
entire cluster.57,59 Each of the coarse-grained cluster representa-
tive structure was then converted to an all-atommodel using the
PULCHRA60 and SCWRL61 knowledge-based algorithms for
all-atom backbone and side-chain reconstruction, respectively,
and subjected to final refinement at the all-atom level with the
AMBER14 force field.60 The refinement protocol used here has
been explained in a different paper.54

2.4.3. UNRES Server MD Simulations.To study the impact of
HIS173ALA mutation on the procathepsin B structure,
molecular dynamics (MD) simulations were performed in
UNRES server.62 The use of the coarse-grained approach was an
appropriate choice because in this case, the all-atom approach
would not be capable of revealing putative changes of the global
structure of the protein upon a single residue mutation. The
HIS173ALA mutant was prepared by replacing the HIS residue
with ALA. For the experimental structure of both procathepsin B
and its mutant, MD simulations were repeated 10 times. The
simulations were performed under 300 K with a Langevin
thermostat.63 Finally, a 40 ns productiveMD run was carried out
(5 × 104 steps). The structures were written every 200 ps (every
1000th step), which produced 5 × 102 in total per simulation
used further for analysis.

2.5. Binding Free Energy Calculations. Energetic
postprocessing of the trajectories, per-residue energy decom-
position, and pairwise energy decomposition were carried out
for all (pro)catB−GAG complexes in a continuous solvent
model using molecular mechanics generalized Born surface area
(MM−GBSA) and using a model with surface area and Borne
radii default parameters as implemented in the igb = 2 model64

of AMBER16.44 For free energy calculation analysis, we used the
frames of MD simulation before the first essential change of the
GAG orientation in relation to the receptor (this applies to the
scenario in which a GAG can potentially change its binding pose
or even dissociate), which was reflected in RMSD. For
calculation, we took those frames in which the GAG RMSD
was lower than 10 Å and was bound to the protein surface.
Otherwise, all frames from MD simulations were analyzed. The
obtained free energy values accounted for the full enthalpy
component of binding and partially for the solvent entropy and
are indicated as ΔG throughout the article.

2.6. Allostery Analysis. The following properties of the
(pro)catB−GAG complexes were analyzed to describe potential
allostery regulation:

• Distance distribution between the active site CYS92 and
HIS262 residues of (pro)catB; the active site CYS92 and
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HIS262 residue distances were calculated for SG and
ND1 atoms (ff14SB nomenclature65) of aforementioned
residues. In this analysis, all MD simulation frames were
taken into account.

• Root-mean-square fluctuations (RMSFs) of a residue for
unbound (pro)catB and in complex with HS; RMSF
calculations were performed for all frames of MD
simulation and for all atoms within the analyzed
molecules. The output “byres” values were computed as
average (mass-weighted) fluctuations for every residue of
the analyzed protein.

• Principal components describing the most important
movements of the protein for unbound procatB and the
procatB−HS dp4 complex; principal component analysis
(PCA) was performed with the cpptraj module of
AMBER16.44 Calculations of eigenvector and eigenvalues
were performed only for Cα, C, N, and O atoms of the
polypeptide chain. In our protocol, only the first 20modes
were used in calculations; these values corresponded to
the normalized eigenvalues.

3. RESULTS AND DISCUSSION
3.1. Analysis of the Impact of HIS173ALA Mutation on

the procatB Structure. In the work of Caglic ̌ et al.,29 it was
proposed that HIS173ALA mutation of procathepsin B leads to
the lack of activity of the mutant due to inappropriate folding or
autodegradation. To verify this theory, we performed MD
simulations in a UNRES server with procathepsin B
HIS173ALA mutant and the wild-type X-ray structure as a
reference. These MD simulations were supposed to allow us to
study the impact of HIS173ALAmutation on the fluctuations of
procathepsin B residues. We observed that the proposed effect
of this mutation was statistically insignificant, which was
reflected in the similar fluctuations of procathepsin B and its
mutant (Supporting Information, Figure S1). The fact that such
a mutation might have an impact on the folding process of
procathepsin B, therefore leading to a misfolded structure that is
not able to process procathepsin B, cannot be, however,
accounted for in our MD simulations starting from a natively
folded structure.
3.2. Predicting GAG-Binding Regions. To predict

binding regions for GAG ligands on the (pro)catB surface, we
employed the PBSA program from the AmberTools package,
which allowed us to obtain electrostatic potential isosurfaces
corresponding to the protein (Figure 2). This approach has
previously been proven to be successful for the prediction of
GAG-binding regions on the protein surface.48 The obtained
results revealed that in procatB, the electrostatic potential in the
region that is responsible for the inactivity of zymogen is slightly
more positive than the one for catB. This could suggest that in
the case of procatB, it might be possible that a GAG can bind to
the surface of propeptide, while in the case of catB, GAG binding
to the active site would be unfavorable due to more negative
potential in that region.
3.3. Predicting procatB−GAG Complex Structures.

Molecular docking was performed to obtain representative
structures of (pro)catB−GAG complexes that could be used for
further MD and free energy analysis. In the case of (pro)catB−
HS complexes, we could observe that one of the obtained
clusters was conserved for catB and procatB (blue sticks in
Figure 3A and green sticks in Figure 3B). Moreover, some
clusters were conserved upon GAG elongation from dp4 to dp6

(green sticks in Figure 3A and red sticks in Figure 3B).
Additionally, in the case of procatB−GAG dp6 complexes,
GAGs bound to the propeptide part more often than in the case
of procatB−GAG dp4 complexes. This could potentially mean
that the longer GAG could stabilize the conformation adopted
by the propeptide more efficiently. Last but not least, we could
also observe that some clusters of GAG docking solutions were
conserved in procatB complexes independent of the GAG type
(for example, clusters represented in red sticks in both C4-S dp6
and HP dp6 solutions, Supporting Information, Figure S2).

3.4. MD-Based Free Energy Analysis of procatB
Complexes with Short GAGs. From the docking solutions
described in Section 3.3, three random structures from each
cluster were picked for MD simulations and furthermore for free
energy analysis. Based on the obtained results, we could propose
that the complexes of catB−GAG are likely stable as procatB−
GAG ones (Figure 4A). Additionally, we could observe that, on
average, complexes formed by dp4 GAGs were slightly more
stable than those formed by dp6 GAGs. Among all calculated

Figure 2. Electrostatic potential isosurfaces for catB (A) and procatB
(B) in surface representation (red, −3 kcal/mol; blue, +3 kcal/mol,
respectively).

Figure 3.Docking poses obtained for catB−HS dp4 (A), catB−HS dp6
(C), procatB−HS dp4 (B), and procatB−HS dp6 (D) complexes.
Cathepsin and propeptide are shown as white and gray cartoons,
respectively; HS clusters are shown as blue, red, and green sticks. The
colors of sticks stand for the size of clusters with blue, red, and green
being the first, second, and third most populated clusters, respectively.
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procatB−GAG complexes, the most stable ones were formed by
HS dp4 (Figure 4C).
The results also showed that with the increase of the GAG

charge the complex stability decreased (Figure 4B). This trend
we observed is statistically insignificant since the margin of the
error is too large. To complement these data obtained for
nanosecond-scale MD simulations, we performed 1 μs MD
simulation for the (pro)catB−HS complexes since they were the
most stable ones. For comparison, we also ran MD simulations
for the unbound (pro)catB. From the results obtained from the
1 μs MD simulation of procathepsin B in the presence and
absence of HS dp4, we aimed to study the potential impact of
GAG binding on the active site geometry. The active site
geometry was described in terms of the distance between the SG
and ND1 atoms of the active site residues CYS92 and HIS262,
respectively (Figure 5). Our results suggested that the active site
pocket might adopt two different types of conformations, one of
which is pronounced in procathepsin B with the enzymatically
active conformation. In both simulations of unbound

procathepsin B and in complex with HS dp4, the distance
between active site residues slowly increased; however, in the
case of the procathepsin B−HS dp4 complex, the changes
occurred at a slower rate. When taking into consideration the
results of the active site residues’ distance distribution over the
time obtained from the MD simulation of the procathepsin B
dimer, which corresponded to the scenario in which one
procathepsin B is processed by another, we can propose that
binding of GAG by the procathepsin B molecule stabilizes the
conformation of the active site longer, which renders the
enzymatic reaction potentially more feasible. In the next step, we
performed RMSF analysis of (pro)catB residues for unbound
(pro)catB and in complex with HS dp4 (Supporting
Information, Figure S3) to study the impact of GAG on the
dynamics of (pro)catB. In comparison to unbound procatB, the
cathepsin B residues in the procatB−HS dp4 complex are
potentially more flexible (residues 173−176 and 302−303).
These results correspond to what we could observe in PCA for
the loop consisted of 173−176 residues. PCA, which allows us to
distinguish themost important movements appearing in theMD
simulation in the molecular systems, was performed for
unbound procatB and the procatB−HS dp4 complex. It showed
that the presence of GAG changes significantly the distribution
of principal components of protein movements. In particular,
the highest normalized eigenvalues (which correspond to the
most important movements in the system) for the first two
components are 66.4 and 9.4% for procatB and 35.4 and 22.0%
for procatB−HS (Figure 6). This might suggest that in the case

Figure 4. Binding free energy dependence on properties of (pro)catB−
GAG complexes: (A) thematuration state and the length of a GAG, (B)
the charge of a GAG, and (C) the type and length of a GAG.

Figure 5. On the left: (A) model of the procathepsin B dimer
representing the scenario in which one procathepsin B is processed by
another. The propeptides and cathepsins are shown as gray and white
cartoons, respectively. (B) Conformation of the active site. The active
site residues CYS92 and HIS262 and residues of procathepsin B with
native conformation, LYS63 and LEU64, between which the
propeptide bond is cut (black dotted line) are in grayish-blue and
orange sticks, respectively. On the right: the distance between SG and
ND1 atoms of the active site residues CYS92 and HIS262, respectively,
over MD simulation in (C) procathepsin B−HS dp4 complex, (D)
unbound procathepsin B monomer, and (E) procathepsin B dimer in
which one procathepsin molecule had the active site uncovered by the
propeptide.
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of procatB, only the first principal movement is significant, while
in the case of the procatB−HS complex, we should take into
consideration the first two principal movements. The dominant
component we observed in the case of unbound procatB was
mainly involved in the movement of propeptide in a direction
away from the active site. Such a conformational change could
possibly lead to an increased accessibility of the enzymatic site
for another procatB molecule. On the other hand, upon HS
binding by procatB, we observed two principal movements, both
of which are involved in the propeptidemotion toward the active
site, therefore maintaining the inactivity of the proenzyme.
3.5. MD-Based Study on the procatB Model with the

Active Site Accessible and Its Complexes with HP and
HS. To study how GAG can bind to procathepsin B with the
active site accessible, we modeled a structure of such
procathepsin B. MREMD simulation with restraints on the
cathepsin part of procathepsin B allowed us to obtain five
different structures of the zymogen. Two of the five structures
matched the model in which the active site was accessible.
Therefore, for further analysis, we chose one of these structures
with the highest probability (Supporting Information, Table
S1). In the next step, we performed molecular docking of HP
and HS dp4 to the calculated model as these GAGs are the most
and the least charged representatives of the heterogeneous HP/
HS chain, respectively. In both cases, one cluster of GAG
structures was observed in a position in which it could be bound
by the propeptide residues (Figure 7, red sticks in the HP dp4
structure and blue sticks in the HS dp4 structure). Additionally,
in the case of the procatB−HS complex, a cluster in the active
site was formed (Figure 7, red sticks in the HS dp4 structure)
along with one cluster close to the occluding loop (Figure 7,
green sticks in the HS dp4 structure). Free energy analysis
performed in the next step showed that complexes obtained for
HP structures within those clusters were unstable (Table 1). In

most of the simulations taken for this analysis, we could also
observe dissociation events during the MD simulation. In the
case of HP docking solutions, two clusters (Figure 7, green and
blue sticks in the HP dp4 structure) were found in the region
relatively close to the propeptide and were described by energies
that sufficiently favorized complex stability (−49.7 and −29.1
kcal/mol, Table 1). This could mean that a longer GAG could
potentially bind in a way in which it would fix the conformation
of propeptide making it unable to return to the original one.
GAG bound in such a way could also stabilize the geometry of
the active site. Such a bound GAG structure “links” docking
solutions obtained for red and blue/green clusters in Figure 7.
This hypothesis was additionally supported by the analysis of
GAG docking solutions in terms of HS dp4/HP dp4
orientations (Table 1). These results revealed that GAGs most
likely adopt the same orientation in each cluster and that the
corresponding structures from the red and blue clusters (Figure
7) can be linked without the alteration of the GAG direction.
This is a very important finding because a GAG orientation (or
polarity) is very important for the specificity of GAG
interactions with proteins as was observed in the study
combining NMR experiments and molecular modeling.66 In
the next step, we performed additional molecular docking and
MD simulation with HP dp8 and dp12 to procathepsin B with
the active site accessible to study a potential dependence of the
length of a GAG on complex stability as well as on the location of
a GAG binding site. From molecular docking results for the

Figure 6. Principal component analysis of unbound procatB and the
procatB−HP dp4 complex. The first (A) and the second (B) principal
components of unbound procatB are shown by blue and red arrows,
respectively. The first (C) and the second (D) principal components of
procatB in complex with the HP dp4 complex are shown by blue and
red arrows, respectively. The propeptide and the cathepsin are shown as
gray and white cartoon, respectively. All arrows (A, B) were drawn if the
amplitude of the corresponding movement observed in the MD
simulation was greater than or equal to 0.5 Å. Figure 7. UNRES model of procathepsin B with the active site

uncovered along with docking solutions of HP and HS dp4. Propeptide
and cathepsin of procathepsin B are shown as gray and white cartoons,
respectively, with the active site CYS92, HIS262, and ASN292 residues
in green sticks and white surface, while docking solutions are shown as
blue, red, and green sticks. The colors of sticks stand for the size of
clusters with blue, red, and green being the first, second, and third most
populated clusters, respectively.
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UNRES model of procathepsin B and HP dp8/dp12 ligands, we
chose eight solutions in which GAG was bound by residues
belonging to both the propeptide and the cathepsin (in
particular, the solutions that overlapped blue and red clusters
of HP dp4 structures in Figure 7). Free energy of binding
analysis showed that in most MD simulations binding free
energies were unfavorable, suggesting that these complexes
might be unstable (Supporting Information, Table S2).
However, the analysis of the RMSD for HP showed that in

most of these cases, the RMSD was lower than 10 Å (Figure 8),

which corresponded to the altered binding mode but not to a
dissociation. The dissociation of GAG from the procathepsin B
surface occurred in four simulations. To further analyze the
obtained data, we repeated MD simulations for procatB−HE
dp8 and procatB−HE dp12 complexes. Again, free energy
analysis results were unfavorable in terms of the complex
stability (Supporting Information, Table S3), but the dissoci-
ation events were rare (Supporting Information, Figure S4).
Such obtained results from free energy analysis could be
explained by different systematic errors appearing in the
calculations for GAGs of different lengths. In addition, such an
error can be increased by the use of an implicit solvent model
implemented in the MM−GBSA scheme, which is more
pronounced for the bigger and therefore more charged GAGs
than for the shorter and less charged ones.

4. CONCLUSIONS

In this study, for the first time, the impact of GAGs on the
procathepsin B maturation process was analyzed computation-
ally. When GAGs formed complexes with procathepsin B, they
preferred to bind to the propeptide, which is in agreement with
the experimental data proposed by Caglic ̌ et al.29 The docking
solutions for different GAGs were potentially very similar, which
means that the maturation process might be mediated by
different GAGs in a similar way. In the course of MD simulation,
these complexes proved to be potentially stable but no
statistically significant correlation between complex stability
and the maturation state of the cathepsin, charge, or type of
GAG was observed. The 1 μs MD simulation performed to
complement the results describing the (pro)catB−GAG
interactions from nanosecond-scale simulations revealed that
GAGsmight not only play an important role in the process of the
conformational change of the propeptide but also be crucial for
preserving an appropriate conformation of the active site, which
is required for the enzymatic reaction. The HP and HS dp4
docked to the UNRES model of procathepsin B, in which the
active site was accessible, preferred to bind to the cathepsin part

Table 1. Molecular Docking MD-Based Analysis Summary for Procathepsin B UNRES Model/GAG Systems

GAG m, εa #b sizec ΔG [kcal/mol]d topMM−GBSA 10 residues for GAG bindinge polarityf

HP, dp4 3, 3.0 1 20 −44.7 ± 12.5 K167, K211, K222, R166, R333, K225, Y227, R182, K208, R22 14/6
−49.7 ± 18.1
−25.6 ± 12.3

2 9 −2.8 ± 7.9 R20, M19, K38, N34, N37, Q94, V33, R73, K99, R39 9/1
−16.5 ± 13.7
−2.4 ± 18.4

3 5 −16.9 ± 7.1 K211, K222, K167, K225, R166, K208, R333, R182, Y221, T220 5/0
−29.1 ± 11.2
−25.3 ± 10.7

HS, dp4 3, 3.0 1 14 −10.5 ± 6.1 R20, R73, H26, S21, V33, K81, P27, L65, R22, N34 9/5
−14.7 ± 7.4
−7.7 ± 6.5

2 6 −10.3 ± 5.2 N153, G279, G108, G154, G278, S106, G202, W111, W302, H280 6/0
0.0 ± 5.0

−7.8 ± 6.7
3 5 −5.2 ± 4.4 P187, C200, P207, C189, T201, S106, G204, R197, P198, G105 5/0

−15.2 ± 9.7
−2.7 ± 4.3

aDBSCAN parameters: m, the minimal neighborhood size; ε, neighborhood search radius.52 bCluster number. cCluster size. dFree energy of
binding obtained by MM−GBSA. eResidues identified in the top 10 for binding according to MM−GBSA calculations per cluster. fThe polarity of a
GAG binding pose was defined as its preferred orientation in relation to the reducing and the nonreducing end (the first and second numbers
correspond to the population sizes of different GAG orientations).

Figure 8.Complex structures of the UNRESmodel of procatB with the
active site accessible with HP dp8 (A) and dp12 (B). The cathepsin and
the propeptide are shown as white and gray cartoons, respectively. HP
structures are shown as sticks, and the thick ones are the most stable
structures. Colors of HP structures correspond to RMSD values shown
in graphs (C, D) as well as to MM−GBSA results shown in the
Supporting Information, Table S2.
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of zymogen, while the binding to the propeptide was less stable.
From the results of MD simulations performed for HP dp8 and
dp12 complexes with the UNRES model of procathepsin B
obtained from docking (see Section 3.5), we concluded that
GAGs in such complexes were able to preserve the overall
conformation of the proposed UNRES model corresponding to
the procathepsin B with the active site accessible.
To sum up, we propose that GAGs might bind rather to the

procathepsin with the conformation in which the active site is
accessible (Figure 9) in contrast to what was proposed by Caglic ̌

et al.,29 where formation of the procatB−GAG complex leads to
a conformational change of the procatB structure, in turn
making the active site accessible. Such binding could not only
make procathepsin B unable to revert to its initial inactive
conformation but also stabilize the conformation of the active
site pocket, thus making the maturation process more feasible.
Our findings presented in this study might have a significant

impact on the understanding of the limitations of the
computational methodologies applicable to protein−GAG
systems and contribute to the general knowledge of the
physicochemical basis underlying the interactions between
proteins and GAGs as well as of their specificity. The data
obtained in this study provided a detailed and systematic
description of the interactions between procathepsin B and
GAGs, which in turn allowed us to better understand the
procathepsin maturation process. The results obtained in this
study might have potential application in novel biomaterials’
development in the area of regenerative medicine.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jcim.0c00023.

Free energies and corresponding probabilities of
procathepsin B from UNRES MREMD simulations;
MM−GBSA free energy analysis results for procatB−
HS dp8/dp12 complexes; residue fluctuations of procatB
and its HIS173ALA mutant; procatB−GAG dp4/dp6
structures obtained from molecular docking; GAG
RMSD in complexes consisting of the UNRES model of
procatB with the active site accessible and HP dp8/dp12
and the residue fluctuations of unbound (pro)catB and in
HS dp4 complexes from 1 μs MD simulation (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Krzysztof K. Bojarski − Faculty of Chemistry, University of
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Sieradzan, A. K.; Ganzynkowicz, R.; Lipska, A. G.; Karczynśka, A.;
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