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ABSTRACT: Cathepsins are mammalian papain-like cysteine
proteases that play an important role in numerous physiological
and pathological processes. In the present study, various
molecular dynamics (MD) simulations of pro- and mature
human cathepsins L and O were performed. This study is the
first to report MD simulations to complement the initial model
structure of (pro‑)cathepsin O through conformational
sampling, thus offering insight into the maturation of
procathepsin O, which to date has not been described
experimentally. The overall fold of (pro‑)cathepsin O appears
very similar to that of (pro‑)cathepsin L. The propeptide binding loop (PBL)−propeptide interface of both procathepsins is
found to form a stable two-stranded β-sheet. Additional stabilization of the PBL−propeptide interface is provided by
hydrophobic side chain contacts in procathepsin L, whereas this seems to be due to charge-dipole interactions in procathepsin O.
Introduction of two mutations (L147P and G148P) into procathepsin O entails a significant loss of hydrogen bonding, disabling
formation of the interfacial β-sheet. Simulations at different protonation states suggest that procathepsin L is more sensitive to a
change in pH than procathepsin O. Potential differences between the maturation of procathepsin O and procathepsin L inferred
from the MD simulations might be caused by (i) stronger PBL−propeptide interactions in procathepsin O due to salt-bridge
formation across the interface, (ii) more limited entropic gain of the propeptide of procathepsin O upon release into the bulk
solvent due to diverse conformational states sampled in the bound state, (iii) more pronounced entropic loss of the PBL in
procathepsin O upon substrate binding caused by diverse conformational states sampled in the free, mature enzyme, and (iv)
lower sensitivity of procathepsin O to pH change caused by the presence of fewer carboxylate groups at the PBL−propeptide
interface.

Protease enzymes are divided into seven main families,
namely, metallo, serine, threonine, asparaginyl, aspartic,

glutamic, and cysteine proteases. The predominant subclass of
cysteine proteases, occurring in a wide range of different
organisms, consists of so-called papain-like cysteine pro-
teases,1,2 which, because of common evolutionary history, are
structurally similar to the cysteine protease papain found in the
papaya plant. Papain-like cysteine proteases expressed in
mammals are termed cysteine cathepsins [Greek κατά
(“down”), επ́ιζειν̂ (“to boil”)]. So far, 11 distinct human
cathepsins have been described. These are cathepsins B, C, F,
H, K, L, O, S, V, W, and X. Whereas the structures of
cathepsins B, C, F, H, K, L, S, V, and X are known, only
sequence data are available for cathepsins O and W.
The common fold of all structurally determined cathepsins

consists of two domains forming a V-shaped active-site cleft
containing a cysteine and a histidine residue (C25 and H163 or
C25 and H159 according to numbering in cathepsin L or
papain, respectively) as catalytic centers. The cysteine residue is
located in the N-terminal, mostly α-helical domain (left-hand
“L-domain” according to the standard orientation), at the N-
terminal end of an α-helix, while the histidine residue is located

in the C-terminal β-barrel domain (right-hand “R-domain”
according to the standard orientation).3

Cathepsins B and H show both exo- and endopeptidase
activity, while cathepsins F, K, L, S, and V are endopeptidases,
and cathepsins C and X are exopeptidases. The peptidase
behavior of cathepsins O and W is still unknown.4 Cathepsins
are, however, not synthesized as active enzymes to avoid
uncontrolled self-digestion of the cell. Instead, they are
synthesized as latent proproteins (“procathepsins”) that differ
from their mature counterparts by an additional N-terminal
propeptide fragment, which runs through the active-site cleft
along the direction opposite to that of normal substrates. The
functions of the propeptide have been thoroughly discussed for
cathepsin L and involve5 (i) inhibition of proteolytic activity,
(ii) assistance in folding of the proprotein, (iii) stabilization of
the proprotein at neutral and basic pH values, and (iv)
intracellular target signalization through covalent attachment of
mannose 6-phosphate groups, lysosomes as destination. The
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inhibition of enzyme activity through reverse binding of the
propeptide within the active-site cleft is thought to be common
to all papain-like proteases. In addition, it has been found for
cathepsins B and L that although the propeptide fragments may
differ in length and sequence, their overall fold appears to be
similar.5 Based on the presence of certain conserved sequence
motifs in the propeptide, procathepsins may be divided into
cathepsin L-like and cathepsin B-like species. In particular,
cathepsin L-like species present variants of the so-called
“ERFNIN” motif,6 which is absent in cathepsin B-like species.
The observed overall diversity in propeptides has been
suggested to allow for selective protease inhibition during
trafficking to different compartments in the lysosomes.7 In
cathepsin L, the propeptide consists of 96 residues, the first 79
forming a globular domain with three α-helices and the last 17
forming an extended chain that runs across the protein surface.5

At the border region of these two domains, i.e., around residues
M75p−K82p, the propeptide is contacting the active-site cleft
(sites S1 and S1′ according to papain nomenclature).5

Extensive interactions between the propeptide and the mature
part of the protein are formed via the so-called propeptide
binding loop (PBL, I136−D162) of the mature protein moiety,
part of which (F145−I150) forms a two-stranded β-sheet with
residues S55p−A59p.5 Additional stabilization is provided by
hydrophobic side chain contacts.5 The PBL is also involved in
the binding of certain classes of inhibitors other than the
propeptide; e.g., it was shown that there are favorable binding
interactions between negatively charged cathepsin L side chains
residing in this loop and positively charged side chains of the
p41 fragment of the major histocompatibility complex (MHC)
class II-associated invariant chain, a known inhibitor of
cathepsins L, V, K, and F.8 According to molecular modeling
investigations concerning the PBL in cathepsin O, such an
inhibition is also considered possible for this cathepsin.8 Note
that the PBL is sometimes8 referred to as the “cover loop”.
The stability of cathepsins is crucially dependent on their

protonation state. For instance, it has been found that
procathepsin L is stable whereas the mature enzyme is unstable
at neutral and slightly alkaline pH.9 Intracellular cathepsins are
active in the lysosomes. The acidic condition in these
compartments (down to pH 3.8 in mature lysosomes)9

facilitates cleavage of the propeptide, and subsequent
dissociation of this fragment activates the enzymatic function.
Cathepsin L is activated at pH ∼5.5−6, shows optimal
proteolytic activity in this slightly acidic environment, and is
irreversibly inactivated at pH <4 due to substantial loss of
helical structure,9 whereas, e.g., cathepsin H has a pH optimum
in the almost neutral range (pH 6.5−6.8).10 The precise
mechanism of the proteolytic cleavage of the propeptide in vivo
is still unknown.5 It has been suggested that protein−
membrane interactions might influence protease activation in
vivo.11 The N-terminal propeptide region of procathepsin L
might be involved in binding to the membranes of micro-
somes.12,13 More recent studies14,15 of cathepsin B draw
autocatalytic activation back to enzymatic activity of the
proenzyme that is only present after a conformational change
in the propeptide, exposing the active-site cleft, has taken place.
The conformational equilibrium between the inactive and
active proenzyme forms is shifted toward the latter at acidic pH,
in line with in vitro studies confirming the weakening of
propeptide−protein interactions at low pH values in
procathepsins L and B.16,17 The propeptide conformational
change allowing for enzymatic activity also appears to improve

the substrate properties of the proprotein.15 Dissociation of the
propeptide from the active-site cleft may be considered a
unimolecular step leading to an enzymatically active pro-
enzyme,7,15 whereas subsequent processing of other procathep-
sins by the latter active species is considered a bimolecular
reaction.7,18 Such an activation mechanism only works for
endopeptidases. Propeptide dissociation is not sufficient to
activate exopeptidases; i.e., endopeptidases must be available to
activate exopeptidic cathepsins.19

The pH dependence of the propeptide conformation and its
relation to proenzyme activation were studied in the case of
procathepsin L, and it was found that a decrease in the pH to a
value of 3 induces a loss of tertiary structure but leaves
secondary structure almost unaffected, the resulting protein
presenting features of a molten globule.20 Notably, the
propeptide is able to fold independently of the mature enzyme.
At pH ∼4−6, the isolated propeptide is thus a strong inhibitor
of cathepsin L, while inhibitory potency is lost in the more
strongly acidic regime.20

Although cathepsins play an important role in the manage-
ment of intracellular protein turnover and necrosis- or
autophagocytosis-associated protein breakdown, their function
is by no means restricted to lysosomal protein degradation but
also involves, e.g., MHC class II-mediated antigen presentation
by degradation of antigens (e.g., cathepsin S in dendritic,
macrophage, and B cells), collagenolysis in the context of bone
resorption (e.g., degradation of type I collagen by cathepsin K
in osteoclasts), the processing of protein prohormones (e.g.,
generation of β-endorphin, α-MSH, or ACTH by cathepsin L
in pituitary secretory vesicles), or proneuropeptides (e.g.,
generation of enkephalin, neuropeptide Y, dynorphins, or
cholecystokinin by cathepsin L in neuropeptide-containing
secretory vesicles).3,4,7,21,22 Cathepsin activity, besides being
regulated by pH, is also controlled by a number of endogenous
enzyme inhibitors, the most important ones being cystatins and
thyropins. They act as so-called emergency inhibitors, i.e., stop
detrimental protease action, e.g., in the case of cathepsins
escaping the cell.23 The propeptide is a so-called regulatory
buffer-type inhibitor; i.e., it stops protease action if there is no
substrate to be processed.23 An imbalance in cathepsin protease
action and inhibition is associated with a number of
pathological conditions.7 For instance, cathepsin L, being
overexpressed in malignant tumor cells, is thought to advance
tumor malignancy by degrading extracellular matrix (collagen,
fibronectin, and laminin) and cell−cell adhesion (E-cadherin)
proteins.4 The corresponding action of cathepsin L in the
extracellular environment is made possible by a decreased pH
value in the vicinity of tumor cells.4 While the contributions of
cathepsin L to tumor progression (invasion and metastasis)
have been confirmed by a number of studies, its involvement in
tumorigenesis (proliferation and angiogenesis) is still unclear.4

Similarly, cathepsin B overexpression has been linked to tumor
progression.24 According to experimental tumor models,
cathepsin inhibitors have therapeutic anticancer potential but
at present lack clinical evidence.25 Elastolysis and collagenolysis
by cathepsins are also considered to be involved in the
development and rupture of cerebral aneurysms (cathepsins B,
K, and S)26 and the development of atherosclerosis (cathepsins
K and S)27 through the degradation of the extracellular matrix
in artery walls. Cathepsins B and K present in synovial fluid
were found to contribute to rheumatoid arthritis through
collagenolysis.28,29 Mutations in cathepsin genes or in the genes
of their endogeneous inhibitors cause genetic disorders such as,
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e.g., early onset periodontal disease due to a point mutation in
the cathepsin C gene30 or a certain form of amyloid angiopathy
due to a point mutation in the cystatin C gene.31 See a recent
review7 for a detailed and thorough discussion of the role of
cathepsins in physiological and pathological processes.
The present study focuses on the proprotein and mature

forms of cathepsins L and O. The tissue-specific expression
pattern and localization, role in physiological and pathological
processes, enzymatic activity properties, and structure of
cathepsin L have been extensively investigated.4,5,9,32 On the
other hand, very little is known about cathepsin O. In 1994, it
was cloned from a human breast tumor cDNA library and its
amino acid sequence was determined. It seems to be expressed
in a wide range of different tissues.33 However, its function has
not been characterized to date. The authors of the present
study are aware of only one discussion of structural features of
cathepsin O in the literature, where a molecular modeling
technique was used to characterize the PBL.8 This character-
ization was based on analysis of a single homology-based model
structure created using cathepsin L from a cathepsin L−p41
inhibitor complex crystal structure as a template. However, an
accurate description of the behavior of (bio-)molecular systems
at non-zero temperature requires analysis of an ensemble of
structures statistically representative of the phase space sampled
by the system under the relevant thermodynamic boundary
conditions. Atomistic molecular dynamics (MD) simulation is a
powerful tool for investigating molecular structural ensembles,
thermodynamics, and dynamics at a resolution often inacces-
sible to experiment and has previously been used to study, e.g.,
cathepsins L and K.34,35

The present study seeks to provide insight into the structural
features of cathepsin O and, in particular, to rationalize at
atomic resolution the noncovalent binding interactions of the
mature part of the protein with the propeptide in procathepsin
O. Its goal is fourfold, namely: (1) creating homology-based

models for the proprotein and mature forms of cathepsin O
and verifying their stability at a pressure P° = 1 bar, a
temperature T− = 298.15 K, and neutral pH by MD simulation,
(2) analyzing and comparing structural features of the PBL in
the proprotein and mature forms of cathepsins L and O as well
as PBL−propeptide interactions in procathepsins L and O by
MD simulation [(pro‑)cathepsin L was chosen for comparison
because experimental structures were determined for both its
pro- and mature forms5,36 and because the sequence of
procathepsin O is similar with that of the subclass of cathepsin
L-like enzymes], (3) investigating the effect of point mutations
and deletions on the stability of PBL−propeptide interactions
in procathepsin O using MD simulation, and (4) predicting the
effect of pH on the stability of PBL−propeptide interactions in
procathepsins L and O using MD simulation.

■ COMPUTATIONAL DETAILS

Simulated Proteins. All simulations are summarized in
Table 1.

(Pro‑)Cathepsin L. The initial structure for human
procathepsin L (Lpro) was taken from entry 1CJL in the
Protein Data Bank (PDB). It is an experimental structure that
was determined5 via X-ray crystallography at a resolution of 2.2
Å. Two modifications to this structure were introduced by the
authors of the present study. (i) A missing loop (T175-E176-
S177-D178-N179) was inserted from an experimental
structure36 for mature cathepsin L (PDB code 3IV2) after
alignment of the two structures using PyMOL.37 (ii) Residue
S25 was changed to C25, E60 to Q60, and A110 to T110 to
restore the wild-type sequence as given in ref 38 and as
observed in the structure36 for mature cathepsin L (PDB code
3IV2). Residues Q60 and T110 are located at the protein
surface, at considerable distance from the PBL−propeptide
interface and the catalytic center, and are not expected to be of
immediate relevance to the present study. Furthermore,

Table 1. Abbreviations for the Simulated Proteins Used throughout the Text Along with the Number of Residues, the Net
Charge, the Propeptide and PBL Residues, and the Corresponding Simulationsa

abbreviation full protein specification
no. of
residues

net
charge
(e) propeptide PBL

no. of
simulations
(length)

Wild Type
Lpro procathepsin L 312 −10 D5p−E96p I136−D162 5 (6 ns)
Lmat mature cathepsin L 220 −12 − I136−D162 5 (6 ns)
Opro procathepsin O 298 0 D1p−S84p V138−N161 5 (6 ns)
Omat mature cathepsin O 214 −4 − V138−N161 5 (6 ns)

Mutant
Opro-D145L Opro with aspartate-145 mutated to leucine 298 1 D1p−S84p V138−N161 5 (6 ns)
Opro-G148P Opro with glycine-148 mutated to proline 298 0 D1p−S84p V138−N161 5 (6 ns)
Opro-L147P,G148P Opro with leucine-147 and glycine-148 each mutated to

proline
298 0 D1p−S84p V138−N161 5 (6 ns)

Opro-trunc Opro with residues 1−38 deleted 260 −2 N39p−S84p V138−N161 1 (6 ns)
Alternative Protonation

Lpro-pH4part1 Lpro with additional protonation of H45p, E48p, E51p, H54p,
D65p, E141, E148, E153, and D155

312 −1 D5p−E96p I136−D162 1 (6 ns)

Lpro-pH4part2 Lpro-pH4part1 with additional protonation of E69p, E70p,
D137, H140, E159, D160, and D162

312 6 D5p−E96p I136−D162 1 (6 ns)

Opro-pH4part1 Opro with additional protonation of H28p, E38p, D145,
H153, and H154

298 5 D1p−S84p V138−N161 1 (6 ns)

Opro-pH4part2 Opro-pH4part1 with additional protonation of E55p, E56p,
D139, and E159

298 9 D1p−S84p V138−N161 1 (6 ns)

Opro-pH4 Opro at pH <4 (Opro with additional protonation of all
histidine, aspartate, and glutamate side chains)

298 35 D1p−S84p V138−N161 1 (6 ns)

aPropeptide residue numbers are designated with an additional letter “p”, and index 1 is reassigned to the first mature cathepsin residue.
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structure 1CJL does not provide coordinates for the first four
N-terminal propeptide residues. These residues were therefore
neglected in the present simulations. The F78pL mutation in
the propeptide of structure 1CJL near the active-site cleft was
retained in the present simulations. Note also that the catalytic
cysteine residue C25 was here represented with a terminal thiol
group. Because the thiol pKa value is in the range of 2.5−3.5, a
thiolate group would actually be more appropriate at pH 7. The
catalytic histidine H163 was neutral; i.e., Nδ was deprotonated,
and Nε was protonated.
The initial structure for mature human cathepsin L (Lmat)

was taken from entry 3IV2 in the PDB.36 It is an experimental
structure that was determined via X-ray crystallography at a
resolution of 2.2 Å. Two modifications to this structure were
made. (i) The N-terminal missing A1 residue was inserted from
the experimental structure5 for procathepsin L (PDB code
1CJL) after alignment of the two structures using PyMOL.37

(ii) Residue A25 was changed to C25.
(Pro‑)Cathepsin O and Mutants. No experimental

structures are available for (pro‑)cathepsin O. Therefore,
using the known amino acid sequence,33 a homology-based
model for wild-type human procathepsin O (Opro) was created
with the SWISS-MODEL server in the “automatic mode”.39

The template was another cysteine protease proenzyme
(procaricain from the papaya plant, PDB code 1PCI, structure
determined via X-ray crystallography at a resolution of 3.2 Å)40

which has 28.7% sequence identity with procathepsin O. A
corresponding model for mature cathepsin O (Omat) was
obtained after removal of the propeptide coordinates.
In the following, simulations of wild-type pro- and mature

cathepsin O at pH 7 are denoted Opro and Omat, respectively
(Table 1). Residues D145, L147, and G148 appear to be
important for hydrogen bonding interactions at the Opro
PBL−propeptide interface (PBL−Propeptide Interactions).
Furthermore, considering PBL−propeptide interactions in
wild-type procathepsin O, the initial ∼40 residues encompass-
ing propeptide stretch that does not form an interface with the
mature part of the protein appears to be dispensable for
noncovalent interfacial contacts. Therefore, to investigate the
stability of the PBL−propeptide interface in procathepsin O,
four mutant forms were created: (i) a D145L point mutant
denoted Opro-D145L representing reduced side-chain hydro-
gen-bonding capacity, (ii) a G148P point mutant denoted
Opro-G148P representing reduced backbone hydrogen-bond-
ing capacity, limited backbone conformational flexibility, and
increased steric hindrance within the interfacial β-sheet, (iii) an
L147P,G148P double mutant denoted Opro-L147P,G148P
representing a more severe loss of backbone noncovalent-
binding capacity and conformational freedom than the G148P
mutant, and (iv) a deletion mutant denoted Opro-trunc that
lacks the first 38 N-terminal (propeptide) residues of wild-type
procathepsin O. These systems were created on the basis of a
wild-type procathepsin O configuration from simulation Opro
(run 4, structure at 5.7 ns) that shows numerous hydrogen-
bonding interactions between the PBL and the propeptide. For
Opro-D145L, the mutation in this configuration was under-
taken by appropriate renaming of atoms. For Opro-G148P and
Opro-L147P,G148P, the concerned residues were replaced
using the molecular modeling program MOE41 and subsequent
steepest-descent energy minimization42 with GROMOS11.43

Except for Opro-trunc, the corresponding solvent config-
urations were taken from the original wild-type procathepsin O
configuration. Because the deletion of 38 residues in Opro-

trunc generated a considerable cavity, the Opro-trunc structure
was solvated anew in a water box (Molecular Dynamics
Simulations). Five simulations of Opro-D145L, Opro-G148P,
and Opro-L147P,G148P with different initial counterion
positions (Opro-D145L only) and atom velocities (runs 1−5)
were performed. Because of the limited relevance for
experimental investigations in the context of this study, Opro-
trunc was simulated only once.

Alternative Protonation States of Procathepsins L and O.
If not indicated otherwise, amino acid protonation states were
appropriate for pH 7. Throughout, the N- and C-terminal
groups were represented by the charged functionalities NH3

+

and COO−. The choice to simulate at neutral pH was
motivated by the stability of procathepsin L under such
conditions.9 Although it is known that neutral pH renders
mature cathepsin L unstable,9 this protein was nevertheless
simulated at the same protonation state as procathepsin L to
limit the change in the system to a single structural difference,
namely, the presence or absence of the propeptide. This
facilitates the investigation of the effect of the propeptide on
the structure and dynamics of the mature part of the protein.
The experimental dependence of the stability of (pro‑)-
cathepsin O on pH is at present unknown. To further
investigate the stability of the PBL−propeptide interface in
procathepsins L and O, the proteins were simulated at three
alternative protonation states: (i) an unphysical protonation
state, denoted Lpro-pH4part1 and Opro-pH4part1, where all
titratable side chains are represented according to pH 7, except
for H45p, E48p, E51p, H54p, D65p, E141, E148, E153, and
D155 (Lpro-pH4part1) and H28p, E38p, D145, H153, and
H154 (Opro-pH4part1) residing in the vicinity of the PBL−
propeptide interfacial β-sheet, which are protonated; (ii) an
unphysical protonation state, denoted Lpro-pH4part2 and Opro-
pH4part2, where E69p, E70p, D137, H140, E159, D160, and
D162 (Lpro-pH4part2) and E55p, E56p, D139, and E159
(Opro-pH4part2) are protonated in addition to the ones in Lpro-
pH4part1 and Opro-pH4part1 (these residues reside at the PBL−
propeptide interface, albeit not in the vicinity of the PBL−
propeptide interfacial β-sheet); and (iii) a protonation state
appropriate for pH <4, i.e., all aspartate, glutamate, free
cysteine, histidine, lysine, and arginine residues protonated,
denoted Opro-pH4 (the C-terminus was kept deprotonated).
Simulations at alternative protonation states were started from
the same protein configurations as the simulations at pH 7 for
cathepsin L, and the mutant simulations at pH 7 for cathepsin
O. Because of the limited relevance for experimental
investigations in the context of this study, all simulations at
alternative protonation states were performed only once.

Molecular Dynamics Simulations. All simulations listed
in Table 1 were performed using the GROMOS11 package of
programs.43 Proteins were described using the 45A4 parameter
set;44 ions were described using the parameters of ref 45, and
water was represented by means of the three-site simple-point-
charges (SPC) model.46 The equations of motion were
integrated using the leapfrog scheme47 with a time step of 2
fs. The solute bond length distances and the rigidity of the
water model were enforced by application of the SHAKE
algorithm48 with a relative geometric tolerance of 10−4. The
systems were simulated under periodic boundary conditions
(PBC) based on rectangular computational boxes. A roto-
translational constraint49 was applied to the protein to avoid
spurious contacts between protein copies along short box edges
after possible rotational movement. Solute (protein and
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Table 2. Parameters Characterizing the Stability of Secondary Structure Evaluated from 6 ns MD Simulations of the Indicated
Proteinsa

protein run rmsdbb (maximum) (nm) Nbb−hb f 310‑helix (%) fα‑helix (%) fπ‑helix (%) fβ‑sheet (%)

Lmat 1 0.20 (0.25) 80.41 1.1 22.9 0.1 16.2
2 0.22 (0.27) 80.82 0.6 22.3 0.4 13.9
3 0.20 (0.25) 79.03 1.0 23.0 0.1 16.7
4 0.19 (0.23) 80.35 1.1 23.5 0.1 14.4
5 0.28 (0.35) 75.90 0.6 22.4 0.7 15.3
ini. 0 92 5.5 25.0 0.0 18.6

Lpro 1 0.16 (0.22) 129.26 2.7 30.0 0.1 11.4
2 0.19 (0.28) 126.78 1.9 30.8 0.2 12.7
3 0.18 (0.24) 123.31 2.2 28.2 0.9 10.6
4 0.20 (0.29) 125.97 1.9 29.3 0.1 11.7
5 0.18 (0.23) 127.36 1.9 29.3 0.8 11.9
ini. 0 148 4.5 31.1 0.0 15.7

Omat 1 0.25 (0.30) 74.64 0.7 19.8 0.7 16.6
2 0.24 (0.31) 73.42 0.9 18.4 0.9 15.7
3 0.22 (0.27) 74.54 0.3 19.2 0.0 16.3
4 0.21 (0.26) 73.23 0.7 18.0 0.8 16.9
5 0.24 (0.29) 73.70 1.1 19.1 1.2 17.2
ini. 0 83 7.9 19.6 0.0 17.3

Opro 1 0.32 (0.38) 98.18 1.3 20.5 0.4 13.1
2 0.34 (0.47) 103.29 1.2 20.6 0.6 12.1
3 0.31 (0.36) 102.11 0.9 22.0 0.0 12.7
4 0.32 (0.37) 101.92 1.6 20.4 2.0 13.0
5 0.31 (0.36) 96.81 1.4 19.8 1.0 13.4
ini. 0 111 6.7 21.8 0.0 15.1

Opro-D145L 1 0.23 (0.30) 105.43 1.8 20.9 1.3 13.3
2 0.17 (0.24) 101.64 2.5 21.6 1.1 13.1
3 0.20 (0.29) 98.90 1.4 19.4 1.1 12.9
4 0.15 (0.20) 103.30 1.8 21.2 0.6 12.0
5 0.16 (0.22) 105.69 2.5 21.5 1.8 12.6
ini. 0 105 2.0 19.5 0.7 12.1

Opro-G148P 1 0.13 (0.17) 100.78 1.4 20.9 1.3 12.9
2 0.17 (0.22) 96.67 1.9 19.5 1.9 11.9
3 0.20 (0.27) 101.62 1.3 20.4 1.4 12.7
4 0.16 (0.23) 99.87 1.6 20.1 1.8 12.8
5 0.16 (0.23) 97.85 1.5 20.7 1.8 13.0
ini. 0 106 2.0 19.5 0.7 11.4

Opro-L147P,G148P 1 0.15 (0.21) 99.12 2.1 19.4 2.8 11.7
2 0.16 (0.20) 97.76 2.2 19.0 2.5 11.4
3 0.16 (0.20) 98.13 2.2 18.9 1.1 11.6
4 0.19 (0.26) 99.67 1.9 20.3 2.2 11.1
5 0.17 (0.24) 98.96 1.8 19.6 1.8 12.0
ini. 0 105 2.0 19.5 0.7 11.4

Opro-trunc 1 0.20 (0.25) 89.61 1.2 18.0 1.0 15.3
ini. 0 96 2.3 16.9 0.8 13.8

Lpro-pH4part1 1 0.25 (0.37) 123.68 1.3 29.8 0.3 11.3
ini. 0 150 4.8 31.1 0.0 15.7

Lpro-pH4part2 1 0.33 (0.45) 126.64 1.9 29.8 0.2 12.0
ini. 0 150 4.8 31.1 0.0 15.7

Opro-pH4part1 1 0.19 (0.28) 101.68 2.0 19.8 1.9 12.8
ini. 0 105 2.0 19.5 0.7 12.1

Opro-pH4part2 1 0.34 (0.46) 104.64 1.4 20.5 2.4 12.9
ini. 0 105 2.0 19.5 0.7 12.1

Opro-pH4 1 0.37 (0.56) 104.29 1.9 19.4 1.5 14.4
ini. 0 104 2.0 19.5 0.7 12.1

aThe reported data include the average backbone heavy atom-positional rmsd values from the (minimized) starting structure (rmsdbb), evaluated
after the backbone heavy atoms had been fit to this structure, as well as the maximal instantaneous rmsd values in parentheses, the average numbers
of backbone hydrogen bonds (Nbb−hb), and the average fractions f 310‑helix , fα‑helix , fπ‑helix , and fβ‑sheet of protein residues occurring in corresponding

secondary structure elements. The labels “run 1”−“run 5” pertain to simulations initiated from the same protein starting configurations, albeit with
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counterions) and solvent degrees of freedom were independ-
ently coupled to a heat bath50 at 298.15 K with a relaxation
time of 0.1 ps. The box dimensions were isotropically coupled
to a pressure bath50 at 1 atm, with a relaxation time of 0.5 ps
and an isothermal compressibility of 4.575 × 10−4 kJ−1 mol
nm3.
Van der Waals and electrostatic interactions were handled

using the Lennard-Jones potential51−53 and the Barker-Watts
reaction field scheme54 within a triple-range cutoff approach55

applied on the basis of distances between charge group
centers,42 with short- and long-range cutoff radii of 0.8 and 1.4
nm, respectively, and an update frequency of five time steps for
the short-range pair list and intermediate-range interactions.
The reaction field scheme was applied with εBW = 66.6 for the
relative permittivity of the dielectric continuum surrounding
the cutoff sphere, as appropriate56 for the SPC water model.
Prior to the beginning of any simulation, each protein

structure was solvated in a rectangular computational box
composed of periodically replicated cubic water boxes
containing 216 SPC water molecules at the equilibrated density
of the SPC water model (972 kg/m3),56 allowing for a minimal
protein−wall distance of 0.8 nm and a minimal protein−solvent
distance of 0.23 nm. The resulting box sizes were on average
5.90 nm × 8.02 nm × 8.80 nm and 5.48 nm × 6.04 nm × 7.39
nm for pro- and mature wild-type cathepsins, respectively, and
similar for corresponding protonated or mutant species. After
the systems had been relaxed using steepest-descent energy
minimization,42 a neutralizing amount of sodium or chloride
counterions (Table 1) was added by replacing randomly chosen
water molecules within the bulk solvent. The absence of ions in
the vicinity of the protein solute was verified by visual
inspection. All simulations were initiated from a random set
of atom velocities satisfying a Maxwell−Boltzmann distribution
at 50 K, and seven equilibration steps were used to obtain a
starting configuration appropriate for a simulation in the NPT
ensemble at a pressure of 1 atm and a temperature of 298.15 K.
In a first simulation period of 20 ps in the NVT ensemble at a
temperature of 50 K, a harmonic potential with a force constant
of 2.5 × 104 kJ mol−1 nm−2 was applied to all solute atom
positions to restrain them to the initial configuration. During
five succeeding simulation periods of 20 ps in the NVT
ensemble, the temperature was consecutively increased by 50 K
and the restraint force constant was consecutively reduced by a
factor of 10 a restraint force constant of 0. Here, the sixth
simulation step involved a temperature of 298.15 K rather than
300 K. In the seventh simulation step, the roto-translational
constraint and constant-pressure restraint were introduced and
kept for the following 6 ns production run, during which the
sampled configurations and energetic data were written to file
every 0.5 ps for subsequent analysis.
To gain improved statistical certainty of the simulation

results, for most of the investigated proteins, five different
simulations, denoted runs 1−5, were performed. The
equilibration period of the different runs was initiated from
the same starting configuration, albeit with different initial
counterion positions and atom velocities.
Analysis of Simulation Results. The analyses of

simulations described in this section were used to investigate

the overall protein secondary structure stability and interactions
between the PBL and the propeptide. The definition of the
PBL in Lpro and Opro is reported in Table 1.
The stability of a protein during the simulation was assessed

by (i) monitoring the time series of the atom-positional root-
mean-square deviation (rmsd) of all backbone heavy atoms (N,
Cα, and C) from the (minimized) starting structure after a roto-
translational fit of all backbone heavy atoms to the reference
structure, (ii) evaluating the time average of the number of
backbone hydrogen bonds, based on defining a hydrogen bond
via a geometric criterion (a maximal hydrogen atom−acceptor
distance of 0.25 nm combined with a minimal donor−hydrogen
atom−acceptor angle of 135°), and (iii) evaluating the time
average of fractions of protein residues occurring in secondary
structure elements 310-helix, α-helix, π-helix, or β-sheet, based
on secondary structure definitions according to the Kabsch−
Sander rules.57

Specific investigations concerning the PBL−propeptide
interface were undertaken by (i) assessing the atom-positional
root-mean-square fluctuation (rmsf) for all Cα atoms, after a
roto-translational fit of all backbone heavy atoms to the first
trajectory frame, and focusing in particular on the flexibility of
the PBL−propeptide interface, (ii) monitoring the occurrence
of hydrogen bonds between the involved residues (Table 1),
(iii) evaluating time averages of electrostatic and van der Waals
interaction energies between all atoms of system components
of interest, and (iv) conducting a cluster analysis based on a
conformation-based similarity matrix as described in ref 58,
where conformational similarity is estimated by means of the
atom-positional rmsd between given sets of backbone heavy
atoms. The clustering was conducted for PBL conformations of
wild-type cathepsins L and O. Cathepsin configurations for the
whole mature part were extracted every 2.5 ps from the
trajectories of Lmat, Omat, Lpro, and Opro (runs 1−5). Thus,
each cathepsin was characterized by a pool of 24000
conformations sampled from 10 different simulation runs.
The rmsd of backbone heavy atoms residing in the PBL was
evaluated for all pairs of conformations. The rmsd cutoff for the
conformational clustering was set to the lowest rmsd value
exhibiting a local probability minimum, i.e., 0.15 and 0.14 nm
for clustering of PBL configurations of cathepsins L and O,
respectively (Figure S.12 of the Supporting Information), and
clusters were defined such that all configurations pertaining to a
particular cluster be within the given rmsd cutoff distance of the
central member structure of the cluster.
All the analyses described above were conducted with the

gromos++ package of programs.59 PyMOL37 was used for
visualizations.

■ RESULTS AND DISCUSSION

MD Simulations of (Pro‑)Cathepsin L. The secondary
structure of proteins Lmat and Lpro was largely maintained
during all five simulation runs. Table 2 reports the time
averages and maximal instantaneous values of the backbone
heavy atom-positional rmsd from the (minimized) starting
structure. For Lmat and Lpro, the maximal values do not
exceed 0.35 and 0.29 nm, respectively, while the corresponding
time averages over 6 ns trajectories are in the range of 0.19−

Table 2. continued

different initial counterion atom positions and different initial atom velocities. Table entries “ini.” denotes data corresponding to the initial
(minimized) structures. Abbreviations for the protein names are defined in Table 1.
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0.28 and 0.16−0.20 nm, respectively. For both proteins, the
rmsd value appears to be converged after ∼2 ns (Figure S.1 of
the Supporting Information). The (minimized) starting
structures of Lmat and Lpro present 92 and 148 hydrogen
bonds between backbone atoms, respectively, with 49.1 and
51.3%, respectively, of all residues being involved in 310-helix, α-
helix, π-helix, and β-sheet, while the corresponding time
averages over 6 ns trajectories are in the range of ∼37.2−
40.8 and ∼41.9−45.6%, respectively (Table 2). The time
evolutions of the secondary structure elements are illustrated
graphically in Figures S.2 and S.3 of the Supporting
Information. The main contributions to the loss of secondary
structure in comparison to the starting structures are decreases
of 1.9−5.1% in β-sheet content (recurrent disappearance of
short β-strands in Lmat and Lpro) and a decrease of 1.8−4.9%
in 310-helix content (disappearance or recurrent disappearance
of short helices in Lmat and Lpro).
Homology Model and MD Simulations of (Pro‑)-

Cathepsin O. Stability of MD Simulations. Prior to
attempting any structural characterization of (pro‑)cathepsin
O on the basis of the generated homology-based models, the
authors of the present study used MD simulation to verify the
structures and to complement them with dynamical informa-
tion. The secondary structure of proteins Omat and Opro was
largely maintained during all five simulation runs. For Omat
and Opro, the maximal observed backbone heavy atom-
positional rmsds from the (minimized) starting structure do
not exceed 0.31 and 0.47 nm, respectively, while the
corresponding time averages over 6 ns trajectories are in the
range of 0.21−0.25 and 0.31−0.34 nm, respectively (Table 2).
The sampled Omat configurations thus show a high degree of
conformational similarity to the initial model structure, whereas
the deviations observed for Opro are somewhat larger.
Significantly lower maximal and average rmsd values are
found for the mature part of Opro (the roto-translational fit still
being based on all backbone heavy atoms), namely, 0.31 and
0.21−0.23 nm, respectively, suggesting that the difference
between Opro and Omat in atom-positional rmsd is caused by
the flexibility of the propeptide (data not shown). The
structural features of the latter may not be accurately
represented by the initial model structure, because it is
known that cysteine proteases, although sharing high sequence
and structural similarity in the mature part of the enzyme, differ
more considerably in terms of length, sequence, and structure
of the propeptide.5 The present Opro simulations suggest in
addition that the predominant contributions to the increased
rmsd arise from the first 40 residues of the propeptide. These
N-terminal residues do not have any interface, i.e., no direct
nonbonded interactions, with the mature part of the protein.
Except for run 2 of Opro, where an increase in rmsd is

observed after 3 ns, the rmsd of Omat and Opro appears to be
converged after ∼2 ns (Figure S.1 of the Supporting
Information). The rmsd increase of run 2 of Opro is due to
the first 12 N-terminal (no defined secondary structure)
propeptide residues, which, after approximately 3 ns, move
closer to the protein. This movement is illustrated in Figure
S.10 of the Supporting Information and underlines the
importance of verifying (homology-based) model structures
by molecular dynamics simulation, i.e., of investigating the
dynamical behavior of a molecule, which can give valuable
insight into possible conformational variability. When residues
1−12 are omitted from the rmsd calculation, the rmsd appears
to be converged after ∼2 ns for all Opro runs (Figure S.1 of the

Supporting Information). Conceding the high flexibility of the
first 12 N-terminal residues, the observation of rmsd
convergence during the 6 ns period provides a reasonably
trustworthy indication of stable simulations.
The (minimized) starting structures of Omat and Opro

present 83 and 111 hydrogen bonds between backbone atoms,
respectively, with 44.8 and 43.6%, respectively, of all residues
being involved in 310-helix, α-helix, π-helix, or β-sheet
secondary structure elements, while the corresponding time
averages over 6 ns trajectories are in the range of ∼35.8−38.6
and ∼34.5−37.0%, respectively (Table 2). The time evolutions
of the secondary structure elements are illustrated graphically in
Figures S.4 and S.5 of the Supporting Information. The main
contributions to the loss of secondary structure in comparison
to the (minimized) starting structures are due to a decrease of
5.1−7.6% in 310-helix content in (disappearance or recurrent
disappearance of short helices in Omat and Opro) and a
decrease of 0.1−3.0% in β-sheet content (recurrent disappear-
ance of short β-strands in Omat and Opro).
Procathepsin O mutants Opro-D145L, Opro-G148P, and

Opro-L147P,G148P show secondary structure stability similar
to that of Opro (Table 2 and Figures S.6−S.8 of the Supporting
Information). Note that the number of backbone hydrogen
bonds and the fractions of helical secondary structure elements
in their starting configurations are close to the resulting
averages. This is because the starting configurations were
constructed from an already equilibrated Opro configuration.
The initial β-sheet content of Opro-G148P and Opro-
L147P,G148P is lower by 3.7% than that of the Opro starting
structure, due to disruption of PBL−propeptide interactions
through mutations in the PBL [PBL−Propeptide Interface in
(Pro‑)Cathepsins L and O], and is also close to the resulting
averages. The rmsd of the mutant simulations appears to be
converged after ∼2−3 ns (Figure S.1 of the Supporting
Information).
After an initial increase in rmsd, simulation Opro-trunc

shows a stable rmsd value around 0.2 nm (Figure S.1 of the
Supporting Information). The simulations involving the
partially protonated Opro species, Opro-pH4part1 and Opro-
pH4part2, show slight and considerable increases in rmsd,
respectively, throughout the whole 6 ns period. However,
simulation Opro-pH4 shows a drastic increase in rmsd after
∼3.5 ns (Figure S.1 of the Supporting Information). The
simulations involving the partially protonated Lpro species,
Lpro-pH4part1 and Lpro-pH4part2, also show increased rmsd
values in comparison to those of Lpro. Simulation Lpro-
pH4part1 shows increased rsmd values and fluctuations in
comparison to Opro-pH4part1, whereas the rmsd values of Lpro-
pH4part2 and Opro-pH4part2 evolve in a similar fashion (Figure
S.1 of the Supporting Information). Opro-trunc, Opro-pH4part1,
Opro-pH4part2, Lpro-pH4part1, and Lpro-pH4part2 show secon-
dary structure stability similar to that of the corresponding wild-
type proteins at pH 7, while Opro-pH4 undergoes a (limited)
loss of helical structure in the propeptide (Table 2 and Figure
S.9 of the Supporting Information).

Structural Characterization of (Pro‑)Cathepsin O. After the
stability of Omat and Opro simulations initiated from the
homology-based model structures generated for (pro‑)-
cathepsin O have been confirmed, the protein structures can
be characterized. The structure of mature cathepsin O appears
to be extremely similar to that of mature cathepsin L. This
finding is illustrated in Figure 1, which depicts an overlay of
configurations obtained after equilibration of Lmat and Omat.
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The propeptides of procathepsins L and O differ more
significantly than the mature parts (Figure 2). While the
immediate N-terminal residues in Lpro are involved in an α-
helix, a very flexible secondary structure-less N-terminal
segment of ∼12−15 residues is observed in Opro. The
dominating α-helical motif found in procathepsin L [residues
E27p−E51p (Figure S.3 of the Supporting Information)] is

shorter in procathepsin O (Figure S.5 of the Supporting
Information). The remaining secondary structural features of
the propeptide, namely, formation of a β-sheet with the PBL
[PBL−Propeptide Interface in (Pro‑)Cathepsins L and O] and
a short helical motif in the spatial vicinity of the active-site cleft,
are again very similar in both procathepsins. Obviously, there is
pronounced structural conservation between procathepsins L
and O in the mature parts of the proteins and in those
propeptide parts that are directly contacting the protein.
Considering the important biological function of the
propeptide, namely, blocking of the active-site cleft, it seems
to make sense that the entirely solvent-exposed propeptide
region encompassing the N-terminal region before the start of
the PBL−propeptide β-sheet (residues D5p−H54p and D1p−
S40p in procathepsins L and O, respectively) involves a greater
variety in length, sequence, and structure. Presumably,
mutations in this initial propeptide stretch that may have
accumulated during evolutionary history do not influence
biological function. This is also suggested by the fact that the
deletion mutant Opro-trunc is not less stable than Opro.
Indeed, the first exon of procathepsin O, encoding the first 22
propeptide residues, is believed to have evolved differently from
that of other cathepsin L-like enzymes.60

Such a variation in propeptide sequences can impair the
quality of the homology-based model because a poor sequence
alignment can propagate and introduce errors into adjacent
regions. Therefore, a multiple-sequence alignment using the
MultAlin server61 in the default mode of human procathepsins
K, L, O, S, and V and murine procathepsin O was performed to
investigate whether the propeptide stretch forming an interface
with the PBL is reasonably positioned in the employed
homology-based model (data not shown). The sequence
alignment confirmed analogy of residues T57p, M58p, and
A59p in human procathepsin L and residues F43p, Y44p, and
G45p in human procathepsin O. In addition, analogy of
residues F145, Y146, K147, and E148 in human procathepsin L
and residues D145, Y146, L147, and G148 in human
procathepsin O was confirmed. Thus, the residues forming

Figure 1. Overlay of the structures of mature cathepsins L (red) and O
(blue). The proteins are displayed in cartoon representation and
according to the standard orientation, illustrating the left-hand α-
helical L-domain and the right-hand β-barrel R-domain.3 The PBL is
colored orange (cathepsin L) and cyan (cathepsin O). The structures
correspond to the configuration obtained after the equilibration period
of 140 ps of run 1. The catalytic cysteine (C25) and histidine (H163
and H162 in procathepsins L and O, respectively) residues are shown
in stick representation, and residues pertaining to the S1 (Q19, Q21,
C22, and G23 for cathepsin L and Q19, M21, C22, and G23 for
cathepsin O)21 and S1′ (A138, L144, and W189 for cathepsin L and
A140 and W184 for cathepsin O)21 sites of the active-site cleft are
shown in line representation.

Figure 2. Overlay of the structures of pro- (red) and mature (blue) cathepsins L (left) and O (right). The proteins are depicted in cartoon
representation, and their orientations differ from the standard one3 by a clockwise in-plane rotation of ∼45° to better display PBL−protein
interactions. The propeptide is colored gray, and the PBL of the procathepsins is colored yellow. The backbones of residues forming a two-stranded
antiparallel β-sheet between the PBL and the propeptide in the procathepsins are shown in stick representation (residues T57p, A59p, F145, K147,
and E148 in Lpro and residues T41p, F43p, G45p, D145, L147, G148, and I150 in Opro). The catalytic cysteine (C25) and histidine (H163 and
H162 in mature cathepsins L and O, respectively) residues are also shown in stick representation. The structures correspond to the configurations
obtained after the equilibration period of 140 ps of run 1. Note the absence of hydrogen bonding interactions between the cysteine and histidine side
chains. This is a peculiarity of the depicted trajectory snapshot.
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Table 3. Occurrence of Hydrogen Bonds between the Propeptide and the PBL in Procathepsins L and O during 6 ns MD
Simulations of the Indicated Proteinsa

donor acceptor occurrence (%)

protein residue atoms residue atom run 1 run 2 run 3 run 4 run 5

Lpro T57p N H E148 O 96.15 96.67 96.92 96.93 96.93
A59p N H F145 O 98.39 96.45 98.51 98.68 98.32
K147 N H T57p O 94.33 93.16 94.26 93.87 93.34
G77p N H D162 O 68.79 77.23 − − −

Opro F43p N H G148 O 91.82 86.91 66.00 90.95 81.98
G45p N H D145 O 84.49 53.53 87.18 84.78 51.10
L147 N H F43p O 62.77 94.85 69.58 − 85.09
G148 N H F43p O 72.95 − 84.32 75.25 87.48
I150 N H T41p O 60.49 73.53 − 73.19 −
S24p OG HG D145 OD1 65.43 − − − −
S24p OG HG D145 OD2 55.88 − − − −
S50p OG HG D145 OD2 54.17 − − − −
N161 ND2 HD22 R63p O 71.88 − − − −
S50p OG HG D145 OD1 − 93.34 − 70.28 −
N47p N H D145 OD1 − 95.97 − − −
Q48p N H D145 OD1 − 75.50 − − −
S50p N H D145 OD1 − 71.96 − 72.69 80.44
S50p N H D145 OD2 − 61.88 − − −
Q48p N H D145 OD2 − − − 71.59 53.63
F49p N H D145 OD2 − − − 67.32 58.25
N47p N H D145 OD2 − − − − 55.57

Opro-D145L F43p N H G148 O 77.99 92.33 82.16 77.18 87.04
G45p N H L145 O 87.86 95.02 83.52 78.75 82.75
L147 N H F43p O 81.09 87.02 66.97 96.25 84.15
G148 N H F43p O 54.74 − 77.46 − 62.99
I150 N H T41p O 87.75 69.54 61.93 − 65.25
R63p NH1 HH12 N161 OD1 64.59 81.94 77.79 − −

Opro-G148P G45p N H D145 O 88.89 83.38 85.49 − −
L147 N H F43p O 94.97 77.04 93.05 77.55 97.12
I150 N H T41p O − − 71.64 − 51.73
N47p N H D145 OD1 94.51 97.78 − 74.06 97.36
Q48p N H D145 OD2 96.92 99.45 65.48 74.32 98.62
F49p N H D145 OD2 95.80 96.54 − 79.93 95.71
S50p N H D145 OD1 99.46 99.62 − 83.53 99.54
S50p OG HG D145 OD1 83.94 98.56 − 83.17 98.52
R63p NH1 HH12 N161 OD1 82.46 78.62 66.18 91.82 −
Q48p N H D145 OD1 − − 55.33 − −

Opro-L147P,G148P G45p N H D145 O 50.21 73.30 79.56 87.28 69.39
I150 N H T41p O 62.96 90.99 81.24 − 54.04
N47p N H D145 OD1 80.86 97.97 99.22 60.45 97.16
Q48p N H D145 OD2 94.23 97.29 99.30 80.28 92.38
F49p N H D145 OD2 96.92 96.47 94.78 61.27 96.09
S50p N H D145 OD1 99.05 99.54 99.45 63.92 99.68
S50p OG HG D145 OD1 99.10 96.52 98.08 54.87 94.77
R63p NH1 HH12 N161 OD1 62.34 61.28 − 78.92 −

Opro-trunc F43p N H G148 O 90.17
G45p N H D145 O 93.19
L147 N H F43p O 82.88
N47p N H D145 OD1 80.49
Q48p N H D145 OD2 80.88
F49p N H D145 OD2 75.06
S50p N H D145 OD1 79.71
S50p OG HG D145 OD1 83.57
R63p NH1 HH12 N161 OD1 67.27

Lpro-pH4part1 T57p N H E148 O 59.03
A59p N H F145 O 66.65
K147 N H T57p O 85.25

Lpro-pH4part2 T57p N H E148 O 93.72
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the interfacial β-sheet in human procathepsins L and O appear
at matching positions in the multiple-sequence alignment, the

PBL−propeptide hydrogen bonding pattern being exactly
equivalent (Table 3), which supports the adequacy of the

Table 3. continued

donor acceptor occurrence (%)

protein residue atoms residue atom run 1 run 2 run 3 run 4 run 5

A59p N H F145 O 87.74
K147 N H T57p O 92.97
I150 N H S55p O 87.57

Opro-pH4part1 F43p N H G148 O 76.63
G45p N H D145 O 65.21
L147 N H F43p O 77.76
G148 N H F43p O 57.20
I150 N H T41p O 66.87
R63p NH1 HH12 N161 OD1 83.53

Opro-pH4part2 F43p N H G148 O 87.66
G45p N H D145 O 85.83
L147 N H F43p O 89.54
G148 N H F43p O 61.29
I150 N H T41p O 64.59
R63p NH1 HH12 N161 OD1 83.85

Opro-pH4 F43p N H G148 O 73.41
G45p N H D145 O 73.55
L147 N H F43p O 69.27
G148 N H F43p O 54.73
I150 N H T41p O 74.02

aAmino acid residues are given in the one-letter code, and donor and acceptor atom specifications are given according to the IUPAC-IUB
nomenclature.64 For donor atoms, the electronegative hydrogen-bound atom is also reported. Here, only backbone hydrogen bonds and hydrogen
bonds involving (pro‑)cathepsin O residues D145 (if deprotonated) and R63p are reported, the complete data being provided in Table S.1 of the
Supporting Information. Hydrogen bonds that occur in <50% of the simulation time are not reported. The labels “run1”−“run5” pertain to
simulations initiated from the same protein starting configurations, albeit with different initial counterion atom positions and different initial atom
velocities. Abbreviations for the protein names are defined in Table 1.

Figure 3. rmsf of Cα atom positions evaluated from 6 ns MD simulations of the indicated proteins after the backbone heavy atoms had been fit to the
first trajectory frame. The data are averaged over runs 1−5 for simulations Lpro, Lmat, Opro, Omat, Opro-D145L, Opro-G148P and Opro-L147P,
G148P. Black bars denote residues of the propeptide and the PBL, the corresponding residue numbers being reported in Table 1. Abbreviations for
the protein names are defined in Table 1.
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employed homology-based model for investigations concerning
the PBL−propeptide interface. A second alignment of human
procathepsins L and O only, using the clustalw2 program of the
ClustalW server in the fast mode,62,63 delivered the same match
in hydrogen bonding residues at the PBL−propeptide interface
(Figure S.13 of the Supporting Information).
Note, finally, that the mature parts of each procathepsin do

not undergo structural rearrangement upon removal of the
propeptide, which justifies construction of a model for mature
cathepsin O on the basis of a homology-based model for the
proenzyme (Figure 2).
A deficiency in the homology-based initial Opro structure,

presumably arising from a histidine to glycine mutation in the
active-site cleft of the template protein,40 is the absence of
hydrogen bonding between the side chains of the catalytic
cysteine (C25) and histidine (H162) residues. Such hydrogen
bonding can, however, be expected to occur in the current
simulations, with the cysteine thiol group sulfur atom and
histidine Nδ atom functioning as donor and acceptor species,
respectively. Indeed, C25−H162 hydrogen bonding, while not
present in the trajectory frame depicted in Figure 2, and barely
present during Omat runs 1, 3, and 4 and Opro runs 1−4, is
regularly established during Omat runs 2 and 5 and Opro run 5,
where the thiol hydrogen atom binds to the histidine Nδ atom
for 10.0, 11.7, and 24.3%, respectively, of the simulation time.
Fractions of similar magnitude are observed in Lmat Runs 1−3
and 5 and Lpro runs 4 and 5, namely 26.2, 16.6, 12.1, 11.1,
14.2, and 19.3%, respectively.
In summary, the structure of the mature part of Opro seems

to be very comparable to that of Lpro, as are the regions of the
propeptide interacting with the PBL. However, the remaining
parts of the Opro propeptide seem to be more conformation-
ally diverse.
PBL−Propeptide Interface in (Pro‑)Cathepsins L and

O. PBL and Propeptide Structure. The central constituent of
the interface between the propeptide and the PBL is a short
two-stranded antiparallel β-sheet, and the involved residues are
highlighted in stick representation in Figure 2. Because of tight
interactions with the propeptide, the positional root-mean-
square fluctuation (rmsf) of PBL Cα atoms in the procathepsins
is reduced in comparison to that of the mature cathepsins. For
example, the average of Cα rmsfs over residues pertaining to the
PBL (Table 1) amounts to 0.08 and 0.09 nm in Lpro and Opro,
respectively, and 0.12 and 0.13 nm in Lmat and Omat,
respectively (average over runs 1−5). A graphical illustration of
Cα atom-positional rmsf values is provided in Figure 3, from
which it can also be seen that the PBL of procathepsins appears

to be a region relatively more rigid than the remainder of the
protein. The first ∼21 (Lpro) and ∼15 (Opro) N-terminal
propeptide residues appear to be especially flexible, in
agreement with the observations described in Structural
Characterization of (Pro‑)Cathepsin O. The prominent α-
helical propeptide motif following this flexible stretch is stable
in both procathepsins, and the PBL and extended terminal
propeptide regions also show similar structural features in both
procathepsins (Figure 2).
Figure 4 reports the sequence alignments of the PBLs of

procathepsins L and O, as suggested by the MultAlin server,61

the ClustalW server,62,63 and ref 8. The residues of the PBL
(Table 1) are highlighted with yellow and gray shading in
Figures 2 and 4, respectively. Despite a limited degree of
sequence similarity (5−9 identical amino acid pairs for a total
of 27 and 24 PBL residues in Lpro and Opro, respectively), the
overall PBL structure is similar. It involves the central β-strand
whose C-terminal end connects after a short bent stretch to the
catalytic histidine, and whose N-terminal end connects after a
bend that includes a short helical motif to the β-barrel domain
of the cathepsin. In (pro‑)cathepsin L, this helical motif occurs
around residues E141−L144 as a very stable α-helix, with
recurrent extensions to residue F145. In (pro‑)cathepsin O, the
initial model structure shows a 310-helix for residues A140−
S142. This helix is less stable and disappears initially but
reappears, however, occasionally as a 310-helix for residues
V141−W143 (Omat, runs 1−3), as well as a rather unstable
(Omat, run 4) or very stable α-helix around residues V141−
D145 (Omat, run 5) with recurrent extensions to residue A140.
It is lost in all five Opro runs (Figures S.4 and S.5 of the
Supporting Information). Visual inspection of the homology-
based model of ref 8 (Figure 3A therein) also suggests a short
helixlike stretch between (in approximately) residues V141 and
D145, which is likewise present in the analogous region of the
template species (cathepsin L−p41 inhibitor complex).
A conformational clustering of the PBL configurations

sampled in (pro‑)cathepsin L and O simulations gives similar
results (Figures 5 and 6). In all Lpro runs, the PBL appears to
be restricted to a cluster with a central member structure that
shows an α-helical conformation (E141−F145). The corre-
sponding cluster is, however, also accessed occasionally during
Lmat runs 2−4 (Figure 5a). Opro runs 1 and 4 sample mostly
the same cluster, whereas the other Opro runs show little
overlap in sampled clusters. Only occasionally do Opro runs 1−
4 access the predominant cluster of Opro run 5. The latter
cluster also appears transiently during Omat runs 1−5 (Figure
5b). None of the Opro runs samples clusters with central

Figure 4. Sequence alignment of procathepsins L and O as obtained in this work from a multiple-sequence alignment of human procathepsins K, L,
O, S, and V and murine procathepsin O using the MultAlin server61 or from a sequence alignment of procathepsins L and O only, using the
ClustalW server,62,63 and as reported by ref 8 based on a multiple-sequence alignment of the PBLs of human cathepsins F, K, L, O, S, V, and W. Only
residues pertaining to the PBL (gray shaded table entries; residues I136−D162 and V138−N161 in procathepsins L and O, respectively) along with
five preceding and five trailing residues are displayed. The full sequence alignment of procathepsins L and O obtained using the ClustalW server62,63

is displayed in Figure S.13 of the Supporting Information. The catalytic histidine residue (H163 and H162 in procathepsins L and O, respectively) is
indicated with an asterisk. Abbreviations for the protein names are defined in Table 1.
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member structures having a helical conformation in the PBL
(considering the first 15 most populated clusters, representing
89.0% of the analyzed configuration data). On the other hand,

the predominant cluster sampled during run 5 of Omat shows
an α-helix along PBL residues A140−D145. According to the
definition of the PBL adopted in this study (Table 1), this short
helix starts at the sixth (Lmat and Lpro) or third (Omat) PBL
position. The cluster central member structures in Figure 6 also
illustrate this shift in position, and all three sequence
alignments reported in Figure 4 confirm analogy of the first
PBL residues (I136 in Lpro and V138 in Opro), which suggests
that the employed PBL definition appears to be reasonable.
One may be tempted to conclude that the PBL of
(pro‑)cathepsin O is conformationally more promiscuous
than that of (pro‑)cathepsin L. However, such a conclusion is
not rigorously justified, because the initial model structure for
(pro‑)cathepsin O might have provided a PBL conformation
that does not adequately correspond to reality, i.e., that does
not pertain to the ensemble of conformationally similar PBL
conformations that is sampled preferentially under the given
thermodynamic boundary conditions (if such a dominant
configurational cluster existed). In this view, the ability of the
MD simulation to explore different conformational clusters
(rather than focusing on a single structure as provided by, e.g.,
X-ray crystallography) appears to be especially beneficial for the
validation of (bio-)molecular model structures. Observation of
PBL conformations in (pro‑)cathepsin O that were not
represented in the initial model structure during the performed
MD simulations underlines the importance of conformational
sampling. Sampling even more extensive than in the present
study would be necessary to draw quantitative conclusions with
respect to sampled cluster populations. However, the purpose
of the present cluster analysis is rather to qualitatively
supplement other indications of increased PBL flexibility in

Figure 5. Occurrence of the 15 most populated clusters PBL
conformations sampled during 6 ns MD simulations of proteins
Lmat, Lpro, Omat, and Opro can be assigned to. The underlying
configurations were extracted from both mature cathepsin and
procathepsin simulations, with the latter data (Lpro and Opro)
appended to the former (Lmat and Omat). The conformational
clustering was performed on the basis of PBL rmsd distributions
shown in Figure S.12 of the Supporting Information. The labels
“run1”−“run5” pertain to simulations initiated from the same protein
starting configurations, albeit with different initial counterion atom
positions and different initial atom velocities. (a) Cathepsin L (runs
1−5 of simulations Lmat and Lpro). (b) Cathepsin O (runs 1−5 of
simulations Omat and Opro).

Figure 6. Cartoon representation of the PBL structure of the central member of the most populated cluster (cathepsin L, denoted L1) or of the first
eight most populated clusters (cathepsin O, denoted O1−O8). The former cluster encompasses 56.0% of the analyzed configuration data for
cathepsin L, and the latter eight clusters encompass 70.5% of the analyzed configuration data for cathepsin O. The first six most populated clusters of
cathepsin O encompass 60.8% of the analyzed configuration data, i.e., a fraction similar to the first cluster of cathepsin L. Note the α-helices in the
PBL of cathepsin L, central member structure of cluster 1 (E141−F145), and cathepsin O, central member structure of cluster 8 (A140−D145).
Residues in the latter helix are shown in stick representation. Cathepsin O residues D145, L147, and G148 are also shown in stick representation.
The orientation of the PBL is close to that adopted in Figure 2.
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(pro‑)cathepsin O as compared to (pro‑)cathepsin L
[Structural Characterization of (Pro‑)Cathepsin O and PBL−
Propeptide Interactions]. The fact that a considerable fraction
[Omat, run 5 (Figure 5)] of the sampled configurations shows
a PBL fold similar to that adopted in the experimental
structures of (pro‑)cathepsin L should not be surprising
because of the overall similar fold, common evolutionary
history, and important biological function of the PBL. The
absence of the helical conformation in the Opro runs is
interesting. It might be purely accidental (lack of sampling) or
point to distinct conformational preferences of the PBL in the
pro- and mature forms of cathepsin O. Possibly, only particular
conformations (e.g., helical) of the PBL in the vicinity of the
active-site cleft allow successful substrate binding or/and
processing, the required restriction of the PBL to a conforma-
tionally less diverse ensemble being entropically unfavorable.
Overall, autocatalytic maturation of procathepsin O may
therefore not occur as easily as for procathepsin L.
PBL−Propeptide Interactions. As explained in the intro-

ductory section, the PBL−propeptide interface of procathepsin
L is stabilized by formation of a two-stranded β-sheet and

hydrophobic side chain contacts.5 Interfacial backbone hydro-
gen bonds and selected side chain-mediated hydrogen bonds of
interest to the present study, which are present for at least 50%
of the simulation time of the individual 6 ns runs, are reported
in Table 3 and illustrated graphically in Figure 7. A complete
list of interfacial hydrogen bonds present for at least 50% of the
simulation time is provided in Figure S.13 of the Supporting
Information. Note that because of the additional T41p−I150
interaction, the β-sheet is on average longer and putatively
more stable in procathepsin O than in procathepsin L. The
former protein also has more side chain-mediated hydrogen
bonds across the PBL−propeptide interface, a very important
hydrogen bond involving the carboxylate oxygen atoms of
D145, which accepts various hydrogen bonds from propeptide
residues (backbone and side chains) with an average
occurrence of 69.0%. Procathepsin L does not form such
strong electrostatics-mediated interfacial contacts. According to
the sequence alignments reported in Figure 4, it has a
phenylalanine instead of the deprotonated aspartate (D145)
present in procathepsin O, namely, F145 (this work) or F143
(ref 8).

Figure 7. Illustration of important hydrogen bonding residues involved in the PBL−propeptide interface of procathepsins L (left) and O (right).
Only the PBL (yellow; residues I136−D162 and V138−N161 in procathepsins L and O, respectively) and a short propeptide stretch (gray; residues
W30p−G77p and F21p−K65p in procathepsins L and O, respectively) are shown for the sake of clarity. Amino acid residues are reported in one-
letter code. The structures are shown in ribbon representation, the orientation of the PBL being close to that adopted in Figure 2. Residues involved
in hydrogen bonding are colored green.

Table 4. Average Electrostatic (Eele) and van der Waals (EvdW) Interaction Energies between All Atoms of the Indicated System
Moieties, Evaluated as Averages over Time and the Number of Residues Based on 6 ns MD Simulations of the Indicated
Proteinsa

protein
Eele
PBL−PP

(kJ/mol)
EvdW
PBL−PP

(kJ/mol)
Eele
PBL−S

(kJ/mol)
EvdW
PBL−S

(kJ/mol)
Eele
PP−APO

(kJ/mol)
EvdW
PP−APO

(kJ/mol)
Eele
PP−S

(kJ/mol)
EvdW
PP−S

(kJ/mol)

Lmat − − −176.7 −7.5 − − − −
Lpro −5.2 −2.9 −157.9 −1.4 −20.1 −10.0 −117.1 −9.5
Omat − − −98.7 −11.4 − − − −
Opro −6.2 −3.0 −68.2 −6.6 −16.5 −10.6 −105.6 −11.7
Opro-D145L −4.6 −3.4 −54.7 −6.2 −13.8 −10.8 −100.4 −10.8
Opro-G148P −8.0 −3.1 −56.2 −6.7 −18.1 −10.4 −101.6 −10.7
Opro-L147P,G148P −7.9 −3.1 −56.6 −6.4 −18.5 −10.6 −100.9 −10.8
Opro-trunc −12.6 −3.9 −56.2 −7.7 −33.8 −17.0 −98.3 −13.2
Lpro-pH4part1 −4.4 −3.1 −95.8 −4.9 −24.4 −10.2 −108.7 −10.0
Lpro-pH4part2 −1.4 −3.7 −49.5 −6.4 −23.1 −10.9 −108.1 −9.6
Opro-pH4part1 −4.8 −3.3 −82.4 −5.0 −14.5 −10.4 −98.2 −11.1
Opro-pH4part2 −3.3 −3.0 −58.8 −6.0 −12.0 −10.3 −91.6 −12.6
Opro-pH4 −1.6 −3.3 −48.4 −6.1 −5.1 −11.1 −88.9 −12.8

aThe reported data include interaction energies between the PBL and the propeptide (PBL−PP), the PBL and the solvent (PBL−S), the propeptide
and the remainder (mature part) of the protein (PP−APO), and the propeptide and the solvent (PP−S). Because the propeptide is absent in Lmat
and Omat, only PBL−S interaction energies are shown for these proteins. The averaging was done over the number of runs and the number of PBL
(PBL−S) or propeptide (PP−APO and PP−S) residues, or the sum thereof (PBL−PP). Residues pertaining to the different system moieties are
reported in Table 1. Abbreviations for the protein names are defined in Table 1.
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F145 lies at the transition between the short PBL α-helix and
the PBL strand of the interfacial β-sheet, and its side chain
protrudes between the side chains of propeptide residues N38p
and N61p, the average distances between the center of
geometry of the aromatic ring carbon atoms and the asparagine
nitrogen atoms being 0.48 and 0.47 nm, respectively. F143 is
part of the short PBL α-helix, and its side chain protrudes
through the center of the loop toward the β-barrel domain of
the mature part of the protein rather than toward the
propeptide. However, it has been noted before that several
other aromatic residues of procathepsin L contribute to PBL−
propeptide interactions through formation of a hydrophobic
core in the center of the loop.5 Of particular importance are
Y146 and Y151, whose aromatic rings are positioned in the
central loop area and face the aromatic ring of propeptide
residue F56p,5 this aromatic clustering also being observed in
the present simulation study. The average distances between
the centers of geometry of the aromatic ring carbon atoms for
the F56p−Y146 and F56p−Y151 interactions are 0.59 and 0.49
nm, respectively. Opro has only one tyrosine residue in the
PBL, Y146, which is equivalent to Lpro residue Y146 according
to the sequence alignments performed in the present study
(Figure 4). Aromatic propeptide residues in the spatial
neighborhood of Y146 are F43p and Y44p. The average
distances between the centers of geometry of the aromatic ring
carbon atoms for the F43p−Y146 and Y44p−Y146 interactions
are 0.85 and 0.67 nm, respectively, the larger distances in
comparison to Lpro implying weaker interaction energies and
greater flexibility of these aromatic side chains.
Although the PBL of procathepsin L involves a considerably

higher number of carboxylic acid side chains (D137, E141,
E148, E153, D155, E159, D160, and D162) than that of
procathepsin O (D139, D145, and E159), none of the former
seems to be involved in hydrogen bonding as long-living as
observed in procathepsin O. Table 3 also illustrates that several
interfacial hydrogen bonds are only present in a subset of runs
1−5. This is especially prominent for Opro and points toward
an increased side chain flexibility in the PBL−propeptide
interface of Opro in comparison to that of Lpro, which is
possibly due to the absence of a hydrophobic core and a
reduced charge density.
The interaction energies between different constituents of

the system are averaged over the five simulation runs and over
the number of residues in the PBL or/and propeptide in Table
4. The stronger PBL−propeptide interaction energies in Opro
compared to those in Lpro reflect the stronger interfacial
hydrogen bonding in the first protein.
Interactions between the PBL and the solvent differ

considerably between (pro‑)cathepsins L and O. Because of
the absence of the shielding propeptide, for both proteins,
PBL−solvent interactions are more pronounced in the mature
enzyme. The PBL in (pro‑)cathepsin L shows remarkably more
favorable solvent interactions than (pro‑)cathepsin O, which is
certainly due to the abundance of carboxylate groups in the
PBL of the former protein (Figure 4). This observation may
help to explain the difficulty in maturing procathepsin O under
experimental conditions. Fewer titratable groups in the PBL
imply a smaller effect of changes in pH on the interaction with
the propeptide (see below).
Interactions between the propeptide and the mature part of

the protein or with the solvent are of comparable magnitude in
procathepsins L and O.

Because of the importance of residues D145, L147, and G148
for hydrogen bonding interactions at the PBL−propeptide
interface in Opro, mutants lacking hydrogen bonding capability
at these sites were created [(Pro‑)Cathepsin O and Mutants].
In particular, mutant Opro-D145L lacks the negatively charged
carboxylate group while negligibly affecting side chain packing,
and mutants Opro-G148P and Opro-L147P,G148P lack
backbone amide hydrogen atoms, the bulky proline ring
additionally introducing steric hindrance into the interfacial β-
sheet motif. Clearly, the structure of the PBL−propeptide
interface is considerably affected in the Opro-L147P,G148P
mutant (Figure S.8 of the Supporting Information). Here, the
β-strand in the propeptide is absent, whereas that in the PBL
still occurs transiently. On the other hand, the β-strand in the
propeptide appears entirely intact in most Opro-D145L and
Opro-G148P simulations. It seems only slightly destabilized in
runs 1 and 4 of Opro-D145L and run 2 of Opro-G148P
(Figures S.6 and S.7 of the Supporting Information), which is,
however, comparable to the stability of this β-strand in the
wild-type simulations, where it is likewise not present
continuously in run 2 (Figure S.5 of the Supporting
Information).
Electrostatic PBL−propeptide interactions differ between the

wild-type and the mutant procathepsin O proteins (Table 4 and
Table S.2 of the Supporting Information). The reduced
interaction energy for Opro-D145L illustrates the dominant
contribution of charge−dipole in comparison to dipole−dipole
interactions. The strengthening of electrostatic interactions in
the Opro-G148P and Opro-L147P,G148P mutants by ∼1.7−
1.8 kJ/mol in comparison to those in Opro might be due to an
increased involvement of the charged R63p side chain in
interfacial hydrogen bonding. None of the Opro runs exhibits
R63p side-chain hydrogen bonding with an occurrence of at
least 50% of the simulation time. In contrast, the guanidinium
hydrogen atoms of R63p form very stable hydrogen bonds with
the side chain carbonyl oxygen atom of N161 in Opro-G148P
runs 1−4 and Opro-L147P,G148P runs 1, 2, and 4. However,
this interaction is also present in Opro-D145L runs 1−3 (Table
3 and Table S.1 of the Supporting Information).
The deletion mutant Opro-trunc shows stable secondary

structure throughout the whole simulation. Most importantly,
the formation of the interfacial β-sheet is not affected (Figure
S.9 of the Supporting Information), which confirms that the
initial ∼40 residues encompassing propeptide stretch does not
markedly affect PBL−propeptide binding and thus biological
function. Electrostatic PBL−propeptide interactions are
enhanced (Table 4 and Table S.2 of the Supporting
Information). This is probably caused by an increased presence
of interfacial hydrogen bonds involving charged side chains
(Table 3).
Secondary structural elements are also stable in the partially

protonated procathepsin O species Opro-pH4part1 and less
stable in Opro-pH4part2 and the fully protonated procathepsin
O species Opro-pH4, which lose helical structure in the
propeptide (Figure S.9 of the Supporting Information).
Electrostatic PBL−propeptide and PBL−solvent interactions
are only marginally altered in Opro-pH4part1, appreciably
weakened in Opro-pH4part2, and considerably weakened in
Opro-pH4 in comparison to those in Opro, with corresponding
van der Waals interactions being largely unaffected (Table 4
and Table S.2 of the Supporting Information). In the case of
limited interfacial protonation (Lpro-pH4part1 and Opro-
pH4part1), the magnitude of PBL-propeptide interactions is
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still similar in procathepsins L and O, but more extensive
protonation of the PBL−propeptide interface (Lpro-pH4part2

and Opro-pH4part2) has a more severe impact on procathepsin
L than on procathepsin O. For Lpro-pH4part2, electrostatic
PBL−propeptide interactions decrease to 26.9% of the value
observed for Lpro, whereas the corresponding fraction amounts
to 53.2% for Opro-pH4part2, the larger pH sensitivity of the
PBL−propeptide interface in procathepsin L being caused by
the increased number of carboxylate groups at the PBL−
propeptide interface of procathepsin L (Table 1). Electrostatic
interactions between the propeptide and the mature part of the
protein differ significantly between the protonated procathepsin
L and O species and show a contrary trend in comparison to
electrostatic PBL−propeptide interactions. For Lpro-pH4part1

and Lpro-pH4part2, they increase to 121.4 and 114.9% of the
value observed for Lpro, whereas for Opro-pH4part1 and Opro-
pH4part2, they decrease to 87.9 and 72.7% of the value observed
for Opro. The onset of the strengthening of electrostatic
interactions in the protonated procathepsin L species occurs at
∼0.85−1.0 ns and can tentatively be correlated with the
formation of a salt bridge between the positively charged H54p
and negatively charged E176 side chains, which is accompanied
by a movement of the loops these residues pertain to.
Although electrostatic propeptide−solvent interactions are

almost unaffected by interface protonation, amounting to 92.8
and 92.3% of the values observed for Lpro or 93.0 and 86.7% of
the values observed for Opro for limited and extensive
interfacial protonation, respectively, the structure of the N-
terminal propeptide domain changes notably in Lpro-pH4part2.
The main α-helical propeptide motif and the successive short
looplike stretch connecting the helix with the interfacial β-
strand remain close to the initial structure in Opro-pH4part1 and
Opro-pH4part2 [also reflected by the backbone heavy atom-
positional rmsd values (Table 5)]. However, the two regions
have average rmsd values of 0.35 and 0.48 nm in Lpro-pH4part1

and 0.63 and 0.91 nm in Lpro-pH4part2. In Lpro-pH4part2, after
∼0.75 ns, the C-terminal end of the helix (approximately
residues Y49p−E51p) starts to unfold and the looplike stretch
connecting this end with the interfacial β-strand performs a
drastic movement (Figure S.11 of the Supporting Information).
In the time period between ∼0.73 and ∼1.01 ns, the rmsd
values of residues E27p−E51p and G52p−H54p increase by
∼0.2 and ∼0.5 nm, respectively. During the remaining
simulation time, the rmsd of residues E27p−E51p increases
further by ∼0.15 nm because of disruptions or/and movement
of the helix, the most striking event (occurring after around 3
ns) being a splitting of the helix into two helices around a small
kink formed by residues K40p and M41p (Figures S.9 and S.11
of the Supporting Information). Despite the severe structural
rearrangement between the main α-helix of the propeptide and
the interfacial β-strand, the overall α-helical character of the N-
terminal domain is not lost (Table 2 and Figure S.9 of the
Supporting Information). The small first α-helix of the
propeptide remains structurally intact but moves with respect
to the initial position (Figure S.11 of the Supporting
Information).
Experimentally, procathepsin L is activated at slightly acidic

pH values, while mature cathepsin L is irreversibly inactivated
at pH <4 due to the substantial loss of helical structure.9 During
the simulation of Opro-pH4, a significant increase in the atom-
positional rmsd is observed, and it is likely that further
structural disruptions occur even after the 6 ns simulation
(Figure S.1 of the Supporting Information). Predictions

concerning the stability of procathepsin O under these pH
conditions would require longer simulations.

■ CONCLUSION
The aim of this work was fourfold (points 1−4 in the
introductory section), and the conclusions reached in this study
can be summarized as follows.
(1) Until now, (pro‑)cathepsin O lacked any structural

characterization except suggestions concerning the conforma-
tion of the PBL on the basis of a single homology-based model
structure.8 To the authors' knowledge, the present study is the
first to create a homology-based model for (pro‑)cathepsin O
and to perform extensive (30 ns) MD simulation to validate
and complement the initial model structure through conforma-
tional sampling. It was found that the overall fold of
(pro‑)cathepsin O is very similar to that of (pro‑)cathepsin L,
except for conformational differences in the initial (∼40
residues) stretch of the propeptide that does not interface the
mature part of the protein and in a short (∼5−6 residues)
stretch of the PBL between the interfacial β-strand and the
interface with the active-site cleft. The mature parts of both

Table 5. Average Backbone Heavy Atom-Positional rmsd of
Different Propeptide Regions from the (Minimized) Starting
Structure after All Backbone Heavy Atoms Had Been Fit to
This Structure, Evaluated from 6 ns MD Simulations of the
Indicated Proteinsa

protein residues rmsd (nm)

Lpro D5p−H54p 0.27
S55p−E96p 0.20
E27p−E51p 0.17
G52p−H54p 0.20

Opro D1p−S40p 0.58
T41p−S84p 0.36
E17p−N32p 0.30
S33p−S40p 0.47

Lpro-pH4part1 D5p−H54p 0.39
S55p−E96p 0.24
E27p−E51p 0.35
G52p−H54p 0.48

Lpro-pH4part2 D5p−H54p 0.64
S55p−E96p 0.28
E27p−E51p 0.63
G52p−H54p 0.91

Opro-pH4part1 D1p−S40p 0.38
T41p−S84p 0.17
E17p−N32p 0.23
S33p−S40p 0.42

Opro-pH4part2 D1p−S40p 0.80
T41p−S84p 0.22
E17p−N32p 0.28
S33p−S40p 0.64

aResidues D5p−H54p, S55p−E96p, E27p−E51p, and G52p−H54p of
procathepsin L and residues D1p−S40p, T41p−S84p, E17p−N32p,
and S33p−S40p of procathepsin O form (i) the N-terminal part of the
propeptide until the start of the PBL−propeptide interface, (ii) the C-
terminal part of the propeptide after the start of the PBL−propeptide
interface, (iii) the main α-helical motif of the propeptide; and (iv) the
looplike short propeptide stretch between the main α-helical motif and
the start of the PBL−propeptide interface, respectively. For Lpro and
Opro, the reported data are averaged over runs 1−5. Abbreviations for
the protein names are defined in Table 1.
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proteins remain very similar in simulations of the proenzyme
and mature species.
The main α-helical propeptide motif is stable in both

procathepsins. However, in contrast to Lpro, whose N-terminal
propeptide region appeared to sample structurally similar
conformations throughout all simulations, the corresponding
region of Opro showed more diversity with respect to both the
structure (presence or absence of a short N-terminal α-helix)
and the orientation to the mature part of the protein. Similarly,
a more diverse conformational PBL ensemble was observed for
(pro‑)cathepsin O than for (pro‑)cathepsin L. These results
suggest that the propeptide in procathepsin O samples different
and possibly more conformations, which may suggest that
releasing the free, detached propeptide into the bulk solvent
leads to a smaller entropic gain than for procathepsin L.
Moreover, the PBL might lose more conformational entropy
upon substrate binding in cathepsin O than in cathepsin L,
which could disfavor the successful enzymatic action of the
former.
(2) The PBL−propeptide interfaces of both procathepsins L

and O form a stable two-stranded β-sheet. The β-sheet of the
latter protein is on average longer and hence presumably more
stable. Additional stabilization of the PBL−propeptide interface
seems to be caused by hydrophobic side chain contacts in
procathepsin L and charge−dipole interactions in procathepsin
O. In particular, the carboxylate oxygen atoms of D145 form
numerous long-living hydrogen bonds with hydroxyl hydrogen
atoms of serine residues (S24p and S50p) and backbone amide
hydrogen atoms (N47p, Q48p, F49p, and S50p) in the
propeptide. The stronger interactions between the propeptide
and the PBL in procathepsin O could result in less efficient
autocatalytic maturation of the protein compared to that of
procathepsin L.
(3) Mutations affecting charge−dipole (D145L) and dipole−

dipole (L147P and G148P) interactions across the PBL−
propeptide interface of procathepsin O suggest that the stability
of the interfacial β-sheet is not directly affected by mutations
involving side chain-mediated hydrogen bonding in its vicinity
(D145L) and likewise not affected upon introduction of a
single mutation disrupting the hydrogen bond pattern in the
interfacial β-sheet (G148P). However, introduction of two of
the latter mutations (L147P and G148P) entails a significant
loss of hydrogen bonding, disabling formation of the interfacial
β-sheet.
(4) The present simulations suggest that both procathepsin

O and the mature enzyme are stable at pH 7. Furthermore,
procathepsin O appears to be stable upon protonation of
titratable residues at the PBL−propeptide interface, whereas
procathepsin L appears to undergo a more pronounced
weakening of electrostatic PBL−propeptide interactions and a
structural rearrangement at the C-terminal end of the main α-
helix in the propeptide and the looplike stretch connecting this
helix with the interfacial β-strand. Interfacial protonation thus
clearly has larger energetic and structural implications in
procathepsin L than in procathepsin O, which is to be expected
on the basis of the larger number of carboxylate groups at the
PBL−propeptide interface in the former protein.
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