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ABSTRACT

Human granzyme B (hGzmB), which is present in various immune cells, has attracted much
attention due to its role in various pathophysiological conditions. The hGzmB activity is
triggered at a catalytic triad (His59, Asp103, Ser198), cleaving its specific substrates. To date,
the drug design strategy against hGzmB mainly targets the catalytic triad, which causes the non-
specificity problem of inhibitors due to the highly conserved active site in serine proteases. In the
present work, microsecond classical molecular dynamics simulations are devoted to exploring
the structural dynamics of the hGzmB catalytic cycle in the presence of Ac-IEPD-AMC, a
known substrate (active hGzmB), and Ac-IEPD-CHO, a known inhibitor (inactive hGzmB). By
comparing active and inactive forms of hGzmB in the six different stages of the hGzmB catalytic
cycle, we revealed, for the very first time, an additional network of interactions involving
Arg216, a residue located outside the conventional binding site. Upon activation, the
His59---Asp103 hydrogen bond is broken due to the formation of the Aspl03--Arg216 salt
bridge, expanding the active site to facilitate the substrate-binding. On the contrary, the binding
of inhibitor Ac-IEPD-CHO to hGzmB prevents the Arg216-mediated interactions within the
catalytic triad, thus preventing hGzmB activity. In silico Arg216Ala mutation confirms the role
of Arg216 in enzyme activity, as the substrate Ac-IEPD-AMC failed to bind to the mutated
hGzmB. Importantly, as Arg216 is not conserved amongst the various granzymes, the current

findings can be a major step to guide the design of hGzmB specific therapeutics.



1 INTRODUCTION

Immunological responses can be non-specific innate or adaptive immunity, the ultimate goal
being to kill the infectious cells. Cytotoxic T-Lymphocytes (CTLs) and natural killer cells (NK
cells)' induce cellular apoptosis in such cells notably by the perforin/granzyme mediated
pathway.” This pathway has attracted much attention due to its diverse therapeutic importance” in
anticancer drug design,’ control of graft rejection,* and autoimmune disorders.” The executive
components of the perforin/granzyme pathway are granzymes, which belong to the serine
protease (SP) family of enzymes.” Among the various granzymes, the human granzyme B
(hGzmB) is the most potent one,*” and has emerged as a potential drug target due to its
functional importance not only in the above-mentioned pathologies,>>*'*!" but also in regulatory
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mechanisms, '~ giving emergence to a new active research field. Indeed, substrates like pro-

caspase-3, pro-caspase-7, pro-caspase-10, topoisomerase I, BH3 interacting-domain death
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agonist (BID), etc. are activated by the hGzmB catalytic action triggering the cellular
apoptosis in target cells.'® Several synthetic fluorogenic caspase-8/granzyme B substrates are also
used to experimentally measure the hGzmB enzymatic activity, such as N-Acetyl-Ile-Glu-Pro-
Asp-aminocoumarine (Ac-IEPD-AMC), Ac-IETD-AMC, and Ac-IETD-p-nitroanilide (Ac-
IETD-pNA).""'

The hGzmB is composed of two B-barrels forming a substrate-binding site at their junction,
characterized by the presence of a catalytic triad formed by His59, Asp103, and Ser198 (Figure
S1 and Figure S2)."” The hGzmB active site accommodates substrates having a particular amino
acid sequence, i.e., lle-Glu—(Pro/Thr)-Asp—]—Xaa—Gly-Xaa-Glu ", (Xaa: any amino acid and
l: site of cleavage). This motif is usually referred to as P4A-P3-P2—P1-|-P1"—P2"-P3"-P4". The
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catalytic mechanism is well known for the SP family of enzymes, " (Figure S3). Figure 1 sums

up the key stages involved in the hGzmB catalytic cycle and presents the nomenclature used later
in this work. In step 1, substrate recognition occurs at the active site in the apo form (Apo),

resulting in the formation of a substrate-bound conformation of hGzmB (SB). Thereafter (step



2), a tetrahedral intermediate is created after a nucleophilic attack (Figure S3),” followed by the
hydrolysis of the P1-P1" substrate peptide bond (step 3). The latter step results in the cleavage of
the substrate into two fragments, i.e., the acyl intermediate, which is covalently linked to the
side-chain hydroxyl oxygen of Serl198 (Ser198-O) in hGzmB, and the amine product, further
resulting in the formation of an acyl intermediate bound complex (a transient complex). In step
4, the amine product is released from the transient complex, converting it into another acyl
intermediate bound complex (AIB). A tetrahedral intermediate is formed in the next step (step 5,

Figure S3), which then allows the formation of a carboxyl product at the active site (CPB)

followed by its release, regenerating Apo for the next cycle of catalysis. The release of amine

and carboxyl products has been proposed to be stimulated by water molecules entering the active
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FIGURE 1 Catalytic mechanism of hGzmB. Schematic representation for the catalytic cycle of
hGzmB. Macromolecular complexes used for molecular modeling are shown in the catalytic
cycle. Apo: Apoform hGzmB; SB: Substrate bound hGzmB; Transient complex: Acyl
intermediate and amine product bound hGzmB; AIB: Acyl intermediate bound hGzmB; CPB:
Carboxyl product bound hGzmB; NCBI: hGzmB-Inhibitor complex (non-covalent); CBI:
hGzmB-Inhibitor complex (covalent).



In the active field of hGzmB regulations, and particularly in the context of hGzmB

inhibition*** (inner cycle of Figure 1), the hGzmB catalytic action is modulated by
molecules/peptides mimicking the hGzmB substrates, which target the catalytic triad and abolish
the cleavage function. Such inhibitors are firstly bound non-covalently to hGzmB (NCBI), which
induces the acylation of hGzmB via the Ser198-O, resulting in the formation of a covalently
linked hGzmB-inhibitor complex (CBI) blocking the availability of Apo for further catalysis.
Commonly known hGzmB inhibitors include proteinase inhibitor 9 (also known as
SERPINBO),” ecotin,”* adenovirus assembly protein L4—100K (100K),” Ac-IEPD—-CHO (Figure
1B),”" Ac-IETD-CHO," Z-IETD-FMK,?*® and 3,4-dichloroisocoumarin.””**

On the computational biology side, only a few studies have been reported for such particular
interest in hGzmB. Losasso et al.” employed in silico alanine-scanning and short molecular
dynamics (MD) simulations to identify key residues involved in the intermolecular interactions
between hGzmB and human SERPINB9 (hSB9), and subsequently designed hSB9 resistant
recombinant hGzmB variants which should have promising anti-tumoral activity.” Peptides
mimicking the natural substrates of hGzmB have been explored for the enzyme inhibition, while
the inhibition specificity is yet underexplored. Willoughby et al.”* performed structural
modulation of Ac-IEPD—CHO inhibitor’' to design a series of small molecular inhibitors for
hGzmB. Kim et al.” reported a systematic approach involving the application of molecular
modeling (probe site mapping, shape-based and property-based virtual screening, molecular
docking, and MD simulations) and experimental studies (synthesis and bioassays for hGzmB
inhibition) to identify a series of potent non-covalent inhibitors of hGzmB.

Despite the current understanding of the hGzmB reaction mechanism, its structural
dynamics involved in the interconversion of active and inactive conformations upon recognition
of substrates and inhibitors, respectively, have never been investigated while such information
could be highly beneficial to specifically target hGzmB and, it will hence be the main focus of

the present work. Therefore, a detailed investigation for identifying the crucial differences

between the active and inactive conformations of hGzmB is presented herein using long MD



simulations of each complex involved in the catalytic cycle. New structural features, specific to
the active and inactive conformations of hGzmB as well as the residues involved in the
conversion were identified. In silico mutational studies have also been performed to ascertain the

functional importance of the involved residues in the enzyme mechanism.

2 MATERIALS AND METHODS
2.1 Macromolecular Structure Preparation

Among the various available crystal structures of GzmB available in the RCSB Protein Data
Bank (RCSB/PDB)* (Table S1), two belong to human, i.e., the hGzmB apoform (PDB ID:
1FQ3, resolution 3.1 A)Sz and the Ac-IEPD—-CHO bound hGzmB (PDB ID: 11IAU, resolution 2.0
A).?' The later structure was used as the starting point for our work, pertaining to its better
resolution. General considerations for the molecular studies performed herein are provided in the
supporting information (Figure S4 and Table S2). To generate the Apo form, the bound ligand
Ac-IEPD-CHO was removed from the crystal structure. This structure was submitted to
classical MD simulations.

The active conformation of hGzmB (SB in Figure 1A) was created by structural modulation of
the bound inhibitor Ac-IEPD-CHO” using the Ligand Build utility of the Schrddinger
software,” to create the complex with Ac-IEPD-AMC.""'"® In this complex, Ac-IEPD-AMC
was non-covalently linked to hGzmB. For the transient complex (generated after step 3, Figure
1A), P1-Asp in Ac-IEPD was covalently linked (via its backbone carbonyl carbon) to the
hGzmB Ser198-O, while the covalent bond between Ac-IEPD and AMC was removed.

Additionally, CPB (Figure 1A) was generated by removing the covalent link between hGzmB

and Ac-IEPD in the AIB (generated from the transient complex after MD simulations, discussed
later).
To model the inactive conformation of hGzmB, the complex between hGzmB and Ac-IEPD-

CHO inhibitor was considered (PDB ID: 1IAU, resolution 2.0 A).Zl A non-covalently bound

complex of Ac-IEPD-CHO, and hGzmB (NCBI in Figure 1A) was generated for a deeper



understanding of the molecular recognition of inhibitors by hGzmB. Additionally, CBI (Figure
1A) was created by covalently linking Ac-IEPD-CHO (through its P1-Asp backbone carbonyl)
to hGzmB (via the Ser198-0). To ascertain the importance of the identified crucial residues, in
silico mutational studies were further undertaken. For this purpose, Arg216Ala mutation was
incorporated, with the help of the Schrodinger software,” in the Apo hGzmB and SB complex to
generate Arg216Ala-Apo and Arg216Ala-SB, respectively.

2.2 Molecular Dynamics Simulations

Generated complexes were submitted to MD simulations using the NAMD 2.12 software. For
all systems, the Charmm36 force field” was employed, and explicit solvent molecules were
added using the TIP3P water model.” All systems were neutralized by the equivalent number of
counterions. An additional number of ions Na® and CI" were included to maintain the
physiological ionic concentration.”” The topology and structural parameters for the covalent
bonds between hGzmB and bound ligands were generated using the ParamChem server by
employing Charmm General Force Field (CGenFF) (Figures S5-S6).***

All the complexes were submitted to a restrained energy minimization (in which only the
positions of solvent molecules and ions were relaxed) and to an unrestrained energy
minimization (in which the whole system was relaxed), sequentially. Thereafter, equilibration
was performed (NVT ensemble, duration: 1 ns), followed by a production run (NPT ensemble,
duration: 1ps) for all complexes. All simulations were carried out with a 2 fs time step, at a
temperature of 310 K (maintained using Langevin thermostat)” and a pressure of 1.013 bar
(scaled using the Nosé-Hoover-Langevin piston method).* Periodic boundary conditions were
used and long-range electrostatic interactions were treated by the particle mesh Ewald method*’
(cutoff of 12 A and switch function = 10 A). All covalent bonds containing hydrogen atoms were
constrained using the SHAKE algorithm.* The PTRAJ module*’ of Amber tools* and Visual
Molecular Dynamics software (VMD)* were employed for the trajectory analyses. System

equilibration parameters, which include the analysis of the root mean square deviation (RMSD)



of the system and the atomic fluctuations, helped to ascertain that each system was equilibrated
and stabilized after 500 ns of production run (Figure S7). Therefore, hydrogen bond (H-bond)
and salt bridge analyses were carried out after 500 ns of the production run for all investigated
systems. The total simulation time, considering all investigated systems is 8 ps.
3 RESULTS AND DISCUSSION
3.1 Modeling the various stages of the hGzmB catalytic cycle

Various stages of the hGzmB catalysis (Figure 1) were explored through MD simulations. Six
systems were submitted to classical MD simulations, i.e., (i) Apo hGzmB, (ii) the substrate-
bound SB, (iii) the transient complex formed after step 3, (iv) CPB, (v) NCBI, and (vi) CBI. The
initial conformation of hGzmB and final conformation of the various complexes at the end of the
MD run are shown in Figure S8 and Figure S9, respectively. First, we analyzed the main
intermolecular interactions between the bound ligands and hGzmB, in various complexes, at the
active site in particular i.e. distance between residues, number of H-bonds, its occupancy, etc.
(Figure S10-S13 and supporting information). As in the reported mechanism for hGzmB, the
formation of a covalent linkage between the hGzmB Ser198-O and substrate P1-Asp is a critical
step for catalysis. In SB, a distance of c.a. 4 A between the hGzmB Ser198-O and the substrate
P1-Asp carbonyl carbon was rapidly observed (Figure S11A), which can facilitate the covalent
complex formation, as in the known reaction catalysis mechanism for SPs.” In our simulation
study, the transient complex from the catalytic cycle of hGzmB (Figure 1) exhibited a release of
AMC from the active site (distance between P1-Asp and P1°-AMC increased from ca. 4 to 45 A,
Figure S12) after 400 ns of the production run, as expected from the known mechanism. This

converted the transient complex into AIB, thus modeling step 4 from the catalytic cycle. In the
CPB complex, the peptide fragment (i.e., the non-covalently bound carboxyl product) remained
at the substrate-binding site of hGzmB till 400 ns, maintaining a small distance (ca. 4 A)
between hGzmB Ser198-O and P1-Asp of the product (Figure S11A). Thereafter, CPB was

destabilized and at 400 ns, the non-covalently bound carboxyl product was released from the



active site (increasing the distance between hGzmB Ser198-0 and the product P1-Asp from ca. 4
to 18 A, Figure S11A), mimicking step O in the catalytic cycle of hGzmB (Figure 1). The
structural superimposition of the last frame after the MD simulations (which belonged to the
most populated cluster) for SB, AIB, and CPB (Figure S11B) shows relative positions of the
associated ligands. In CPB, the P1-Asp residue (ball and stick representation in cyan color,
Figure S11B) of the Ac-IEPD is located completely outside the active site of hGzmB, indicating
the release of carboxyl product. In NCBI, which functionally mimics the SB, the distance
between the hGzmB Ser198-0O and the substrate P1-Asp carbonyl carbon was also stabilized to
ca. 4 A (Figure S11A). From this first rapid analysis of all the investigated systems of the
catalytic cycle, the MD simulations of the models reproduced the known global and local
features of the hGzmB catalysis.

Further, we superimposed the last frames (which belonged to the most populated cluster) of
each complex after MD simulations, to investigate the global deviations in the 3D structures,
specifically between the substrate-bound “active” conformation (SB) and the inhibitor bound
“inactive” conformation (CBI). The overall conformation of hGzmB in CPB, being the last
complex in the catalytic cycle, was similar to the one of Apo (RMSD < 1.5 A, Figure S14A),
indicating the regeneration of the Apo form for the next cycle of the catalysis. Interestingly, we
observed two groups based on RMSD, which exhibited a similar structural pattern, i.e., (i) first
one with Apo, CPB, and CBI (Figure S14A, RMSD < 2 A), and (ii) second one with SB, the
transient complex (converted to AIB after MD), and NCBI (Figure S14B, RMSD between 2 to 3
A). A major difference was observed at the helix a3 between the groups. Thus, it can be
proposed that Apo, CPB, and CBI are within an inactive conformation of hGzmB, whereas SB,
AIB, and NCBI are the active ones. Such a hypothesis is guided by the fact that SB and CBI are
known to be in the active and inactive forms, respectively. A global analysis of the various
complexes indicated that substrate recognition is associated with several conformational changes

in the enzyme. The major one was observed at the helix a3 (see Figure S8 for nomenclature) in



Apo and SB when compared between the representative states of the active and the inactive
forms of hGzmB. A slight bend was evident between Phe231 and Val232 (Figure S15) in Apo,
but not in SB, which is associated with fluctuations at the active site by a chain of events
involving several residues. The structural dynamics of the catalytic triad residues were therefore

evaluated in detail in the subsequent sections, to have a closer look at the transduction of

observed bend in helix o3.
3.2 Increased His59:Ser198 distance opening the active site for substrate recognition

Analysis of the structural parameters for the catalytic triad of hGzmB (formed by His59,
Aspl103, and Ser198) allowed us to identify the intricate details of the conformational dynamics
in hGzmB. The distance between His59-N,, and Ser198-0 in the various structures revealed an
interesting pattern (Figure S16). In the complexes Apo, SB, AIB, and CPB, the average
His59:Ser198 distance (over the last 700 ns) was measured as ca. 4, 8, 7, and 4 A, respectively
(Figure S16A). Particularly, the observed His59:Ser198 distances support the fact that CPB
shows the same structural pattern (4 A) as in Apo, while SB and AIB exhibit a similar pattern
with a distance of 7 and 8 A between His59-N., and Ser198-O, assigning AIB as the active
conformation.

The increased His59:Ser198 distance in SB can be attributed to the reorientation of the
hydroxyl group from Ser198 towards the P1-Asp residue of the substrate to facilitate the reaction
catalysis. Such results suggest that the inactive Apo hGzmB is converted to its active form upon
binding of the substrate via a conformational change in the side-chains of His59 and Ser198,
increasing the distance between these amino acids to accommodate the approaching ligands. The
covalent linking between Ac-IEPD and hGzmB (as in AIB) is maintained at the active state. To
understand the enzyme inhibition by exogenous ligands, we evaluated the structure of complexes
NCBI and CBI. In NCBI (with non-covalently linked inhibitors), the His59:Ser198 distance was
stabilized at ca. 6 A (rather similar to SB) (Figure S16A), indicating the activation of the enzyme

to facilitate the formation of the covalent bond between hGzmB and the inhibitor. In CBI (with
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covalently bound inhibitor), which is the inactive conformation, the distance between His59 and
Ser198 was found to be ca. 4 A (Figure S16A), which resembles Apo. This comparative analysis
in terms of distances is in line with the previous one, confirming that Apo, CPB, and CBI
correspond to a similar and inactive conformation of hGzmB.

Contrary to AIB, the presence of the covalently linked inhibitor in CBI does not induce
activation. Chemically, the ligands in AIB and CBI are identical, making the two complexes
comparable. Despite this, the functional behavior of the two complexes was opposite to each
other. To understand the differential behavior of AIB and CBI, we analyzed the presence of
water molecules in the active site (Figure S17- S18). Interestingly, we noted that the number of
water molecules in the vicinity of His59 and Asp103 was higher in AIB (4 and 6, respectively),
as compared to in CBI (2 and 3, respectively) (Figure S17A-S17B). Such an observation was
also in correlation with the reported reaction mechanism, wherein water mediates the proton
transfer between His59 and the reaction center for AIB.” For the Ser198 of hGzmB and P1-Asp
of ligands, the CBI exhibited more number of water molecules (6 and 8, respectively), and H-
bonds with water as compared to AIB (6 and 4, respectively) (Figure S17C-S17D). In the same
line, the evaluation of H-bonds between the catalytic triad and water molecules in the active site
showed that His59 exhibited a single hydrogen bond with water in AIB, which was absent in
CBI (Figure SI8A-S18C). In AIB, Aspl03 was involved in 3 H-bonds with water as compared
to 2 in CBI (Figure S18D-S18F). This trend was reversed for Ser198 in the two complexes,
where CBI exhibited 2 stable H-bonds, whereas AIB exhibited none (Figure S18G-S18I).
Possibly, the presence of water molecules between HisS9 and the ester linkage in AIB could also
be a responsible factor for the observed similar behavior of SB and AIB.

A closer look at His59 and Ser198 revealed the opening of the active site cavity allowing
accommodation of the substrates (increased inter-distance, Figure S16B) and thus facilitates

molecular recognition of small molecules. In the presence of the non-covalently linked inhibitor
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NCBI, the His59:Ser198 distance was highly fluctuating along the simulation run with an
average distance of ca. 6 A (maroon in Figure S16A), indicating that the non-covalent
complexation between hGzmB and the inhibitor does not contribute to inactivation. The
formation of CBI is responsible for the altered water dynamics at the active site and thus the
inactivation of the enzyme. It can be concluded that an increased distance between the N, of

His59 and Ser198-0 results in the activation of the enzyme.
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3.3 His59 y2 angle differentiating the active and inactive forms

To understand the cause of the increased distance between His59 and Ser198, we have
analyzed the torsion angle parameters of His59, which is present in Loop B of hGzmB (Figure
S8). No significant variation in the backbone ¢ and 1 torsion angles was observed for His59 in
the various complexes (Figure SI9A-S19B). It is also evident from the 3D structure of hGzmB,
in which Loop B adopted a highly overlapping conformation in the various structures (Figure
S19C). Interestingly, Loop B exhibited a specific geometry due to the presence of two H-bonds
between the i" and i+3" residues (Ala57--Cys60 and Ala58--Trp61) (Figure S20) resulting in a
lock, in Loop B, stabilizing the specific 3, helical geometry for all the complexes.

In the available granzyme crystal structures (Table S1), the orientation of the histidine side-
chain from the catalytic triad is governed by the occupancy of the active site. The
crystallographic structures of GzmB exhibited a similar orientation of His59 imidazole ring in
Apo hGzmB (PDB ID: 1FQ3)” and ecotin bound rat GzmB (PDB ID: 1FI8),* which was
different from the inhibitor bound form of hGzmB (PDB ID: 11AU)* (Figure S21). This provides
a hint towards the important role of the His59 side-chain orientation in the conformational
dynamics of hGzmB. Let us add that the histidine (equivalent to His59 from hGzmB)

>l and other

reorientation has been reported to be involved in the activation of various SPs,
enzymes.”” The analysis of the side-chain torsion angles showed that the average 2 angle
(averaged based on cluster population) for His59 was approximately 88, —94, =74, and 99° in the
Apo, SB, AIB, and CPB, respectively (Figure 2A and Figure S22). On one hand, in NCBI, the
%2 angle of —77° (maroon in Figure S22) was equivalent to the one in the active conformations
SB and AIB (green and black, respectively, in Figure 2A), indicating the initial event of ligand
recognition and enzyme activation for the formation of the covalent acyl adduct with inhibitor.
On the other hand, a covalent linking of the inhibitor to the hGzmB via the Ser198-O in CBI
resulted in bringing the HisS9 2 angle of 93° (red in Figure 2A) close to that in Apo (blue in

Figure 2A).
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FIGURE 2. Analysis of His59 conformation in Apo (blue), SB (green), CPB (cyan), and CBI
(red). A) The 2 during the MD simulations, and (B) Structural superimposition of the last

frames after MD simulations to compare His59 orientation.

The structural superimposition of His59 in the various complexes shows that Apo, CPB, and
CBI exhibit a similar orientation of His59 side-chain (Figure 2B). The activation of hGzmB,
causing the formation of SB and AIB, induced a flip of the His59 side-chain imidazole ring
(Figure 2B). NCBI exhibited a His59 side-chain orientation similar to that in SB, indicating the
activation of the enzyme, which is necessary for the formation of the covalent link between the
inhibitor and hGzmB. In CBI, the His59 side-chain was reoriented to overlap with Apo. It can
thus be proposed that the His59 side-chain %2 angle is crucial to identify the functional state of
hGzmB.

3.4 Loss of His59---Asp103 H-bond as a key phenomenon in enzyme activation

Further, the residues involved in direct interaction with His59 are investigated to evaluate the

consequences and causes of the His59 side-chain flip. The intramolecular H-bonds involving
His59 from hGzmB (Figure 3A and Figure S23A) showed that Apo was characterized by the
presence of a stable H-bond with Asp103 during the entire simulation. Activation of hGzmB
resulted in the loss of this interaction (23% occupancy in SB and 0% occupancy in AIB). The
inactive conformation CBI was characterized by the presence of a very stable H-bond between

His59 and Asp103 (132% occupancy), which is also observed in Apo. The distance between

His59 (HNs;) and Asp103 (Cs) (Figure S23B-S23C) was found to be < 4 A in the complexes
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representing the inactive conformation (Apo, CPB, and CBI). Such a short distance facilitated
the formation of the His59---Asp103 H-bond in Apo, CPB, and CBI (Figures 3B, 3D, and S23E).
The active conformations SB, AIB, and NCBI exhibit a larger distance of > 6 A between His59
(HNs;) and Aspl103 (Cs), indicating the breaking of the H-bond between the two residues upon
activation (Figure 3C, S23D, and S23F). From such an analysis, it is crystal clear that the
breaking of His59--Asp103 H-bond results in the reorientation of the His59 side-chain imidazole
ring. An increased distance between the catalytically important residues, i.e., His59, Asp103, and
Ser198 indicates an opening of the substrate-binding site for substrate recognition by hGzmB to
generate the SB complex. In the presence of the covalently linked small molecular inhibitor Ac-
IEPD-CHO (CBI complex), the His59---Asp103 H-bond was present, whereas, in the presence of
covalently linked acyl-intermediate (AIB complex), this H-bond was lost. Therefore, the
viability of the His59---Asp103 H-bond is induced by the functional state of the enzyme and not

by the occupancy of the active site.
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FIGURE 3. Interaction between His59 and Aspl03 during the MD simulations. A) Occupancy
analysis of the H-bond involving the His59 side-chain in the various complexes. The relative
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orientation of His59 and Aspl03 in B) Apo, C) SB, and D) CBI. Distances are shown in
magenta (when H-bond is possible) and black (when H-bond is not possible).

3.5 Formation of Asp103--Arg216 salt bridge inducing a loss of the His59--Asp103 H-
bond

To identify the atomic phenomenon which initiates the breaking of the His59:-Asp103
H-bond, intramolecular non-bonded interactions of hGzmB were examined in the various
complexes. Overall, 33 pairs of salt bridges between acidic and basic residues were found in the
complexes (Figure S24), of which five salt bridges, ie., Asp51---Argll5, Asp52---Arg50,
AspS52--Lys112, Glul57---Arg27, and Glul57--Lys159, were present in all complexes
considered in the MD simulations. Among the 28 random salt bridge interactions, present in the
various complexes, Aspl03---Arg216 and Glul88--Lys190 bridges were present only in the
active conformations, i.e., SB and AIB, whereas the other macromolecular structures lacked
these two interactions (Figure S24). It can be noted that Lys190 and Arg216 were also involved
in the formation of three more salt bridge pairs, Aspl71--Arg216, Glul81--Arg216, and
Aspl186--Lys190. Considering the importance of Aspl03---Arg216 and Glul88--Lys190, these
salt bridges were analyzed in more detail for all the complexes.

The Glul88---Lys190 salt bridge interaction was not stable in SB and AIB, as the distance
between the side-chain centers of the charged residues was highly fluctuating in the two
complexes (Figure S25A). To identify the factors responsible for this destabilization, we
particularly analyzed the location of Glul188 and Lys190 in SB. These residues are situated at the
surface of the enzyme (Figure S26A) and are thus accessible to the solvent. Interestingly, the
number of water molecules, which surrounded the carboxylate group of Glul88, is directly
proportional to the distance between the side-chain of Glul88 and Lys190 (Figure S26B). An
intermittent breaking of the Glu188---Lys190 salt bridge was caused by the formation of H-bond
interactions between the Glul88 side-chain and surrounding water molecules (Figure S26C and
Figure S26D). This salt bridge thus cannot be proposed to take part in the conversion of the

inactive to the active conformation.
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In the inactive conformations of hGzmB, i.e., Apo, CPB, and CBI, no Asp103---Arg216 salt
bridge could be observed (Figure S24). Contrarily, SB, and AIB exhibited this particular salt
bridge, which was formed after 550 and 400 ns, respectively (Figure 4A, indicated by a
shortened distance between the two residues). The Asp103---Arg216 distance (measured from the
center of mass of the side-chain functional groups) was found to be ca. 8 A in the SB complex
and ca. 5 A in AIB (Figure 4A) during the simulations, whereas in the other complexes, the
distance was remarkably much larger (> 10 A, Figure S25B). The analysis of the
Asp103---Arg216 distance in the SB (distance reduced from ca. 18 to 8 A) and AIB (distance

reduced from ca. 18 to 5 A) complexes pointed towards the pulling of Asp103 towards Arg216.

A) w<: 241 - Apo e AIB B)
8 20 ‘JP aﬁ
i g WMM
Z 16 I Arg216 Aspl03
: o
o 12
o
20
B
o
=
& T T T T 1
< 200 400 600 800 1000
Time (ns)

FIGURE 4 Detailed investigation of the Asp103---Arg216 salt bridge in Apo, SB, and AIB
during the MD simulations. A) Distance between Aspl103 and Arg216 side-chains. B) Structural

superimposition of Apo (blue) and SB (green) for comparison of the relative orientation of
Aspl03 and Arg216.

The cavity opening and substrate recognition are thus initiated by the formation of the
Aspl03---Arg216 salt bridge, which induces breaking of the His59--Aspl103 H-bond and
subsequently, His59 imidazole ring flipping. As a result, the distance between His59 and Ser198
is increased and significant space is created at the active site to accommodate the substrate. In the
inactive conformations, Apo, CPB, and CBI, Arg216 did not exert any conformational change
on Aspl03 (indicated by the larger distance between the two residues, Figure 4A and Figure

S25B) and thus, failed to break the H-bond between His59 and Aspl103. The structural

superimposition of Apo and SB complexes (Figure 4B) further supported this hypothesis. This
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could be responsible for the observed difference in the helix o3 conformation in active and

inactive hGzmB (Figure S15), where the reorientation of the catalytic triad transmits a
conformational change via. Ala58, Ile104, and Phe231. With this analysis, Arg216 can thus be
proposed as an important amino acid for the inactive to an active conformational change in
hGzmB. To confirm the proposed role of Arg216 in substrate recognition, we next undertook the
in silico mutational studies.
3.6 In silico mutational studies to evaluate the importance of Arg216

To validate the preponderant role of Arg216 in the modulation of the H-bond network at the
hGzmB active site, two macromolecular structures were considered, i.e., the apoform Arg216Ala
hGzmB (Arg216Ala-Apo) and substrate-bound conformation with Arg2l16Ala mutation
(Arg216Ala-SB). The analysis of the RMSD for Arg216Ala-Apo and Arg216Ala-SB showed
that during lps MD simulations, these systems reached structural stability after 500 ns of
production run (Figure S27A-S27B). In the wild type Apo, Ser198 exhibited at least two stable
H-bond interactions, which involved Gly45 (93% occupancy) and His59 (10% occupancy),
which are interestingly, also present in Arg216Ala-Apo (92% occupancy with Gly45 and 33%
occupancy with His59). The distance between the N, of His59 and Ser198-O was found to be
ca. 4 A in Arg216Ala-Apo (Figure S27C). The distance between N, of His59 and Cs of Asp103
was ca. 3 A in Arg216Ala-Apo (Figure 5A and S27D). The results indicate that the structural
integrity of the mutated hGzmB was not altered upon the Arg216Ala mutation. It also supports
the proposed hypothesis that in the inactive Apo conformation, Arg216 is not able to induce any

conformational change at the active site.
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FIGURE 5 In silico mutational results during the MD simulations. Distance between the Ny, of
His59 and Cs of Aspl03 in A) Arg216Ala-Apo and B) Arg216Ala-SB complex. C) Distance

between Ser198 and P1-Asp residue from the substrate.

In Arg216Ala-SB, the distance between Ny, of His59 and C; of Asp103 was highly fluctuating
(Figure S27D) and exhibited a decreased length after 500 ns of simulation. Over the last 500 ns,
the His59-Asp103 distance was optimized to ca. 5 A (calculated based on cluster population,
Figure 5B), which was lower than that in the wild type SB complex, ca. 6 A. Therefore,
Arg216Ala mutation fails to break the H-bond between His59 and Asp103. In the wild type SB,
the distance between Ser198-O and P1-Asp residue was optimized to ca. 4 A, while in the
Arg216Ala-SB mutant, the distance between Ser198 and P1-Asp increased drastically to > 24 A
after 400 ns (Figure 5C). The substrate was already thrown out of the substrate-binding site in
Arg216Ala-SB. The proposed atomistic phenomenon involving Arg216 as a crucial mediator in
the active site opening and substrate recognition is thus supported by the in silico mutational
studies. The comparative sequence analysis (Table S3) between hGzmB and other granzymes

from human (hGzm), mouse (mGzm) and rat (rGzm) showed that the presence of Arg216 is
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exhibited by hGzmB only (Figure S28). The rGzmC, mGzmD, mGzmE, hGzmK, and mGzmN
exhibited the presence of a basic residue in this position. This position was highly non-conserved

for other granzymes, making the proposed mechanism exclusive for hGzmB.
4 CONCLUSIONS

Considering the diversified therapeutic application of the human granzyme B (hGzmB), it
becomes crucial to understand, at an atomic level, the enzyme activation by the endogenous
substrates and inactivation by the inhibitors. In this context, a total of 8 ps of systematic classical
molecular dynamics (MD) simulations were performed to identify the crucial differences
between the active and inactive conformations of hGzmB. For this purpose, various stages of the
hGzmB catalytic cycle were submitted to MD simulations for 1ps each. The structural
comparison was performed between six modeled complexes. An inactive conformation of
hGzmB was observed not only for CBI but also for Apo and CPB and was characterized by

several structural features. These differentiated it from the active conformation, including the SB,

AIB, and NCBI, one of which was the presence of a bend in the helix 3. Fluctuations at the
active site are communicated to helix a3 via Ala58 and Ile104, removing the bend between
Phe231 and Ala232 in the active conformations. In the inactive conformation, the distance
between His59 and Ser198 was averaged to ca. 4 A, whereas in the active conformation, this
value was larger than 6 A. The %2 angle for the Hi59 side-chain was larger than 80° and lower
than —70° in the inactive and active conformations, respectively, indicating a flip in the side-
chain upon enzyme activation. The inactive conformation was characterized by the presence of
an H-bond between His59 and Asp103, via their side-chain, whereas this H-bond was missing in
the active conformation. Further, the active conformations SB and AIB exhibited the
Aspl03---Arg216 salt bridge, which was not observed in any other complex. Based on this
thorough analysis, a chain of intramolecular communication upon enzyme activation was

illustrated. Substrate recognition by hGzmB induces the formation of a salt bridge interaction
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between Aspl03 and Arg216. It resulted in the breaking of His59--Aspl103 H-bond, thus
allowing reorientation of the His59 side-chain. An increased distance between the catalytically
important residues, i.e., His59, Asp103, and Ser198 following this event, allows the opening of
the active site cavity.

The importance of Arg216 was further validated by in silico mutational studies, the Arg216Ala
mutation failing hGzmB to accommodate the substrate at the active site and to convert it into an
active conformation. Results from our work illustrate, for the first time, the importance of
Arg216 in initiating enzyme activation. We can propose that the enzyme activation phenomenon
is not limited to the active site of the enzyme. The hGzmB presents a peculiar example of such
an event, as this residue is a non-conserved one among the various granzyme, wherein the effects
of activation are originating from Arg216, which is not a part of the catalytic triad. This can be
critical for the identification of novel inhibitors, and our study can be of prime importance to

make the anti-hGzmB drug discovery more efficient.
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ABBREVIATIONS
3D : Three dimensional
Ac-IEPD : N-Acetyl-Ile-Glu-Pro-Asp-aminocoumarine
Ac-IETD : N-Acetyl-Ile-Glu-Thr-Asp
Ac-IETD-pNA  : Ac-IETD-p-nitroanilide
AIB : Acyl intermediate bound human granzyme B
AMC : Aminocoumarine
Apo : Apoform human granzyme B

Arg216Ala-Apo
Arg216Ala-SB

CBI
CPB
H-bonds
hGzmB
hSB9
MD
NCBI
PME
RMSD
SB
SERPINB9
VMD

: Apoform human granzyme B with Arg216 mutated to Ala216

: Substrate bound human granzyme B with Arg216 mutated to Ala216
: human granzyme B with covalently bound inhibitor (Ac-IEPD-CHO)
: Carboxyl product (Ac-IEPD) bound human granzyme B

: Hydrogen bonds

: Human granzyme B

: Human SERPINB9

: Molecular Dynamics

: human granzyme B with Non-covalently bound inhibitor (Ac-IEPD-CHO)
: Particle Mesh Ewald

: Root mean square deviation

: Substrate (Ac—IEPD-AMC) bound human granzyme B

: Proteinase inhibitor B

: Visual Molecular Dynamics
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