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Abstract Cysteine protease is ubiquitous in nature. Excess
activity of this enzyme causes intercellular proteolysis, muscle
tissue degradation, etc. The role of water-mediated interactions
in the stabilization of catalytically significant Asp158 and
His159 was investigated by performing molecular dynamics
simulation studies of 16 three-dimensional structures of plant
thiol proteases. In the simulated structures, the hydrophilic W1,
W, and WD, centers form hydrogen bonds with the OD1
atom of Asp158 and the ND1 atom of His159. In the solvated
structures, another water molecule, W, forms a hydrogen
bond with the NE2 atom of His159. In the absence of the
water molecule Wg, Trpl77 (NEI) and GIn19 (NE2) directly
interact with the NE2 atom of His159. All these hydrophilic
centers (the locations of W;, W,, WD;, and Wg) are
conserved, and they play a critical role in the stabilization
of His—Asp complexes. In the water dynamics of solvated
structures, the water molecules W; and W, form a water...
water hydrogen-bonded network with a few other water
molecules. A few dynamical conformations or transition
states involving direct (His159 NDI...Asp158 ODI1) and
water-mediated (His159 ND1...W,...Asp158 OD1) hydrogen-
bonded complexes are envisaged from these studies.
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Introduction

Papain-like cysteine protease is a ubiquitous proteolytic
enzyme that is present in a wide variety of living
organisms, including plants [1]. Excess activity of this
digestive enzyme results in the degradation of muscle
tissue and intracellular proteolysis, etc. [2]. In recent
times, cysteine protease has been considered a promising
drug target for cancer, osteoporosis, and arthritis [3-5].
In addition, it is also being used in various industries,
such as the leather processing and meat tenderization
industries.

The catalytic residue His159 is located in an
antiparallel [3-sheet inside the deep active site cleft of
the enzyme, and the catalytic residue Cys25 is posi-
tioned on the opposite side [6]. In plant thiol protease,
the formation of the Cys25-His159 ion pair, the role of
Asnl75 in the catalytic triad, and the interactions of
GInl9, Aspl58, and Trpl77 with His159 [7-9] are
significant. To date, little work has been done on the
involvement of water molecules in the stabilization of the
thiolate—imidazolium ion pair [9, 10] and catalytic Asnl75
[11]. The ionizable carboxyl side chain of Aspl58 with
His159 is significantly involved with the catalytic activity
of papain [12], but detailed information on the role of
water molecules in the coupling of the His—Asp ion pair is
still unclear. In the double catalytic triads Cys25-His159—
Aspl158 and Cys25-His159—Asn175, the residues Asp158
and Asnl75 have also been found to induce catalysis in
papain [13, 14]. A comparison of the direct hydrogen-
bonding interaction between the His (ND1) and Asp
(OD1) (at a distance of ~2.3A) in the catalytic triad of
serine protease [15] and the interaction between His159
(ND1) and Aspl58 (ODI1) (at a distance of ~5.6A) in
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cysteine protease indicates the possibility of an alternative
catalytic mechanism for plant cysteine protease. Again,
considering the tautomeric forms of catalytic histidine in
serine protease [16], we protonated the ND1 nitrogen atom
of the imidazole ring in the catalytic histidine of cysteine
protease and performed simulation. This study may shed
some light on the direct or conserved water-mediated
interactions and the stabilization of His159 through
Aspl58, as well as their manifestation in the catalytic
mechanism of plant thiol protease.

Materials and methods

All of the X-ray crystal structures for plant thiol proteases
were taken from the Protein Data Bank archive [17], and
the corresponding parameters are included in Table 1. Only
one molecule was present in the asymmetric unit of the
crystal structures of 1PPN [18], 9PAP [19], 1PE6 [20],
IPPP [21], 1IKHP [22], IKHQ [22], 1BP4 [23], 1AEC [24],
2ACT [25], IMEG [26], 1YAL [27], IGEC [28], and
1IWD [29], whereas two molecules were present in the
asymmetric unit of 2PNS [30]. In the other two structures,
1CQD [31] and 2BDZ (RCSB database, 2005), the enzyme
crystallized as a tetramer.

Table 1 Preliminary X-ray structural data for the plant thiol proteases

Structure preparation

During the analysis, only the apo forms of the protein
structures were considered. Small molecules bound to the
protein structures were then removed. However, for the
dimeric (2PNS) and tetrameric (1CQD and 2BDZ) struc-
tures, the protein chain containing the highest number of
water molecules was selected and separated using the
Swiss-PdbViewer program [32].

Molecular dynamics simulations of the X-ray structure
containing water molecules

The sixteen structures (PDB) of plant thiol protease were
used in molecular dynamics (MD) simulation studies.
Before starting the simulation, each structure (including
the crystal water molecules) was converted to its Protein
Structure File (PSF) using the automatic PSF generation
plug-in tool v.1.2 within the Visual Molecular Dynamics
v.1.8.6 program [33]. The catalytic residue His159 was
protonated at the ND1 atom of the imidazole group (to
convert it into its HSD form), and the TIP3P water model
was employed for all crystal water molecules. After that,
each respective PSF structure was initially energy mini-
mized (1000 cycles to eliminate initial contacts that would

PDB Code Resolution (A) R factor  Residue no. No. of water Ligand Reference
(year deposited) in catalytic molecules
triad
C H N
IPPN* (1991) 1.60 0.16 25 159 175 226 C25 with bound atom 18
9PAP (1986) 1.65 0.161 25 159 175 195 C25 in oxidized form 19
1PE6 (1991) 2.10 0.159 25 159 175 181 E64C 20
IPPP (1993) 1.90 0.194 25 159 175 205 E64C 21
1KHP (2001) 2.00 0.185 25 159 175 53 GLM 22
1KHQ (2001) 1.60 0.149 25 159 175 105 GLM 22
1BP4 (1998) 2.20 0.190 25 159 175 88 ALD 23
1AEC (1992) 1.86 0.145 25 162 182 268 E64 24
2ACT (1979) 1.70 0.171 25 162 182 272 Mature peptidase 25
IMEG (1996) 2.00 0.193 25 159 179 94 E64 26
1YAL (1996) 1.70 0.192 25 159 179 222 Mature peptidase 27
1CQD (1999) 2.10 0.213 27 161 181 95 (chain A) THJ 31
1IWD (2002) 1.63 0.161 25 158 178 208 THJ (mature) 29
2BDZ (2005) 2.10 0.177 25 159 175 108 (chain A)  E64 Gavira et al., 2005
RCSB Database,
1GEC (1995) 2.10 0.196 25 159 179 117 Benzoxycarbonyl Leu-Val-Gly- 28
methylene bound to C25
2PNS (2007) 1.90 0.173 25 157 173 131 (Chain-B)  THJ (mature) 30

* 1PPN was used as the template structure
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destabilize the system) using the CHARMM22 force field
[34]. Then all of the structures (with crystal water
molecules) were simulated using Auto Interactive Molecu-
lar Dynamics (AutoIMD), which links the visualization
program Visual Molecular Dynamics v.1.8.6 with the
molecular dynamics program Nanoscale Molecular Dynam-
ics (NAMD) v.2.6 [35, 36]. MD simulations were
performed for every structure by selecting a 10A zone
around the catalytic center of the enzyme for the molten
zone of AutoIMD (where the catalytic triad and other
potential residues with water molecules were simulated),
and the rest of the enzyme was considered a fixed zone of
AutoIMD. MD simulations were performed for all of the
structures up to 2 ns at a temperature of 300 K with a time
step of 2 fs by means of Langevin dynamics using the
CHARMM22 force field with exclude scaled 1-4 (so that
the 1-2, 1-3 and 1-4 atom pairs were excluded from non-
bonded interactions), and the distance cutoff was 10A,
which relaxed the water molecules and propagated them
towards the structural equilibrium position. The fluctuations
in potential energy, kinetic energy, and total energy were
monitored. The plots of potential energy and kinetic energy
against time at constant temperature revealed that the
equilibrium was closed when the average potential energy
and kinetic energy were constant. The simulations ade-
quately converged within 1 ns. Different snapshots were
taken every 200 ps during the 2 ns simulation.

Molecular dynamics simulations of solvated structures

To realize a detailed investigation of the water molecules,
we performed MD simulation studies after solvating the
template PPN structure. We solvated the protein in two
ways: using the Visual Molecular Dynamics (VMD) and
Conditional Hydrophobic Accessible Surface Area
(CHASA) programs.

In procedure I, the apo form of 1PPN was placed into a
periodic box and solvated with 9042 TIP3P water molecules
(which were located to 12A from the protein), and the PSF
file of the solvated 1PPN was generated using the automatic
PSF generation plug-in tool v.1.2 in the VMD v.1.8.6
program, using the CHARMM?22 force field. The system
(containing water molecules) was then energy minimized for
1000 steps while keeping the protein fixed, using the NAMD
v. 2.6 program. In the next step, the structure was again
energy minimized for 2000 steps (where both the protein and
water molecules were included), and was simulated at
300 K. After reaching the system equilibrium, water
dynamics was performed for 2 ns, where water molecules
within 5A of the protein surface were allowed to move.

In procedure II, the protein was solvated using the
CHASA program [37]. During solvation, a probe radius of
1.4A was used, and the O (oxygen) atom of the water

molecule was placed 2.95A from the backbone N (nitro-
gen) and O (oxygen) atoms of the protein molecule [38,
39]. Further, we performed MD simulation on the solvated
1PPN structure for up to 2 ns with the CHARMM?22 force
field. All of the atoms of both the protein and the water
were allowed to move during the entire simulation process.
Snapshots were taken every 100 ps to monitor the different
interactions of the water molecules with the important
residues involved in the catalytic process.

Stability free energy

The stability free energy was calculated for all of the PDB
and MD-simulated structures (including the crystal water
molecules) using the program FOLDX [40]. The tempera-
ture, ionic strength, pH, and vdW parameters were assigned
values of 300 K, 0.05 (M), 7.0, and 2.0A, respectively.

Identification of the conserved water-mediated interaction
sites

The conserved water-mediated interaction sites of the plant
thiol protease (in all of the X-ray and MD-simulated apo
structures) were identified using the standard least-square
fitting algorithm in the Swiss-PdbViewer program. The
three-dimensional structure of 1PPN was taken as the
template/reference structure, and the remaining three-
dimensional structures were superposed on the backbone
atoms of the template structure. The RMSD values were
found to be ~0.28-0.75A. After the superposition had been
performed, the conserved water-mediated interaction sites
were identified by comparing the superposed structures.
Water molecules found to lie within 1.5A [41] were taken
to be conserved.

Results and discussion

During the simulation (Table 1), we recorded snapshots at
different time intervals and investigated the water-mediated
interactions around the NE2 and NDI1 nitrogen atoms of
catalytic His159 and the carboxyl oxygen atoms of Asp158.

In most of the three-dimensional structures of inhibitor-
bound plant thiol protease (Fig. 1), the backbone Ny atom
of catalytic histidine (His159) is hydrogen bonded to the O,
atom of the corresponding residues in the {3-sheet and the
carboxyl OD1 oxygen of Aspl58 (or OEl of Glul58 in
IMEG, and to ODI1 of Aspl61 in the 1AEC and 2ACT
structures). However, in 1CQD, 1IWD, and 2PNS (using
their PDB ids), the N, atom of catalytic histidine is
hydrogen bonded to the OD1 oxygen of the nearby Asn
residue. In the X-ray crystal structures, the distance
between the side-chain carboxyl OD1 of Aspl58 and
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Fig. 1 Important residues at the active site of plant thiol protease, and
the conserved water molecules (WD)

NDI1 of catalytic His159 is ~5.6A, and the NE2 atom is
hydrogen bonded to the OD1 amide oxygen atom (2.55—
2.89A) of the catalytic Asnl75 residue. In 1PPN, 9PAP,
1KHQ, and 2ACT (using their PDB ids), two conserved
water molecules WD; and WD, are observed to form
hydrogen bonds (bond lengths: ~3.0-3.5A and~4.0 A) with
NDI of the catalytic histidine. On the other hand, in the
remaining structures, oxygen or some other potential atom
of the inhibitor (E64C, aldehyde inhibitor, E64, diazome-
thylketone inhibitor, and thiosulfate) occupies the WD, and
WD, positions and forms hydrogen bonds (~2.88-3.29A)
with the ND1 atom (Table 2). In the case of 2ACT, the
“SG” atom of Cys25 interacts directly with ND1 (~3.30A)
of His162. Table 2 and Fig. 2 (I) illustrate the interactions
between different amino acid residues and water molecules
in the X-ray crystal structures. In most inhibitor-bound
complexes, the carboxyl OD1 atom of Aspl58 forms a
hydrogen bond with the water molecule W; (bond
length:~3.2A), and this hydrophilic site was found to be
conserved in all of the structures (Fig. 2(I)).

During the simulation of all of the three-dimensional
structures (within 1-20 ps), the hydrogen-bonding interac-
tion NE2 (His159)...0D1 (Asnl75) disappeared and the
water molecule W formed a hydrogen bond with the NE2
atom (~2.77-3.06 A). However, after 800, 600, and 800 ps
simulations of 1PPP, 1IKHP, and 1AEC (using their PDB
ids), the NE2-bound water molecule (Wg) migrates from
this site and the side chains of Trpl177 [42] and GInl9
interact with the NE2 atom (Fig. 2 and 3). The distances
between the NE2 atom (of catalytic histidine) and the water
molecule (Wg), the Trp177 (NE1) residue, and the Glnl9
(NE2) residue at different phases of the simulation are
included in Table 2. Throughout the dynamics of 1PEG6,
1KHQ, 1BP4, 2ACT, IMEG, 2BDZ, 1CQD, 1YAL, 2PNS,
1GEC, and 1TWD (using their PDB ids), no water molecule
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is observed to form a hydrogen bond with NE2. However,
this nitrogen atom seems to be stabilized by the side chains
of the Trpl77 and GInl9 residues, which are shown in
Table 2 and Fig. 2 (II and III). During simulation, the
hydrogen-bond distances between the ND1 atom of His159
and the water molecules WD; and WD, are observed to be
elongated (compared to their initial lengths in the X-ray
structures), and ultimately both the water molecules migrate
from the sites (by breaking the hydrogen bond with ND1),
while the carboxyl OD1 atom of Aspl58 simultaneously
approaches that nitrogen atom and interacts directly with
ND1, as shown in Fig. 2 (II"). In some cases, the OD1 atom
occupies the WD, conserved hydrophilic water site. For
IPPN, 9PAP, 1PPP, 1IKHP, and 1AEC (using their PDB
ids), the NDI-bound conserved water molecule WD, is
replaced by the OD1 atom of Asp158, and the His—Asp pair
is stabilized through a direct ND1-OD1 hydrogen-bonding
interaction. However, in 9PAP, 1PE6, 1KHQ, 1BP4,
1IWD, and IGEC (using their PDB ids), another water
molecule W, appears to occupy a conserved hydrophilic
site, which seems to be different from the previous WD,
position. The W, center forms a hydrogen bond with the
carboxyl oxygen atom of aspartic acid and ultimately
bridges the ND1 atom to OD1 (Asp158) through the water
molecule OD1 (Asp158)...W2...ND1 (His159), as shown
in Fig. 2 (IIT). The water molecules occupy these three
conserved hydrophilic sites (WD;, W;, and W,) in the
different simulated structures of plant thiol protease. Thus,
the stabilization of the catalytic acid-base pair through
direct Aspl158...(ND1)-His159—(NE2)...W or water-
mediated Aspl58...W...(ND1)-His159—(NE2) processes
appears to be interesting in plant thiol protease. This kind
of water—imidazole interaction has been found to be
energetically favorable in different protein structures
[43]. However, due to the high stability of the acid—base
coupled interaction between the catalytic His159 and
Aspl58 residues, the residence occupancy/frequency of
dynamic conformation II' (Fig. 2) is high in 1PPN, 9PAP,
1KHP, and 1AEC.

No such water-mediated or direct recognition of His...
Asp residues is observed for 2ACT, 1MEG, and 2BDZ
(using their PDB ids), which may be due to the different
orientations of their side chains and the variation in torsion
angles. The His159 (ND1) is found to interact with the Oy
atom of the respective Alal63 (in 2ACT) or Alal60
(IMEG and 2BDZ), and the ND1...0y, distances are given
in Table 2. The changes in the y; and x, torsional angle
values for the catalytic His and Asp/Asn residues are given
in Table 3. Such variations in the torsion angles of catalytic
histidine have also been observed during the dynamics of
other thiol protease structures [44]. The durations of the
various intermediate/dynamical conformations I-III (as
shown in Fig. 2 and 3), involving interactions of residues,
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Fig. 2 Interactions of important HoN
residues and water molecules >=O ------ Ne—= WD,
(Wi and WD) with the imidaz- Asny;—CHz !
ole ring of catalytic histidine in o No—H"~~"WD, O OH ™ "™™W,
X-ray (/) and other intermediate
({I-1II) structures (obtained dur- CHyp
ing MD simulation). The inter- |
actions are shown by broken His4sg
lines
I
£
%
Trp;77 (NE1)
”NE W o ow, — W, WE_"NE_| W\z ,'Wl
Glnfy(NE2) N -~ N
- NpH= -0 OH - . - NoH- -OYOH
\[/ + Wg
CH, CH, <|3H2 C|>H2
His4se A|sp158 Hisqsg Aspysg
II g
Trpy77 (NED) V,vl
Glnyo(NE2)- - -NE .0
’/' >—H2C—ASP158
S No—H == Wi e o2
i
His4sg
I

water molecules, or conserved hydrophilic centers with ~ summarized in Table 4. The stability free energy values
catalytic histidine (in the different unliganded X-ray and  (Table 3) of simulated apoprotein structures show no major
MD-simulated structures of plant cysteine protease), are  variation compared to the remaining X-ray structures. The

Asp 158
His159

Fig. 3 a Dynamic conformation of complex II' (formed through the GIn19, His159, Asp158, and Trp177 residues) ¢ Dynamic conforma-
interaction of the His159 and Aspl58 residues). b Dynamic tion of complex III (formed through the interaction of the GlInl19,
conformation of complex II (formed through the interaction of the His159, Aspl58, and Trp177 residues)
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Table 3 Torsion angles (°) of the His159 and Asp158 side chains and the stability free energies (kcal mol™") of the plant thiol protease structures

Structure Torsion angles of catalytic histidine Torsion angles of the Asp158* side chain Stability free energy
X1 (X-ray/MD) X2 (X-ray/MD) X1 (X-ray/MD) X 2/X3 (X-ray/MD)
1PPN —174.41 51.26 90.53 16.15 90.53
—76.58 78.18 85.16 24.78 85.16
9PAP -170.70 60.10 106.82 20.26 106.82
—78.97 64.09 101.27 24.12 101.27
1PE6 -169.10 47.61 103.75 16.53 103.75
—91.09 58.51 105.44 16.83 105.44
1PPP -176.89 63.04 189.20 2.54 189.20
—91.55 56.01 177.60 5.46 177.60
1KHP —-178.10 53.97 95.15 24.11 95.15
—80.85 79.99 94.78 35.77 94.78
1KHQ -174.11 53.93 51.94 18.83 51.94
-105.74 77.46 64.98 15.64 64.98
1BP4 -174.15 63.65 98.28 —-4.30 98.28
-101.98 57.44 101.03 3.51 101.03
1AEC —174.43 64.85 58.31 7.40 58.31
-76.23 64.36 70.99 11.28 70.99
2ACT 176.95 74.29 71.57 18.00 71.57
-156.96 —85.25 93.55 20.35 93.55
IMEG -175.10 62.57 99.67 64.68/-7.02 99.67
-151.12 —94.40 103.46 65.15/-3.08 103.46
1YAL —173.46 50.00 58.67 14.20 67.58
—-114.63 66.47 58.40 18.63 79.44
1CQD —-166.15 62.46 50.78 —133.41 110.88
—125.01 70.62 50.78 —-133.41 119.18
1IWD —-170.81 40.86 57.07 36.61 82.64
-113.82 64.45 57.07 38.68 84.95
2BDZ —-176.90 47.43 67.56 —20.44 74.85
-155.15 —81.73 61.01 —31.24 87.46
1GEC -171.89 53.49 53.56 9.38 178.57
—-110.60 63.84 54.41 14.62 179.00
2PNS —170.42 66.66 52.06 51.01 78.04
-130.14 67.99 52.06 42.00 86.67

Nonbold values are for PDB structures; bold values are for MD-simulated structures
*Asp158 (1PPN, 9PAP, 1PE6, 1PPP, IKHP, 1IKHQ, 1BP4, 1YAL, 1GEC, 2BDZ), Aspl61 (1AEC, 2ACT)/Glul58 (IMEG)/Asn157 (1IWD)/

Asn156 (2PNS)/Asn160 (1CQD)

interaction between Trp177, GInl9, and the water molecule
Wg at the NE2 site of the imidazole ring, and the
participation of the WD;, W;, and W, hydrophilic sites
with the carboxyl oxygen atom of Asp158 or the interaction
with WD; and W, at NDI of His159 may support the
possible involvement of the different dynamic conforma-
tions I-II-II'-IIT in the catalytic pathway of plant thiol
protease (Figs. 2 and 3). The transition from I to III is
observed in 1PE6, IKHQ, and 1BP4, the I to II transition is
observed in 2ACT, IMEG, 1YAL, 1CQD, 1IWD, 2BDZ,
and 1GEC, the transition from I to II' is observed in 1PPN
and 9PAP, and finally the transitions from I-II'-II are
observed in 1AEC, 1KHP, and 1PPP. The conformational
stability free energy (AG) of the respective I, II, II', and III
structural moieties (Fig. 2) are 0.41, 0.89, 1.14, and

@ Springer

2.50 kecal mol !, respectively. The WD, WD,, and W,
hydrophilic sites were found to be conserved in both the
static and simulated X-ray structures. Hence, they may play
an integral role in the catalytic process (Table 5).
Simulation studies of the solvated (CHASA) structures
mostly revealed the interaction of a water molecule (the W,
hydrophilic center) with ND1 of His159, although at ~55 ps
the carboxyl oxygen atom of the catalytic Aspl58 was
observed to interact directly with the NDI1 atom. The
interactions of Trp177 and GInl19 with the NE2 atom of
His159 were also observed in the solvated structures
(Fig. 4a), and the corresponding distances are given in
Table 6. This dynamic conformation supports structure II1
in Fig. 2. Again, during the simulation of the VMD-
solvated 1PPN structure, a water molecule is consistently
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Table 4 The residence times of
different intermediate structures PDB code I w L T
in a 2 ns MD simulation of plant
thiol protease IPPN Xeray 0-20 B B
9PAP X-ray 0-2.0 - -
1PE6 X-ray - - 0-2.0
1PPP X-ray 0-0.8 0.8-2.0 -
1KHP X-ray 0-0.6, 1.2-1.4, 1.6-2.0 0.6-1.2, 1.4-1.6 -
1KHQ X-ray - - 0-2.0
1BP4 X-ray - - 0-2.0
“The ND1 atom interacts with TAEC Xeray 0-06, 1.6-2.0 0.8-1.6 B
the backbone oxygen atom of 2ACT Xray - 0-2.0° -
Alal60 (IMEG, 2BDZ)/Alal63 ~ IMEG X-ray - 0-2.0° -
(2ACT) IYAL X-ray - 0-2.0° _
®The NDI atom interacts with 1CQD X-ray - 0-2.0° -
the backbone oxygen atom of HWD X-ray - 0-2.0° -
Aspl58 (1YAL)/of Asnl60 2BDZ X-ray - 0-2.0° -
(1CQD)/Asnl56 (2PNS)/ 1GEC X-ray - 0-2.0° -
Asnl57 (1TWD)/with the OG 2PNS X-ray - 1.4-2.0° -

atom of Ser136 (1GEC)

observed to occupy the conserved hydrophilic center (Wg)
and interact with the NE2 nitrogen atom of catalytic
histidine (His159). However, at different time intervals,
this position is also occupied by different water molecules
(Table 6). At times, the hydrogen-bonding interaction
between the conserved W center and another water center
(whose position is mostly occupied by the low-occupancy
water molecules W6121, W7274, W5659, W4250, W4613,
W6521, W4613, W5967, W4361, W6341, and W7319) is
also observed. The observation of a direct interaction

between the acidic oxygen of Asp158 and ND1 of His159
(when Wg is bonded to the NE2 atom of histidine) in the
simulated IPPN (VMD-solvated) structure may also support
dynamic conformation II' (Fig. 2) of the enzyme. However,
for a short period, the simultaneous occurrence of water-
mediated hydrogen bonding between the Aspl58 and
His159 (ND1) and an interaction between NEI1 of Trp177
and NE2 of Hisl59 in the structure of cysteine protease
(Fig. 4b) may partially support the dynamic conformation
1I (Fig. 2).

Table 5 The water-mediated H-bonding interactions of catalytic His159 and Asp158 in X-ray and MD-simulated structures. The water molecules
WD; and WD, form H-bonds with the ND1 atom of catalytic histidine, and the water molecules W; and W, H-bond with Asp158

PDB structures  X-ray structure

WD1 WD2 Wl

Residue that interacts with  WD1 W1 w2
the NE2 atom of His

Residue or water molecule (Wg) that
interacts with the NE2 atom of His

1PPN W401 (38.14) W309 (41.06)  W276 (21.40) ODN7®
9PAP W42 (24.02) W43 (24.36) W38 (20.83) op N7
1PE6 W234 (42.54) 018 "€ (23.25)  W408 (25.29) opN17
1PPP 018%°C (23.14)  W287 (22.44) W372 (37.29), ODN'"3
W387 (16.92)
1KHP CMY™ (31.47)  W317 (43.82)  W320 (43.96) opN'7
1KHQ W350 (46.49) W379 (38.91)  W344 (34.52) opN'7
1BP4 0340 493 4) — W446 (24.76) opN17
1AEC W426 (38.39) 01 (10.30) W71 (13.86) ODIN!73
2ACT W437 (50.00) W298 (28.18) W71 (27.01) oD, N'#?
IMEG O1E64 (8.07) W310 (13.13)  OG3'3¢ (8.94) oD
1YAL SGSM (15.61)  W424 (59.04) W16 (24.39) op, N7
1CQD S2™ (44.68) - oD,""*7 (24.39) ODN'®!
1IWD S2™1 (27.63) W442 (38.51)  W414 (34.79) oDpN'7®
2BDZ 025 (12.19) W1132 (18.62)  0G'3° (9.90) opN173
1GEC CMC™ (17.70)  W235(10.17)  W293 (21.89)  ODN'”®
2PNS 0, (95.69) W720 (43.43) - op,N'73

oDIPIss  _ - w317

oDIP'® w38 W97 W42

- W 408 W 234 NE22/NEIW!7
OoDIP'™ w372 W387  NE2Y/NEIV'
oDIP® w320 - w317

- W344  W379  NE2Q9/NEIW'7
- W446  W412  NE2?/NEIW!7
oDp1Pe! w71 W220  WI193

- w71 W214  NE2Q'9/NE1W!8
_ OGS]36 NE2Q19/NE1W]8]
- w16 W108  NE2?'/NEIW!S!
_ _ _ NEzQZl/NE1W133
- W414  W412  NE2Q'9/NEIW!80
- w1132 — NE2?Y/NEIW!7?
0G%'3¢ w293 W257 NE2?Y/NEIW'®!

NE2?'/NE1IW'S

* B factors of the respective atoms or water molecules are given in parentheses

@ Springer



2642

J Mol Model (2012) 18:2633-2644

Table 6 The side-chain interaction of catalytic histidine with water molecules and other residues in the (CHASA- and VMD-solvated) MD-

simulated 1PPN structure

Snapshots (in ns) Interaction with the NE2 atom of catalytic

Interaction with the NE2 atom

Interaction with the ND1 atom of catalytic

histidine (VMD) (Wy)

of catalytic histidine (CHASA)

histidine (CHASA) (W»)

0.1 W7405 (2.91)
02 W5113 (2.87)
03 W5113 (2.92)
04 W7274 (2.92)
0.5 W4613 (3.19)
0.6 W6960 (2.90)
0.7 W4613 (3.28)
0.8 W7274 (3.02)
0.9 W6521 (2.91)
1.0 W2989 (3.00)
1.1 W5367 (3.09)
12 W4361 (2.79)
13 W5184 (2.90)
1.4 W4930 (2.75)
15 W4930 (3.28)
1.6 W7022 (3.12)
1.7 W7022 (3.08)
18 W6.55 (2.77)
1.9 W5948(3.29)
2.0 W4755 (2.95)

Rw/Rq (2.95)/(3.28)
Ryw/Rg (3.05)/(3.79)
Rw/Rq (2.93)/(3.72)
Rw/Rg (5.21)/(5.31)

W 229 (3.13)
W 229 (3.56), Rp, (3.14)
W 229 (3.38), W292 (3.09)
W 244 (3.18), Rp, (2.75)

Rw/Rq (2.99)/(4.41) W 229 (2.94)
Rw/Rg (3.17)/(3.25) W 229 (3.21)
Rw/Rq (3.22)/(3.68) W 229 (3.02)
Ry/Rg (3.22)/(3.48) W 227 (2.82)
Rw/Rq (3.44)/(3.67) W 227 (2.64)
Rw/Rg (2.88)/(3.83) W 227 (2.89)
Rw/Rq (3.32)/(4.35) W 244 (3.13), Rp (3.14)
Ryw/Rg (3.08)/(4.33) W 243 (2.86)
Rw/Rq (3.08)/(4.24) W 243 (3.04)
Ryw/Rq (3.11)/(3.86) W 385 (3.01)
Rw/Rq (2.93)/(4.37) W 385 (3.28)
Rw/Rg (2.87)/(3.92) W 385 (2.79)
Rw/Rq (2.91)/(3.34) W 385 (3.05)
Ry/Rg (2.90)/(3.20) W 385 (2.95)
Rw/Rg (3.18)/(3.36) W 385 (2.85)
Rw/Rq (2.86)/(4.23) W 385 (3.00)

* The distances (A) are given in parentheses
Rp Aspl58 (OD1 atom)

Ry Trp177 (NE1 atom)

Ry GInl9 (NE2 atom)

Thus, these results support the hydrophilic susceptibility
of the NE2 and NDI atoms of catalytic His159 and the
OD1 atom of Aspl158. During the simulation of the plant
thiol protease structures, the intricate hydrogen-bonding
interactions of the water molecule Wi with NE2, WD, and
W, with ND1, and W; and W, with Asp158 (OD1) appear
to be interesting. Moreover, the interaction of the carboxyl
oxygen (OD1) of Aspl58 with the NDI atom of His159,
and interactions of both the Trpl177 (NEI1), GIn19 (NE2)
residues with the NE2 atom of His159 have also been
observed during the dynamics. However, the occupation
frequencies of these water molecules seem to differ, which
may be due to their high B factors or mobility in the X-ray

a _ wi

Asp 158

structures. The NDI1-bound WD; and WD, hydrophilic
centers are conserved in the X-ray structures, but the WD,
nearly retains its position during simulation, while the water
molecule at WD, is moved to about ~4.5A. Again, due to
the transition of the dynamic structure from I to III in
Fig. 2, the interactions of water molecules at two nitrogen
centers of the His159 imidazole ring and the carboxyl
oxygen of Aspl58 also vary with time. Interestingly, the
hydrophilic positions WD; and W, near the ND1 atom
appear to be conserved. However, these sites are mostly
occupied by different water molecules at different times.
Similarly, the Asp158 (OD1)-bound W, hydrophilic posi-
tion is also thought to be conserved in some structures. The

Fig. 4 a The water-mediated interaction in the CHASA-solvated 1PPN structure during dynamics. b The water-mediated interaction in the VMD-

solvated 1PPN structure during dynamics
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occasional occurrence of the Asp158 (OD1) oxygen atom at
the hydrophilic WD, site also indicates the conserved
character of the WD, position. The Wg position is occupied
by different water molecules at different times, but this
hydrophilic Wy, site also appears to be conserved during the
lifetime of structure II, particularly in the VMD-solvated
structures. Therefore, the hydrophilic centers WD, W, W5,
and Wg are conserved in one or more of the dynamic
conformations I-III (Fig. 2), though some of the water centers
may not be conserved over the entire period of simulation.

Conclusions

The results obtained so far for all of the apo structures of
plant thiol protease highlight the roles played by some
water molecules in the coupling of His159 and Aspl58
residues. The interaction of His159 with WD; and WD,
and the interaction of Asp158 and W, are conserved in all
of the X-ray structures. During simulation, the conserved
hydrophilic Wy, W,, and WD, water centers form hydrogen
bonds with Aspl158 (OD1) and His159 (NDI1). In some
VMD-solvated structures, the hydrophilic center (W) was
also found to be conserved. Therefore, we can assume that
these conserved hydrophilic centers play a critical role in
the formation, stabilization, and transitions of His—Asp
hydrogen-bonded complexes in the catalytic zone of the
enzyme. During the absence of the water-mediated interac-
tion at ND1, the OD1 (Asp158) atom appears to form a
direct hydrogen bond with the imidazole nitrogen atom of
His159. In the absence of the water-mediated (Wg)
interaction at the NE2 site, the Trp177 (NEI1) and GInl19
(NE2) residues influence the NE2 atom of His159. In both
the X-ray and solvated protein structures, the stereoselec-
tive recognition between His159 and Asp158 is thought to
be influenced by water molecules. Therefore, conserved
water molecules may play an important role in the catalytic
activity of plant thiol protease. A few dynamic conforma-
tions or transition states involving direct and water-
mediated His—Asp hydrogen-bonded complexes are envis-
aged from these studies.
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