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Abstract: The thermophilic intracellular protease (PH1704) from Pyrococcus horikoshii
that functions as an oligomer (hexamer or higher forms) has proteolytic activity and
remarkable stability. PH1704 is classified as a member of the C56 family of peptidases.
This study is the first to observe that the use of Cl as an allosteric inhibitor causes
appreciable changes in the catalytic activity of the protease. Theoretical methods were used
for further study. Quantum mechanical calculations indicated the binding mode of CI with
Argl13. A molecular dynamics simulation explained how CI stabilized distinct contact
species and how it controls the enzyme activity. The new structural insights obtained from
this study are expected to stimulate further biochemical studies on the structures and
mechanisms of allosteric proteases. It is clear that the discovery of new allosteric sites of
the C56 family of peptidases may generate opportunities for pharmaceutical development
and increases our understanding of the basic biological processes of this peptidase family.
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1. Introduction

The thermophilic intracellular protease from Pyrococcus horikoshii (PH1704) that functions as an
oligomer (hexamer or higher forms) has proteolytic activity and remarkable stability [1,2]. PH1704 is
classified as a member of the C56 family of peptidases using the MEROPS search tool [3]. This family
contains Pyrococcus furiosus intracellular protease 1 (Pfpl) [4,5], PH1704 [1,2], Bacillus subtilis
general stress protein 18 (GSP18) [6], protein YhbO [7,8], DR1199 from Deinococcus radiodurans [9]
and so on. Among this family, DR1199 and YhbO are classified by the MEROPS peptidase database as
non-peptidase homologs of the C56 family of peptidases.

PH1704 shares 90% sequence identity with Pfpl, the most well characterized protein in this family,
which is an intracellular cysteine peptidase characterized by its stability and the speculated proteolytic
activity of the thermophilic archaebacterium. The 3D structure of PH1704 shows an a/B-sandwich
fold, containing a similar domain characterized by a sharp turn between the f-strand and the a-helix.
The fold resembles that of class I glutamine amidotransferase (GATase) [10], which is characterized
by a conserved Cys—His—Glu active site. PH1704 forms a hexameric structure, and the active sites are
formed at the interfaces between three pairs of monomers. The shared active site between subunits A
and C of PH1704 performs proteolytic cleavage through a Cys—His—Glu catalytic triad: Cys100 and
His101 residue on the A subunit, and Glu474 on the neighboring C subunit (seen in Figure 1a).

Figure 1. (a) The catalytic triad Cys100, His101 and Glu474; (b) The binding mode of
SO4* in PH1704.

Allosteric regulation of the function of a protein occurs when a small activator or inhibitor molecule
binds away from the oligomeric protein’s normal active site [11]. In recent years, several oligomeric
proteases have been found to possess allosteric sites, and binding of small molecules to these sites
could result in the modulation of enzyme activities [12—14]. For example, a novel allosteric site in
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protein tyrosine phosphatase 1B (PTP1B) was discovered to bind small molecules allowing an
opportunity to avoid troubles associated with inhibitors of the catalytic site. Allosteric inhibition in
PTPI1B is a promising, new strategy for treatment of obesity and type II diabetes [15,16]. Another
example of the importance of allosteric sites has been discovered with caspases, which are mediators
of apoptosis and the inflammatory response [15,17]. Caspases are an important class of drug targets for
stroke, ischemia, and cancer [17], but it has been difficult to find drug-like caspase inhibitors because
of a strong preference for an acidic side chain and an electrophilic functionality to bind at the active
site [17]. However, the binding of various ligands at the allosteric site prevents peptide binding at the
active site [17]. From the above discussion, it is clear that the discovery of new allosteric sites may
generate opportunities for pharmaceutical development and increases the understanding of basic
biological processes.

In our previous study, PH1704 was observed to be an allosteric enzyme through experimental
methods [18,19]. Anion allosteric regulation showed that Cl functions as an allosteric inhibitor [18,19],
but we still do not know how Cl stabilizes distinct contact species and controls the enzyme activity. In
this study, quantum mechanical calculations were employed to determine the binding mode of Cl . A
molecular dynamics (MD) method was used to explore the allosteric regulation. Our findings revealed
that at least two processes are involved in functionally coupling the allosteric site and the active center
of PH1704, that is: (i) Cl binding, a process that entails masking the conformational stabilization of
the subunit contact, is not beneficial to enzyme activity; (i7) stabilization of the active conformation of
the common H bond between His101 and Glu474, may be caused by the unoccupied site at the two
contacts of CI . This H bond enhances the rate of formation of the active conformer. Therefore, further
experimental and theoretical studies for PH1704 are necessary.

2. Results and Discussion
2.1. Quantum Mechanical Calculation to Determine the Cl Binding Mode

Motif Scan [20] was used to search for the Cl binding site. It can be found that there was a possible
amidation site (refering to the amidation reaction that acylates the NH group of an amino acid with
oxygen, chloride, and sulfur atoms) in Argl13 and Lys116. To explore the Cl binding mode, we
checked the crystal structure of PH1704 carefully. Two SO,4”~ were bound in the AC contacts: Argl13
formed two salt bridges with the SO4*~ O atom and Asn129 formed a hydrogen bond with SO4*
through Wat744 (Figure 1b). Argl13 and Asn129 may come in with an ion. Hence, we proposed that
Cl” may bind at the same site as SO4* : to form a salt bridge with Argl13 and form a hydrogen bond
with Asn129 through water.

Rosetta design can be used to redesign an existing protein for increasing binding affinity. We used
Rosetta design to get best theoretical mutant, R113T. As for the experimental data, the negative
controlling effect disappeared for the R113T mutant for substrate R-AMC, and the apparent kca/K,
value was 4.4-fold higher than that of PH1704 for substrate R-AMC, indicating that it became a
standard Michaelis—Menten enzyme [18,19].

Based on the above data, Argl13 may be involved in the allosteric regulation. However, the exact
mechanism of the binding mode with the allosteric inhibitor CI is still unknown. Sheng ef al. were the
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first to observe that structural stabilization at the active site caused by the binding of an anionic
allosteric activator [21]. Structural and biochemical data showed that mutations of some residues at
this site influenced the binding of SO,*~ and affected the enzymatic activity. In the present study, we
find another anionic allosteric inhibitor, namely, CI .

The crystal structures of L-arginine-2HCI-H,O have been determined [22], but some basic questions
relate to PH1704 remain unanswered. An example, one of these questions is: “should Asn129 also
form a hydrogen bond with Cl through water?”” Detailed understanding of the CI binding mode at the
atomistic level is necessary for further successful rational design of PH1704.

Figure 2 shows the numbering of the atoms of Argl13 and the binding mode of C1 . The conclusion
about the formation of a neutral carboxyl group, and hence double charged Arg®" cation, was made on
the basis of bond lengths C=0 (1.22 A) and C—OH (1.32 A). An intermediate region was found, where
the strongest van der Waals and the weakest hydrogen bonds coexist. For the N-H (38)---ClI (68) and
O-H(56)---Cl (68) contacts, the regions are located at 2.51 A and 2.26 A, respectively. The
corresponding N-H (67)---C1 (69) distance (1.81 A) fits to intermediate region.

Figure 2. The calculated Arg-2HCI-H,O-Asn supermolecular system displayed in Gaussian
View. The coordinates of Argl13, Asnl29, and Wat744 were taken from Protein Data
Bank [23], and two Cl and hydrogen atoms were manually added by Gaussian View.
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Determining the state of water molecule in the structure is important. In this system, a proton donor
water molecule formed hydrogen bonds with CI (68) and Asnl129. Figure 3 shows the numbering of
Argl13 and the binding mode of SO4*". As shown in Figure 3, an intermediate region of coexistence of
the strongest van der Waals and the weakest hydrogen bonds is found. For N (11)-H (43)---O (32) and
N (14)-H (47)---O (34) contacts, the regions are located at 1.83 A and 1.74 A, respectively. Subtle
differences were seen between models A and B: two Cl formed two hydrogen bonds with Argl13
head and tail, whereas SO, only formed one hydrogen bond with the guanidine group of Argl13, so
it can be concluded that Argl13 and Asn129 are coordinated with the allosteric inhibitor, Cl . Thence
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Argl13 is involved in allosterc regulation, which is consistent with the experimental data. Asn129 may
also take part in the allosteric action as it forms a hydrogen bond with CI through water.

Figure 3. The calculated Arg-SO,*H,0-Asn supermolecular system displayed in Gaussian
View. Argl13, Asn129, Wat744, and one SO4*". The coordinates of Argl13, Asnl29, Wat744,
and one SO,4* were taken from Protein Data Bank [23].
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2.2. Protein-Substrate Complex Preparation

The docking scores between L-arginyl-7-amido-4-methylcoumarin (R-AMC) and PH1704 with
AutoDock vina, AutoDock 4.2 and Dock 6.6 are listed in Table 1. The docking score from AutoDock
vina was lower than with the other software, so the docked complex from AutoDock vina was chosen
for further study.

Table 1. The docking scores between R-AMC and PH1704 calculated with AutoDock vina,
AutoDock 4.2 and Dock 6.6.

Substrate/PH1704 AutoDock vina AutoDock 4.2 Dock 6.6.
R-AMC -7.17 —6.65 -6.55

The substrate, R-AMC (Figure 4a), was docked to PH1704 in AC contacts. As seen from Figure 4b,
we can conclude that R-AMC located in the AC contacts away from the allosteric site (Argl13 and
Ans129). There were 12 residues (Arg475, Glu410, Gly70, Lys43, Argd71, Cys100, Glul2, Arg71,
His101, His44, Tyr120, and Glu474) around R-AMC (Figure 4c¢), and the results were consistent with
those obtained by Du and Zhan [1,2] (Figure 4d), and it is easy for the reaction to occur, so the
PH1704-R-AMC complex can be used for further study.
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Figure 4. (a) R-AMC; (b) The docked complex; R-AMC located in the AC contacts;
(¢) The important residues in R-AMC binding calculated by Discovery studio 3.5 client.
Color green represents for van der Waals contacts with R-AMC, and color purple
represents for electrostatic contacts with R-AMC; (d) The surface around the R-AMC
generated by Discovery studio 3.5 client. R-AMC is in the active pocket and near the
active triad (C100, H101 and E474).
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2.3. Molecular Dynamics Simulations to Study Allosteric Regulation by Cl

Chloride anions have been reported to function as organic guests for surpermolecular systems [24].
However, the present study is the first to observe that Cl1 produces appreciable changes in the catalytic
activity site of the protease when used as an allosteric inhibitor.

An important goal for studying the allosteric enzyme PH1704 is to regulate the activity of catalysis
through the addition of small molecules that change the enzyme structure of the catalyst and in turn
control catalytic reaction rates and product distributions. We aim to determine the regulation induced
by the binding of Cl on the function, structure, and flexibility of PH1704.

To obtain a deeper understanding of the structural and dynamic basis for the allosteric effects in
PH1704, 10 ns explicit-solvent molecular dynamics simulations were used. In this study, two separate
simulations were conducted in each of the aforementioned cases, with PH1704—R-AMC of the
CI -binding state and the R113T-R-AMC mutant. Extensive analysis of conformational change and
motion was conducted through the computation of the root-mean-square deviation (RMSD), order
parameters, dynamical cross-correlation maps, and essential dynamics. Figure 5 shows the RMSD of
Ca atoms with respect to their initial positions. Sharp increases in the R113T-R-AMC mutant were
observed from the plot during the first 4,000 ps. The average RMSD was below 2.5 A over the entire
simulation for the complex. However, the simulation trajectories of the PH1704—R-AMC of the
Cl-bind state appeared to be poorly equilibrated, with an average RMSD value of 4.0 A over the last
11,000 ps, indicating that the structure of the R113T-R-AMC mutant was stable during data collection.
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Figure 5. Plot of the RMSD that is experienced by PH1704 over the course of the
trajectories for PH1704—R-AMC of CI bind state (blue), and R113T-R-AMC mutant (green).
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The calculation of B-factors provides insight on the identification of the rigid and flexible parts of a
protein. However, comparing them in a qualitative manner through the simulation model is still

beneficial. Figure 6 shows the B-factors for Co atoms calculated from the MD simulation of
PH1704-R-AMC complex.

Figure 6. Backbone residue-based B-factors calculated over the 15 ns time window for
PH1704 (black), and R113T mutant (green).
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As shown in this figure, simulation of B-factors often (although not always) peak for the same
residues. Moreover, residues around or right at the turns or loops are more flexible on the basis of
these peaks, which is consistent with the fact that these sites fall short of the stable hydrogen bond
network. The secondary structures were well maintained. In all the systems, the sheets of the positions
of S10 (residues 115-117) and S11 (residues 133—135) in the A and C contacts were lost and formed a
loop (Figure 7). The most flexible regions corresponded to the AC contact (residues 115-135) in the
R113T mutant. Large mobility of these domains is consistent with the need for this region to undergo
conformational changes in oligomeric association of the AC subunit. The above result indicates that
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CI binding was beneficial for the main rigid region of the two contacts. Nevertheless, the flexibility of

the two contacts was beneficial for the enzyme activity.

Figure 7. (a) Conformation change in two contacts in the PH1704; (b) In the R113T

mutant, S10 and S11 became a loop.
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To investigate its flexibility, the phi and psi dihedral angles were plotted against MD time as shown

in Figure 8a.

Figure 8. (a) Phi and psi dihedral angles of Lys116 in R113T mutant; (b) Phi and psi
dihedral angles of Lys116 of Cl bind state during MD.
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The variations of the phi and psi dihedral angles were placed within 60 degrees for Lys116 in the
WT PH1704. However, for the R113T mutant state, the phi and psi dihedral angles were positioned at
160 degrees (Figure 8b). As a result, the difference between Lys116 in the WT PH1704 included in the
S10 and Lys116 in the R113T mutant, which were not included in the sheet, can cause changes in the
stability of the AC contact.

As shown Figure 9a, the variations of phi and psi dihedral angles were placed within 60 degrees for
Tyr134 in the WT PH1704. However, the phi and psi dihedral angles for the R113T mutant were
positioned at 180 degrees (Figure 9b). The results above suggest that the R113T mutant is more
flexible in the AC contacts, and is beneficial to the reaction.

Figure 9. (a) Phi and psi dihedral angles of Tyr134 in R113T mutant; (b) Phi and psi
dihedral angles of Tyr134 of Cl bind state during MD.
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Hydrogen bonding (salt bridge) was present between His101 and Glu474, Ser108 and Asp525 and
Arg477 and Asp126 (listed in Table 2). For the R113T mutant, S10 and S11 became a loop (Figure 6).
S10 and S11 were near the H7 helix (residues 121-127) which was close to the AC contacts. This
conformational difference appeared to be correlated to the binding of the Cl ion at the allosteric site

and had an important role in the regulation of enzymatic activity.
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Table 2. The interatomic contacts between A and C subunit.

A subunit C subunit Distance (A)

S108 OH D525 COO~ 2.64

H101 NH E474 COO™ 1.66
D126 COO™ R477 NH" 2.08

The hydrogen bond (salt bridge) has an important function in this system [25]. Therefore, the
hydrogen bonds in the three mutants were monitored. Table 3 summarizes this noncovalent interaction
in the AC contact occupancies at the last 11 ns. The hydrogen bonds between the AC contacts in the
WT enzyme—substrate complex simulation, contained Asp525 and Ser108, and His101 and Glu474.
The Ser108—Asp525 in the R113T mutant formed a hydrogen bond with occupancies of 97.35%.
While the residue His101 formed one hydrogen bond with Glu474 with occupancies of 90.25% in the
R113T mutant. Therefore, the hydrogen bond in the mutant was stable, but the hydrogen bond of
Ser108—Asp525 decreased from 97.35% to 49.43% in WT type. The hydrogen bond of His101-Glu474 in
WT type (42.71% occupancy) also decreased. The salt bridge of Argd77 and Asp126 (32.12% in the
WT type) in the R113T mutant increased. In a word, in the R113T enzyme—substrate complex, all the
hydrogen bonds and salt bridges were stable, but in the relationships fluctuated the WT enzyme—substrate
during MD. When the ion pair between the AC contacts increases, the dimer may be compact, thereby
benefiting the catalytic base hydrogen bond (His101 and Glu474). These results may partially explain
why the former mutation resulted in the enhancement of the catalytic efficiency of the PH1704.

Table 3. Hydrogen bond (salt bridge) contacts between the WT PH1704 and the R113T
mutant during the MD phase.

. . . . . . Occupancy (%)
Residue Amino acid group Residue Amino acid group
R113T WT
A S108 OH C D525 COO 97.35 49.43
A H101 NH CE474 COO 90.25 42.71
A D126 COO C R477 NH" 72.43 32.12

The pKa values were calculated for all ionizable residues of PH1704 using the program H++3.0 [26].
The calculations were performed for the WT type and R113T mutant. The catalytic activity of Cys100
was believed to participate in the shuttling of protons from His101. His101 showed that the pKa values
significantly shifted from the standard values. The pKa of His101 shifted from 7.0 units in the WT
type to 11.16 units in the R113T mutant. Based on the crystallographic data His101 is involved in
interactions with the catalytic residue Cys100 (Figure 1a). His101 forms a hydrogen bond with Glu474
to function as a catalytic base. In the active site, His101 in the WT type has lower pKa than the R113T
mutant. The catalytic efficiency of PH1704 is related to the presence of the acidbase catalyst
(His101-Glu474) of PH1704, and therefore to the pKa value of His101. The higher the pKa value of
His101, the stronger the proton transfer between His101 and Cys100, and the stronger resulting in
catalytic reaction becomes.

In summary, when the Argl13 mutant becomes Thr, Cl is not located in the AC contacts and two 3
sheets (S10 and S11) become loops. This flexible domain may increase the formation of the hydrogen
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bonds between the AC contacts including His101-Glu474 and His501-Glu74, which function as
catalytic bases.

Figure 10 shows the cooperativity, which is a schematic representation the Monod—Wyman—Changeux
model of allosteric transitions [27]. A symmetric, multimeric protein can exist in one of two different
conformational states, namely, active and inactive conformations. Each subunit has a binding site for
an allosteric inhibitor and an active or binding site. PH1704 has three binding sites for 12 CI and three
pairs of catalytic triads. When CI is not located in the enzyme, the two contacts become flexible,
thereby helping increase the stability of the enzyme—substrate complex. Thus, the activity of PH1704
is directly under allosteric control via the bound CI (allosteric inhibitor).

Figure 10. Cooperativity: a cartoon representation of the Monod—Wyman—Changeux
model of allosteric transitions. Three binding sites for 12 Cl and three pairs of catalytic
triads in PH1704 are observed. The activity of PH1704 is directly under allosteric control
via the bound CI .
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3. Experimental
3.1. Quantum Mechanical Calculation Method

All calculations were performed with the Dmol’ module in Material Studio program package [28].
In this system, C, N, and O atoms were fixed. Based on the optimized structure, the single point energy
of all species was obtained by GGA/BLYP/DNP with the basis set 6-31+G (d) with the Gaussian 03
package [29-31]. Two quantum chemical models, ranging from 69 atoms to 72 atoms, were used. The
following groups were included: (1) Model A composed of Argl13, Asn129, Wat744, and two Cl ; (2)
Model B composed of Argl13, Asnl129, Wat744, and one SO4*". The coordinates of Argl13, Asnl29,
Wat744, and one SO, were taken from Protein Data Bank [23], and two CI” and hydrogen atoms
were manually added by Gaussian View [32].

3.2. Protein-Substrate Complex Preparation

The 3D structure of PH1704 was downloaded from Protein Data Bank (PDB id: 1G2I). Water
molecules and other heteroatoms were removed, and the program PDB2PQR 1.8 [33] was used to
assign position-optimized hydrogen atoms, utilizing the additional H++ 3.0 [26] algorithm with a pH
of 7.5 to predict protonation states. The 3D structure of the substrate (R-AMC) was built by
Insightll/Builder program and was further optimized using the 6-31G (d) set with the Gaussian 03
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package [29-31]. The R113T mutant was made by Pymol. The six subunits of PH1704 contained 966
residues were used for further docking and MD study. The substrate R-AMC, was docked in the AC
contacts which contained catalytic triad: Cys100, His101 and Glu474 and the allosteric site: Argl13
and Asn129 in A subunit. Two CI” and one water were manually added by Gaussian View [32] in the
allosterc site according to Quantum mechanical calculation results.

Autodock Vina, AutoDock 4.2 and Dock 6.6 were used for perform docking [34-36]. The grid size
for Autodock Vina and AutoDock 4.2 docking was 56 A x 56 A x 56 A. The created clusters were
enclosed in a box, and force fields scoring grids were generated by DOCK 6.6 [36]. The maximum
number or orientations of the ligand was limited to 5000, and only the 20 lowest solutions were saved
and evaluated.

3.3. Molecular Dynamics Simulations

Amber 10.0. [37] was used for MD simulation. For the ligand, R-AMC, GAFF force field [38]
parameters and RESP partial charges [39] were assigned using the ANTECH Amber program
implemented in Amber 10.0. Several sets of MD simulations were carried out on the protein—ligand
complex and the mutant structures using the Amber 10.0 simulation package and the Parm06 force
field [37], respectively. The program LEaP was used to neutralize the complexes. The SHAKE
algorithm [40] was used to constrain the bonds with hydrogen atoms. The complexes were solvated in
an octahedral box of water, with the shortest distance between any protein atom and the edge of the
box being approximately 10 A. The particle mesh Ewald (PME) method [41] was employed to
calculate long-range electrostatic interactions. Then the complexes were minimized for 1,000 steps
with the steepest descent method using the PME MD module of Amber 10.0. The systems were
equilibrated at 353 K for 50 ps. MD simulation was employed to record time trajectory after 50 ps
equilibration. The two systems of the complex were simulated for 15 ns. The time step used in all
calculations was 2.0 fs. Coordinates were saved every 1 ps for subsequent analysis.

4. Conclusions

The intracellular protease from P. horikoshii (PH1704) is the first allosteric enzyme that has
negative cooperativity with chloride ion. Quantum mechanical calculation identified the binding mode
of Cl with Argl13 and Asn129. Argl13 may be involved in the allosteric mechanism because it forms
a salt bridge with two Cl . The molecular dynamics simulation was used to investigate the allosteric
mechanism of PH1704. Our findings indicated that at least two components are involved in
functionally coupling the allosteric site and the active center of PH1704, namely: (/) Cl binding
process that masks the conformational stabilization of the subunit contact, is not beneficial to enzyme
activity; (if) stabilization of the active conformation of the H bond between His101 and Glu474, may
be caused by the unoccupied site at the two contacts of CI . Thus, further experimental and theoretical
studies are necessary.



Molecules 2014, 19 1840

Acknowledgments

This work was supported by the National Program on Key Basic Research Project (973 Program
No. 2012CB721003), the National Science Foundation of China (31070638), and the National Science
Foundation of Jilin Province (201015109).

Author Contributions

The authors are contributed equally to this work.
Conflicts of Interest

The authors declare no conflict of interest.
References

1. Du, X; Choi, I.G.; Kim, R.; Wang, W.; Jancarik, J.; Yokota, H.; Kim, S.H. Crystal structure of an
intracellular protease from Pyrococcus horikoshii at 2-A resolution. Proc. Natl. Acad. Sci. USA
2000, 97, 14079-14084.

2. Zhan, D.L.; Han, W.W.; Feng, Y. Experimental and computational studies indicate the mutation
of Glul2 to increase the thermostability of oligomeric protease from Pyrococcus horikoshii.
J. Mol. Model. 2011, 17, 1241-1249.

3. Rawlings, N.D.; Morton, F.R.; Barrett, A.J. MEROPS the peptidase database. Nucleic Acids Res.
2006, 34, D270-D272.

4. Halio, S.B.; Bauer, M.W.; Mukund, S.; Adams, M.; Kelly, R.M. Purification and characterization
of two functional forms of intracellular protease Pfpl from the hyperthermophilic archaeon
Pyrococcus furiosus. App. Environ. Micromol. 1997, 1, 289-295.

5. Halio, S.B.; Blumentals, L.I.; Short, S.A.; Merrill, B.M.; Kelly, R.M. Sequence, expression in
Escherichia coli, and analysis of the gene encoding a novel intracellular protease (Pfpl) from the
hyperthermophilic archaeon Pyrococcus furiosus. J. Bacteriol. 1996, 178, 2605-2612.

6. Barbe, V.; Cruveiller, S.; Kunst, F.; Lenoble, P.; Meurice, G.; Sekowska, A.; Vallenet, D.;
Wang, T.; Moszer, 1.; Médigue, C.; ef al. From a consortium sequence to a unified sequence: The
Bacillus subtilis 168 reference genome a decade later. Microbiology 2009, 155, 1758-1775.

7.  Wei, Y.; Ringe, D.; Wilson, M.A.; Ondrechen, M.J. Identification of functional subclasses in the
DJ-1 superfamily proteins. PLoS Comput. Biol. 2007, 3, €120—e126.

8. Jung, H.J.; Kim, S.; Kim, Y.J.; Kim, M.K.; Kang, S.G.; Lee, J.H.; Kim, W.; Cha, S.S. Dissection
of the dimerization modes in the DJ-1 superfamily. Mol. Cells 2012, 33, 163—171.

9. Fioravanti, E.; Asuncion Dura, M.; Lascoux, D.; Micossi, E.; Franzetti, B.; Sweeney, S.M.
Structure of the Stress Response Protein DR1199 from Deinococcus radiodurans: A Member of
the DJ-1 Superfamily. Biochemistry 2008, 47, 11581-11589.

10. Chain, P.S.; Comerci, D.J.; Tolmasky, M.E.; Larimer, F.W.; Malfatti, S.A.; Vergez, L.M,;
Aguero, F.; Land, M.L.; Ugalde, R.A.; Garcia, E. Whole-genome analyses of speciation events in
pathogenic Brucellae. Infect. Immun. 2005, 73, 8353—8261.



Molecules 2014, 19 1841

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hiacker, H.G.; Sisay, M.T.; Giitschow, M. Allosteric modulation of caspases. Phar. Ther. 2011,
132, 180-195.

Velazquez-Delgado, E.M.; Hardy, J.A. Zinc-mediated allosteric inhibition of caspase-6. J. Biol.
Chem. 2012, 287, 36000-36011.

Abdel-Aziz, M.H.; Sidhu, P.S.; Liang, A.; Kim, J.Y.; Mosier, P.D.; Zhou, Q.; Farrell, D.H.;
Desai, U.R. Designing allosteric regulators of thrombin. Monosulfated benzofuran dimers selectively
interact with Argl73 of exosite 2 to induce inhibition. J. Med. Chem. 2012, 55, 6888—6897.
Koschubs, T.; Dengl, S.; Diirr, H.; Kaluza, K.; Georges, G.; Hartl, C.; Jennewein, S.;
Lanzendorfer, M.; Auer, J.; Stern, A.; et al. Allosteric antibody inhibition of human hepsin
protease. Biochem. J. 2012, 442, 483-494.

Grimsley, J.K.; Calamini, B.; Wild, J.R.; Mesecar, A.D. Structural and mutational
studies of organophosphorus hydrolase reveal a cryptic and functional allosteric-binding site.
Arch. Biochem. Biophys. 2005, 442, 169-179.

Wiesmann, C.; Barr, K.J.; Kung, J.; Zhu, J.; Erlanson, D.A.; Shen, W.; Fahr, B.J.; Zhong, M.;
Taylor, L.; Randal, M.; ef al. Allosteric inhibition of protein tyrosine phosphatase 1B. Nat. Struct.
Mol. Biol. 2004, 11, 730-737.

Hardy, J.A.; Lam, J.; Nguyen, J.R.; O’Brien, T.; Wells, J.A. Discovery of an allosteric site in the
caspases. Proc. Natl. Acad. Sci. USA 2004, 101, 12461-12466.

Zhan, D.L.; Gao N.; Han, W.W.; Feng, Y. Quantum chemistry calculation of thermophilic
protease PH1704 allosteric center and mutant dynamics. Chem. J. Chin. Univ. 2013,
doi:10.7503/¢jcu20130792.

Zhan, D.L.; Gao N.; Han, W.W_; Feng, Y. Molecular docking and dynamics simulation improving
thermophilic protease activity of Phpl. Chem. J. Chin. Univ. 2013, 3, 628—633.

Motif Scan. Available online: http://myhits.isb-sib.ch/cgi-bin/motif scan (accessed on 30 June
2013).

Sheng, L.; Lu, Y.C.; Peng, B.Z.; Ding, J.P. Crystal structure of human phosphoribosylpyrophosphate
synthetase 1 reveals a novel allosteric site. Biochem. J. 2007, 401, 39—-47.

Peterson, A.W.; Cockrell, G.M.; Kantrowitz, E.R. A second allosteric site in Escherichia coli
aspartate transcarbamoylase. Biochemistry 2012, 51, 4776-4778.

Protein Data Bank. Available online: http://www.rcsb.org/pdb/home/home.do (accessed on 30
June 2013).

Micka, M.; Ivan, J. Acid-base controllable recognition properties of a highly versatile calix[6]
crypturea. Chem. Eur. J. 2010, 16, 2159-21609.

Zhan, D.L.; Zhou, Z.H.; Guan, S.S.; Han, W.W. The Effect of conformational variability of
phosphotriesterase upon N-acyl-L-homoserine lactone and paraoxon binding: Insights from
molecular dynamics studies. Molecules 2013, 18, 15501-15518.

Anandakrishnan, R.; Aguilar, B.; Onufriev, A.V. H++ 3.0: Automating pK prediction and the
preparation of biomolecular structures for atomistic molecular modeling and simulation.
Nucl. Aci. Res. 2012, 40, W537-W541.

Monod, J.; Wyman, J.; Changeux, J.P. On the nature of allosteric transitions: A plausible model.
J. Mol. Biol. 1965, 12, 88—118.



Molecules 2014, 19 1842

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Delley, B. From molecules to solids with the DMol’ approach. J. Chem. Phys. 2000, 113,
7756-7764.

Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a
functional of the electron density. Phys. Rev. B. Condens. Matter. 1988, 37, 785-789.
Cervantes-Navarro, F.; Glossman-Mitnik, D. DFT study of the effect of substituents on the
absorption and emission spectra of Indigo. Chem. Cent. J. 2012, 6, 70-75.

Han, W.W.; Wang, Y.; Zhou, Y.H.; Yao, Y.; Li, Z.S.; Feng, Y. Understanding structural/
functional properties of amidase from Rhodococcus erythropolis by computational approaches.
J. Mol. Model. 2009, 15, 481-487.

Decherchi, S.; Colmenares, J.; Catalano, C.E.; Spagnuolo, M.; Alexov, E. Between algorithm and
model: Different Molecular Surface definitions for the Poisson-Bolztman based electrostatic
characterization of biomolecules in solution. Commun. Comput. Phys. 2013, 13, 61-89.

Dolinsky, T.J.; Czodrowski, P.; Li, H.; Nielsen, J.E.; Jensen, J.H.; Klebe, G.; Baker, N.A.
PDB2PQR: Expanding and upgrading automated preparation of biomolecular structures for
molecular simulations. Nuc. Aci. Res. 2007, 35, W522-W525.

Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new
scoring function, efficient optimization and multithreading. J. Comput. Chem. 2010, 31, 455-461.
Norgan, A.P.; Coffman, P.K.; Kocher, J.P. Multilevel parallelization of autodock 4.2.
J. Cheminform. 2011, 28, 3—12.

Brozell, S.R.; Mukherjee, S.; Balius, T.E.; Roe, D.R.; Case, D.A.; Rizzo, R.C. Evaluation of
DOCK 6 as a pose generation and database enrichment tool. J. Comput. Aided. Mol. Des. 2012,
26, 749-773.

Case, D.A.; Darden, T.A.; Cheatham, T.E.; Simmerling, C.L.; Wang, J.; Duke, R.E.; Luo, R.;
Crowley, M.; Walker, R.C.; Zhang, W.; et al. AMBER 10; University of California:
San Francisco, CA, USA, 2008.

Bayly, C.L.; Cieplak, P.; Cornell, W.D.; Kollman, P.A. A well-behaved electrostatic potential
based method using charge restraints for deriving atomic charges: The RESP model. J. Phys.
Chem. 1993, 97, 10269-10280.

Jorgensen, W.L.; Chandrasekhar, J.; Madurs, J.; Impey, R.W.; Klein, M.L. Comparison of simple
potential functions for simulating liquid water. J. Chem. Phys. 1983, 79, 926-935.

Krautler, V.; Wilfred, F.G.; Philippe, H.H. A fast SHAKE algorithm to solve distance constraint
equations for small molecules in molecular dynamics simulations. J. Com. Chem. 2001, 22, 501-508.
Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-Log(N) method for Ewald sums in
large systems. J. Chem. Phys. 1993, 98, 10089—-10092.

Sample Availability: Not available.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



