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Abstract To better understand the ligand-binding mecha-
nism of protein Pir7b, important part in detoxification of a
pathogen-derived compound against Pyricularia oryzae, a
3D structure model of protein Pir7b was constructed based
on the structure of the template SABP2. Three substrates
were docking to this protein, two of them were proved to be
active, and some critical residues are identified, which had
not been confirmed by the experiments. His87 and Leul7
considered as ‘oxyanion hole’ contribute to initiating the
Ser86 nucleophilic attack. GIn187 and Asp139 can form
hydrogen bonds with the anilid group to maintain the active
binding orientation with the substrates. The docking model
can well interpret the specificity of protein Pir7b towards
the anilid moiety of the substrates and provide valuable
structure information about the ligand binding to protein
Pir7b.

Keywords Defense-related esterase - Homology modeling -
Ligand selectivity - Molecular docking - Pir7b

Introduction

Blast disease that causes annual yield loss is one of the
three most devastating diseases on rice. Inoculation of
leaves with the non-host pathogen Pseudomonas syringae
pv. Syringae will lead to the activation of defense-related
genes, which will ultimately induce the systemic resistance
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to Pyricularia oryzae, the causing agent of the rice blast
disease [1]. Concomitant with resistance induction, several
defense-related gene transcripts simultaneously began to
accumulate to high levels. One of the activated genes was
cloned and encoded a putative 268 amino-acid protein
called Pir7b [2]. It was speculated that protein Pir7b should
have a function in pathogen-defense and one possibility
would be its involvement in a detoxification process. Pro-
tein Pir7b’s detoxification capability against a pathogen-
derived compound is an interesting and attractive problem
to pathologist, and this role has been recently demonstrated
for a p-nitrophenylbutyrate-hydrolyzing esterase from the
bacterium Pantoea dispersa, which was reported to
detoxify the antibiotic albicidin produced by Xanthomonas
albilineans [3]. Sequences alignment has shown that Pir7b
shares 35% amino acid sequence identity with Hevea
brasiliensis hydroxynitrile lyase (HNL) and 40% with
esterase Salicylic acid-binding protein (SABP2). The
catalytic triad Ser86, Asp218 and His246 were conserved
in Pir7b sequence [4]. Based on lots of known crystal
structures o/3 hydrolase, a Ser-His-Asp catalytic triad in
the active site could be regarded as a characteristic, as well
as the common structural framework of the o/f3 hydrolase
fold, which is made up of a mostly parallel 3-sheet, flanked
on both sides by «-helices. The nucleophile is usually
located in a very sharp turn, called the ‘nucleophile elbow’,
which is identified from the consensus sequence G-x-
(nucleophile)-x-G. The geometry of the nucleophile elbow
also contributes to the formation of the oxyanion-binding
site, which is usually formed by two backbone nitrogen
atoms and needed to stabilize the negatively charged
transition state that occurs during hydrolysis [5-7].

The experimental results indicated that recombinant
Pir7b produced in E. coli and yeast tested for enzyme
activities could occur within the o/f3 hydrolase superfamily.
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Screening from a set of artificial substrates, positive results
were obtained in esterase activity tests when 2-naphthol
AS-acetate and related compound 2-naphthol AS- 2-chlor-
propionate were used as substrates. The anilid moiety of the
substrates was thought to be important, as none of the
usually well accepted naphthol esters lacking it were
hydrolyzed to a detectable level [4]. However, the detailed
mechanism of ligand-receptor interactions remains unclear
due to the lack of a 3D structure of the Pir7b. In this paper,
a 3D model of Pir7b was constructed based on the known
structure of template SABP2 and HNL by using homology
modeling and refined by molecular dynamics simulations.
The refined Pir7b model was used to study the binding
mechanism of two active naphthol esters and a related
inactive compound. Based on the ligand binding study, a
ligand selectivity mechanism is proposed.

Theory and methods

1. Template selection

BLAST search has shown that the sequences identities
between protein Pir7b and homologous proteins SABP2
(1Y7L.pdb) and HNL (6YAS.pdb) are 40% and 35%,
respectively [8—10]. Due to the biochemical function study
protein Pir7b, it belongs to esterase, which preferentially
breaks ester bonds of shorter chain fatty acids. Thus, we
chose SABP2 as our template protein to construct the target
protein [11-13]. In order to confirm that the choice of the
template was suitable for the target protein, a detailed
examination of the 2D structural feature of protein Pir7b
was carried out by using APSSP [14], GOR [15],
NNPREDICT [16], SOPMA [17] and HNN [18]. The
secondary structure alignment was subsequently performed
by using ClustalW Multiple sequence tools [19]. The result
that closely resembled secondary composition patterns was
easily identified and supported our template selection.

2. Homology modeling of Pir7b structure

The initial structure of Pir7b was built by homology
modeling based on the structure of SABP2 by means of
MODELLER program, and the conformations of side
chains were explored by using rotamers. Since the initial
model protein inevitably contained some serious steric
overlaps [20], we designed a specific optimization protocol
for fully relaxing our initial model while preserving its
inherited topological features. The consistent-valence force
field (CVFF) was used for all the simulation procedures
[21]. The refinement was accomplished in multiple-step
including restrained energy minimization and molecular
dynamics simulation. First, 100 steps of steepest descent
(SD) minimization was carried out to correct most severe
stereo conflicts while the coordinates of the backbone Ca
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atoms of all structurally conserved regions (SCR) residues
were fixed during this stage of refinement process to
prevent SCR from deforming significantly. The further
relaxation was followed by 600 steps of conjugate-gradient
(CG) minimization process. Due to the fixed atoms in SCRs
hindered this optimization process, the constraint on fixed
backbone atoms in SCRs was replaced by tether restraints.
After the multiple-step energy minimization, a 500 ps
dynamics simulation was performed at 298K to search the
steady conformation [20]. The restriction condition was
further released, but the six central B strands were
considered as core domain for providing a stable scaffold
for the active sites in o/f hydrolase superfamily, which still
kept the original tether restraint [22, 23]. To account for the
solvent effect, 5 A TIP3P water layer was added to the
whole protein. The output conformers were collected at
every 5 ps and totally 100 conformers were saved in the
archive file. Among the 100 conformers, 10 conformers
with low total energy were selected and the priority for
choosing a conformer was estimated using PROCHECK
[24], PROFILE-3D [25, 26] and PROSA [27].

3. Molecular docking

The structures of 2-naphthol AS-acetate, 2-naphthol AS-
2-chlor-propionate and 2-naphthol-acetate were optimized
at the B3LYP/6-311G* level to study their possible binding
modes to Protein Pir7b [28]; the former two ligands were
active, while the latter one was related inactive. We first
defined a binding site subset which included important
residues suggested by other studies [4]. Then a two-step
docking procedure was carried out to dock substrates to
protein Pir7b by using a combination of Monte Carlo,
simulated annealing and minimization. During the first
phase, Monte Carlo minimization approach was fulfilled to
obtain reasonably placed ligands, and Quartic-Vdw-no-
Coul nonbond method was used for nonbond contacts. We
imported the initial structures generated by the first phase
Monte Carlo minimization to a more realistic approach,
cell-multipole nonbond method, to further refine the
docking result. Finally, the docked complexes of protein
Pir7b with naphthol esters were selected by the criteria of
interaction energy combined with the geometrical matching
quality [29-31].

4. Molecular dynamics simulations

The three docked complexes were embedded in a 6A
TIP3P water layer, which was solvated in a truncated
octahedral periodic box. Here, Na ions were added to
neutralize the negative charge of protein Pir7b. Each
enzyme-substrate complex was fixed, and only the posi-
tions of waters and ions were minimized. Then the entire
simulation system was subjected to energy minimization.
The following 20 ps MD simulation was carried out at
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constant volume condition, and the temperature was heated
up from OK to 298K at this pressure by using Langevin
temperature equilibration scheme, while 1.5 ns dynamics
simulation was performed succedently at 298K by using
constant pressure condition. All these MD simulation were
executed to equilibrate the whole protein Pir7b and
naphthol esters complex system [32-34]. The potential
energy and the RMS deviations of each Pir7b-substrate
complex were monitored to see whether the conformations
of the three enzyme-substrate complexes were stable
enough or not during MD simulation.

MD simulation was performed with the amber software
package, using periodic boundary conditions [35]. A more
popular FF99 force field and particle-mesh Ewald (PME)
method were used to calculate the electrostatic interactions
[36, 37].

Result and discussion

1. Homology modeling of Pir7b

The alignment of two template proteins against the target
sequence was used to find the regions where the structures
of these proteins were most matched. The matched
structures can be taken as the structures of the corre-
sponding regions in the target sequence (Fig. 1). Moreover,
the secondary structure of the target sequence was predicted
by using several protein secondary structure prediction
programs mentioned above, and the predicted results would
refine the initial model (Fig. 2). The overall quality of the
initial model was examined by PROFILE-3D, and the sum
of the self-compatibility score for this model is 90.6 which
lies between the score expected for a correct structure
(121.8) and the typical value for a grossly misfolded

structure (54.8). Shown as the graph of the local compati-
bility score S (Fig. 3a), four regions, residues 123-132,
138-146, 189-197, 260-268, might be misfolded and
required further improvement, which got negative compati-
bility score, Because the structural errors based on the
results from PROFILE-3D hardly occurred at the structural-
ly conserved regions (SCRs), a tether restraint was imposed
on the model to preserve all geometric features of SCRs in
the following optimization procedure. The final unper-
turbed conformations of the model protein were acquired
by progressively relaxing parts of the initial model. A plot
of the total energy versus time of MD simulation was
displayed in Fig. 4. 10 conformers with the lowest total
energy were selected after the total energy reached the
minimum. The most reasonable conformer was determined
by using various different evaluation methods as discussed
in the following section.

2. Model evaluation

The structure of the refined model was evaluated by
programs PROCHECK, PROFILE-3D, and PROSA. As to
the assessment of protein Pir7b model by PROCHECK, the
reliability backbone torsion angles @, ¢ of the target protein
were examined and a percentage quality measurement of a
protein structure were used, which had four sorts of occu-
pancies called “core”, “allowed”, “generously allowed” and
“disallowed” regions, respectively. The values calculated
for Pir7b model and template SABP2 are shown in Table 1.
The occupancy rates of core, allowed and generously
allowed regions for the predicted structure of protein Pir7b
were slighty worse than the values evaluated for the
template protein structure (98.7 versus 99%). Only three
C-termini residues Arg254, Leu260 and Glu255 in disal-
lowed regions, because the ends of protein are often
flexible. PROFILE-3D aligned a sequence with the 3D

SABP2 1 ===-MKEGKHFVLYHGACHGG KLKPLLERAGHKVTALDLAASGTDLRKIEELRTLY 56

HbHNL 1 - MAFAHFYLIHTICHGARIMHKLKPLLEALGHKYTALDLAASGYDPRATIEEIGSFD 55

pir7b 1 MEISSSSKKHFILVHGLCHGA RVVARLRAAGHRATALDMAASGAHPARVDEVGTFE 60

SABP2 57 DYTLPLXELXESLSA-DEKVILVYGHSLGGXNLGLAXEKYPOKIYAARVFLAAFXPDSVHNS 115
HbHNL 56 EYSEPLLTFLEALPP-GEKVILYGESCGGLNIAIAADKYCEKIARAVYFHNSYLPDTEHCP 114
pir7b 61 EYSRPLLDAVAARARAAPGERLYLYGHSHGGLSYALAMERFPDKVARAVFVAAARMPCYGKHM 120
SABP2 116 SFVLEQYNERTPARE-NWLDTRFLPYGSPEEPLT SXFFGPKFLAHKLYQLESPEDLALASS 174
HbHNL 115 SYVVDKLMEVFP---DWKDTTYFTYTKDGKEITGLKLGF TLLRENLYTLEGPEEYELARKM 171
pir7b 121 GVPTEEFMRRTAPEGLLMDCEMYAINNSAGSGYAINLGPTEFLAAKYYQASPAEDLALAKM 180
SABP2 175 LVRPSSLFXED--LSKAKYFTDERFGSYKRVYIVCTEDKGIPEEFARMAIDNIGYTERIE 232
HbHNL 172 LTRKGSLFONI--LAKRPFETKEGYGSIKKIYVYWTDADEIFLPEFOLMOIENYKPDKVYK 229
pir7b 181 LVYRPGNQFMDDPYMKDESLLTNGNY GSYKKYYYIAKADSSSTEEMARMMYAMSPGTOVEE 240
SABP2 233 IKGRDHXAXLCEPQKLCASLLEIAHKYNLEHHHHHH 268

HbHNL 230 VEGGDHKLALTKTKETIAEILQEVADTYN-------- 257

pir7b 241 IAGADHAVMNSKPRELCDILIKIANKYE=======~ 268

Fig. 1 Multiple sequence alignment of Pir7b with SABP2 and HNL. Red boxes show identical residues, yellow boxes show conserved
substitutions, and light blue boxes show semi-conserved substitutions
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MEISSSSKKHFILYHGLCHGAWC RN A GHRATALDMAASGAHPARYVDEVGTHE 60
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EY SRR G ERL VL VGHSHGC IEEEENER - » D RN P CVGKHM 120
RPN AP GERLVLYGHSHGGLS RN - » DR - oG KHM 120
B LLDAVARARARPGERLVLYGHSHGGLEEAME RF PDKVAAAVFVARAMPCVGKHM 120
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GVPT RN £ G UEEEMY ATNNSQGSGYAINLGPTFLAQKYYQQSPAEDLALAKM 180
GVPTEREMRRT APEGLLMEBENNA INNSQGSGYAINLGPT L Yy 00SPA BIENENEN 150
BEEEES =R TAPEGLLMDCEMYATNNSQGSGYATNL G v 0osPRENEREEEN 150
SEIEEEEE-TPAREN-WLDTOF LPYGSPEERPLTSXF FCRNEEREEL Y OLCSEEDEREREE 174

.RPGHQFlrIDDPVMKDESLLTNGHYGSVKWWIQKRDSSS—ISPGT;E 240
R GHOFMDDP VRS L L TNGNYGSVKKVYVI AKADSSS TR S PG TDVEE 240
BNRPGNOFMDDIMMKDE SLLTNGNYGSVKKVYVIAKADSS S THENERN! 1V AMSPGTDIEEE 240
B/RPGNOFMDDP VIS L TNGNYGSVKKYYVYIAKADSSS IR My AMSPGTDOEE 240
BNRPGNQFMDDPVMKDESLLTNGNYGSYKKYYYIAKADSSST IR A1SPGTDVER 240
BVRPGNQFMDDPYMKDESLLTNGNYGSVYKKYYYIAKADSSST RENNRNNNEN: PG TOVEE 240
BVRPSSLFXED-~LSKAKYFTDERFGSVKRYYIVCTEDKGI PREEEREEEEN GV TEAIE 232

TAGADHAVMNS K I \ £ - - - - - -~ 268
1AGADHA R, e - - --- 268
I G A 0 NN < < P R - - 268
L DNEGEE 268
ERGEENA\/MNSKPRE L NN E -~~~ =~~~ 268

TAGADHAVMNSKPRELCDILIKIANKYE--~----~ 268
IKGADHXAXL CE SR - HHHHH 268

Fig. 2 The secondary structure prediction results of Pir7b sequence respectively. The secondary structures for the refined protein model
using HNN, APSSP, SOPMA, GOR and NNPREDICT. The residues pir7b2 (DSSP1) and the template structure SABP2 (DSSP2) are
in Red boxes and yellow boxes represent o helix and 3 strand, defined by the DSSP program and aligned with those predicted
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Fig. 3 3D profiles of verified results of the initial protein model pir7b1 (a) and the final protein model pir7b2 (b). Residues with positive S value
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@ Springer



J Mol Model (2008) 14:559-569

563

5000 —
4500 -
4000 -
3500 -
3000 -

2500

potential energy (kcal/mol)

2000
1500

1000

(I) 160 260 3(;0 460 560
Time (ps)
Fig. 4 The variation of potential energy during the 500 ps of MD on
the pir7b

profile which is a position-dependent comparison matrix
calculated from the probabilities of finding each of the
twenty amino acids in each of the environment classes as
observed in a database of known structures and related
sequences. The resulting alignment score of the final
structure was enhanced to 96.9 and the graph of the local
compatibility score had been improved, too (Fig. 3b). There
were several residues still estimated as false by PROFILE-
3D, MET128, ALA132 and ILE263-Glu268. However, all
of these regions belonged to variable regions or the ends of
protein Pir7b, and all lay on the protein surface, which
could not affect the protein folding. A further comparison
by the PROSA 2003 program between the initial model
(Pir7b1) and MD refined model (Pir7b2) was showed in
Fig. 5, which represented the residue interaction energy of
the protein. Obviously, the multiple-step optimization
procedures did improve in the structure especially for
residues in most SCRs because their corresponding PROSA
energy was more negative than those energy of the initial
structure. With these detailed examination, the final
structure of protein Pir7b was accepted for the subsequent
binding analysis.

Figure 6a showed a superposition of our Pir7b model
with the template protein SABP2. It is clear that the whole
topology of the template SABP2 had been inherited while

Table 1 Comparison of theoretical model Pir7b with template SABP2

Value calculated Pir7b structure Template SABP2

structure
Core 78.1% 86.0%
Allowed 19.3% 13.0%
Generously allowed 1.3% 0.0%
Disallowed 1.3% 1.0%

*The ®, ¢ region percentages were calculated by PROCHECK.

Pir7bl  PirTb2
0.5
L% o L A
&
9—- -
=5
-0.5
r T T T T T
o 100 200

Residue Number
Fig. 5 PROSA energy profile drawn for the initial model (Pir7b1) and
MD refined model (Pir7b2) using the PROSA2003 program. Pir7b2
has lower PROSA energy in most structurally conserved regions

Conserved Regions Variable Regions

SABP2

Fig. 6 (a) Comparison of refined Pir7b model with its template
protein SABP2. Magenta ribbon representation of Pir7b. Orange
ribbon representation of SABP2 (b) Colored region distribution of
Pir7b model. Green, variable regions; magenta, conserved regions.
(¢) The catalytic triad residues of the substrate-free Pir7b model.
Hydrogen bond is shown in magenta dash line
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O)\R anilid
R=CHs; 2-naphthol AS-acetate
R=CHCICH3; 2-naphthol AS-2-chlor-propionate
Fig. 7 (a) Structure of 2-naphthol-acetate. (b) naphthol AS-esters.
The anilid moiety of the naphthol AS-esters was thought to be

important, as none of the usually well accepted naphthol esters lacking
it were hydrolyzed to a detectable level

2-naphthol-acetate

some changes in local configuration were only presented in
variable regions. A multiple-sequence alignment revealed
that variable residues 1-8, 67-74, 90-96, 112—-156, 189—
199, 247-252 were located on the surface of our Pir7b
model (Fig. 6b). Based on the structural analysis of the

Fig. 8 Ligand binding analysis based on the refined Pir7b model.
Magenta dash line, hydrogen bond; Red dash line, distance label.
(a) Docking of 2-naphthol AS-acetate to Pir7b model. A 3D figure of

@ Springer

template SABP2, the majority of Residues 112156 were
the cap domain, which allowed the substrate to enter the
active site and the product to leave it. Identified by the
DSSP program of Kabsch and Sander [38], the core domain
contained a central six-stranded parallel B-sheet (named
B1-B6) which was flanked on both sides by many helices,
and this is in accordance with most results predicted by
those secondary structure prediction methods mentioned
above (Fig. 2). The catalytic triad of Pir7b, formed by
Ser86, His246, and Asp218, was responsible for hydrolysis
substrate. Here, Ser86 was suggested to perform a
nucleophilic attack on the substrate; His246 acted as a
general base in the hydrolytic reaction, abstracting a proton
from Asp218. However, in the substrate-free enzyme
model, the distance between O atom in Ser-86 and the
backbone N atom of His-246 was 3.47 A. Ser-86 can not be

2-naphthol-acetate

2-naphthol AS-acetate-Pir7b complex is also attached (b) Docking of
2-naphthol AS-2-chlor-propionate to Pir7b model. (¢) Docking of 2-
naphthol-acetate to Pir7b model
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Table 2 Comparison of 2-naphthol AS-acetate-Pir7b complex with 2-naphthol AS-2-chlor-propionate-Pir7b compex about the total energy
(Etota1), van-der-Waals energy (E,q.) and electrostatic energy (E.i) between ligand and individual residues in Pir7b

2-naphthol AS-acetate

2-naphthol AS-2-chlor-propionate

Residue Eyaw (kcal mol ™) Eete (kcal mol ™) Eorat (kcal mol™) Evaw (kcal mol ™) Eete (kcal mol ™) Etat (kcal mol ™)
Total —86.60 -18.36 -104.97 —83.25 —-13.86 -97.12

His87 —11.94 -3.88 -15.82 —10.64 -2.65 -13.29

Aspl39 -1.24 —8.31 —9.55 -3.74 -2.35 —6.09

GIn187 -5.40 —3.44 —8.84 -4.47 -3.47 -7.95

Leul?7 —6.67 -2.11 —8.78 —6.58 —0.20 —6.78

Phel27 -5.98 —0.22 —6.20 -5.12 —0.62 —5.74

Glul26 -5.87 0.24 -5.63 —5.88 -0.24 —6.12

Ser86 =5.70 1.21 —4.49 —6.38 1.25 -5.13

Ile155 -3.10 -0.90 -4.00 -2.51 0.09 —2.42

* Brom<—4.00kcal mol ™! listed in energy rank order

hydrogen-bonded to the second member His-246 residue in
the catalytic triad, and the hydrogen-bonding network

among the catalytic triad residues was not formed (Fig. 6c¢).

3. Ligand binding analysis

The refined Pir7b model was used to study its ligand-
binding mechanism. Two active ligands 2-naphthol AS-
acetate, 2-naphthol AS-2-chlor-propionate and a related
inactive compound 2-naphthol-acetate (Fig. 7) were docked
into the active-site pocket.

Figure 8a showed the detailed binding mode between 2-
naphthol AS-acetate and active site residues in Pir7b model.
The hydroxyl of Ser86 can form a hydrogen bond with the
N atom of His-246 to complete the catalytic triad.
Moreover, the side chain hydroxyl of the catalytic Ser86
was located with a distance of 3.23 A to the carboxyl
carbon of 2-naphthol AS-acetate in a perfect position for
initiating the nucleophilic attack. His87, considered as
‘oxyanion hole’, had a backbone NH group hydrogen
bonded to the carboxyl oxygen of substrate, which
facilitated the negatively charged transition state more
stable, which evolved from the nucleophilic Ser86 during
the hydrolysis of the covalent enzyme-substrate intermedi-
ate, This is consistent with most solved three-dimensional

crystal structures of o/f hydrolase, in which one of
‘oxyanion hole’ is usually immediately followed by the
nucleophile [5]. GIn187 and Aspl139 were hydrogen
bonded, respectively, to the anilid moiety NH group and
carbonyl oxygen of 2-naphthol AS-acetate, their participa-
tion in ligand binding were beneficial for a perfect docking
orientation by retaining most of favorable interactions and
avoiding steric clashes between the ligand and receptor.

To find the other key residues contributed to the high
binding affinity of 2-naphthol AS-acetate for protein Pir7b,
the interaction energies of this ligand with each of the
residues in the active-site pocket were calculated. Table 2
listed the interaction energies including the total energies,
van-der-Waals, and the electrostatic energies; the residues
which had the total energy lower than —4.0 kcal mol ' were
recorded as well. The complex had a large favorable total
interaction energy of —104.97 kcal mol ™', the van-der-Waals
and electrostatic energies were —86.60 and —18.36 kcal mol ',
respectively. Due to the interaction energy analysis, residues
His87, Ile155, Phel27, Leul7 and Glul26 were speculated
to share the favorable van-der-Waals interactions with the
substrate, and the side chains of these residues can provide a
rather hydrophobic environment for the phenyl of 2-naphthol
AS-acetate.

Table 3 The distances between the carboxyl O (N) of the substrates and Ser86 (O), His87 (N) and Leul7 (N)

Substrate Atoml1 Residue Atom?2 Distance
2-naphthol AS-acetate carboxyl (C) Ser86 hydroxyl (O) 323 A
carboxyl (O) His87 backbone (N) 324 A
carboxyl (O) Leul? backbone (N) 3.24 A
2-naphthol AS-2-chlor-propionate carboxyl (C) Ser86 hydroxyl (O) 371 A
carboxyl (O) His87 backbone (N) 3.16 A
carboxyl (O) Leul? backbone (N) 334 A
2-naphthol-acetate carboxyl (C) Ser86 hydroxyl (O) 339 A
carboxyl (O) His87 backbone (N) 3.26 A
carboxyl (O) Leul? backbone (N) 3.26 A
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Fig. 9 Four inactive orienta-
tions of the 2-naphthol-acetate
in active site. The corresponding
interaction energies of these
binding modes are approximated
to the interaction energy of the
possible active binding mode

An interesting observation was that the distance from the
N atom of Leul7 to the carboxyl oxygen of the ligand was
3.24 A, which was equal to the distance between the His87
backbone N atom and the carboxyl oxygen of the ligand.
By assuming a different torsion angle, the NH group of
these residues, Leul7 and His87, can act as a hydrogen-
bond donor and bond to the ligand carboxyl oxygen. It can
be concluded that the ‘oxyanion hole’ should be composed
by hydrogen bonds from the backbone N atoms in His87
and Leul7.

With regard to the docking of 2-naphthol AS-acetate
with the target protain, the binding analysis of another
active ligand 2-naphthol AS-2-chlor-propionate with pro-
tein Pir7b was performed. A similar binding complex was
achieved by superimposing its carboxyl with that of docked
2-naphthol AS-acetate (Fig. 8b). The maximum difference
between 2-naphthol AS-2-chlor-propionate-Pir7b complex
and 2-naphthol AS-acetate-Pir7b complex is the interaction
of Asp139 with the ligand. As a result of the influence of
chloroethyl, the anilid moiety of 2-naphthol AS-2-chlor-
propionate was turned nearly 180° relative to its position in
2-naphthol AS-acetate-Pir7b complex, and the carboxylic
acid group of Asp139 can not form a hydrogen bond with
the carbonyl oxygen of the anilid moiety to stabilize the
configuration of the substrate any more.

Because the destabilized hydrogen bond between
Aspl139 and 2-naphthol AS-2-chlor-propionate may affect
nucleophilic attack, a detailed distance comparison sur-
rounding the nucleophilic site was made between the two
active ligand-Pir7b complexes, presented in Table 3. The
distance between the Leul7 backbone N atom and the
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active-site pocket
3 T

ligand carboxyl oxygen atom and the distance from the
Ser86 hydroxyl oxygen atom to the ligand carboxyl carbon
atom in the 2-naphthol AS-2-chlor-propionate-Pir7b com-
plex were both elongated a little relative to the 2-naphthol
AS-acetate-Pir7b complex, which were 3.34 A and 3.71 A,
respectively. This distance changes was not favorable to the
Ser86 nucleophilic attack but still within an acceptable
range, then it can be concluded that the catalytic activity of
Pir7b decreased with the increasing of the fatty acid carbon
chains of the ligand. This was in good agreement with that
of esterase (HSR 203J) which hydrolyzed p-nitrophenyl
acetate and related short-chain acyl esters and had related
functions in pathogen defense [4, 39]. Furthermore, the
total interaction energy and the interaction energies of the
2-naphthol AS-2-chlor-propionate with each of the residues

Table 4 The total energy (Eiy), van-der-Waals energy (E,qw) and
electrostatic energy (E.) between 2-naphthol-acetate and individual
residues in Pir7b

Residue Evaw Eele Eotal
(kcal mol ") (kcal mol ™) (keal mol ™)

total —55.42 —4.25 —59.67
His87 -7.26 -1.69 -9.95
Glul26 -5.45 —0.13 —5.80

Ser86 -5.51 1.07 —4.44
Leul? -2.96 -1.21 -4.17
Glul197 -2.95 -0.36 -3.21
phel27 -3.07 0.01 -3.06

*B o <—3.00kcal mol ! listed in energy rank order
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Table 5 The interaction energies of the four inactive 2-naphthol-
acetate-Pir7b complex conformations

Conformation Evaw Eele Eotal
(kcal mol ") (kcal mol ") (kcal mol ™)
a ~53.66 ~7.89 —61.55
b -56.57 -0.51 -57.08
¢ —54.47 6.75 —-61.22
d —-49.61 -11.57 -61.19

in the active site were obtained to investigate whether 2-
naphthol AS-2-chlor-propionate can steadily bind with
protein Pir7b or not. Table 2 summarized the total
interaction energy of AS-2-chlor-propionate-Pir7b complex
which decreased by 7.5% relative to the 2-naphthol AS-
acetate-Pir7b complex. The results of binding structure and
energy analysis implied that there was no apparent activity
loss in 2-naphthol AS-2-chlor-propionate docking.

After the binding analysis of active ligand compounds
presented above, a binding study on inactive ligand 2-
naphthol-acetate also provided more information about the
mechanism of protein Pir7b interacting with its ligands. In
this docking study, it is surprising that many kinds of
binding modes with similar interaction energy can be
found. However, after structural analysis, only one binding
mode seemed to be possible active, shown as Fig. 8c.
Hydrogen bond between the hydroxyl oxygen of Ser86 and
the imidazolyl N atom of His246 was formed to establish
the catalytic triad. The substrate in the complex was found
to be in a perfect position for nucleophilic attack by Ser86,
and the distance from the Ser86 hydroxyl oxygen to the
carboxyl carbon of 2-naphthol-acetate was 3.39 A (Table 3).

Hydrogen bond between the backbone N atom of His87
and the carboxyl oxygen of the substrate was 3.26A,
identical with the distance between the N atom of Leul?7
and the carboxyl oxygen of the ligand, which means His87
and Leul7 constituted the oxyanion hole as their character
in the former two active complexes.

The possible active binding mode (Fig. 8c) showed that
2-naphthol-acetate may be an active ligand. However, a
detailed interaction energy analysis found that 2-naphthol-
acetate can not accommodate in the active site as stable as
2-naphthol AS-acetate, because the total interaction energy
of the 2-naphthol-acetate-Pir7b complex decreased by
43.2% relative to that of the 2-naphthol AS-acetate-Pir7b
complex. The interaction energies of 2-naphthol-acetate
with each residue in the active site were calculated, and
the residues with the interaction energy lower than
—3.0 keal mol ™" were listed in Table 4. It was obvious that
the interaction energies between 2-naphthol-acetate and the
key residues all decreased, which made the catalysis ability
of 2-naphthol-acetate sharply decreased. Furthermore, the
shape of active-site pocket and 2-naphthol-acetate’s lacking
of the anilid moiety could be another reason to make this
ligand related inactive, because it can move free in the big
active-site pocket. As for the other 2-naphthol-acetate-Pir7b
binding modes mentioned above, four representative ori-
entations selected among them were shown in Fig. 9, and
the corresponding interaction energies were listed in
Table 5. All the interaction energies of the four complexes
were about —60.00 kcal mol !, approximately equal to the
interaction energy of the possible active binding mode
(Fig. 8c), and they were all considered to be inactive based
on the structure analysis without any exception. The

2-naphthol AS-acetate-Pir7b complex

— 2-naphthol AS-2-chlor-propionate-Pir7b complex

2-naphthol-acetate-Pir7b complex
14 4

1.2 4
1.0 A
0.8

0.6

CaRMSD (&)

0.4 4
0.2 A

0.0

q T s C 10 15 20
Time (ps)
(@)
Fig. 10 The RMSD of the Cx of the key residues Asp139, GInl187,

Leul7, His87, Ser86, His246, Asp218 and substrates (2-naphthol AS-
acetate-Pir7b, 2-naphthol AS-2-chlor-propionate or 2-naphthol-acetate)

2.0

caRMSD (&)
:

0.5
010 T b T o T v T v T b T A T L L v
0 200 400 600 8OO 1000 1200 1400
Time (ps)
(b)

during 1.7 ns MD simulations. (a) 20ps MD simulation at constant
volume condition (b) 1.5 ns MD simulation at constant pressure
condition
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reasons were as follows: I) The nucleophilic Ser86 was far
from the carboxyl carbon of 2-naphthol-acetate or can not
form the catalytic triad; II) Hydrogen bonds can not be
formed between the ‘oxyanion hole’ and the carboxyl
oxygen of 2-naphthol-acetate. Considering these inactive
binding modes with close interaction energy reduced the
chance to form the possible active binding mode, the
catalysis ability of 2-naphthol-acetate further decreased.

In order to confirm the stability and reliability of these
three docking models, amber9 was used to perform 1.7 ns
dynamics simulation to the three possible active binding
modes. For all enzyme-substrate complexes, the potential
energies are relatively stable during the last 1.5ns MD
Equilibration. However, the variations of the RMS devia-
tions of the key residues Asp139, GInl187, Leul7, His87,
Ser86, His246, Asp218 and substrates in the three simula-
tion systems indicated that the stability of 2-naphthol-
acetate-Pir7b complex was worse than that of the other two
complexes; 2-naphthol-acetate had a big-range of swinging
in the active pocket during the first 20ps heating MD
simulation. Seen from Fig. 10a, the maximal RMSd value
of the key residues and substrate in the 2-naphthol-acetate-
Pir7b complex came up to 1.3A, which is almost 6 times
higher than the 0.2A value in the other two complexes. The
next 1.5ns equilibrium process (Fig. 10b) showed that 2-
naphthol-acetate departed from the possible active binding
position abruptly at the beginning, and then returned to a
relatively stable stage. The corresponding RMSd value also
sharply increased to about 1.7A and then remained with a
fluctuation of 0.5A. On the other hand, the stability of the
other two enzyme-substrate complexes were well retained
with a fluctuation of 0.1A in the RMSd values (Fig. 10b).
The results presented here strongly supported the hypoth-
esis that these inactive binding modes of 2-naphthol-
acetate-Pir7b would hinder the formation of the possible
active binding mode and make the ligand 2-naphthol-
acetate to be related inactive.

Finally, a sequence alignment analysis between protein
Pir7b and the template SABP2 on the critical residues in the
active site illuminated that most key residues except the
extremely conserved catalytic triad had altered in Pir7b.
Leu82 and Alal3 in SABP2 were replaced by His87 and
Leul7 considered as the ‘oxyanion hole’. The changed
residue GIn187 contributed to the anilid moiety specificity
by forming a hydrogen bond with the substrates to maintain
the orientation. Asp139, conserved in Pir7b, also seemed
reponsible for the binding selectivity; however, the result of
docking 2-naphthol AS-2-chlor-propionate suggested that
substrate can stably combine with the active site without
Aspl139. Other shifted residues like Phel27, Ser221,
GInl197, Leul57, Asnl56 and Alall0 might more or less
affect the binding selectivity as well.

@ Springer

As discussed above, it is concluded that protein Pir7b
can selectively hydrolyze of 2-naphthol AS-acetate and 2-
naphthol AS-2-chlor-propionate, because the anilid moiety
of these substrates played an important role in positioning
the substrates to a perfect position for nucleophilic attack.

Conclusions

Based on the template SABP2, 3D structural model of
protein Pir7b has been constructed and optimized by MD
simulation. The refined model agree with most solved
three-dimensional crystal structural features of o/f3 hydro-
lase and have been analyzed by several evaluation
softwares, PROCHECK, PROFILE-3D and PROSA. Fur-
thermore, the model was used to study the possible binding
mechanism with 2-naphthol AS-acetate, 2-naphthol AS-2-
chlor-propionate and 2-naphthol-acetate. All the expected
interactions between the active domain amino acids and the
substrates could be describled in detail. The complex
structure can well interpret the specificity of protein Pir7b
towards the anilid moiety of the substrates and provide
valuable structure information about the ligand binding to
protein Pir7b. Our results will be helpful for further
redesigning of Pir7b by site-directed mutagenesis in order
to improve or change the catalytic capability.
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