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Abstract Amyloid beta (AB) peptides play a central role
in the pathogenesis of Alzheimer’s disease. The accumu-
lation of AP peptides in AD brain was caused due to
overproduction or insufficient clearance and defects in the
proteolytic degradation of AP peptides. Hence, A} peptide
degradation could be a promising therapeutic approach in
AD treatment. Recent experimental report suggests that
aminopeptidase from Streptomyces griseus KKS565
(SGAK) can degrade AP peptides but the interactive resi-
dues are yet to be known in detail at the atomic level.
Hence, we developed the three-dimensional model of
aminopeptidase (SGAK) using SWISS-MODEL, Geno3D
and MODELLER. Model built by MODELLER was used
for further studies. Molecular docking was performed
between aminopeptidase (SGAK) with wild-type and
mutated AP peptides. The docked complex of aminopep-
tidase (SGAK) and wild-type AP peptide (1IYT.pdb)
shows more stability than the other complexes. Molecular
docking and MD simulation results revealed that the resi-
dues His93, Asp105, Glul39, Glul40, Asp168 and His255
are involved in the hydrogen bonding with AP peptide and
zinc ions. The interactions between carboxyl oxygen atoms
of Glu139 of aminopeptidase (SGAK) with water molecule
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suggest that the Glul39 may be involved in the nucleo-
philic attack on Ala2-Glu3 peptide bond of AP peptide.
Hence, amino acid Glul39 of aminopeptidase (SGAK)
might play an important role to degrade AP peptides, a
causative agent of Alzheimer’s disease.
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Abbreviations
AD Alzheimer’s disease
AP peptide Amyloid beta peptide

SGAK Aminopeptidase from Streptomyces
griseus strain KK565
MD Molecular dynamics

RMSD Root mean square deviation

Introduction

Aminopeptidases (APNs) are zinc-dependent enzymes
which cleave peptides from amino terminal end (Taylor
1993a, b; Yao and Cohen 1999). They are classified by
various ways such as number of amino acids cleaved from
NH,-terminus, relative efficiency of removing residues,
location, susceptibility to inhibitors, metal ion content,
residues that coordinated the metal ion to the enzyme, and
pH for their maximal activity, etc (Lendeckel et al. 2000).
Aminopeptidases are involved in numerous functions such
as activation, modulation, and degradation of bioactive
peptides (Stoltze et al. 2000; Hui 2007). These enzymes are
widely distributed among bacteria and can be expressed as
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membrane or cytosolic proteins, or secreted from the cell
(Gonzales and Robert-Baudouy 1996). The basic function
of bacterial APNs is to digest amino acids at the N-ter-
minus of peptides derived from the extracellular as well as
intracellular environment (Gonzales and Robert-Baudouy
1996). This degradation process of peptides may be
accomplished by digestion with different APNs (Miller and
Green 1983), which can be important during bacterial
starvation (Reeve et al. 1984). It has been reported that the
aminopeptidase can cleave AP peptides, a causative agent
of Alzheimer’s disease (Yoo et al. 2010).

Alzheimer’s disease (AD) is the most common form of
dementia in elderly. AD is mainly characterized by neuro-
fibrillary tangles (NFTs) and senile plaques. These senile
plaques are extracellular deposits composed of aggregated
peptides called AP (Selkoe 1991). The proteolytic action of
both B- and y-secretase results in the AP peptide formation
which is then secreted into the extracellular milieu (Selkoe
2004; Haass and Selkoe 2007; Selkoe and Wolfe 2007). The
AP peptide accumulation was caused due to overproduction
or inefficient clearance and defects in the proteolytic deg-
radation (Tanzi et al. 2004). Therefore, AP degradation and
clearance could be a promising therapeutic approach in AD
treatment. The regulation of AP peptides by proteolysis has
significant implications in pathogenesis and in the AD
treatment (Sarah et al. 2006). In addition to this, AD is
characterized by the deposition of complex sets of Ap-
related fragments with various N- and C-terminal ends
(Iwatsubo et al. 1996). The N-terminally truncated AP
(1-42) peptides were detected in the diffused plaques at an
early stage of the pathology (Iwatsubo et al. 1996). How-
ever, N-terminal heterogeneity has been observed in
parenchymal and cerebrovascular AP deposits (Tekirian
et al. 1998; Thal et al. 1999; Takeda et al. 2004). It has been
known that aminopeptidase controls the Afp-associated
protective function physiologically by cleaving N-terminal
aspartate residue of amyloid beta (AP) peptides (Ballatore
et al. 2007; Sevalle et al. 2009). Aminopeptidase also plays
an important role in tauopathies where a group of neuro-
degenerative disorders were characterized by abnormal
accumulation of hyperphosphorylated TAU protein in the
form of NFTs (Ballatore et al. 2007). Reduction of TAU
helps to develop potential therapy for AD and other tau-
opathies (Brunden et al. 2009, 2010). Recently, the puro-
mycin-sensitive aminopeptidase (PSA/NPEPPS) ability
was studied in vivo in the Drosophila model to protect from
TAU-induced neurodegeneration (Brunden et al. 2009).
Similarly, the role of human PSA/NPEPPS (hPSA) as a
TAU aminopeptidase was confirmed in a cell-free system
(Brunden et al. 2009). Aminopeptidase initially cleaves at
the N-terminus of TAU which is most useful for the
aggregation and for TAU-induced neuropathogenesis
(Amadoro et al. 2004; Gamblin et al. 2003).
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Experimentally, it has been proved that APNs are important
in the N-terminal cleavage of AP peptides as well as deg-
radation of normal and pathologic tau proteins in AD
(Karsten et al. 2006; Sengupta et al. 2006). Similarly,
aminopeptidase (SGAK) can also degrade AP peptides and
inhibit its fibril formation (Yoo et al. 2010). But till now we
do not have clear information about the interactive residues
of aminopeptidase with AP peptide at the atomic level.

Hence, in this study, we predicted three-dimensional
structure of aminopeptidase (SGAK) by considering known
X-ray crystal structure of aminopeptidase from Strepto-
myces griseus (PDBID: 1CP7.pdb) as a template (Gilboa
et al. 2000). Then we investigated the active site residues of
aminopeptidase (SGAK) which are important to degrade
AP peptide. Further, the model generated by MODELLER
was docked with three different AP peptides. We believe
that the predicted model of aminopeptidase (SGAK) and its
residues involved in the interactions with A peptide along
with zinc ions would be useful to find out new therapeutic
strategies in AD treatment.

Methods
Software and hardware

Three programs such as SWISS-MODEL (Schwede et al.
2003), Geno3D (Combet et al. 2002) and MODELLER 9v7
(Sali and Blundell 1993) were used to build homology
model of aminopeptidase (SGAK). The predicted models
were evaluated by PROCHECK (Laskowaski et al. 1993),
PROSA (Wiederstein and Sippl 2007) and Verify-3D (Ei-
senberg et al. 1997). Molecular docking was performed
with AutoDock 4.2 (Morris et al. 2009). Chimera (Petter-
sen et al. 2004) and visual molecular dynamics (VMD)
(Humphrey et al. 1996) were used for interactive visuali-
zation and analysis of molecular structures.

Sequence alignment and homology modeling

The amino acid sequence of aminopeptidase (SGAK) (Acc.
No-ABB40595.1) was extracted from NCBI database
(http://www.ncbi.nlm.nih.gov/). The BLAST search was
performed against PDB database to get suitable template
structure showing highest sequence similarity with ami-
nopeptidase (SGAK). The aminopeptidase from S. griseus
(SGAP) (PDBID 1CP7) (Gilboa et al. 2000) with 1.58 A
resolution was used as a template to build 3D model of
aminopeptidase (SGAK). The pair-wise sequence align-
ment of template sequence (1CP7.pdb) and aminopeptidase
(SGAK) sequence was done using EMBOSS program
(Rice et al. 2000). Then homology modeling of amino-
peptidase (SGAK) was performed by SWISS-MODEL
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(Schwede et al. 2003), Geno3D (Combet et al. 2002) and
MODELLER9V7 (Sali and Blundell 1993). The steepest
descent (SD) energy minimization was done to remove
steric clashes (Spoel et al. 2005).

Secondary structure analysis and model validation

“Self Optimized Prediction Method” program (SOPMA)
was used for secondary structure analysis of aminopepti-
dase (SGAK). The SOPMA program determines the role
of individual amino acid to build secondary structure with
their positions (Geourjon and Deléage 1995). The models
of aminopeptidase generated through SWISS-MODEL
(Schwede et al. 2003), Geno3D (Combet et al. 2002) and
MODELLER9V7 (Sali and Blundell 1993) were validated
by inspection of the Psi/Phi Ramachandran plot (Lovell
et al. 2002) obtained by PROCHECK analysis (Lask-
owaski et al. 1993). The model constructed by MOD-
ELLER was finally chosen for further investigations on
the basis of geometry and 3D alignment with template
structure. The PROSA (Wiederstein and Sippl 2007) test
was applied for final model to check for energy criteria.
The model compatibility with its sequence was measured
by Verify-3D (Eisenberg et al. 1997). The Ramachandran
plot for model predicted by MODELLER was obtained
through PROCHECK analysis (Laskowaski et al. 1993).
PDBeFOLD server (Krissinel and Henrick 2004) and
chimera (Pettersen et al. 2004) were used for the structure
comparison between predicted aminopeptidase model
(SGAK) and template structure (1CP7.pdb) (Gilboa et al.
2000).

Active site prediction

The crystal structure of aminopeptidase (1CP7.pdb) (Gil-
boa et al. 2000) was compared with predicted aminopep-
tidase model (SGAK) for the prediction of active site
residues present in model (SGAK). The sequence align-
ment between aminopeptidase from S. griseus (template)
(Gilboa et al. 2000) and aminopeptidase (SGAK) (target)
was done using EMBOSS program (Rice et al. 2000). The
3D alignment between aminopeptidase from S. griseus
(template) and aminopeptidase (SGAK) (target) was done
using chimera (Pettersen et al. 2004) to compare the active
site pocket present in the two structures.

Molecular dynamic simulation of aminopeptidase
model (SGAK)

Molecular dynamic simulation of aminopeptidase model
(SGAK) was performed by Gromacs 4.0.4 program (Spoel
et al. 2005) using OPLS-AA force field (Jorgensen et al.
1996; Kaminski et al. 2001). The predicted aminopeptidase

model (SGAK) was used as starting structure for MD sim-
ulation. The model was surrounded by total 12,270 SPC-type
water molecules (water density 1.0). The system was neu-
tralized with 3 C1™ ions. The cubic type of box with 9 Asize
was used for MD simulation. The solvated structure was
minimized by SD method for 15,000 steps at 300 K tem-
perature and constant pressure. The model was equilibrated
for 1 ns period. Then MD was run for 10 ns at constant
temperature and pressure. The LINCS algorithm (Hess et al.
1997) was used to constrain the bond length. Periodic
boundary conditions were applied to the system. A cutoff of
14 A was used for van der Waals’ interactions. PME switch
option was used for electrostatic interactions by 8 and 12 A
cutoffs for short-range and long-range interactions, respec-
tively (Essmann et al. 1995). Structural comparisons
between initial and final MD simulated structures were car-
ried out using PDBeFOLD (Krissinel and Henrick 2004).
The dynamic runs were then visualized using VMD package
(Humphrey et al. 1996). The images after simulation were
generated using chimera (Pettersen et al. 2004) and PyMOL.
The three-dimensional structure of aminopeptidase was
analyzed by various softwares such as RasMol (Sayle and
Milner-White 1995) PyMOL (http://PyMOL.sourceforge.
net/) and Chimera (Pettersen et al. 2004).

Molecular docking of aminopeptidase (SGAK) and A
peptide

The molecular docking was performed between simulated
aminopeptidase (SGAK) model and patch of AP peptide
['DAEFRHDSGY'’] from wild-type 11YT.pdb (Crescenzi
et al. 2002) using AutoDock 4.2 (Morris et al. 2009). The
Zn ions present in aminopeptidase (SGAK) were parame-
terized by Amber force field available in AutoDock as per
earlier studies of metalloproteases (Irwin et al. 2005; Xin
and William 2003; Barage and Sonawane 2013; Barage
et al. 2014). To remove hard contacts, the docked complex
was then minimized by SD method using Gromacs 4.0.4
(Spoel et al. 2005). Lamarckian genetic algorithm (LGA)
has been used in this study. The Auto Grid (Morris et al.
2009) program was used to define active site residues. The
grid size was set, to 56 x 48 x 48 points with a grid
spacing of 0.375 A centered on the selected flexible resi-
dues present in the active site of aminopeptidase. The grid
box contains the entire binding site of the aminopeptidase
which provides enough space for the translation and rota-
tion to AP peptide. Step size of 2 A for translation and 50°
for rotation were chosen and the maximum number of
energy evaluation was set to 25,00,000. Thus, ten runs
were performed. For each of the ten independent runs, a
maximum number of 27,000 GA operations were generated
on a single population of 150 individuals. The docked
complex which shows lower binding energy has been
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selected for further studies. The other two AP peptide
conformations such as wild-type 1AML.pdb ['DAE-
FRHDSGY'] (Sticht et al. 1995) and A2V mutant of
IIYT.pdb ['DVEFRHDSGY'’] (mutation at position 2 Ala
to Val) (Fede et al. 2009) were docked with the amino-
peptidase (SGAK) by the same protocol mentioned above.
Then these docked complexes were used for further
studies.

Molecular dynamic simulation of docked complexes
of aminopeptidase (SGAK) and A peptide

The complex of aminopeptidase (SGAK) and patch of AB
peptide ['DAEFRHDSGY'?] (wild-type 1TYT.pdb) was
used as starting structure for MD simulation. This docked
complex was then simulated twice for the period of 30 ns
each using two different force fields AMBER99SB-ILDN
(Lindorff-Larsen et al. 2010) and OPLS-AA (Jorgensen
et al. 1996; Kaminski et al. 2001). The molecular dynamics
simulation of docked complex of aminopeptidase (SGAK)
and AP peptide was done by Gromacs 4.0.4 program
(Spoel et al. 2005) using OPLS-AA force field (Jorgensen
et al. 1996; Kaminski et al. 2001). The complex was
encircled by total 12,390 SPC-type water molecules (water
density 1.0). To neutralize the system 4 Na*t ions were
used. The cubic type of box with 9 A size was used for MD
simulation. The MD simulation system contains total
39,033 atoms. The solvated structure was minimized by SD
method for 15,000 steps at 300 K temperature and constant
pressure. Then the complex was equilibrated for 1 ns per-
iod. After equilibration production, MD was run for 30 ns
at constant temperature and pressure. The LINCS algo-
rithm (Hess et al. 1997) was used to constrain the bond
length. Periodic boundary conditions were applied to the
system. PME switch option was used to calculate electro-
static interactions by 8 and 12 A cutoffs for short-range
and long-range interactions, respectively (Essmann et al.
1995).

Further the docked complexes of aminopeptidase
(SGAK) with wild-type 1AML.pdb (Sticht et al. 1995) and
mutated 1IYT.pdb (mutation at position 2 Ala to Val)
(Fede et al. 2009) were simulated by OPLS-AA force field
(Jorgensen et al. 1996; Kaminski et al. 2001) by the same
protocol as mentioned above to compare the interactions of
aminopeptidase with A peptide and zinc ions. The starting
and final MD simulated structures were compared with the
help of PDBeFOLD (Krissinel and Henrick 2004). The
structure and dynamic runs were then visualized using
VMD package (Humphrey et al. 1996). The analysis of
structures after MD simulation was performed by RasMol
(Sayle and Milner-White 1995) and images were generated
using Chimera (Pettersen et al. 2004) and PyMOL (http://
PyMOL.sourceforge.net/).
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Results and discussions
Secondary structure analysis

The secondary structure analysis of aminopeptidase
sequence obtained by SOPMA method showed 30.66 %
amino acids in helix, 16.48 % in extended strands, 47.83 %
in random coil, and 5.03 % in beta turn regions (Supple-
mentary data Fig. 1). The largest part of protein was
occupied by random coil but the total regions of alpha
helices and extended strands are found at equal percentage.
The total percentage of random coil and beta turn forming
regions is small which reveals the good quality of model
predicted using aminopeptidase sequence (Accession No
ABB40595.1).

Structure prediction and validation

The alignment between target sequence of aminopeptidase
(SGAK) (Acc. No ABB40595.1) and the crystal structure
of aminopeptidase (PDB-1CP7) (Gilboa et al. 2000) shows
86 % sequence identity (Fig. 1). Three programs such as
SWISS-MODEL (Schwede et al. 2003), Geno3D (Combet
et al. 2002) and MODELLER 9V7 (Sali and Blundell
1993) were used to build aminopeptidase (SGAK) model.
The predicted model quality was evaluated by PRO-
CHECK (Laskowaski et al. 1993), PROSA (Wiederstein
and Sippl 2007) and VERIFY-3D (Eisenberg et al. 1997).
The model built by MODELLER 9V7 (Sali and Blundell
1993) after evaluation by PROCHECK (Laskowaski et al.
1993) shows 91.9 % residues in the most favored regions,
5.7 % residues in allowed regions and 2 % residues in
generously allowed regions (supplementary data Fig. 2).
Hence, total 99.6 % of residues were present in the favored
regions and only 0.4 % of residues are in the outer region
which suggests the predicted model is of good quality
(supplementary data Fig. 2) (Table 1). The model quality
was evaluated by checking Z score of structure obtained
through PROSA tool (Wiederstein and Sippl 2007). The
PROSA (Wiederstein and Sippl 2007) was used to check
whether the input structure gives score similar to the score
obtained for native protein structure having similar size.
The Z score was —7.4 given by PROSA (Wiederstein and
Sippl 2007). Hence, the aminopeptidase (SGAK) structure
was within the acceptable range of X-ray and NMR studies
(supplementary data Fig. 3a). In PROSA II test, maximum
number of residues showed negative interaction energy and
very few identified with positive interaction energy which
confirms the model quality (supplementary data Fig. 3b).
The aminopeptidase model (SGAK) obtained by MOD-
ELLER (Sali and Blundell 1993) analyzed by PROCHECK
(Laskowaski et al. 1993) and PROSA (Wiederstein and
Sippl 2007) which showed good results, hence used for
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Fig. 1 Sequence alignment
between template (1CP7) and
the aminopeptidase model
(SGAK). Catalytic residues
(red) are shown in yellow box
(color figure online)

aminopeptidase

aminopeptidase

1CP7_A|PDBID|CHAIN|SEQUENCE

1CP7_A|PDBID|CHAIN|SEQUENCE

CLUSTAL 2.1 multiple sequence alignment

———————— APDIPLANVKAHLTQLST IAANNGGNRAHGRPGYKASVDYVK
PASRTAAAAPDIPVANVKAHLTQLQS TATANGGNRAHGRAGYKASIDYVK
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aminopeptidase

1CP7_A|PDBID|CHAIN|SEQUENCE

aminopeptidase
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TEIETEGDGRS DHAPFKNVGVPVGGLFTGAGY TKSAAQAQKWGGTAGQAF
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1CP7_A|PDBID|CHAIN|SEQUENCE DRCﬁ SCDSLSNINDTALDRNS DAAAHAIWT LSSGTGEPPT
S

aminopeptidase

DRC SCDNTANINDTALDRNS DAVAHAIWT LSADTEPPZZ
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Table 1 PROCHECK and S
PROSA evaluation of
aminopeptidase models
obtained by different programs

Predicted models of aminopeptidase = PROCHECK analysis showing residues at PROSA
no by different programs various regions Z score
Core  Allowed Generously Disallowed
(%) (%) (%) (%)
1 Geno3D model 1 81.3 17.0 1.3 0.4 —6.69
2 Geno3D model 2 79.6 17.9 1.7 0.9 —6.37
3 Geno3D model 3 79.1 17.4 2.1 13 —6.51
4 Geno3D model 4 83.0 149 1.3 0.9 —6.57
5 Geno3D model 5 81.3 16.6 13 0.9 —6.73
6 SWISS-MODEL 88.8 9.9 0.9 0.4 =77
7 MODELLER 91.9 5.7 2.0 0.4 —7.4

further studies (Table 1). The VERIFY-3D (Eisenberg et al.
1997) analysis tool was used to find the atomic model (3D)
compatibility with its own amino acid sequence (1D). The
compatibility score obtained for aminopeptidase model
was above zero in the VERIFY-3D (Eisenberg et al. 1997)
graph which suggests the side-chain environment accept-
ability (supplementary data Fig. 4) for aminopeptidase
model built by MODELLER (Sali and Blundell 1993). The
VERIFY-3D (Eisenberg et al. 1997) showed 0.45 score for
the predicted model which is nearer to the template score
0.44 (supplementary data Fig. 4). PDBeFOLD (Krissinel
and Henrick 2004) program was used to compare the
predicted structure of aminopeptidase (SGAK) (Fig. 2)
with template structure (1CP7.pdb) (Gilboa et al. 2000).
The lower RMSD value (0.28 nm) (Fig. 3a) suggests high
similarity between two structures. The comparison between
aminopeptidase (SGAK) and template (1CP7.pdb) carried
out using Chimera (Pettersen et al. 2004) also shows good
similarity (Fig. 3a). The active site residues are found
similar in the sequence alignment as well as structure

comparison studies between aminopeptidase (SGAK) and
aminopeptidase from S. griseus (1CP7.pdb) (Figs. 1, 3b).
The active site residues of aminopeptidase from S. griseus
(1CP7.pdb) (His85, Asp97, Glul3l, Glul32, Aspl60,
His247) exactly matches with the active site residues of
aminopeptidase (SGAK) (His93, Asp105, Glul39, Glu140,
Aspl168, His255). Hence, these active site residues (His93,
Aspl05, Glul39, Glul40, Asp168 and His255) of amino-
peptidase (SGAK) might play an important role in the A
peptide degradation as can be seen in Fig. 3b. This model
was further used for molecular docking studies to find out
the interactions of active site residues of aminopeptidase
(SGAK) with A peptide.

Molecular docking and MD simulation studies
of docked complex of aminopeptidase model (SGAK)
and AP peptide

Molecular docking and MD simulation studies have been
found useful to understand protein and ligand interactions
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Fig. 2 a Predicted model of aminopeptidase (SGAK) (lime green)
with zinc (magenta). b Active site residues present in aminopeptidase
(SGAK) (yellow) with zinc (magenta) (color figure online)

at the molecular level (Tseng et al. 2007; Jalkute et al.
2013; Barage and Sonawane 2013; Dhanavade et al. 2013;
Barage et al. 2014). Hence, molecular docking study was
performed using AutoDock 4.2 (Morris et al. 2009) in
which the active site residues (His93, Aspl105, Glul39,
Glul140, Asp168, and His255) of aminopeptidase (SGAK)
were kept flexible. This aminopeptidase model was then
docked with three different conformations of A peptide
(wild-type 1IYT.pdb, wild-type 1AML.pdb and mutated
A2V of 1TIYT.pdb) ['DAEFRHDSGY'?]. The aminopepti-
dase (SGAK) complex with wild-type 1IYT.pdb shows
strong hydrogen bonding than other two complexes with
wild-type 1AML.pdb and A2V mutant of 1IYT.pdb
(Tables 2, 3, 4). Hence, the complex of aminopeptidase
(SGAK) and wild-type 1IYT.pdb was analyzed further.
This docked complex of aminopeptidase (SGAK) and
wild-type 1IYT.pdb shows strong hydrogen bonding
between active site residues and A peptide along with
zinc ions (Table 2; Fig. 4a, b). The active site residues of
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Fig. 3 a Structural comparison between aminopeptidase model
(SGAK) (lime green) and template structure (1CP7) (cornflower
blue). b Active site residue comparison between aminopeptidase
(SGAK) (model lime green, active site residues yellow, Zn magenta)
and template (1CP7) (structure cornflower blue, active site residues
orange, Zn black) (color figure online)

aminopeptidase (SGAK) such as Glul40, Aspl68 and
His255 interact with Glu3 of A peptide with interatomic
distances 2.503, 2.912 and 2.762 A, respectively. Likewise,
His255 of aminopeptidase (SGAK) interacts with Ala2,
Phe4 and Arg5 of AP peptide by interatomic distances of
1.127, 1.982 and 1.558 A, respectively (Fig. 4a).

The docked complex of aminopeptidase (SGAK) with
wild-type 1IYT.pdb was simulated twice using different
force fields OPLS-AA (Jorgensen et al. 1996; Kaminski
et al. 2001) and AMBER99SB-ILDN (Lindorff-Larsen
et al. 2010) up to 30 ns. The docked complex of amino-
peptidase (SGAK) with wild-type 1IYT.pdb simulated by
OPLS-AA force field shows strong hydrogen bonding and
low average RMSD than the complex simulated by
AMBER99SB-ILDN force field (Lindorff-Larsen et al.
2010) (Table 2; Figs. 4, 5, 6, 7a, 8a).
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Table 2 Hydrogen bonding of

Interaction between active site Aminopeptidase Aminopeptidase with ~ Aminopeptidase with
docked complexes residues of aminopeptidase with 1IYT.pdb 1IYT.pdb after OPLS- 1IYT.pdb after
(SGAK) with AP peptide and  before MD (atomic AA MD (atomic AMBER99 SB-ILDN
zinc before and MD distance in /0\) distance in A) IYID (atomic distance in
A)

HIS 255 HE2-ALA 2 O: (AB) 1.127 - -

GLU HE2 (AB)-ZN 1 - 1.090 -

HIS 255 HE2-PHE 4 H (AB) 1.982 - -

ASP 168 ODI1-GLU 3 H (AB) 2912 2.852 -

GLU 139 OE2-GLU 3 H (AB) 2.503 2.328 -

HIS 255 HE2-GLU 3 H (AB) 2.762 - -

HIS 255 HE2-GLU 3 O (AB) - 2.059 -

HIS 255 HDI-ARG 5 H (AB) 1.558 - -

HIS 255 HDI-ARG 5 O (AB) 2.212 - -

GLU 3 O (AB)-ZN 2 2.426 1.878 -

ARG 5 O (AB)-ZN 2 2373 - -

GLU 140 OE2-ZN 2 1.725 1.505 -

GLU 140 OE1-ZN 2 1.765 2.513 2.794

ASP 105 OD1-ZN 1 1.782 2.543 2.781

GLU 139 OE2-ZN 1 1.761 2.718 -

HIS 93 NE2-ZN 1 1.985 - 2.537

HIS 93 HE2-ZN 1 - 2.931 -

ASP 105 OD2-ZN 1 2.594 2.061 -

ASP 105 OD1-ZN 2 2.221 2.125 -

GLU 139 OE1-ZN 2 1.712 2.986 2.894

GLU 139 OE1-ZN 1 2.393 2277 -

GLU 139 OE2-ZN 2 2310 2.352 -

ASP 105 OD2-ZN 2 1.715 2.825 2.735

ASP 168 OD1-ZN 1 1.784 2.363 2.652

ASP 168 OD2-ZN 1 1.774 2.610 2.705
Table 3 Hydrogen bonding between active site residues of amino- Table 4 Hydrogen bonding between active site residues of amino-
peptidase (SGAK) with AP peptide (LAML.pdb) and zinc simulated peptidase (SGAK) with mutated 11YT.pdb (mutation at 2 from Ala to
using OPLS-AA force field Val) and zinc simulated using OPLS-AA force field
Interaction between active site Interactions Interactions Interaction between active site Interactions Interactions
residues of aminopeptidase before MD in  after OPLS MD residues of aminopeptidase before MD in  after OPLS MD
(SGAK) with AP peptide and A in A (SGAK) with mutated 1IYT.pdb A in A
zinc after MD and zinc after MD
HIS 255 NE2-ZN 2 2.571 2.625 HIS 255 NE2-ZN 2 2.329 2.563
GLU 140 OE2-ZN 2 2.392 2.574 GLU 140 OE1-ZN 2 2.031 2.228
GLU 140 OE1-ZN 2 2.143 2.358 GLU 140 OE2-ZN 2 1.882 2.010
ASP 105 OD1-ZN 2 2.329 2.546 GLU 139 OE1-ZN 1 1.299 1.862
ASP 105 OD2-ZN 1 2.816 - ASP 105 OD2-ZN 1 2.283 2.306
GLU 139 OE1-ZN 1 2.776 2.862 ASP 105 ODI1-ZN 2 2.277 2.324
HIS 93 NE2-ZN 1 2.773 2.942 ASP 168 OD1-ZN 1 2478 2.574
ASP 168 OD2-ZN 1 2.348 2.384 ASP 168 OD2-ZN 1 2274 2.318
ASP 168 OD1-ZN 1 2.377 2478 HIS 93 NE2-ZN 1 2.536 2.759
GLU 3 H (AB)-ZN 1 2.283 2.872 PHE 4 O (AB)-ZN 1 2314 2.430
GLU 3 H (AB)-ASP 168 OD2 2.623 2.756
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Asp 105_TUN

J

Fig. 4 Docked complex of aminopeptidase model (SGAK) (lime green) showing hydrogen bonding interactions between active site residues
(vellow) with zinc (magenta) and AP peptide (cyan). a Before MD and b after MD simulation (color figure online)

The docked complex of aminopeptidase (SGAK) with
wild-type 1IYT.pdb simulated by OPLS-AA force field
shows stable behavior up to 30 ns simulation period
(Fig. 6). The average RMSD value of simulated docked
complex of aminopeptidase (SGAK) with wild-type
1IYT.pdb by OPLS-AA force field (Jorgensen et al. 1996;
Kaminski et al. 2001) was 0.29 nm (Fig. 6), whereas by
AMBER99SB-ILDN force field (Lindorff-Larsen et al.
2010) it was 0.33 nm (Fig. 8a). Hence, the docked complex
of aminopeptidase (SGAK) with wild-type 1IYT.pdb sim-
ulated by OPLS-AA force field (Jorgensen et al. 1996;

@ Springer

Kaminski et al. 2001) was more stable than the complex
simulated by AMBER99SB-ILDN force field (Lindorft-
Larsen et al. 2010) (Figs. 6, 8a).

The docked complex of aminopeptidase (SGAK) with
wild-type 1IYT.pdb has also been compared with two
different docked complexes such as aminopeptidase
(SGAK) with wild-type 1AML.pdb and aminopeptidase
(SGAK) with A2V mutant of 1IYT.pdb. The docked
complex of aminopeptidase (SGAK) with wild-type
1AML.pdb shows less hydrogen bonding and high average
RMSD (0.34 nm) (Tables 2, 3; Figs. 4, 5, 6, 7b, 8b).



Molecular interactions between APN and A peptide

1861

Similarly, docked complex of aminopeptidase (SGAK)
with mutated 1IYT.pdb also shows less interactions and
high average RMSD (0.33 nm) (Tables 2, 4; Figs. 4, 5, 6,
7c, 8c) as compared to docked complex of aminopeptidase
(SGAK) with wild-type 1IYT.pdb which shows strong
hydrogen bonding and low average RMSD (0.29 nm)
(Table 2; Figs. 4b, 5, 6).

Hence, docked complex of aminopeptidase (SGAK)
with wild-type 1IYT.pdb was studied further. The hydro-
gen bonding between active site residues Glu140, Asp168
and His255 of aminopeptidase (SGAK) with Glu3 of AP
peptide (wild-type 1IYT.pdb) was 2.628, 2.852 and
2.059 A, respectively (Fig. 4b). These interactions were
maintained throughout the MD simulation done by OPLS-

His255

Glu139

Fig. 5 Interaction between active site residues (yellow) of amino-
peptidase (SGAK) (lime green) with AP peptide (cyan) and zinc
(magenta) (color figure online)

AA force field (Fig. 4b; Table 2) suggesting that amino-
peptidase (SGAK) might cleave AP peptide between Ala2
and Glu3. Earlier, experimental results suggest that the
aminopeptidase (SGAK) cleaves AP peptide from first
(D) up to tenth (Y) amino acid successively (Yoo et al.
2010). Our molecular docking study revealed that the
aminopeptidase (SGAK) cleaves AP peptide at Glu3 sim-
ilar to experimental findings (Yoo et al. 2010).

The MD simulated stable structure of aminopeptidase
was docked with AP peptide. This docked complex was
simulated for 30 ns. The average RMSD value of docked
complex of aminopeptidase (SGAK) and AP peptide was
0.29 nm which indicates stable behavior of docked com-
plex up to 30 ns simulation period (Fig. 6). Radius of
gyration (Rg) also showed stable behavior during simula-
tion period (Fig. 9). The RMSF for C-alpha depicts small
fluctuations for the rigid structural elements and larger
fluctuations at the end and loops (Fig. 10). All these results
revealed that the docked complex of aminopeptidase
(SGAK) and AP peptide was stable throughout the 30 ns
simulation period.

Interactions between active site residues
of aminopeptidase (SGAK) with AP peptide

The active site of aminopeptidase (SGAK) has two Zn>"
ions coordinated by histidine, glutamate and aspartate
residues (Figs. 5, 11, 12, 13) similar to aminopeptidase
from S. griseus (1CP7.pdb) (Gilboa et al. 2000). Both the
Zn*" ions show tetrahedral coordination geometry
(Fig. 13). The active site residues (His93, Asp105, Glul39,
Glul40, Aspl68 and His255) of aminopeptidase (SGAK)
exactly match with active site residues (His97, ASP117,
Glul51, Glul52, ASP179 and His256) of aminopeptidase
from Aeromonas proteolytica (Schurer et al. 2004). The
cleavage mechanism of aminopeptidase from A.

Fig. 6 RMSD of docked 0.4
complex of aminopeptidase
(SGAK) and 1IYT.pdb 0.35

0.3 WMM
0.25

0.2

0.15

RMSD in nm

0.1

0.05

0 5000

15000 20000 25000 30000

Times in ps

10000
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Glu140

Glu139
Glu140

Fig. 7 Interaction between active site residu
peptidase (SGAK) with a IYT.pdb (cyan)
simulated by AMBER99SBILDN force field

Glu139 His93
es (yellow) of amino-

and zinc (magenta)
. b 1AML.pdb (cyan)

Glu139

Glu140

and zinc (magenta) simulated using OPLS-AA force field. ¢ Mutated
1IYT.pdb (cyan) and zinc (magenta) simulated using OPLS-AA force
field (color figure online)

Fig. 8 The average RMSD of 0.5
a docked complex of 0.45
Aminopeptidase (SGAK) with
IYT.pdb simulated by 0.4 f
AMBER99SBILDN force field. 0.35 |
b Docked complex of =] 0.3 -
aminopeptidase (SGAK) with ; '
1AML.pdb simulated using 5 0.25
OPLS-AA force field. ¢ Docked ® 0.2
complex of aminopeptidase = A-IYT Amberff
(SGAK) with mutated 11YT.pdb & 0.5 ~———B-AML OPLS-AAff [~
simulated using OPLS-AA force 0.1 C-IYT mutated |-
field 0.05 OPLS-AAff n
0 T T T T T T
0 5000 10000 15000 20000 25000 30000
Times in ps
Fig. 9 Radius of gyration of 3.83
docked complex of K
aminopeptidase (SGAK) and 3.52
AP peptide (IYT.pdb) simulated E 3.81 -
using OPLS-AA force field g
g 3.8
k=
g 379 — !
2 W
s 3.78
g
5 3.77
s
& 376
35 +—7T—T—TT 77T T T 7T —T — T
0 5000 10000 15000 20000 25000 30000
Timesin ps

proteolytica has already been studied previously (Chen
et al. 1997; Stamper et al. 2001; Schurer et al. 2004). The
MD simulation studies of docked complex of aminopepti-
dase (SGAK) with AP peptide (wild-type 11YT.pdb)

@ Springer

revealed that the water molecule was closer to Glul39
along with zinc surface and placed properly to attack on the
scissile peptide bond between Ala2 and Glu3 of AB-peptide
similarly as observed for residue Glul51 of aminopeptidase
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Fig. 10 RMSF of docked 0.45
complex of aminopeptidase
(SGAK) and AP peptide 0.4
(IYT.pdb) simulated using 035
OPLS-AA force field
0.3
g
= 0.25
& o0z \ i
=
& 0.15 i M\‘
0.1 A A A A » A l A

0.05

S AN

Fig. 11 AP peptide (cyan) binds to aminopeptidase (SGAK)
(medium purple) with its active site residues (yellow) labeled with
lime green (color figure online)

from Aeromonas proteolytica (Schurer et al. 2004) (Fig. 5).
The residue Asp105 of aminopeptidase (SGAK) and water
molecule or hydroxide ion bridges the two zinc ions.
Hence, these residues along with water molecule might
play a crucial role in enzyme catalysis of aminopeptidase
to cleave AP peptide which may be further confirmed by
QM/MM studies. The Glul51 acts as a general base in the
catalytic mechanism of aminopeptidase from Aeromonas
proteolytica (Schurer et al. 2004). The residue Glul39 of
aminopeptidase (SGAK) shows similarity to Glul51 of
aminopeptidase from A. proteolytica present in the active
site hence it may act as a general base in the catalytic

70 93 116 139 162 185 208 231 254 277 300
Number of Residues

Fig. 12 Docked complex showing interaction between active site
residues (yellow) of aminopeptidase (SGAK) (lime green) with AR
peptide (cyan) and zinc (magenta) (color figure online)

reaction (Chevrier et al. 1996). This Glul39 remained
hydrogen bonded to bridging water molecule. The AP
peptide binds to Zn2 with N-terminal amino group and to
Znl with the carbonyl oxygen of the scissile peptide bond
of Al2-Glu3. The N-terminus also interacts with the
Aspl68. After AP peptide binds to enzyme, the bridging
water molecule loses its coordination to Zn2 and becomes
terminally bound to Znl similar to aminopeptidase from
Aeromonas proteolytica (Schurer et al. 2004). This type of
carboxylate—histidine metal triads has been observed in the
different Zinc-containing enzymes (Christianson and
Alexander 1989). Hence, interactive residues Glul39,
Aspl05 and Asp168 of aminopeptidase (SGAK) with zinc
and AP peptide may be important to design new thera-
peutic approach in the AD treatment.
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Fig. 13 Residues involved in

the cleavage mechanism of A A
peptide by aminopeptidase

(SGAK). a Zinc coordinates of

active site residues of

aminopeptidase (SGAK). b The

active site residues interacting Glu140\ /GIUI39\

with zinc (magenta) and AP \ / \

peptide (shown in red) (color ‘ ‘

figure online) /7 A\ /
His255” }AspIOS /

Conclusion

Sequence analysis and model comparison results revealed
that active site residues of aminopeptidase (SGAK) are
exactly similar to the active site residues of aminopeptidase
from S. griseus (1CP7.pdb). The docked complex of ami-
nopeptidase with wild-type 1IYT.pdb found more stable as
compared to docked complexes of aminopeptidase with
wild-type 1AML.pdb and A2V mutant of 1IYT.pdb. The
interactions between aminopeptidase (SGAK) active site
residues such as Glul40, Asp168 and His255 with amino
terminal Ala2-Glu3 of AP peptide were maintained
throughout MD simulation which suggests their involve-
ment to degrade AP peptides. The molecular docking and
MD simulation results showed that the aminopeptidase
(SGAK) residues could cleave AP peptides in between
Ala2-Glu3 similar to aminopeptidase from Aeromonas
proteolytica (Schurer et al. 2004). The residue Glul39
might play an important role in the catalytic mechanism to
degrade AP peptides. Additional stability to the complex
may occur due to interactions between His255 of amino-
peptidase with Ala2, Phe4 and Arg5 of A peptide. Hence,
the predicted three-dimensional structure of aminopepti-
dase (SGAK) could be useful to understand the cleavage
mechanism of AP peptide degradation as well as to design
new lead structures to combat AD.
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