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a b s t r a c t

The acetylcholinesterase (AChE) is important to terminate acetylcholine-mediated neurotransmission
at cholinergic synapses. The pivotal role of AChE in apoptosome formation through the interactions
with cytochrome c (Cyt c) was demonstrated in recent study. In order to investigate the proper binding
conformation between the human AChE (hAChE) and human Cyt c (hCyt c), macro-molecular docking
simulation was performed using DOT 2.0 program. The hCyt c was bound to peripheral anionic site
(PAS) on hAChE and binding mode of the docked conformation was very similar to the reported crystal
structure of the AChE and fasciculin-II (Fas-II) complex. Two 10 ns molecular dynamics (MD) simulations
were carried out to refine the binding mode of docked structure and to observe the differences of the
binding conformations between the absent (Apo) and presence (Holo) of heme group. The key hydrogen
rotein–protein docking simulation
olecular dynamics (MD) simulation

bonding residues between hAChE and hCyt c proteins were found in Apo and Holo systems, as well as
each Tyr341 and Trp286 residue of hAChE was participated in cation-pi (�) interactions with Lys79 of
hCyt c in Apo and Holo systems, respectively. From the present study, although the final structures of the
Apo and Holo systems have similar binding pattern, several differences were investigated in flexibilities,
interface interactions, and interface accessible surface areas. Based on these results, we were able to
predict the reasonable binding conformation which is indispensable for apoptosome formation.
. Introduction

Acetylcholinesterase (AChE) is important for terminating
cetylcholine-mediated neurotransmission at cholinergic synapses
nd it catalyzes the hydrolysis of acetylcholine at cholinergic
ynapses as well as at neuromuscular junctions [1,2]. The AChE
as influence on various physiological processes relative to the
egulation of cell proliferation, differentiation and survival [3].
here are three different isoforms by alternative splicing at C-
erminus of AChE mRNA. It is called AChE-R (read-through), AChE-E
erythrocytic) and AChE-S or T (synaptic or tail) based on the
lace of expression. AChE-R variant is expressed in embryonic
nd tumor cells and induced in response to chemical, psycho-
ogical and physical stresses included AChE inhibition. AChE-E is
inked to glycosylphosphatidyl inositol (GPI). This lipid moiety may

e integrated into erythrocyte membrane and anchor the mature
ChE-E to the outer surface of erythrocytes [3,4]. AChE-S variant
xpressed in the brain and muscles of normal adult mammals and

∗ Corresponding author. Tel.: +82 55 751 6276; fax: +82 55 752 7062.
E-mail address: kwlee@gnu.ac.kr (K.W. Lee).

093-3263/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
oi:10.1016/j.jmgm.2011.04.006
© 2011 Elsevier Inc. All rights reserved.

generate a monomer, dimer and several polymeric forms included
tetramers [5–7]. In vertebrate cholinergic synapses, four AChE-S
monomers aggregate with collagen like Q subunit (ColQ) or trans-
membrane proline-rich memebrane-anchoring protein (PRiMA) to
form a tetramer [8]. The crystal structures of AChE are character-
ized from Torpedo californica [9], Drosphila malanogaster [10], Mus
musculus [11], and Homo sapiens [12,13]. The narrow and deep
gorge of the structures can be found with consisting of two sep-
arate ligand binding sites such as acylation site and peripheral
anionic site (PAS). The acylation site containing a catalytic triad
is located at the bottom of the gorge and the PAS lies at the top
of the gorge [13,14] (Fig. 1A and B). Several studies revealed that
the active site of hAChE can be distinguished into several sub-
sites such as catalytic triad (Ser203, His447, and Glu334), oxyanion
hole (Gly121, Gly122, and Ala204), anionic subsite (Trp86, Tyr133,
Glu202, Gly448, and Ile451), acyl binding pocket (Trp236, Phe295,
Phe297, and Phe338), and PAS (Asp74, Tyr124, Ser125, Trp286,
Tyr337, and Tyr341) [13,15–19].
According to several experimental studies, AChE is potentially
a marker and a regulator of apoptosis [20] and it also plays a piv-
otal role in apoptosome formation [21]. Moreover, a recent study
demonstrated that interactions of AChE with caveolin-1 (Cav-1)

dx.doi.org/10.1016/j.jmgm.2011.04.006
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
mailto:kwlee@gnu.ac.kr
dx.doi.org/10.1016/j.jmgm.2011.04.006
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Fig. 1. Structural features of hAChE and structural elements of hCyt c. (A) Schematic representation of the sites in hAChE. (B) The catalytic triad (magenta) and peripheral
anionic site (PAS) residues (yellow) in the structure of hAChE [PDB ID: 1B41] displayed as sticks. (C) Superimposition of AChE structures with various sources (orange for
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oop1, pale-green for loop2, and forest for loop3) in the 3D structure of the hCyt c [P
For interpretation of the references to color in this figure legend, the reader is refe

nd subsequently with cytochrome c (Cyt c) are required for apop-
osome formation. It was suggested that silencing of the AChE gene
locked the interaction between apoptotic protease-activating
actor-1(Apaf-1) and Cyt c. Furthermore, they indicated that the
nteraction between AChE and Cyt c is required for the interaction
etween Cyt c and Apaf-1 through silencing of cytochrome c gene
21,22]. Generally, Cyt c is an electron carrier and heme group be
ble to attach to CXXCH motif which is heme binding sites in the
yt c. This protein promotes the assembly of a caspase-activating
omplex to induce cell apoptosis and stimulates the oxidative
tress-induced diseases. Besides the protein also interacts with sev-
ral other proteins such as cytochrome c oxidase, cytochrome c
eductase included cytochrome c peroxidase, cytochrome b5, and
paf-1 [23–29].

Based on these experimental results, protein–protein docking
tudies were performed to investigate possible binding mode of
uman AChE (hAChE, PDB ID: 1B41) with human Cyt c (hCyt c, PDB

D: 1J3S). Furthermore, two molecular dynamics (MD) simulations
ere carried out to refine the binding mode of docked structure

nd to investigate the structural difference in the absence (Apo)
nd presence (Holo) of heme in the Cyt c. In this study, we pro-
ide detailed binding modes for both systems with key interacting
esidues at interface region between hAChE and hCyt c.

. Methods
.1. Preparation of 3D structures and sequence analysis

The structures of hAChE (PDB ID: 1B41, 2.76 Å resolution) and
Cyt c (PDB ID: 1J3S) which are available from Protein Data
or Drosophila melanogaster). (D) Structure elements (green for helices, stmudge for
: 1J3S] with heme group (yellow) and heme binding residues represented as stick.
the web version of the article.)

Bank (http://www.rcsb.org) were taken for protein–protein dock-
ing study. Each structure was modified and refined using the Clean
protein tool of Discovery Studio 2.5 (DS2.5) which corrects incom-
plete or nonstandard residues and modifies the termini [30]. AChE
sequences from four species such as Homo sapiens (PDB ID: 1B41),
Mus musculus (PDB ID: 1MAA), Torpedo californica (PDB ID: 1EA5),
and Drosophila melanogaster (PDB ID: 1QO9), and Cyt c sequences
from homo sapiens (PDB ID: 1J3S) and Equus cabllus (PDB ID:
1HRC) were used in multiple sequence alignment using ClustalW2
(http://www.ebi.ac.uk/Tools/clustalW2).

2.2. Protein–protein docking study

DOT (Daughter of Turnip) 2.0 is a program for docking of
macromolecules that performs a complete, systematic rigid-
body search of one molecule translated and rotated about a
second molecule. This program has been successfully applied
to stable protein–protein interactions, to the transient interac-
tions between electron-transfer proteins, and to protein–DNA
interactions [31–33]. This program was used for calculation of
protein–protein interaction between hAChE and hCyt c, consid-
ering former protein as stationary molecule and the later one as
moving molecule. A set of 54,000 rotational orientations provided
a resolution of 6◦ for the rotational search. Almost 54,000 dif-
ferent translated orientations of hCyt c was obtained about the
stationary protein hAChE which was enclosed in an implicitly

solvated point grid of dimension 160 × 160 × 160. The Electro-
static potentials (ESPs) were calculated on this grid by UHBD
(University of Houston Brownian Dynamics). The rotational and
translational search resulted in over 221 billion configurations

http://www.rcsb.org/
http://www.ebi.ac.uk/Tools/clustalW2
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Fig. 2. Sequence alignment results for AChE and Cyt c. (A) Multiple sequence alignment for AChE of different species. (B) Sequence alignment result between homo sapiens
Cyt c and Eguus caballus Cyt c. These alignments were generated using ClustalW2 program with the conserved residues indicated with asterisks (*). Subsite and key residues
are highlighted with different colors; PAS is highlighted with yellow color, OL with orange, OH with blue, AS with green, CT with magenta, ABP with violet, and CXXCH motif
is in brown color. The loop region sequences are indicated by bidirectional arrow. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article.)
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ig. 3. Docked conformations of Fas-II and hCyt c. (A) The best Fas-II placement (ligh
range). (B) Among the hCyt c solutions (grey) docked to the hAChE (orange), the s
o color in this figure legend, the reader is referred to the web version of the article

160 × 160 × 160 × 54,000) for the two proteins. Long-range and
hort-range interactions can be examined, because the DOT 2.0
rogram can perform a complete search.

.3. Molecular dynamics simulation

Molecular dynamics (MD) simulation is needed to provide flex-
bility and refinement to the docked protein complex because the
OT program uses rigid molecules for its calculation. Two MD sim-
lations were carried out using the GROMACS program (version
.3.1) [34,35] with GROMOS96 force field for Apo and Holo systems.
he initial structures were inserted to an orthorhombic water box
1 nm thickness). The systems were neutralized by the addition of
Cl− counterions for Apo system and 1 Na+ for Holo system. Long

ange electrostatics was deal by the particle mesh Ewald (PME)
ethod [36]. The proteins alone consists of 6411 atoms and the

ntire system is made up of 65,114 atoms containing 19,568 water
olecules. The steepest descent energy minimization was per-

ormed to remove possible bad contacts from the initial structures
ntil energy convergence reached 2000 kJ/(mol nm). The systems
ere subject to equilibration at 300 K and normal pressure con-

tant (1 bar) for 100 ps under the conditions of position restraints

or heavy atoms and LINCS constraints for all bonds. For two sys-
ems considered for study, we carried out 10 ns production run
nder periodic boundary conditions with NPT ensemble. Cutoff dis-
ances for the calculation of the electrostatic and Lennard–Jones

ig. 4. Comparison of the selected conformation with the crystal structure. (A) The selecte
omplex were superimposed to show the similarity of predicted interface region for hCyt
ox is zoomed in (B) and (C), separately. (B) The crystal structure of the complex between
omplex between hAChE (orange) and hCyt c (green). The interacting loops were labelled
o color in this figure legend, the reader is referred to the web version of the article.)
w) is selected from the top-ranked DOT solutions (grey) docked to the hAChE (light
d structure is represented in light green color. (For interpretation of the references

interaction were 0.9 and 1.4 nm, respectively. The time step of the
simulation was set to 2 fs, and the coordinates were saved for anal-
ysis every 1 ps. All the analyses of MD simulations were carried out
using GROMACS package.

2.4. Analysis of protein–protein interaction

The ESP surfaces for the docked protein complexes were calcu-
lated using APBS and visualized in PyMOL [37] and the ESP surface
for the contours from −1 kT/e (red) to +1 kT/e (blue) were visu-
alized and the dielectric constants of 80 and 2 were used for the
solvent and the protein, respectively. PROTORP program [33] was
employed to analyze the properties of interface between hAChE and
hCyt c. This program is a protein–protein interface analysis server
and a tool for analyzing the properties of interfaces in the 3D struc-
tures of protein–protein associations. DS2.5 package was utilized
to find out key residues for hydrogen bonding within 2.5 Å and to
detect cation-� interaction among two proteins.

3. Results and discussion

3.1. Structural and sequence analyses for hAChE and hCyt c
The hAChE (PDB ID: 1B41, 5-543 residues) and hCyt c (PDB
ID: 1J3S, 1–104 residues) crystal structures were used to per-
form protein–protein docking simulation. The entire sequence of

d conformation of hAChE/hCyt c complex and the crystal structure of hAChE/Fas-II
c with original Fas-II binding site on hAChE. The interface region highlighted by the
hAChE (light orange) and Fas-II (light yellow). (C) The selected conformation of the
to compare the both binding conformations. (For interpretation of the references



1000 S. Kim et al. / Journal of Molecular Graphics and Modelling 29 (2011) 996–1005

Fig. 5. Electrostatic potential (ESP) surfaces of the hCyt c with the hAChE. The docked hAChE/hCyt c complex structure (left) was represented as ESP surface. The hCyt c
(upper) and the hAChE (lower) structures are successively rotated by 45 degrees for clarity. The surface model shows the charge-based surface interaction between the
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roteins hCyt c and the hAChE, representing the positive (blue) and negative (red)
ositively charged surface of the hCyt c interacts with the negatively charged surf
eader is referred to the web version of the article.)

AChE consists of 614 amino acid residues, but the crystal structure
ontains 531 residues (Asp5-Thr543) excluding N-terminal signal
eptide and C-terminal domain residues.

Before proceeding to the main protein–protein docking simula-
ion, structural superimposition and multiple sequence alignment
ere employed to give some introductions for the both structures.

he superimposition among AChE structures was carried out to
xamine the similarity of the AChE structures with four different
pecies such as homo sapiens, Mus musculus, Torpedo californica,
nd Drosophila melanogaster. From the structural analysis, simi-
ar conformation patterns were identified (Fig. 1C). In addition,
he multiple sequence alignment of AChE proteins was also per-
ormed with the species. Although the lower conservation of total
equence was observed with 30.1% identity and 52.6% similarity,
ctive site residues of AChE were highly conserved in these species
Fig. 2A). The AChE sequence comparison between homo sapiens

nd Mus musculus has revealed that they were close to each other
ith 83.3% and 95.9% of sequence identity and similarity, respec-

ively. Additionally, the sequence alignment between hCyt c and
guus caballus Cyt c was carried out and it showed 87.6% identity

ig. 6. Stability of the complex structure for hAChE/hCyt c complex in Apo (hight green
omplex. (B) The RMSD of heme (yellow) in Holo system. (C) Total number of H-bonds be
egend, the reader is referred to the web version of the article.)
s. Both the normal view (left side) and 90◦-rotated view (right side) show that the
the hAChE. (For interpretation of the references to color in this figure legend, the

and 92.4% similarity (Fig. 2B). The Cyt c consists of 104 amino acid
residues including six �-turns and five �-helices. The three con-
served helices core which is forming a basket around the heme
group [38,39]. Here, the four flexible regions of Cyt c called loop-1
(21–35 residues), loop-2 (36–59 residues), loop-3 (70–85 residues),
and C-terminal helix regions are denoted based on Singh et al. [40].
The 3D structure has CXXCH motif (Cys14, Cys17, and His18) to
bind with heme group and Met80 residue is important to interact
with Fe in heme (Fe· · ·S) (Fig. 1D) [41].

3.2. Prediction of complex structure of hAChE/hCyt c

To investigate the reasonable interaction between hAChE and
hCyt c, protein–protein docking studies were carried out using DOT
2.0 macro-molecular docking program. To validate our docking pro-
tocol whether the DOT program and considered energy terms are

reliable to use for this protein, we performed the macro-molecular
docking between hAChE and Fas-II in reported crystal structure
(PDB ID: 1B41). The docked conformation of hAChE/Fas-II complex
was compared with the previous crystal structure of hAChE/Fas-

) and Holo (dark green) systems. (A) The backbone RMSD of overall hAChE/hCyt c
tween hAChE and hCyt c. (For interpretation of the references to color in this figure
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Fig. 7. Effect of heme on structural changes. The RMSFs for each protein with respect to residues in the Apo (light green) and Holo (dark green) systems. (A) The RMSFs of
h m 10
c ox sh
r the a
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AChE and (B) hCyt c of both systems. (C) The representative structures obtained fro
by heme group. The detailed view (right side) of the loop-2 region highlighted by b

eferences to color in this figure legend, the reader is referred to the web version of

I complex. The binding pattern of the docked conformation was

imilar to the crystal structure conformation (Fig. 3). The result
f the docking simulation showed that the docking protocol was
easonable in investigating the binding conformation accurately.

ig. 8. Comparison of hydrogen bonding residues. The representative structures of Apo (A
he panels (A) and (C), respectively, with the hydrogen bonding residues between hAChE
s stick model.
ns MD simulations were superimposed to investigate the structural change of hCyt
owed that the two �-sheets were formed in Holo system. (For interpretation of the
rticle.)

Subsequently, protein–protein docking simulation between

hAChE and hCyt c was executed considering prior protein as sta-
tionary molecule and the later one as moving molecule. Among
the DOT solutions, the best 2000 structures were reevaluated with

) and Holo (C) systems are shown in cartoon. (B) and (D) show the detailed view of
and hCyt c. The heme (magenta) and hydrogen bonding residues are represented
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Table 1
Hydrogen bond and � interaction comparison between hAChE and hCyt c.

Systems Hydrogen bond interacting residues
(hAChE–hCyt c)

Distance (Å) Cation-� interacting residues
(hAChE–hCyt c)

Distance (Å)

Apo ASP74:O TYR46:HH 1.65 TYR341 LYS79:NZ 3.86
ASP74:OD2 LYS79:HZ3 2.31
ASP74:OD1 LYS79:HZ3 2.00
THR75:O GLY29:H 2.37
THR75:OG1 LYS79:H 2.21
THR75:OG1 MET80:H 2.14
LEU76:O ILE81:H 2.07
PRO78:O CYS17:HG 1.85
GLY79:H THR28:O 1.98
THR83:HG1 THR28:OG1 2.07
ASN89:O HIS26:HE2 2.20
HIS287:HE2 ALA51:O 2.16
GLN291:OE1 GLY77:H 2.10
GLN291:OE1 THR78:H 1.96
GLN291:HE22 THR78:O 2.14

Holo TYR70:OH TYR46:H 2.50 TRP286 LYS79:NZ 4.81
5.22GLN71:O SER47:HG 1.77

ASP74:O HIS26:HE2 2.00
ASP74:OD2 LYS79:HZ2 2.49
THR75:OG1 LYS79:HZ3 2.40
THR75:O LYS79:HZ1 2.37
GLU84:OE2 LYS25:H 1.98
ASN89:O LYS27:HZ3 2.14
ASP131:OD2 LYS25:HZ1 2.43
GLN279:HE22 TYR48:O 2.48
GLN279:OE1 TYR48:H 2.37
ASN283:HD22 TYR48:O 1.96
HIS284:NE2 ASN54:HD22 2.07
HIS287:NE2 LYS55:HZ3 2.30
GLN291:HE21 LYS72:O 2.19
GLN291:HE22 ILE75:O 2.09
GLN291:HE21 THR78:O 2.11
GLU292:OE1 LYS72:HZ1 2.21
GLY342:O LYS72:HZ2 2.41
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CE (pairwise atomic contact energy) score. The ACE is the free
nergy necessary to replace two residue–water contacts by the
orresponding residue–residue and water–water contacts [42]. The
ost of results were located in similar position, and the best place-
ent was selected by the energy scores including electrostatic,

an der waals, and ACE (Fig. 3B). The selected hAChE/hCyt c com-
lex structure was compared with crystal structure of hAChE/Fas-II
omplex. The both complexes were superimposed by the hAChE
rotein and then the interaction region of hCyt c was compared
ith that of Fas-II. Interestingly, the result showed that hCyt c was

ound to the equivalent binding region of Fas-II (Fig. 4). Generally,
everal studies reported that Fas-II binds to PAS on AChE [43–45]
Fig. 4B). Based on these results, we can be concluded that hCyt
binds to PAS of the hAChE (Fig. 1A and C). From the compar-

son of interacting loops between Fas-II and Cyt c, each loop of
as-II has similar binding pattern with that of Cyt c. As both dock-
ng structures were placed at same position, similar interacting
esidues of AChE were observed in the two binding conforma-
ions. Electrostatic potential (ESP) surfaces of docked hAChE/hCyt
complex were examined to check the reliability of the selected

tructure. The differences in the ESP surfaces of the hAChE and hCyt
are clearly described by 45 degrees rotations, opposite direction
f each protein (Fig. 5). The ESP analysis was disclosed that the
AChE is distributed with negative charge, while hCyt c displays
ositive charge in the interacting region. Moreover, the exposed

art of hCyt c was properly fitted into the deep cleft of hAChE.
inally, the reasonable structure complex of hAChE/hCyt c was
btained, and the complex conformation was used for MD simu-
ation.
3.3. Stability of the complex structure in each system with and
without heme

MD simulations were carried out (i) to refine the docked com-
plex structure because the DOT program uses rigid molecules for
its calculation and (ii) to observe the differences of the binding
conformations by comparing between systems with and without
heme. The Cyt c containing heme can trigger Apaf-1 dependent
caspase activation by binding to Apaf-1, but apo Cyt c inhibits
caspases by preventing apoptosome formation [46]. While the evi-
dence of interaction between Apaf-1 and Cyt c has been reported,
there is no information for interaction of AChE with Cyt c includ-
ing heme group or not. Hence, two 10 ns MD simulations for
the complex of hAChE/hCyt c were performed with and without
heme group in hCyt c, which are named as Apo and Holo systems,
respectively.

To confirm the stability of the simulations, backbone root mean
square deviations (RMSD) and number of hydrogen bonds between
hAChE and hCyt c were analyzed during 10 ns simulation time. The
Apo system gradually increased up to 0.4 nm and then achieved sta-
bility after approximately 7900 ps, but Holo system has reached the
stability after about 3900 ps. Although the fluctuation of Holo was
higher than Apo system, the RMSD of Holo was maintained about
0.37 nm until 10 ns (Fig. 6A). From the RMSD analysis for heme in
the Holo system, we observed that heme was constantly stable after

around 5000 ps (Fig. 6B). Moreover, H-bonds analysis showed that
Holo system has more H-bonds than Apo after 6500 ps (Fig. 6C).
These results showed that structural stability of the both com-
plexes was well converged in similar level. Moreover, the results
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Fig. 9. Cation-� interaction between hAChE and hCyt c in the two systems. (A) The
distance between key residues which were contributed to cation-� interaction in
both systems (light green for Apo and dark green for Holo system). The interaction
of the key residues in the Apo (B) and Holo (C) systems. The cation-� interaction
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Table 2
Protein–protein interaction comparison between AChE and Cyt c.

System No. of H-bond
interaction

No. of cation-�
interaction

Interface accessible
surface area (Å2)
ndicated by the red line and � and + are marked for pi and cation, respectively. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

uggest that our MD simulation is dependable to reproduce the
verall conformational dynamics.

.4. Comparison of structural behaviours and flexibilities
etween the two systems

To observe the differences of structural behaviours and flexi-
ilities in the proteins of two systems, representative structures
nd root mean square fluctuation (RMSF) graphs for each system
ere analyzed and compared (Fig. 7). The representative structures

f hAChE/hCyt c complex were selected by considering the closest
napshot with average structure during last 2 ns (from 8000 ps to
0,000 ps). The selected snapshots (9344 ps snapshot for Apo and
226 ps snapshot for Holo) were utilized to analyze all qualitative
ata in this study.

The hAChE was not detected with any noticeable aspect of
onformational change (Fig. 7A) whereas hCyt c has displayed con-
picuous structural change, especially in loop-2 (Fig. 7B). The two
-sheets (38–41 residues for first �-sheet and 57–60 for second
-sheet) were formed in loop-2 region of hCyt c in Holo system
Figs. 1D and 7C). From the RMSF analysis for the loop, although
he loop-2 is highly flexible in Apo system, the low flexibility of
he loop-2 in Holo system was induced by the forming of �-sheets
Fig. 7B and C). The hCyt c has CxxCH (Cys14, Cys17, and His18)
Apo 15 1 1219.43
Holo 19 2 1263.52

motif which is known as heme binding sites. The interaction of
these three residues with the heme group was investigated from
the representative structure and the Met80 has also formed Fe· · ·S
bond with heme iron. The RMSF analysis showed that the motif
region of Holo system has lower flexibility than Apo system by the
presence of heme group. These interactions affected the rigidity of
the motif region in Holo system.

According to the other MD simulation studies for eukaryotic
holo Cyt c, the entire structure of the Cyt c has shown the high flex-
ibility and low stability [40,47,48]. However, our results showed
an opposite trend, this difference was caused by the presence of
hAChE interacting with the flexible loops in hCyt c.

3.5. Interacting residues between hAChE and hCyt c proteins in
the two systems

To investigate interacting residues between two proteins hAChE
and hCyt c, structural analyses were carried out using DS2.5 to
detect hydrogen bonding residues (Fig. 8). From the H-bond analy-
sis, residues at the interface region residues (Asp74, Thr75, Leu76,
Pro78, Gly79, Thr83, Asn89, His287, and Gln291) of hAChE were
observed to interact by hydrogen bonding with following residues
of hCyt c in Apo system: Cys17, His26, Thr28, Gly29, Tyr46, Ala51,
Gly77, Thr78, Lys79, Met80, and Ile81 (Table 1, Fig. 8A and B). In
Holo system, Tyr70, Gln71, Asp74, Thr75, Glu84, Asn89, Asp131,
Gln279, Asn283, His284, His287, Gln291, Glu292, and Gly342 of
hAChE interact with Lys25, His26, Lys27, Tyr46, Ser47, Tyr48,
Asn54, Lys55, Lys72, Ile75, Thr78, and Lys79 of hCyt c through
hydrogen bonding interaction (Table 1, Fig. 8C and D). Whereas the
Thr75 and Pro78 residues of hAChE in the Apo system have formed
H-bonds with Met80 and Cys17 of hCyt c, respectively, these inter-
actions in the Holo system were not observed because Met80 and
Cys17 residues were found to be involved in heme binding. This dif-
ference between Apo and Holo systems is induced by the presence
or absence of heme group in the hCyt c.

3.6. Cation-� interactions between hAChE and hCyt c proteins in
the two systems

Using Pi Interactions options in DS2.5, cation-� interactions
between hAChE and hCyt c were identified (Fig. 9). The cation-�
interaction is a strong, general, and noncovalent binding interac-
tion. These interactions are possible to occur between aromatic
amino acid such as phenylalanine, tyrosine, and tryptophan as the
� component and lysine or alanine as the cation [49,50]. Several
studies have showed that cation-� interaction plays an important
role in the stability of protein structures [51–53] and the interac-
tion is considered as an significant contributor to protein–protein
interfaces [54].

The stronger cation-� interaction was observed in Holo system
than the Apo system, with maintaining stable distance between 0.7
and 0.9 nm for Holo and Apo systems, respectively (Fig. 9A). The
cation-� interaction between Tyr341 residue of AChE and Lys79
residue of Cyt c was observed in Apo system (Fig. 9B, Table 1). To

the contrary, the two cation-� interactions were observed in Holo
system, and the aromatic residue which is contributed to the inter-
action as � component was Trp instead of Tyr residue. The Trp286
residue of hAChE participated in cation-� interaction with Lys79
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esidue of hCyt c (Fig. 9C, Table 1). Consequently, the two aromatic
mino acids of hAChE, namely, Tyr341 and Trp286 are considered
s important residues for protein–protein interaction. Especially,
he Lys79 of hCyt c also might be one of the key residues to the
nteraction.

The interface interactions of the Holo system including H-bonds
nd cation-� as well as interface accessible surface area (1219.43 Å
or Apo and 1263.52 Å for Holo) are stronger and larger than those
f the Apo system (Table 2). These results suggested that overall
nteraction between hCyt c and hAChE of Holo system is stronger
han that of Apo system.

. Conclusions

The ultimate aim of this study was to predict the binding confor-
ation between hAChE and hCyt c. The macro-molecular docking

nd MD simulations were successfully performed to investigate
he reasonable binding conformation. The best docked conforma-
ion was selected by the energy scores including electrostatic, van
er waals, and ACE and then evaluated by structural comparison
nd ESP calculation. The final docked conformation showed that
he hCyt c was bound to PAS of hAChE. From the two 10 ns MD
imulations with and without heme group, we observed that both
ystems have similar binding pattern, but several differences were
lso observed. In the RMSF analysis, although the loop-2 is highly
exible in Apo system, the low flexibility of the loop-2 in Holo
ystem was induced by the forming of �-sheets. The CxxCH motif
egion of Holo system has lower flexibility than Apo system by the
resence of heme group. The H-bond and cation-� interactions and

nterface accessible surface area of Holo system were stronger and
arger than those of the Apo system. Therefore, this study demon-
trated that interaction between hCyt c and hAChE of Holo system
as more stable than that of Apo system. The key hydrogen bond-

ng residues between hAChE and hCyt c proteins were observed in
ach system. Moreover, Tyr341 and Trp286 of hAChE were found to
ave cation-� interaction with Lys79 of hCyt c. In conclusion, our
tudy provides detailed binding modes for both systems with key
nteracting residues at interface region between hAChE and hCyt c.
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