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involved in interactions with Aβ1–42 peptide. Hence, the 
present study might be useful to understand structural sig-
nificance of membrane-bound dimeric hECE-1 to design 
therapies against Alzheimer’s disease.
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Introduction

Human endothelin converting enzyme-1 (hECE-1) is a type 
II integral membrane protein expressed by endothelial cells 
of aorta, lungs, ovary and testis (Ahn et al. 1992; Takahashi 
et  al. 1993; Ohnaka et  al. 1993; Takahashi et  al. 1995). 
The hECE-1 has four isoforms (ECE-1a–d) derived from 
same gene and shows more activity at neutral pH (Sch-
weizer et  al. 1997; Valdenaire et  al. 1999b; Hans-Dieter 
et al. 1997). These four human ECE-1 isoforms, termed as 
ECE-1a (758 residues), ECE-1b (770 residues), ECE-1c 
(754 residues) and ECE-1d (767 residues), resemble simi-
lar catalytic properties but distinct subcellular localization 
and tissue distribution (Schweizer et  al. 1997; Valdenaire 
et al. 1999a). The Cysteine 412 and 428 contribute to form 
dimeric structure of ECE-1 in rat and human, respectively 
(Shimada et al. 1996; Schulz et al. 2009).

ECE-1 is a key enzyme involved in biosynthesis path-
way of endothelins (Xu et  al. 1994). Endothelin (ET) is 
the most powerful vasoconstrictor produced by vascular 
endothelial cells by action of endothelin converting enzyme 
(Yanagisawa et al. 1988; Inoue et al. 1989). The inhibition 
of endothelin converting enzyme is an intuitive approach 
to reduce elevated plasma ET-1 concentration associated 
with cardiovascular diseases (Krum et al. 1998; Kedzeirski 
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et al. 2001; Kirkby et al. 2008). The cell-based and in vitro 
assays demonstrate that hECE-1 has been implicated in the 
Aβ peptide degradation (Eckman et al. 2001). The involve-
ment of hECE-1 has also been shown to degrade Aβ pep-
tides at physiological conditions and hence, considered as 
a therapeutic target in Alzheimer’s disease (Eckman et al. 
2005; Miners et al. 2011; Eckman et al. 2001; Barage and 
Sonawane 2014; Barage et  al. 2014). Besides this, it has 
also been found that ECE-1 isoforms (ECE-1a and ECE-
1c) provide an evidence for non-catalytic roles in promot-
ing and suppressing prostate cancer cell invasion, mediated 
through their unique N-terminal regions (Lambert et  al. 
2008). Thus, ECE-1 is also a relevant target for anti-inva-
sive therapy in prostate and other cancers (Lambert et  al. 
2008).

The hECE-1 is composed of three domains including 
short N-terminal cytoplasmic domain, followed by a single 
transmembrane helix, and larger C-terminal extracellular 
domain containing active site residues. The four isoforms 
differ only in the cytoplasmic and transmembrane domain 
whereas extracellular C-terminal domains are identical 
(Xu et  al. 1994; Turner and Tanzawa 1997). The crystal 
structure of the extracellular domain (residues 100–770) 
of hECE-1 complexed with phosphoramidon has been 
solved using X-ray crystallography at 2.38  Å resolution 
(Schulz et al. 2009). The monomeric C412S mutant of rat 
ECE-1 (C428S in human) has been shown to have much 
lower affinity for substrate and inhibitor as compared to 
the wild-type ECE-1 dimer (Shimada et al. 1996). Moreo-
ver, monomeric ECE-1 has much lower efficiency for the 
cleavage of big ET-1 as well as minimal activity against 
small substrates like Leu-enkephalin (Johnson et al. 1999). 
Because of the difficulties encountered in the crystalliza-
tion of membrane proteins, homology modeling is being 
served as a valuable technique to generate reliable 3D 
models (Hillisch et al. 2004; Tseng et al. 2007; Cavasotto 
and Phatak 2009). Therefore, understanding of extracellu-
lar substrate activities of hECE-1 remains a challenge due 
to the lack of appropriate structural information. All these 
studies highlight that structural information of this enzyme 
will be essential to understand the mechanism of action and 
to guide hECE-1-based therapies in the treatment of Alz-
heimer’s disease. But three-dimensional structural arrange-
ment of membrane-bound disulfide-linked hECE-1 dimer 
has not been solved at atomic level.

Hence, we built homology model of 10 missing resi-
dues and transmembrane helices of hECE-1 to understand 
the differences in catalytic rates of monomeric and dimeric 
enzymes. Subsequently, MD simulation of hECE-1 dimer 
embedded in lipid bilayer was performed to understand its 
flexibility and dynamic behavior. Detailed analysis of sec-
ondary structural elements revealed that dynamic confor-
mational changes are found around the active site residues 

and on the surface of hECE-1 dimer. Such conformational 
changes at hECE-1 surface are beneficial to the entrance/
exit of substrate/product. Furthermore, the molecular dock-
ing of Aβ1–42 followed by MD simulation was carried out to 
investigate binding modes of Aβ1–42 peptide and key resi-
dues of hECE-1 implicated in the stabilization of enzyme 
substrate complex. These results support that substrate/
product could enter or exit from the observed cavity mouths 
at the surface of hECE-1. The present study might be use-
ful to clarify the differences in catalytic rates of monomeric 
and dimeric forms as well as restricted substrate specificity 
of hECE-1.

Materials and methods

Homology modeling of hECE‑1

The crystal structure of hECE-1 complexed with inhibi-
tor phosphoramidon was used as a starting structure (PDB 
ID: 3DWB). It represents an extracellular domain (resi-
dues 100–770) of monomeric hECE-1 mutant C428S with 
10 missing residues (422YGTKKTCLPR431) (Schulz et  al. 
2009). These residues are involved in the dimerization pro-
cess (Schulz et al. 2009; Shimada et al. 1996). The hECE-1 
crystal structure is patched with these missing residues as 
per previous modeling criteria (Tseng et  al. 2007; Barage 
and Sonawane 2014). Subsequently, model of N-terminal 
domain with single transmembrane helix was built using 
homology modeling technique. The complete amino acid 
sequence of N-terminal domain with transmembrane helix 
of hECE-1 consisting of 100 residues was retrieved from 
UniProt protein sequence database (UniProt entry P42892). 
The secondary structure prediction programs like SOPMA 
(Geourjon and Deleage 1995) and GOR (Garnier et  al. 
1996) were used to obtain structural pattern of the pro-
tein sequence in terms of helix, sheets and coils. Along 
with this, the transmembrane prediction servers such as 
TMHMM (Krogh et  al. 2001) and PredictProtein (Rost 
et  al. 2004) have been applied to identify the location of 
transmembrane helix, intracellular loops (ICLs), and extra-
cellular loops (ECLs) of whole hECE-1.

The sequence of N-terminal domain with transmem-
brane helix (100 residues) has been used to search suitable 
template against structural database (PDB) with the help 
of NCBI’s PSI-BLAST programme (Altschul et al. 1997). 
The default search algorithm parameters of PSI-BLAST 
were changed to obtain relevant template for N-terminal 
domain modeling. The crystal structure of S. cerevisiae 
Exo70 (PDB: 2PFV.pdb; Moore et  al. 2007) was used as 
a template to construct models of transmembrane region 
of hECE-1. Using information of primary and secondary 
structures, the final alignment between target and template 



545Molecular modeling study of hECE-1 dimer and Aβ1–42 peptide

1 3

was edited manually using BioEdit (version 7.0.9.0) (Hall 
1999) to retain high equivalence of conserved regions. 
Then three-dimensional model of N-terminal domain 
with transmembrane helix was generated using MODEL-
LER 9v7 (Sali and Blundell 1993; Khemili et  al. 2012). 
Similarly, for comparison we have also built  a homology 
model of N-terminal domain with transmembrane helix 
using MUSTER (MUlti-Source ThreadER) program (Wu 
and Zhang 2008). The stereochemical quality assessment 
methods such as PROCHECK (Laskowski et al. 1993) and 
ProSA-web (Z-scores) (Wiederstein and Sippl 2007) were 
used to check the reliability of generated model. Structural 
comparison has also been made between template and gen-
erated model of N-terminal domain structure using PDBe-
FOLD programme (Krissinel and Henrick 2004). The gen-
erated model of N-terminal domain with transmembrane 
helix has been connected to whole hECE-1 crystal struc-
ture using UCSF chimera (Pettersen et al. 2004). All bond 
length, bond angle and dihedral angle values were set to its 
proper position to construct a whole hECE-1 model. Mode-
ling criteria were maintained similarly as used in the earlier 
studies (Tseng et al. 2007; Barage and Sonawane 2014).

Membrane‑bound hECE‑1 dimer preparation

The generated monomer of hECE-1b is composed of N-ter-
minal cytoplasmic domain, followed by a single transmem-
brane helix and C-terminal extracellular domain contains 
active site residues (Schulz et  al. 2009; Bur et  al. 2001). 
A copy of hECE-1b monomer was made and manually 
translated and rotated in such a way that the two bridging 
residues cysteines 428 of each hECE-1b monomer come 
closer to minimal distance to form disulfide bond without 
forming repulsive interactions with other parts of enzyme 
(Bur et al. 2001). The make bond option was used to gener-
ate disulfide bond between cysteine 428 of two monomers 
using UCSF chimera (Pettersen et al. 2004). The generated 
hECE-1 dimer was subjected to energy minimization using 
GROMACS 4.5.5 program (Pronk et  al. 2013) to remove 
strain energy. The hECE-1 dimer is then oriented in such 
a way that transmembrane helix is aligned with non-polar 
lipid tails using GROMACS tool editconf by applying 
translation and rotational vectors only to the protein (Wal-
lin et  al. 1997; Pronk et  al. 2013). The previously equili-
brated palmitoyloleoylphosphatidylethanolamine (POPE) 
lipid bilayer and lipid parameters were obtained from P. 
Tieleman’s site at http://moose.bio.ucalgary.ca (Tieleman 
and Berendsen 1998). The transmembrane helix of hECE-1 
dimer was inserted into the lipid bilayer, while C-terminal 
domain exposed outside of bilayer using the InflateGro 
program (Kandt et  al. 2007; Faraldo-Gomez et  al. 2002). 
Each compression step was followed by energy minimiza-
tion with steepest descent method to relax lipid molecules 

by keeping protein restrained. The overlapping lipid mol-
ecules are removed on the basis of simple distance cutoff 
between the TM helix and lipid molecule as per previ-
ous computational studies (Henin et al. 2005; Kandt et al. 
2007). Finally, hECE-1 dimer embedded in lipid bilayer 
consists of 334 lipid molecules.

Molecular dynamics simulation of hECE‑1 dimer 
with lipid bilayer

The MD simulation study of the hECE-1 dimer embedded 
in a POPE lipid bilayer was performed using GROMACS 
4.5.5 program with force field parameters employed in pre-
vious studies (Poger et  al. 2010; Poger and Mark 2010). 
The partial atomic charge on zinc ion and coordinating 
atoms was assigned as per previous computational studies 
(Pelmenschikov et al. 2002; Grossman et al. 2011; Barage 
and Sonawane 2014). The entire system was then solvated 
with simple point charge (SPC) water model and neutral-
ized with Na+ counter ions. The solvated structure was 
then minimized by steepest descent energy minimization 
method. The energy minimization was followed by 500 ps 
equilibration in the NVT ensemble with position restraints 
applied to protein. Subsequently, system was equili-
brated for 2 ns using NPT ensemble. The final production 
run was performed up to 50 ns at 310 K temperature and 
1 bar pressure under isothermal–isobaric (NPT) ensemble. 
Nosé–Hoover temperature (which is used widely for mem-
brane NPT simulations) and Parrinello–Rahman pressure 
coupling methods were used to maintain temperature and 
pressure values. The protein, lipids and water including 
ions were coupled separately to a temperature bath with a 
coupling constant of τt =  0.1  ps. Semi-isotropic pressure 
coupling was set with τp =  1  ps, allowing the bilayer to 
deform in the x–y plane independently of the z-axis. Since 
the interfacial system like membrane–water system has a 
tendency to move laterally, the motion of the bilayer center-
of-mass (COM) and solvent COM was reset separately so 
that the overall COM for the system is unchanged as the 
phases may drift in opposite directions. A time step of 2 fs 
was used throughout with periodic boundary conditions. 
The LINCS algorithm (Hess 2008) was used to constrain 
bond length to maintain the geometry of molecule and van 
der Waals interactions were evaluated using 1.2 nm cutoff 
distance. The long range electrostatic interactions were cal-
culated using PME algorithm (Essmann et  al. 1995). All 
simulations were performed on IBM Blade server HS22 
having 64 Intel Xeon 2.53 GHz Hexa Core processors. The 
areas and volumes of pockets located on the protein sur-
face as well as the void buried in the protein interior were 
calculated using an alpha shape-based pocket method from 
CASTp server (Dundas et al. 2006). The CAVER 3.0 tool 
was employed to delineate the shape of the main tunnel 

http://moose.bio.ucalgary.ca
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and the slot connecting the active site with the bulk sol-
vent (Chovancova et al. 2012). The trajectory was analyzed 
using VMD software (Humphrey et  al. 1996). Simulation 
images were generated using chimera (Pettersen et  al. 
2004) and PyMOL (http://pymol.sourceforge.net/).

Molecular docking of hECE‑1 dimer and Aβ1–42 peptide

Molecular docking has been performed between final 
MD simulated structure of hECE-1 dimer and amyloid 
beta (Aβ1–42) peptide. The Kollman united atom charges 
were assigned to receptor hECE-1 atoms similar to our 
earlier studies (Barage and Sonawane 2014; Barage et al. 
2014; Dhanavade et  al. 2013; Jalkute et  al. 2013). The 
active site amino acid residues, zinc ion interacting resi-
due charges and protonation states were assigned prop-
erly as per earlier studies (Hu and Shelver 2003; Irwin 
et  al. 2005). The zinc parameters such as radius, well 
depth and charges were given as per earlier report (Hu 
and Shelver 2003; Irwin et al. 2005). Three-dimensional 
structure of Aβ1–42 peptide (PDB: 1IYT.pdb) was used 
as a ligand molecule and then minimized by steepest 
descent method to remove steric clashes from the ini-
tial structure similar to earlier study (Crescenzi et  al. 
2002; Dhanavade and Sonawane 2014). The minimized 
structure of Aβ peptide was docked with hECE-1 using 
AutoDock 4.2 (Morris et  al. 2009). Lamarckian genetic 
algorithm (LGA) has been used in this study. The grid 
map was set to 82 ×  82 ×  82 points with a grid spac-
ing of 0.25 Å centered on the substrate binding channel 
of hECE-1 composed of S1, S1′ and S2′ subsites and 
zinc binding site (Morris et  al. 2009; Barage and Son-
awane, 2014; Papakyriakou et  al. 2007). The grid box 
contains the entire binding site of the hECE-1 and pro-
vides enough space to Aβ peptide for translation and 
rotation. Step size of 0.25  Å for translation and 5° for 
rotation was chosen and a maximum number of energy 
evaluations were set to 2.5 ×  106. Thus, 100 runs were 
carried out. For 100 independent runs, a maximum num-
ber of 27,000 GA operations were generated on a single 
population of 100 individuals. The generated docked 
conformations were ranked by predicted binding energy. 
The best docked conformation was selected based on dif-
ferent citeria including orientation of Aβ peptide and its 
residue side chain properly accomodated in the active 
site of hECE-1. The selected complex of hECE-1 and 
Aβ1–42 peptide was subjected to 5 ns MD simulation with 
similar methodology as described in the previous section. 
Similarly, we have also docked other Aβ1–40 peptide con-
formation extracted from 1AML.pdb (Sticht et al. 1995) 
and 1BA4.pdb (Coles et  al. 1998) with hECE-1 dimer. 
However, these docked complexes show highest binding 
energies and were not considered for MD simulation.

Binding free energy calculations of hECE‑1 and Aβ1–42 
peptide complex

The Molecular Mechanics/Poisson–Boltzmann Surface 
Area (MM/PBSA) method was used to calculate binding 
free energies of macromolecules as described previously 
(Hou et al. 2011; Spiliotopoulos et al. 2012). For this pur-
pose, 25 snapshots of complex (hECE-1 and Aβ1–42) were 
chosen evenly from 0 to 5 ns MD trajectories as per ear-
lier report (Hou et  al. 2011; Genheden and Ryde, 2010). 
The same snapshot has been used to calculate different 
energetic parameters using MM/PBSA method (Vorontsov 
and Miyashita 2011; Hou et al. 2011; Genheden and Ryde 
2010). The binding interaction of each receptor (hECE-1) 
and ligand (Aβ1–42) residue pairs was calculated in three 
terms such as van der Waals contribution (ΔEvdw), elec-
trostatic contribution (ΔEele), and solvation contribution 
(ΔEsol).

Results and discussion

Homology modeling of hECE‑1

The monomer of hECE-1b is composed of N-terminal cyto-
plasmic domain (1–50), followed by a single transmem-
brane helix (69–91) and C-terminal extracellular domain 
(100–770) contains active site residues as depicted in Table 
S1. Secondary structural analysis of residues was present in 
N-terminal domain with transmembrane helix of hECE-1b 
sequence (UniProt entry P42892) performed using SOPMA 
(Geourjon and Deleage 1995). This analysis revealed that 
47, 8, 7 and 38 % amino acid residues are present in heli-
ces, extended strands, turns and random coils respectively, 
while GOR (Garnier et  al. 1996) program shows that 53, 
8 and 39  % amino acid residues are present in helices, 
strands and random coils respectively (Fig. S1). The overall 
secondary structure analysis showed that hECE-1 exhib-
its structural conservation of single transmembrane helix 
which plays an important role in the attachment of extra-
cellular domain to the membrane as explained earlier (Xu 
et al. 1994; Shimada et al. 1996).

The homology modeling of membrane protein is quite 
difficult because of the lack of experimentally determined 
structures and the low sequence similarity with available 
structure (Hillisch et al. 2004). PSI-BLAST (Altschul et al. 
1997) programme has been employed to obtain distant 
homolog of membrane part. The crystal structure of S. cere-
visiae Exo70 (PDB: 2PFV.pdb) (Moore et al. 2007) showed 
31 % similarity with 100 residues of transmembrane helix 
region of hECE-1b. A prerequisite for homology modeling 
is an accurate sequence alignment between target and tem-
plate. Therefore, the final alignment between hECE-1 and 

http://pymol.sourceforge.net/
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2PFV.pdb was edited using BioEdit (Hall 1999). Based 
on final alignment (Fig. 1) 50 models were generated with 
MODELLER 9v7 standard parameters (Sali and Blundell 
1993; Khemili et  al. 2012). All generated models were 
energy minimized to remove strain energy. Among them, 
the single model was selected on the basis of GA341 and 
Discrete Optimized Protein Energy (DOPE) scoring func-
tions available with MODELLER (Shen and Sali 2006).

The PROCHECK analysis of the hECE-1 model gener-
ated by MODELLER (Fig S2) showed all residues in the 
allowed region as represented in Ramachandran plot (Fig. 
S2). Similarly, PROCHECK analysis of MUSTER model 
shows 97.6 % of residues (Fig. S2) in the allowed region 
and 2.4  % residues in the disallowed region (Laskowski 
et al. 1993). Furthermore, these structures were also evalu-
ated using Z score calculated by ProSA-Web (Wiederstein 
and Sippl 2007). The Z score is indicative of overall model 
quality and measures deviation of total energy of struc-
ture (Wiederstein and Sippl 2007). The Z score of hECE-1 
model generated by MODELLER and MUSTER was 
−3.25 and −0.56 as depicted in Fig. S3. The ProSA-Web 
result revealed that the model generated by MODELLER 
is in the range of native conformation with overall residue 
energy (Fig. S3). Structure superposition was done using 
PDBeFold between structures of 2PFV.pdb and N-terminal 
domain of TM helix model shows RMSD 1.65 Å indicat-
ing good quality of generated model (Krissinel and Hen-
rick 2004). These results (Fig. S2 and S3) confirm that the 
model generated by MODELLER is better than MUSTER 
model and hence used to connect C-terminal domain of 
hECE-1.

Homodimer of hECE‑1 embedded in lipid bilayer

We built a complete model of disulfide-linked (Cysteine 
428) hECE-1 homodimer with transmembrane domain 
based on earlier experimental findings (Xu et al. 1994; Shi-
mada et al. 1996; Valdenaire et al. 1999b; Schweizer et al. 
1997; Bur et al. 2001). The mutational and immunofluores-
cence studies revealed that hECE-1 is localized at cell sur-
face and highly expressed in plasma membrane (Valdenaire 
et al. 1999a; Schweizer et al. 1997). In our model, cysteine 
428 residue is located on loop region at the surface of pro-
tein which interacts with second monomer to form disulfide 

bond (Fig. S4). The cysteine residues 58 and 83 of hECE-1 
located on the N-terminal domain and transmembrane 
region, respectively, correspond to the cysteine 42 and 
67 of rat ECE-1 (Shimada et  al. 1996). The site-directed 
mutagenesis study of rat ECE-1 showed that these cysteine 
residues do not form either an inter-chain or an intra-chain 
disulfide bridge (Shimada et  al. 1996). Therefore, these 
cysteine residues (cysteine 58 and 83) are not considered 
during dimer preparation (Shimada et al. 1996; Hoang et al. 
1996). It has been identified that all four hECE-1 isoforms 
differ only in their N-terminal regions and derived from 
same gene through the use of alternative promoters (Sch-
weizer et al. 1997; Valdenaire et al. 1999b). The N-terminal 
regions of each hECE-1 isoforms (hECE-1a–d) are differ in 
length with low sequence identity (Schweizer et al. 1997; 
Valdenaire et al. 1999b). Therefore, the first 56 residues of 
N-terminal domain were removed from the hECE-1 dimer. 
The representative model of hECE-1 devoid of N-terminal 
region would be applicable to all hECE-1 isoforms. The 
whole hECE-1 dimer modeled with transmembrane heli-
ces and C-terminal domain is depicted in Fig. S4. This final 
model of hECE-1 dimer embedded in POPE lipid bilayer 
was considered to explicit molecular dynamic simulation to 
check the overall stability.

MD simulation stability and secondary structure 
calculation of hECE‑1 dimer

The molecular dynamic simulation was performed on 
hECE-1 dimer (devoid of N-terminal tail of 56 residues) 
embedded in lipid bilayer for 50 ns time scale. An initial 
analysis of each complex was made by the calculation of a 
set of standard parameters to verify simulation stability by 
measuring protein structure and dynamics. The root mean 
square deviation (RMSD) was calculated with respect 
to initial model of hECE-1 dimer as depicted in Fig.  2a. 
Initially, RMSD value of hECE-1 increased from 0.10 to 
0.50 nm up to 10 ns and then retained its stability till end 
of simulation with small drift and plateau (Fig. 2). Analy-
sis of individual transmembrane helices of each hECE-1 
dimer shows that RMSD value lies below ~0.25  nm 
(Fig.  2b). These results indicate that structural arrange-
ment of hECE-1 dimer was maintained during simulation 
period.

Fig. 1   Pairwise sequence 
alignment of N-terminal domain 
and transmembrane helix (100 
residues) with template (2PFV). 
Transmembrane helix is indi-
cated by red outlined box (color 
figure online)
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The fluctuations of hECE-1 dimer were further inves-
tigated by calculating RMSF of Cα atoms of each resi-
due. Figure  2c depicts RMSF values of hECE-1 mono-
mer reflecting significant fluctuations in the loop region. 
The calculations of secondary structural elements were 
performed to correlate residue fluctuation and corre-
sponding changes during simulation using DSSP pro-
gram (Fig.  3) (Kabsch and Sander 1983). Secondary 

structural analysis of simulated model of hECE-1 dimer 
using DSSP plot (Fig.  3) shows significant differences 
with crystal structure (Schulz et  al. 2009). The amino 
acid residues 69–88 comprising transmembrane helix 
region of hECE-1 dimer show less fluctuation by main-
taining its structure throughout MD simulation (Figs. 2c, 
3). After 25 ns, we have noticed that helices from resi-
dues 530–545 and 702–713 were slightly unfolded from 

Fig. 2   a hECE-1-dimer 
backbone RMSD for 50 ns MD 
simulation. b Backbone RMSD 
of transmembrane helices 
for 50 ns MD simulation. c 
Root mean square fluctuation 
(RMSF) of hECE-1 residues 
during 50 ns MD simulation



549Molecular modeling study of hECE-1 dimer and Aβ1–42 peptide

1 3

the C-terminal end. Then, another helix from residues 
616–619 unfolds and refolds again to its original form 
(Fig. 3). Furthermore, the interdomain linker helix from 
189–194 completely unfolds during the course of simu-
lation period. In crystal structure, helical residues from 
433–455 have been denoted as an interdomain linker 
(Schulz et al. 2009). This linker is split into two helices 
i.e., 439–442 and 445–456 residues during the simula-
tion. The antiparallel β-sheet structure found at residues 
238–243 and 251–256 decreases in length whereas elon-
gation of β-sheet structure was observed at 331–335 and 
366–370 residues of hECE-1. The antiparallel β-sheet 

structure at residue 145–147 was found at the initial 
stage of the simulation which was unfold and refold 
up to 25  ns followed by stable behavior up to the end 
of simulation time as per previous study (Ul-Haq et  al. 
2012). The secondary structural changes during MD 
simulation study have been found in good agreement 
with previous MD simulation study of extracellular 
domain of hECE-1 (Ul-Haq et al. 2012; Barage and Son-
awane 2014; Barage et  al. 2014). These DSSP results 
revealed that folding and unfolding as well as elonga-
tion of secondary structural elements during simulation 
would be essential for conformational restrains.

Fig. 3   The calculated secondary structure changes of hECE-1 dimer during 50 ns MD simulation by DSSP method: a monomer-1, b mono-
mer-2
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Overall structure of hECE‑1 dimer after MD simulation

The MD simulation results revealed the stability of three-
dimensional structure of hECE-1 dimer in lipid bilayer 
throughout MD simulation (Fig. S5). The residue cysteine 
428 plays a crucial role in hECE-1 dimerization process 
as depicted in earlier experimental reports (Schulz et  al. 
2009; Xu et  al. 1994). This cysteine 428 is located in 
loop regions present on the surface of the protein. These 
loop residues are most likely to lie within the two heli-
ces such as helix-loop-helix motif composed of two heli-
ces having one helix smaller which would increase loop 
flexibility for the dimerization process (Bur et  al. 2001; 
Barage and Sonawane 2014). The helix loop transition 
in protein was also observed in previous computational 
studies (Armen et  al. 2003; Shepherd and Vogel 2004; 
Chu and Voth 2005). The smaller helix (435–442) was 
transformed into loop during some part of the simulation 
and refolded again into helix (visual inspection) which 
is important to maintain hECE-1 dimer flexibility during 
simulation. The cysteine 428 associated loop region flex-
ibility increases hECE-1 dimer stability as can be seen in 
movie (Supplementary video). The complete unfolding 
of N-terminal part of smaller helix and C-terminal heli-
cal part (439–442) has remained helical in nature (Fig. 3). 
Thus, the loop region plays an important role to maintain 
the dimeric structure of hECE-1. The zinc ion is observed 
in tetrahedral coordination geometry similar to crystal 
structure as depicted in Fig.  4b. In addition, TM helices 
are located entirely within the hydrophobic core of the 

lipid bilayer. The TM helices show α-helical conforma-
tion with its helical axis perpendicular to the bilayer plane 
throughout simulation time (Fig. 4a).

The analysis of extracellular C-terminal domain to 
elucidate dynamic motion of central cavity, and pockets 
(S1 and S2) associated with it. The accurate computation 
of solvent accessible surface (SA, Richards’ surface) and 
molecular surface (MS, Connolly’s surface) has been 
done by an alpha shape method (Dundas et  al. 2006). 
These results show that enzyme has total central cavity 
volume around 13,200  Å3 and 4,798  Å2 area for sub-
strate molecule as depicted in Fig. 5a. However, no sig-
nificant differences were observed in S1 and S2 pockets 
size. The variation in the volume and area of the central 
cavity of hECE-1 dimer is due to certain conformational 
changes observed during simulation. We have noted 
some conformational changes at interdomain linker heli-
ces, such as complete unfolding of interdomain helix 
(189–194) followed by conformational changes at loop 
associated helices as discussed above. The slight unfold-
ing of N-terminal region of helix at residues 530–545 
and 702–713 was also observed during simulation. 
These conformational rearrangements between interdo-
main linker helices as well as helices close to the inner 
surface of protein may contribute to conformational 
restrains on enzyme resulted in the increase of total cen-
tral cavity as compared to previous MD simulation study 
of extracellular domain of hECE-1 monomer (Barage 
and Sonawane 2014). These results are in close agree-
ment with previous experimental report which showed 

Fig. 4   a Conformation of TM helices after 50 ns MD simulation, b Zn ion (yellow) coordination after MD simulation with hECE-1 residues 
(CPK) (color figure online)
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that monomeric hECE-1 has a lower affinity for sub-
strates and inhibitors as compared with dimeric hECE-1 
(Shimada et al. 1996).

The secondary structural elements associated with 
three active site motifs HExxH, ExxxD and NAY/FY 
involved in substrate interaction remain stable through-
out simulation time (Bur et al. 2001; Schulz et al. 2009; 
Sansom et  al. 1998), while R145 located on antiparallel 
β-sheet at residue 145–147 shows conformational changes 
up to 25  ns followed by stable behavior in the rest of 
simulation as per the previous computational study (Ul-
Haq et al. 2012). The conformational stability of second-
ary structure element associated with the active site motif 
suggests that these residues work as central determinant 
for hECE-1 activity.

Analysis of possible substrate entry/exit sites

CASTp server (Dundas et al. 2006) has been used to iden-
tify possible substrate/product entry/exit sites of hECE-1 
dimer. We have observed two significant openings on the 
surface of protein accessible to the active site of hECE-1 
(Fig.  5b, c). The first pocket mouth was observed in 
between antiparallel β-sheet (238–243 and 251–256) 
structure located at the opposite site of disulfide bond of 
homodimer (Fig. 5b). These antiparallel β-sheet structures 
are separated by loop region at residues 244–250. The 
conformational rearrangement of these β-sheet structures 
increases loop flexibility during simulation period. The 
degree of fluctuation exhibited by this region controls the 
opening of pocket mouth. The second possible entry/exit 

Fig. 5   a Surface region showing central spherical cavity (magenta 
color) and protein shown in forest green color. b Spherical cav-
ity opening after 90° clockwise rotation of hECE-1 monomer with 

respect to cysteine 428. c Spherical cavity opening after 90° anti-
clockwise rotation of hECE-1 monomer with respect to cysteine 428 
(color figure online)
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site might be situated below the loop region which involved 
in the dimerization process (Fig. 5c).

CAVER analysis was also made to predict the possible tun-
nels through which active site of enzyme can be accessed. In 
this respect, we have considered the key residues involved in 
catalysis of substrate during prediction of possible tunnels for 
entry/exit sites of the substrate/product towards an active site 
as per previous experimental study using CAVER (Schulz 
et  al. 2009; Johnson et  al. 2002). In our analysis, five pos-
sible tunnels were identified among the top ranked clusters 
(Fig. 6). The obtained results are in good agreement with our 
CASTp analysis (Fig.  5). Based on these results, we found 
that hECE-1 dimer could have two possible entry/exit sites 
to access or leave the substrate/product from the catalytic site 
of enzyme. We thought that these conformational changes are 
relevant for substrate entry to access catalytic site as explained 
in previous report of LinB (Negri et  al. 2007). Thus, MD 
simulation of hECE-1 dimer with lipid bilayer helped to shed 
some light on the conformation and dynamic behavior.

Molecular docking and MD simulation of hECE‑1 
and Aβ1–42 complex

Alzheimer’s disease (AD) is a neurodegenerative disorder 
characterized by abnormal accumulation of the Aβ peptide 

in brain (Hardy and Selkoe 2002; Hardy 2009; Karran et al. 
2011). Experimentally, it has been reported that hECE-1 is 
involved in the degradation of Aβ peptide (Eckman et  al. 
2001; Eckman and Eckman 2005). Therefore, the degrada-
tion ability of hECE-1 could be an effective alternative to 
reduce Aβ load in AD brain (Evin and Weidemann 2002; 
Vardy et  al. 2005; Nalivaeva et  al. 2012). The previous 
experimental studies revealed that Aβ monomer favors 
α-helix structure in a membrane or membrane-mimicking 
environment (Coles et  al. 1998; Xu et  al. 2005). Subse-
quently, within plaque Aβ peptides in β-sheet conformation 
assemble and polymerize into structurally distinct forms, 
including fibrillar, protofibers and polymorphic oligom-
ers (Xu et  al. 2005). In this regard, we have selected full 
length Aβ peptide structure having α-helix conformation. 
Moreover, obtaining model with larger substrate such as 
Aβ-peptide is quite difficult due to extensive conforma-
tional space of Aβ peptide and catalytic groove of hECE-1 
as explained in earlier studies (Barage and Sonawane 2014; 
Barage et al. 2014). The molecular docking has been per-
formed between simulated structure of hECE-1 dimer 
and three different conformations of Aβ peptide extracted 
from 1AML.pdb, 1BA4.pdb and 1IYT.pdb, respectively. 
We have analyzed all docked conformations to understand 
binding mode of Aβ peptide in catalytic groove of hECE-1 

Fig. 6   Showing accessible entry/exit path for substrate/product 
towards active site characterized with CAVER using atomic coor-
dinates of C-terminal domain of simulated hECE-1 dimer. a Two 

tunnels below cysteine 428. b Three tunnels after 180° rotation of 
hECE-1 monomer with respect to cysteine 428
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along with binding energy (Table  1). Among them, com-
plex of hECE-1 with 1IYT.pdb shows required interac-
tions and lowest binding energy with hECE-1. However, 
in other complexes of hECE-1 along with 1AML.pdb and 
1BA4.pdb, Aβ peptide could not completely be entrapped 
in substrate-binding channel of hECE-1 and showed the 
highest binding energy (Table  1). The analysis of bound 
conformation of Aβ1–42 peptide shows that side chains 
of Aβ1–42 peptide residues properly accommodate in the 
active site of hECE-1 dimer (Fig. 7). The N-terminal and 
C-terminal regions of Aβ1–42 peptide have been observed 
in between two surface openings of hECE-1as predicted by 
CASTp analysis (Fig. 5b).

The molecular dynamics simulation has been per-
formed over the docked complex of hECE-1 dimer along 
with two molecules of Aβ1–42 peptide. We have analyzed 
complex of hECE-1 dimer and Aβ1–42 after MD simula-
tion. The overall bound conformation of Aβ1–42 peptide 

selectively entraps in hECE-1 substrate binding channel 
(Schulz et  al. 2009; Barage et  al. 2014). The hydrogen 
bonding network between Aβ1–42 peptide and hECE-1 
residues has been observed in both monomers (Fig.  8; 
Tables  2, 3). Interestingly, total 11 residues of hECE-1 
such as His 143, Arg 145, Arg 324, Arg 325, Glu 327, 
Val 565, Asn 566, Thr 572, Thr 729, Asp 730 and His 
732 interact with Aβ1–42 peptide residues in  both mono-
mers (Fig. 8; Tables 2, 3) similar to previous MD simula-
tion study (Barage et  al. 2014), while additional hydro-
gen bonding interactions have been observed between Ser 
144, Arg 718, Glu 440 residues of monomer-1 (Fig.  8a; 
Table  2) and Ser 437, Asn 441, Ser 722 of monomer-2 
(Fig.  8b; Table  3) with Aβ1–42 peptide. These results 
revealed that Aβ1–42 peptide is properly accommodated 
in the active site of hECE-1 and stabilized by hydrogen 
bonding network with hECE-1 residues. The observed 
positions and orientation of Aβ1–42 peptide residues in 
catalytic groove of hECE-1 facilitate cleavage of Aβ1–42 
peptide and reduce Aβ load in AD brain.

Analysis of binding free energy of hECE‑1 and Aβ1–42 
complex

The molecular docking followed by MD simulation pre-
sents the most time demanding step for binding free energy 
evaluation as reported earlier (Bonnet and Bryce 2004; 
Donini and Kollman 2000). The ΔG values averaged over 

Table 1   Results of docking calculation of three Aβ peptide structures 
with hECE-1

Sr. No Docked complex Mean binding energy 
(kcal/mol)

1. hECE-1 and 1AML.pdb +11,573.02

2. hECE-1 and 1BA4.pdb +2.37e+06

3. hECE-1 and 1IYT.pdb −1.77e+07

Fig. 7   The bound conformation of Aβ1–42 to hECE-1 dimer. a hECE-1 dimer embedded in lipid bilayer, Aβ1–42 (red), b a view of the active site 
of hECE-1 dimer, Zn ion (yellow), C428 (ball and stick) (color figure online)
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sets of snapshot generated through MD simulation which 
naturally takes into account the fluctuation of protein 
and ligand complex conformation and ensures a proper 
adjustment of ligand in binding site are described in pre-
vious publication (Bonnet and Bryce 2004; Vorontsov and 
Miyashita 2011). Therefore, to validate binding modes 
of hECE-1 with Aβ1–42 peptide, the electrostatic, van der 
Waals and solvation energy of interacting residues have 
been calculated using MM/PBSA method (Hou et al. 2011; 
Spiliotopoulos et al. 2012). The MM/PBSA calculation of 
hECE-1 and Aβ1–42 peptide complex produces favorable 
ΔG values in the range of −300 to −500 kcal/mol can be 
clearly seen from Fig. 9. The binding energy shows slight 
variation in each snapshot because conformational space 

is not sampled enough to obtain converged results. Hou 
coworkers reported that extending simulation time does 
not always improve the correlations between the predicted 
binding free energies and the experimental values (Hou 
et al. 2011; Genheden and Ryde 2010). For some system, 
binding free energy of short MD simulation is even slightly 
better than that based on longer MD simulation. The con-
tribution of hECE-1 residues in both the monomers around 
the active site can be clearly seen from Fig. 10. The elec-
trostatic interactions play a major role in hydrogen bond 
formation. Especially, the electrostatic energies (ΔEele) of 
hECE-1 residues such as His 143, Arg 145, Arg 324, Arg 
325, Glu 327, Val 565, Asn 566, Thr 572, Thr 729, Asp 
730 and His 732 contribute prominently which might be 

Fig. 8   The intramolecular hydrogen bonding interaction between hECE-1 residue (yellow) and Aβ1–42 peptide (cornflower blue), Zn ion colored 
in magenta. a Monomer-1, b Monomer-2 (color figure online)
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responsible for  the formation of several hydrogen bonds 
with Aβ1–42 peptide as shown in the Fig. 10 (Schulz et al. 
2009; Sansom et  al. 1998; Barage et  al. 2014). In addi-
tion to this, favorable van der Waals contributions are also 
associated with these residues. These results suggest that 
hECE-1 residues interact with Aβ1–42 peptide. However, 
other amino acids such as Ser 144, Arg 718, Glu 440 of 

monomer-1 and Ser 437, Asn 441, Ser 722 of monomer-2 
show negligible energetic contributions. These results 
revealed that hECE-1 has charged binding pocket consist-
ing of three Arg, one Glu and one Asp. These residues form 
strong ionic interactions with oppositely charged amino 
acids of substrate. Therefore, strong electrostatic potential 
is present at binding interface of hECE-1 active site. 

The bound conformation of hECE-1 and Aβ1–42 pep-
tide revealed that the side chains of Aβ1–42 peptide residues 
properly accommodate in the active site of the enzyme 
through hydrogen bonding and hydrophobic interactions. 
The N-terminal and C-terminal regions of Aβ1–42 peptide 
have been observed in the two surface openings of hECE-1 
as predicted by CASTp and CAVER analysis  (Figs. 7, 8). 
These results revealed that, predicted entry/exit sites are 
useful to facilitate entry/exit of substrate/product towards 
the active site of the enzyme in each hECE-1 monomer. In 
view of all of the above results, the conformational changes 
occurred in interior of the enzyme and surface of hECE-1 
dimer during simulation could be helpful to expand total 
central cavity associated with the active site of hECE-1. 
Taken together, these findings suggest that hECE-1 prefers 
membrane-bound dimeric structure for effective conversion 
of substrate. This study offers valuable information about 
Aβ1–42 peptide interaction with hECE-1 time and extends 
our views to consider hECE-1 as a therapeutic option in 
AD.

Conclusion

The membrane-bound dimeric structure of hECE-1 was 
found stable throughout MD simulation. The C428 located 
in the loop region lies within the helix-loop-helix motif, 
which might enhance flexibility and stability of dimeric 
hECE-1 embedded in lipid bilayer. Simulation of hECE-1 
dimer revealed distinct conformational changes in second-
ary structural elements at the surrounding of active site 
residues and some surface regions of protein. Three active 
site motifs retained their conformations during simulation 
period which might have role in the catalysis of substrate. 
The residue R145 plays an important role in substrate bind-
ing through conformational transition from loop to antipar-
allel β-sheet. The conformational changes occur near the 
active site surrounded by helices (474–489 and 646–657) 
along with interdomain linkers. This could be responsible 
for expanding the total central cavity of hECE-1. The two 
possible entry/exit sites were observed in hECE-1 dimer 
through which substrate/product can access or leave the 
active site of the enzyme. The conformational rearrange-
ments of antiparallel β-sheets present on the surface region 
might assist the movement of loop region and entrance/exit 
of substrate/product.

Table 2   Hydrogen bonding interactions between hECE-1 and Aβ1–42 
peptide residues in monomer-1

Residue name Distance (Å)

His 143HE2……O His 6 1.897

Ser 144 H……OD1 Asp 7 1.893

Arg 145 1HH2……OD2 Asp 7 2.722

Arg 145 1HH1……OE2 Glu11 2.998

Arg 718 1HH1……OE1Glu 11 2.638

Thr 729 OG1……2HE2 Gln 15 1.735

Asp 730 OD2……HZ2 Lys 16 2.092

Arg 325 HE……OD1 Asp 23 2.091

Arg 325 1HH2……O Phe 19 2.447

Arg 324 2HH2……OD1 Asn 27 2.228

Glu 327 OE2……H Ile 31 2.157

Glu 327 OE1……H Ala 30 2.412

Val 565 O……HE2 His 14 1.855

Asn 566 2HD2……O His 13 1.910

Glu 440 OE1……HE2 His 13 1.795

Thr 572 O…… H Val 36 2.739

His 732 HD1……OE1 Gln 15 2.531

Table 3   Hydrogen bonding interactions between hECE-1 and Aβ1–42 
peptide residues in monomer-2

Residue name Distance (Å)

His 143 ND1……HE2 His 6 2.810

Arg 145 1HH2……O Gly 9 2.786

Arg 145 1HH1……OE2 Glu 11 2.317

Arg 325 1HH1……OD1 Asn 27 2.467

Arg 325 2HH2……OD2 ASP 23 1.834

Arg 324 O……2HD2 Asn 27 1.681

Glu 327 OE2……H Ala 30 2.369

Glu 327 OE1……H Ile 31 2.073

Val 565 O……HD2 His 14 2.398

Asn 566 1HD2……O His 13 2.933

Ser 437 HG……O Ser 8 1.799

Asn 441 OD1……HE2 His 13 1.867

Thr 572 O……H Gly 37 2.291

Ser 722 HG……OE1 Glu 11 2.652

Thr 729 HG1……2HE2 Gln 15 1.995

Asp 730 OD1…….HZ3 Lys 16 2.388

His 732 NE2……HE1 His 14 2.712
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The binding free energy calculation study of MD 
simulated hECE-1 and Aβ1–42 peptide complex revealed 
higher binding affinity of Aβ1–42 peptide towards 
hECE-1 residues. The residue decomposition analy-
sis illustrates that His 143, Arg 145, Arg 324, Arg 325, 
Glu 327, Val 565, Asn 566, Thr 572, Thr 729, Asp 730 
and His 732 are the key residues of hECE-1 which are 
involved in binding with Aβ1–42 peptide. This simulation 
study of hECE-1 with Aβ1–42 peptide provides valuable 
information about the bound conformation of Aβ1–42 
peptide to catalytic groove of hECE-1. Thus, the present 

study sheds light on the structural aspects and dynam-
ics of hECE-1 dimer which might be helpful to design 
varied approaches to target hECE-1 in the treatment of 
Alzheimer’s diseases.
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