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Abstract Primary hypercholesterolemia is the root cause
for major health issues like coronary heart disease and
atherosclerosis. Regulating plasma cholesterol level, which
is the product of biosynthesis as well as dietary intake, has
become one of the major therapeutic strategies to effectively
control these diseases. Human cholesterol esterase (hCEase)
is an interesting target involved in the regulation of plasma
cholesterol level and thus inhibition of this enzyme is highly
effective in the treatment of hypercholesterolemia. This study
was designed to understand the activation mechanism that
enables the enzyme to accommodate long chain fatty acids
and to identify the structural elements for the successful
catalysis. Primarily the activation efficiencies of three dif-
ferent bile salts were studied and compared using molec-
ular dynamics simulations. Based on the conformations of
major surface loops, hydrogen bond interactions, and dis-
tance analyses, taurocholate was concluded as the preferred
activator of the enzyme. Furthermore, the importance of two
bile salt binding sites (proximal and remote) and the cru-
cial role of 7 α-OH group of the bile salts in the activation
of hCEase was examined and evidenced. The results of our
study explain the structural insights of the activation mecha-
nism and show the key features of the bile salts responsible
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for the enzyme activation which are very useful in hypolipi-
demic drug designing strategies.
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Introduction

Human pancreatic cholesterol esterase (hCEase), which is
also known as bile salt-activated or bile salt-dependent or
bile salt-stimulated lipase, is secreted in pancreas and mam-
mary glands. CEase is a serine hydrolase involved in the
digestion of broad spectrum of substrates including triacyl-
glycerides, cholesteryl esters, phospholipids, fatty acids, and
esters of lipid-soluble vitamins. From its name we can under-
stand that the activation of CEase depends largely on the
presence of bile salts. The CEase remains inactive during its
travel from pancreas to the small intestine. The CEase and
chaperone Grp94 complex protects the enzyme from the pro-
teolytic enzymes present in the duodenal environment dur-
ing its travel. Upon the dissociation of the complex, CEase
becomes active in the presence of bile salts [1–5]. The activ-
ity of CEase goes beyond just hydrolyzing the dietary lipids
[6,7]. Plenty of evidence indicates that CEase may have dele-
terious effects in atherosclerosis because of the conversion
of larger and anti-atherogenic high density lipoprotein to the
smaller and atherogenic low density lipoprotein subspecies
[8–11]. The function of plasmatic CEase in atherogenesis
and its relationship with various pathological conditions are
not clearly established [12]. Recently, inhibition of CEase
has emerged as a potential therapeutic strategy especially
in the development of hypocholesterolemic agents because
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Fig. 1 Schematic
representation of hCEase with
its bile salt (TCH). The enlarged
view of the active site displays
catalytic triad and oxyanion hole
amino acids represented in green
and pink color, respectively.
(Color figure online)

of its involvement in the control of plasma cholesterol level
[13–17].

The CEase belongs to the α/β-hydrolase fold family and
the members of this family share secondary and tertiary struc-
tural characteristics [18–20] and utilize the catalytic triad
(Ser194, Asp320, and His435) residues for its mechanism.
The catalytic domain of CEase contains large and small
domains and the active site of this enzyme is present almost
at the center of these two domains. The active site is majorly
composed of the residues from the large domain (Fig. 1). The
catalytic triad serves as general acid–base and nucelophilic
catalytic entity together with an “oxyanion hole” composed
of Gly107, Ala108, and Ala195 residues [1,21,22]. Bile salts
have several effects on CEase as cofactors [23] and they bind
at two different binding sites, proximal and remote, present
in CEase. The proximal site is located close to the active site
in the large domain and the remote site is located away from
the active site in the region between large and small domains.
The dependency of CEase on bile salts and its ability to
hydrolyze long and short chain substrates makes it differ-
ent from other lipases [24]. In humans, approximately 80 %
of bile salts are the salts of taurocholic acid and glycocholic
acid [25]. The study on carbamate-based inhibitors proved
that bile salts enhance the hydrophobicity of both the choles-
terol and fatty acid binding sites of CEase [10]. The efficiency
of bile salts in the activation of the enzyme is unclear. Three
different bile salts, taurocholate (TCH), cholate (CHA), and
glycocholate (GCH), were used in this study and the main
difference between these three bile salts is their chemical
side chains. Binding of two bile salts (proximal and remote)
are important, but the contribution of proximal bile salt is
higher than the remote bile salt in terms of the activation of
CEase. There are three major lipases secreted by pancreas
and only CEase requires bile salts for its activation. Espe-

cially the presence of bile salt containing 7 α-OH group and
its specific interaction are necessary for the hydrolysis of
water-insoluble lipid esters [4,26].

A comprehensive molecular level understanding of the
activation of this enzyme by bile salts is inevitably necessary
to design potent inhibitors in the treatment of cardiovascu-
lar diseases. In order to obtain that, a detailed study was
performed with the following objectives: (i) to compare the
activation efficiency of three different bile salts such as TCH,
CHA, and GCH via observing structural changes induced by
them, (ii) to study the importance of both the proximal and
remote bile salts and their involvement in the activation of
the enzyme, and (iii) to observe the importance of the pres-
ence of 7 α-OH group in TCH and its key interactions that
are involved in the activation of the enzyme.

Materials and methods

Preparation of systems

The solved crystal structures of hCEase and bovine CEase
(bCEase) were obtained from the Protein Data Bank (PDB)
and used in the molecular dynamics (MD) simulations. A
total of 7 systems, including an apoform and 6 complexes
with different and modified bile salts, were prepared and
used in this study (Table 1). The three different bile salts, uti-
lized were TCH, CHA, and GCH. The systems were named
based on the name of the ligand present in the hCEase com-
plex. Thus, the names hCEase_TCH, hCEase_CHA, and
hCEase_GCH represent the three different bile salt bound
complexes of hCEase. As mentioned earlier, two bile salt
binding sites are present in hCEase. In the second study in
order to avoid confusion, the systems were named according
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Table 1 Systems and their details used in MD simulations

System no. System name Name of ligands No. of ligands Water molecules Counter ions (Cl−)

1 hCEase_Apo – – 27,751 6

2 hCEase_TCH TCH 2 27,708 6

3 hCEase_CHA CHA 2 27,722 6

4 hCEase_GCH GCH 2 27,709 6

5 hCEase_Prx TCH-prx 1 27,728 5

6 hCEase_Rmt TCH-rmt 1 27,748 5

7 hCEase_XOH TCH_XOH 2 27,710 4

to their number and position of ligands. The system without
bile salt (non-ligated system) was named hCEase_Apo, the
system with the bile salt (TCH here) present at both proxi-
mal and remote region (double-ligated system) was named
hCEase_TCH. The systems with only one bile salt (single-
ligated systems) were named hCEase_Prx and hCEase_Rmt
in which TCH is present at the proximal and remote sites,
respectively (Fig. S1). In the third study, a modified TCH
with no 7 α-OH group was used as a ligand and this sys-
tem was named as hCEase_XOH. The initial coordinates
of the enzyme and bile salts were obtained from the X-
ray crystal structures of hCEase (PDB code: 1F6W) and
bCEase (PDB code: 1AQL), respectively. The insignificant
water molecules and ions were removed from these crystal
structures.

Molecular dynamics (MD) simulations

The MD simulations of all 7 systems were performed under
the same conditions using the GROMACS 4.5.3 package
with the GROMOS96 force field [27,28]. The particle mesh
Ewald (PME) method was used to treat long-range electrosta-
tic interactions. The topologies of the ligand molecules were
generated using the PRODRG web server [29]. The PRO-
DRG server generates topology information for small mole-
cules that are attuned with the GROMOS force field. The
process of topology generation, output structure, and para-
meters were monitored with extra care. The apo and complex
forms of the protein were immersed separately in a cubic box
containing pre-equilibrated single point charge (SPC) water
models. The dimensions of the cubic boxes are constructed
in such a way that the box is extended approximately 1 nm
from the edge of the protein molecule in all dimensions. As
a result of the box size nearly 30,000 water molecules were
added for each system. In order to neutralize the overall net
charge of the systems number of Cl− counter ions were added
to individual systems by replacing the water molecules. The
systems were energy minimized, so as to remove the internal
restraints due to the crystal packing, for 10,000 steps using
steepest descent algorithm.

Following energy minimization, a 100 ps position restra-
ined MD run was carried out with the backbone of the protein
immobilized to allow the added water molecules equilibrate
around the protein. Then, the production run was performed
for 5 ns in the isothermal–isobaric (NPT) ensemble. The tem-
perature and constant pressure were maintained with a ref-
erence value of 300 K and 1 atm, respectively [30]. A twin-
range cutoff was used for long-range interactions including
0.9 nm for van der Waals and 1.4 nm for electrostatic inter-
actions. The MD simulation calculations were performed
using the periodic boundary conditions (PBC) to eradicate the
boundary effect. All the bonds comprising hydrogen atoms
were constrained using the LINCS algorithm whereas the
geometry of the water molecules was constrained using the
SETTLE algorithm. The time step was fixed to 2 fs to inte-
grate the equations of motion. During the production run, the
coordinates of the individual systems were saved for every
1 ps. The data analysis was carried out using essential dynam-
ics (ED) method to divide out the combined inner gestures in
the protein structures. The basic calculations such as atomic
root mean square deviation (RMSD), Cα–root mean square
fluctuation (RMSF), various energies, and radius of gyra-
tion (Rg) were carried out using the MD simulation analysis
package available in GROMACS.

Essential dynamics (ED) analysis

The ED analysis is considered a potent tool to distinguish
the inappropriate local fluctuations in a protein from its con-
figuration space [31]. The ED methodology, which is simi-
lar to the multidimensional linear square fit, was applied to
the protein dynamics by Garcia for the first time [32]. This
essential degree of freedom can be used to define the overall
and the interrelated motions that are relevant to the biolog-
ical function of several proteins [33–43]. The ED analysis
was performed using two subroutines g_covar and g_anaeig
available in GROMACS. The ED analysis was carried out
by first fitting the protein coordinates recorded in the trajec-
tory to the initial structure to remove all the rotational and
translational motions followed by the building of covariance
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matrices of atomic positional deviation [44]. The constructed
covariance matrices were then diagonalized to create a new
matrix whose elements are eigenvectors and corresponding
eigenvalues that indicate the component and amplitude of
atomic fluctuations, respectively [45]. The extreme structure
was obtained by the projection of recorded trajectories on
the largest eigenvectors. The extreme structure gives sponta-
neous ideas about the specific direction of motion.

Results and discussion

Comparison of activation efficiency of different bile salts

In this part of the study, three different bile salts namely
TCH, CHA, and GHA complexed with hCEase were used
for the comparison of their activation efficiency. First, to
check the conformational variations and the overall stability
of the three MD simulations systems, the basic physical prop-
erties including the backbone RMSD, Cα–RMSF, potential
energy, and Rg were calculated and discussed (Text S1-1.1,
1.2; Fig. S2).

Hydrogen bond network

The intermolecular hydrogen bonds (H-bonds) between the
protein and different ligand molecules were calculated and
compared. In the proximal site, TCH has shown stable and
strong H-bonds, a maximum of 6 and an average of 3.3, when
compared to GCH and CHA. GCH has shown considerable
number of H-bonds, a maximum of 7 and an average of 2.4

whereas CHA has formed a maximum of 3 and an average
of 0.3 H-bonds during the simulation (Fig. 2a). In the remote
site, TCH has shown strong H-bond interactions, a maxi-
mum of 11 and an average of 7, throughout the simulation.
The CHA, which has shown unstable and minimum inter-
action in the proximal site, has shown a maximum of 5 and
an average of 2.6 H-bonds. Interestingly, GCH that formed
stable and considerable interactions in the proximal site has
shown unstable interactions with a maximum of 1 and an
average of 0.03 that is nearly no H-bonds (Fig. 2b). From
this analysis, we observed that TCH has formed very stable
and strong H-bond interactions at both the sites compared to
CHA and GCH that formed strong interactions at either prox-
imal or remote site. Hence, it is clear that the TCH is capable
of maintaining stable and strong H-bond interactions at both
the sites of hCEase. The important residues having interac-
tions with different bile salts were identified using Discovery
Studio (DS) 2.5, Ligplot [46], and Poseview [47] programs.

Structural changes and binding mode analyses

In order to check the efficiency of three different bile salts,
the binding mode and conformational changes of surface
loops present around the active site were investigated. As
mentioned earlier, the conformational changes of surface
loops were considered important for the activation of hCEase.
The representative structures obtained from MD simula-
tions were selected for structural analysis. The surface loop
movements observed in TCH were compared with CHA
and GCH systems to investigate the key difference and as
a result the loop movement of TCH is greater than CHA

Fig. 2 H-bond plot and 2D structures of TCH, CHA, and GCH. The
number of H-bonds interactions between protein and ligand molecules,
at the a proximal and b remote sites, throughout the MD simulations.

It was evident through the comparison of H-bond interactions formed
by the ligands that TCH binds both the active sites tightly compared to
other ligands. c The 2D structures of three different bile salts
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and GCH (Fig. S3). The binding modes of three bile salts,
at their corresponding site of the enzyme, were also com-
pared to explain the differences in their surface loop move-
ments. Initially, 2D chemical structures of the three bile salts
were compared and these bile salts differ only at their side
chains (Fig. 2c). The TCH, CHA, and GCH contain the
side chains of –(acetylamino)ethanesulfonate, –acetate, and
–(acetylamino)acetate groups.

The binding mode of TCH (Fig. 3a) was observed in such
a way that its side chain was snuggly binds in between 120
and 450 loops thereby it has strong interactions (Fig. 3b)
with both the loop residues. The strong interactions and sta-
ble binding mode of TCH did not disturb the catalytic site
residues and the size of the catalytic site. Such strong inter-
actions with the loop residues were missing in case of CHA
and GCH. The binding mode of CHA (Fig. 3c) was not
stable due to the weak interactions with the loop residues
(Fig. 3d) thereby it disturbed the catalytic site residues. The
binding mode of GCH is also very much different than that
of TCH (Fig. 3e). The GCH has shown strong interactions
with the 450-loop residues compared to the 120-loop residues
(Fig. 3f) and due to the unfavorable binding mode the cat-

alytic site residues were disturbed. The key reason for the
differences in their binding modes was brought through the
differences (Fig. 2c) in their side chains (Text S1-1.3).

Distance analyses

The active site of CEase consists of catalytic triad and
“oxyanion hole” residues that are conserved in all known
lipases. The spatial arrangement and sequential order of these
three residues are the most conserved structural features in
the α/β hydrolase fold family. The catalytic triad residues
Ser194, Asp320, and His435 serve, respectively, as nucle-
ophile and proton shuttle to form the charge-relay network.
The conserved residues other than catalytic triad in all the
known members of CEase family are buried partially around
His435. These residues are Glu193, Asp434, Asp437, and
Asp438 [5]. The main role of these residues is to assist His435
in transporting protons. During the catalytic process, a puta-
tive “oxyanion hole” was formed by the backbone amide
groups of the residues Gly107, Ala108, and Ala195 to sta-
bilize the tetrahedral transition state of the substrate. Hence,

Fig. 3 Binding modes of three different bile salts. The binding mode of
a TCH, c CHA, and e GCH, at the proximal site of the hCEase showing
their influence on the catalytic site and the H-bond interactions between
protein and b TCH, d CHA, and f GCH. The binding mode of TCH

was observed to be stable and brought the necessary changes to catalyze
the long chain fatty acids. The gray, raspberry, and violet colors rep-
resent hCEase with TCH, CHA, and GCH, respectively. The H-bond
interactions are shown in black dashed lines. (Color figure online)
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Fig. 4 Distances between key residues of the surface loops. The dis-
tance between the key residues in the surface loops of a hCEase_TCH,
b hCEase_CHA, and c hCEase_GCH. The key residues are shown in

stick form and the important loop regions are shown in cartoon form.
The distances are shown in yellow dotted lines in Armstrongs. (Color
figure online)

the distance between these residues is very crucial to trigger
the catalytic mechanism (Text S1-1.4).

The size of the active site was evaluated by measuring
the distance between the key residues in the surface loops
(Fig. 4). The distances between the key residues, Glu278
& Tyr453, Leu120 & His322, Glu278 & Ala331, Gln66 &
Arg423, and Leu120 & Tyr453, in the surface loop regions
were measured. The hCEase_TCH has shown maximum dis-
tance values between four main residue pairs, Glu278 &
Tyr453, Leu120 & His322, Glu278 & Ala331, and Leu120
&Tyr453 with the values of 44.1, 31.9, 20.1, and 19.5 Å,
respectively. In case of hCEase_CHA, the four main residue
pairs have shown less distance values of 32.6, 26.7, 12.0,
and 15.7 Å. Similarly, in hCEase_GCH the distance between
four key residue pairs was 32.6, 28.6, 14.4, and 16.0 Å which
is far less than that of hCEase_TCH. The other pair, Gln66
& Arg423, has shown similar distance in all the three sys-
tems with the considerable values of 27.2, 27.0, and 27.2 Å,
respectively. The maximum distances in hCEase_TCH indi-
cate that the surface loops moved away to bring forth the
open conformation thereby the size of the active site is
bigger than hCEase_CHA and hCEase_GCH systems. In
order to confirm this result, the distances between the key
residues in the surface loops of hCEase_TCH, hCEase_CHA,
and hCEase_GCH were measured throughout the simula-
tion time. From the calculations, the maximum distances
between the key residues Glu278 & Tyr453, Leu120 &
His322, Glu278 & Ala331, Gln66 & Arg423, Leu120 &
Tyr453, and Leu120 & Thr451 (4.0, 3.1, 1.8, 2.3, 1.6, and
1.5 nm, respectively) were observed in hCEase_TCH. But
these distances were comparatively less in hCEase_CHA and
hCEase_GCH systems except the distance between Gln66-
Arg423 which is similar in all systems (Fig. 5). The distance

analysis evidenced that the active site of hCEase_TCH favors
the binding of long chain fatty acids than the other two sys-
tems. Hence, TCH may act as a preferable activator of hCEase
when compared to CHA and GCH. The interaction energet-
ics between protein and ligand are discussed in Text S1-1.5
of supporting information.

Importance of both bile-salt binding sites (proximal
and remote)

Two bile-salt binding sites are present in hCEase namely
proximal and remote sites and one of these sites is involved
significantly in the activation of hCEase compared to another,
though both are required. So the main aim of this study is to
investigate the roles of both the bile salts in the activation of
the enzyme. In this part of study, analyses of non-, single-,
and double-ligated systems were considered to observe the
importance of the presence of both bile salts. The overall
structural stability of all the systems was investigated through
the calculation of RMSD, RMSF, and energy terms through-
out the simulation (Text S2-2.1; Fig. S5).

Intermolecular hydrogen bonds

The intermolecular hydrogen bonding between the protein
and ligand plays an essential role in stabilizing the protein–
ligand complexes. The stability of H-bond network formed
between TCH (proximal and remote) and hCEase was calcu-
lated throughout the simulation for all the ligated systems
(Fig. 6). The proximal bile salt binding region is located
between 120 and 450 loops. The residues of these two loops
are found to be very important for the proximal TCH bind-
ing. The residues around remote TCH molecule were con-
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Fig. 5 Distances between key residues during MD simulations. The
distance between the key residues of hCEase_TCH, hCEase_CHA,
and hCEase_GCH was measured throughout the MD simulations. The

distances are measured in nm scale. The TCH complex has shown
greater distances compared to CHA and GCH

sidered important for its binding. In order to avoid confu-
sion, the systems were named according to the position of
the ligand in hCEase. The proximal and remote TCH present
in double-ligated (hCEase_TCH) system were named TCH-
prx and TCH-rmt, respectively, whereas the proximal and
remote TCH present in single-ligated systems, hCEase_Prx
and hCEase_Rmt, were named Prx-prx and Rmt-rmt, respec-
tively.

First, the H-bond networks formed individually by prox-
imal and remote TCH were compared. The TCH-prx has
shown stable and maximum number of H-bond interactions
(Fig. 6a) with an average value of 3.3 and a very stable bind-
ing mode as a result of the strong interaction with the loop
residues (Fig. 6b). The H-bond interactions of Prx-prx were
reduced to an average value of 1.3 throughout the simulation.
The reason for the difference was observed from the compar-
ison where the binding mode of Prx-prx was totally disturbed
due to the lack of strong interaction with the loop residues
(Fig. 6c). In the first 2 ns of MD simulation, both the systems
have shown similar number of H-bonds but later the interac-
tion between TCH-prx and protein has become stronger with
the maximum of 6 and minimum of 3 H-bonds (Fig. 6a). The

H-bond information of TCH-rmt is available in Text S2-2.2
and Fig. S6.

Structural analyses

The representative structures of the four systems (hCEase_
Apo, hCEase_TCH, hCEase_Prx, and hCEase_Rmt) were
picked from the last 3 ns of MD simulation for structural
analysis. This analysis was carried out to understand how a
bile salt influences the active site and the overall structure
of hCEase. The conformational changes of the loops present
around the active site play very important roles in the activa-
tion of hCEase. Hence, the conformational changes of these
6 surface loops present around the active site are mainly
discussed in this part of the study. The loops were named
according to their residue numbers.

Conformational changes of 120-loop

The 120-loop (residues 115–125) is located in the proximal
binding site and it has been suggested that the conforma-
tional change of this 120-loop is involved in the activation
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Fig. 6 H-bond interactions and binding mode of TCH at the proximal
site. a The number of H-bond interactions between protein and proximal
ligands of hCEase_TCH and hCEase_Prx were measured throughout
the MD simulations. b, c Binding modes and H-bond interactions of
TCH-prx and Prx-prx. The interacting residues at the proximal sites of
hCEase_TCH and hCEase_Prx are shown in white and yellow-orange
color sticks while the ligands are shown in blue sticks. The H-bond
interactions are shown in black dashed lines. (Color figure online)

of hCEase. Many studies that were carried out on the pri-
mary sequence of lipase/esterase family have revealed that
the 120-loop region of all known CEases is composed of the
consensus sequence of GANFLXNYLYDGEE, where X is
the variable. The 120-loop was found in a closed confor-
mation in the apoform of the enzyme. It has been reported
that the open conformation of the 120-loop is required for
the activated hCEase [1,5]. Our MD simulation results have
shown the expected 120-loop movement upon the binding
of proximal TCH as observed in the activated structure of
bCEase (Fig. S7). Therefore, this confirms the statement that
the proximal bile salt influences the loop conformation and
leads to the activation of hCEase. In the absence of proximal
TCH, 120-loop is in the closed conformation and the 450-
loop (residues 447–458) was present outside the bile salt
binding cavity at the same time. Before the binding of TCH
(apoform), all the loops were in the closed conformation and
particularly the closed conformation of the 120-loop nearly
blocked the part of the active site where the big steroid moi-
ety of the substrate binds. The substrate-bound structure of
Candida cylindracea CEase, which is a homologue to the
hCEase, revealed that the position of the 120-loop and the
cholesterol moiety of the substrate were present in an over-

lapping position and thus the loop has to move away for
the substrate to bind comfortably [48]. The 120-loop moves
away and brings the 450-loop inside when proximal TCH
approaches and thereby making it suitable for its binding.
In order to check the degree of movement of the 120-loop
during MD simulation the distance between Leu120 residue
in the ligated and non-ligated systems was measured. These
distance values with respect to the apoform are 9.5, 9.2, and
4.4 Å in hCEase_TCH, hCEase_Prx, and hCEase_Rmt sys-
tems, respectively (Fig. S8). This comparison of 120-loop
movement in different systems gives a clear idea that the emi-
nent conformational changes were observed in the double-
ligated system in which proximal TCH plays a crucial role.
The changes in other loops and catalytic site are discussed in
Text S2-2.3, 2.4.

Major binding sites of CEase substrate

There is no crystal structure available for hCEase–substrate
complex in PDB. The active site of hCEase is similar to
the active sites of Pseudomonas cepacia lipase and Candida
rugosa lipase that contain substrate-bound crystal structures
in PDB [49–51]. By comparing the crystal structures, it has
been observed that the active site of hCEase will possibly
have five major binding sites: (i) alkyl chain binding site—
accommodates the alkyl and acyl chains of substrates like tri-
acylglycerol and cholesteryl ester, respectively, (ii) esteratic
site—consists of catalytic triad residues that are involved in
the nucleophilic attack and general acid–base catalysis, (iii)
second alkyl chain binding site—accommodates the alkyl
chain that is attached with the five membered ring of the
triacylglycerol and this is present in a cleft above the cat-
alytic site, (iv) oxyanion hole—involved in the stabilization
of transition state of the substrate during catalytic process,
(v) leaving hydrophilic group binding site—located in the
opposite direction of the alkyl chain binding site and binds
to the hydrophilic part of the leaving group, and (vi) leaving
hydrophobic group binding site—binds to the hydrophobic
part of the leaving group [3].

The changes in the active site of hCEase were exam-
ined and it was compared with the proposed major binding
sites reported for hCEase. The main purpose of this analy-
sis is to monitor how the substrate binding sites influenced
by the binding of TCH in the double-ligated system. The
alkyl chain binding site is present in the 270-loop region
whereas the second alkyl chain binding site and the leaving
hydrophobic and hydrophilic group sites are close to the 120-
loop. These two important loop regions have largely under-
gone favorable conformational changes for the binding of
large substrate molecules. The esteratic site and “oxyanion
hole” are in the catalytic site and this was stable and did
affect the arrangements of the catalytic site residues and their
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distances. Thereby it is suitable for the binding of long chain
as well as small chain substrate molecules.

Essential dynamics (ED) analysis

The ED analysis or principal component analysis is a pow-
erful tool, which is commonly utilized in MD simulation
studies, to identify the functionally relevant large-scale coop-
erative motions. The ED analysis was carried out for four
systems, namely, hCEase_Apo, hCEase_TCH, hCEase_Prx,
and hCEase_Rmt. The results were used to envision the
region with the predominant movements that can possibly
be important for the biological function of the protein. The
extreme structures were extracted to monitor the greatest
movement from the principal component of each system. The
Cα–Cα distance of the four systems was measured and the
maximum deviations were observed in all the four systems
(Fig. 7).

The hCEase_Apo did not show any significant move-
ment whereas in hCEase_TCH the maximum movement
was observed in the 270-loop region which is one of the
important surface loops (Fig. 7a, b). Similarly upon proxi-
mal TCH binding the 270-loop movement was high (Fig. 7c).
The hCEase_Rmt did not show any considerable movement
in the 270-loop but instead showed a maximum movement
in the 450-loop (Fig. 7d). Hence, both the TCH are needed
but the contribution from proximal TCH is prominent. Inter-
estingly, all the greatest movements observed in the ligated
systems were from the surface loop regions especially the
270-loop which is considered very important for the binding

of substrate. From this study, it is observed that maximum
deviations obtained from ED analysis correlate well with the
biological action. This result supported our studies that the
movement of surface loop residues plays a very important
role in the activation of CEase.

Importance of 7 α-hydroxyl group in TCH

CEase hydrolyzes triacylglycerols and cholesteryl esters
more effectively with the bile salts containing 7 α-OH group
and this signifies that such specific interactions are neces-
sary for the activation of the enzyme. However, the structural
explanation for this concept was not clear. Hence, this study
was carried out to investigate the role of 7 α-OH of TCH in
the activation of hCEase. To prove the importance of 7 α-
OH group, a system of hCEase complexed with a modified
TCH (hCEase_XOH) with no 7 α-OH group (TCH_XOH)
was prepared and subjected to MD simulation and the results
were compared with hCEase_TCH system. Basic analyses
were performed to ensure the overall system stability and the
results are discussed in supporting information along with the
2D chemical structures (Fig. S12) of TCH and TCH_XOH
(Text S3-3.1; Figs. S13, S14).

Analysis of intermolecular hydrogen bonds

The number of H-bond interactions between the protein
and the ligand in the proximal and remote regions were
calculated. Remarkably, noticeable difference was observed
between the two systems. In the proximal site, the binding of

Fig. 7 The essential dynamics analyses of four systems. The max-
imum correlation motions were scrutinized for a hCEase_Apo, b
hCEase_TCH, c hCEase_Prx, and d hCEase_Rmt systems. The max-
imum and minimum projections of the two protein trace structures
along with the largest eigenvector were superimposed in order to show

the maximum correlation motion of each residue. The maximum and
minimum projection structures are given in light and dark colors. The
Cα–Cα distance plots between superimposed structures are given for
each system below its structures
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TCH was stable without affecting the catalytic site (Fig. 8a)
whereas the binding of TCH_XOH was not stable and
affected the catalytic site (Fig. 8c). The reason for the dif-
ferences in their binding mode was explained through H-
bond analysis. The TCH-prx has established strong interac-
tion with the loop residues Phe119 and Asn122 through the
7 α-OH group. This interaction also enables TCH to strongly
interact with other key residues such as Ala117, Asn121, and
Thr451 (Fig. 8b). But such interaction and assistance were
missing in hCEase_XOH system due to the absence of 7 α-
OH and TCH_XOH moved closer toward Arg63 and Tyr75
by forming strong H-bonds with them (Fig. 8d). The TCH-
prx has formed stable and strong H-bonds, a maximum of 6
and an average of 3.3 but the H-bonds formed by TCH_XOH-
prx were reduced to half, a maximum of 3 and an average
of 1.6, throughout the simulation (Fig. S15a, b). The H-bond

information of TCH-rmt and interaction energetics between
protein and ligand are available in Text S3-3.2 and 3.3.

Structural changes

The structural analyses revealed that the binding of TCH_
XOH was not appropriate to bring the open conformation of
the 120-loop and other surface loops. The distance between
the positions of Leu120 in hCEase_TCH and hCEase_XOH
systems was measured to be 5.3 Å and that describes the con-
formational changes of surface loops between these two sys-
tems (Fig. S17). The shape of the active site in hCEase_XOH
system was totally disturbed especially the catalytic site
core was distorted and is not appropriate for the binding of
the substrate. This result was used as substantiation to the

Fig. 8 Binding modes of TCH and TCH_XOH at the proximal site.
The binding mode and H-bond interactions between protein and a
TCH and b TCH_XOH are shown. TCH and TCH_XOH are shown in
blue and green color stick forms. The missing 7 α-OH group region is

highlighted in red circles. The H-bond interactions are shown in black
dashed lines. The binding mode of TCH is stable and did not disturb
the catalytic site. (Color figure online)
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Fig. 9 Essential dynamics analysis. The maximum correlation
motions were examined for hCEase_TCH and hCEase_XOH systems.
The Cα–Cα distance plots between superimposed structures for each

system are given below. The observed prominent movements are high-
lighted in blue color circles. (Color figure online)

importance of 7 α-OH group to form the interactions required
for the activation of hCEase.

The ED analysis was carried out for hCEase_TCH and
hCEase_XOH systems and Cα–Cα distance was measured to
observe the predominant movement of the particular region
of the protein which perhaps vital for its biological func-
tions. The overlay of extreme structures, maximum and min-
imum projections of two protein trace, clearly explained that
the predominant movement was observed in the 270-loop
region when 7 α-OH group of TCH was present (Fig. 9a).
Interestingly, movement of 270-loop was completely lost in
the absence of 7 α-OH group (Fig. 9b). Thus, the absence of
small functional groups like hydroxyl group can be able to
demolish the possible activation of the protein. The max-
imum distance was observed around 270-loop residue in
hCEase_TCH whereas this significant distance was totally
lost in hCEase_XOH (Fig. 9). The results evidently showed
that the specific interaction of 7 α-OH group of TCH plays a
crucial role in the activation of the enzyme.

Conclusions

The hCEase has gained much attention as an interesting tar-
get in the treatment of major diseases like atherosclerosis
and coronary heart disease due to its key role in the control
of dietary cholesterols and the transport of free cholesterols
to the enterocyte. A detailed structural knowledge of the acti-
vated form of hCEase is essential in designing potent drugs.
To achieve this, MD simulation studies were carried out to
understand the activation mechanism as well as to identify the
molecular interactions and structural changes that are impor-
tant for the bile salt activation of CEase were performed.
Initially, the efficiency of different bile salts such as TCH,
CHA, and GCH in the activation of hCEase was compared.
From the binding mode, H-bond interaction, and distance
analyses, it was concluded that the required movements of
the surface loops are most favorable and the size of the active
site was big enough when TCH is present. Hence, TCH was
identified as the most favorable and efficient bile salt involved
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in the activation of the hCEase. In the next study, after iden-
tifying the TCH as efficient bile salt, the involvement of both
proximal and remote TCH in the activation mechanism of the
hCEase was studied. From the results, it was observed that
both bile salts are very important for the activation of hCEase.
Especially the movement of the 120 and 270 loops, which is
necessary for the binding of big substrate molecule, is much
prominent when both bile salts are present. The synergistic
effects of bile salts were observed when both proximal and
remote bile salts are present as in the double-ligated system.
As a third study, importance of 7 α-OH group of TCH in the
activation of hCEase was carried out. From the results, it was
revealed that 7 α-OH group is very important for the activa-
tion of hCEase. The molecular explanation is provided for the
fact that a specific interaction through 7 α-OH group of bile
salts is required for the hydrolysis of long chain substrate
molecule. The results of our study have provided the deep
structural insights, from various aspects, on the bile salt acti-
vation of hCEase and the key chemical characteristics of the
bile salts influencing the activation. This detailed information
will be helpful to avoid structural limitations when design-
ing potent novel hCEase inhibitors. In addition, the activated
structure can be used as a great starting point in structure-
based drug design of efficient hypolipidemic agents.
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