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 Abstract.- Tribolium castaneum is a stored grain pest and generates a battery of enzymes for the utilization of 
stored grain as food. Genome of Tribolium castaneum reveals that there are 54 genes for the expression of lipase 
enzyme. Total soluble proteins were isolated from T. castaneum and lipase activity was fractionated using buffers with 
different pH 4.5, 6.5 and 7.0 in CM sepharose column. At least six different lipases were present in different fractions. 
Lipolytic activity was visualized on agar-substrate plates, using rhodamine  reagent under UV light. Protein sequence 
for one of the acidic lipase similar to human lysosomal lipase was deduced from NCBI under the accession number 
XP_972957.2. e. for the identification of novel features of the enzyme. The identified features include catalytic triad, 
nucleophilic elbow, a flap covering active site of Leu 226-Ile257, Beta 9 loop, Beta 5 loop and oxyanion hole. Four N-
glycosylation sites were identified at positions Asn59, Asn230, Asn242 and Asn296.  
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INTRODUCTION 
 

 Lipase, which is involved in the cleavage or 
hydrolysis of fats, oils and triglycerides (Hammer 
and Murphy, 1994; Shimizu and Nakana, 2003) 
belong to the superfamily of α/ß hydrolases (Nardini 
and Dijkstra,  1999).  Lipases act on substrate at the 
interface between the aqueous and the lipid phase. 
The peculiar feature of lipases is the presence of α/ß 
hydrolase fold in the N-terminal domain which 
contains a buried active site in the form of a 
catalytic triad which is similar to the catalytic site of 
chemotrypsin, trypsin, serine proteases and other 
esterases (Brzozowski et al., 1991; Brady et al., 1990; 
Winkler et al., 1990; Schrag et al., 1991; Lowe, 1992; 
Beer et al., 1996). Hide et al. (1992) reported the 
structure and evolution of lipse superfamily.  
 Crystal structure of human gastric lipase and 
model of  lysosomal acid lipase, two lipolytic enzymes of 
medical interest was reported by (Roussel et al., 1999).  
There are several differences between the acidic 
lipases, like there is no separate C-terminal domain 
in acidic lipase which is predominantly present in 
the neutral lipase and consists of a ß sandwich. 
Further there are four N-glycosylation sites present 
in the 3D structure of acidic lipase which may be 
responsible for providing maximum stability to the  
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enzyme to compensate for stability and substrate 
attachment affinity provided by the C-terminal of 
neutral lipases. Most lipases from all organisms can 
be divided into six families defined by sequence 
relationships within the α/ß hydrolase fold 
superfamily of proteins (Hide et al., 1992). These 
are the neutral (PF00151), acid (PF04083), lipase2 
(PF01674), lipase3 (PF01764), GDSL (PF00657) 
and hormone sensitive lipases (PF06350) 
(Derewenda, 1994; Holmquist, 2004). All six 
families appear to use the same, two-step reaction 
mechanism based on a catalytic triad of residues 
(usually Ser-His-Asp/Glu) that generates a charge 
relay system and a highly nucleophilic serine. 
Another small family of lipases with an emerging 
role in lipid mobilization in insects, the adipose-
triglyceride-lipase (ATGL) family (PF01734), also 
have an N-terminal domain with a predicted 
alpha/beta hydrolase fold and an active site serine 
residue (Zimmermann et al., 2004). In Tribolium 
castaneum, there are 54 genes for lipase enzyme out 
of which 25 are for neutral lipases, 25 are for acidic 
lipases, no gene for lipase type 2, 1 gene for lipase 
type 3, 2 genes for GDSL and 1 gene for hormone 
sensitive lipase which shows that neutral and acidic 
lipases, predominate in red flour beetle (Horne et 
al., 2009). As T. castaneum is a major stored grain 
pest and relies on lipids and triglycerides for its diet. 
A number of studies are reported on the effect of 
different insecticides on T. castanueum from 
Pakistan (Saleem and Shakoori, 2000a,b). The 
insect produced a number of hydrolytic enzymes 
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which are the focus of attention for several years.  
The inhibition of its lipase using site specific 
inhibitors specially from natural sources (Kumar 
and Prakash, 2009) can be of commercial 
importance on a large scale. Cygler et al. (1994) had 
studied the a structural basis for the chiral preferences of 
lipases. The lipase (TcL) that we are going to discuss 
here belongs to Tribolium castaneum and is similar 
to human lysosomal lipase (HLL) and comes under 
the class of acidic lipase family, along with gastric 
and lingual lipase (Anderson and Sando, 1991). 
That is why it is named, similar to lysosomal like 
lipase in NCBI with accession number 
XP_972957.2. It is composed of 391 amino acid 
residues including a signal sequence of 18 amino 
acids. The HLL is one of the most characterized 
lipase according to our current study and is widely 
used to study homology and function of lipase 
present in other organisms such as insects and 
bacteria in the past (Langin et al., 1993). Therefore, 
the various characteristics of the lipase from T. 
castaneum are determined by its superimposition 
and sequence alignment with human lysosomal 
lipase. 
 

MATERIALS AND METHODS 
 
 Specimens were collected from the local 
vegetation of district Lahore. The samples were 
stored in sterilized bottle. All the three insects were 
crushed separately in TAE buffer pH 8.0 in pestle 
and mortar. The crude solution was then centrifuged 
and supernatant was stored in a clean sterilized glass 
vial at -20ºC. Lipases of T. castaneum were purified 
on CM-Sepharose using different pH values buffers. 
This technique was successful for separating acidic, 
neutral and alkaline lipase. For this purpose, a 
column (3x10 cm) was properly washed with 
distilled water. The column was packed with CM-
Sepharose gel (soaked at pH 4.5) and was washed 
with 100 ml, 0.1M phosphate buffer of pH 4.5. 
Crude sample (2 ml) of T. castaneum was loaded in 
the column. Proteins were eluted by using buffers of 
pH 4.5, pH 6.0 and pH of 7.0 buffer (20 ml each).  
Flow rate was 1ml/min at room temperature. The 
eluted fractions at different pH values were tested 
for lipase activity using agar substrate plates. The 
agar substrate plates were prepared by 

homogenizing 1% olive oil in 0.1M Tris- HCl buffer 
pH 7.1 with 2 g agar, dissolved by heating. Plates 
were poured with the mixture and after hardening of 
agar holes were punched. In each hole 20 µl of the 
eluted samples were loaded and incubated overnight 
at 50ºC. The plates were stained with rhodamine 
solution extracted in chloroform. Free fatty acids 
released by the eluted enzyme fractions from 
column were visible under UV light. 
 
Computational methods 
 Amino acid sequence for a lipase TcL from T. 
castaneum, showing identity to human lysosomal 
lipase was selected for the identification of novel 
catalytic features of the enzyme. The amino acid  
sequence of lipase from T. castaneum was  extracted 
from NCBI with accession number XP_972957.2  
and submitted to Phyre server which is a secondary 
structure prediction server to build a secondary and 
tertiary model of enzyme in the form of a protein 
data bank file. 
 Then the active site and various conserved 
motifs of the enzyme were determined by sequence 
alignment with the lysosomal lipase of Homo 
sapiens (Accession # CAA83495.1) and then with 
insects using ClustalW. http://www.ebi.ac.uk/Tools/ 
msa/clustalw2/ Then the protein structure was 
visualized using Digital Discovery Studio by 
Accerlys which is a well known suite of software of 
simulating small molecules and proteins and 
provides a rich graphical interface. Further the 
sequence alignments, RMSD, Superimposition of 
lipase were also calculated and determined using 
Digital Discovery Studio. 
 

RESULTS AND DISCUSSION 
 
Purification of whole body enzyme extract  
 The crude enzyme extract of T. castaneum 
was subjected to ion exchange chromatography on 
CM Sepharose column. Alternative fractions were 
taken for Bradford assay and protein concentration 
was measured at 545nm (Bradford, 1976). Void 
volume of 10ml was excluded from the column.  
After loading sample (1ml) column was washed 
with 10 ml of buffer pH 4.5 then fractions were 
collected.  Totally 65 fractions were collected using 
20ml of each buffer including pH 4.5, pH 6.0 and 



ACIDIC LIPASE OF T. CASTANEUM 807

pH 7.0 (Fraction size 1 ml at the flow rate 1ml/min). 
(Data not shown). The alternate fractions were 
checked for lipase activity on substrate agar plate. 
Result are shown in Figure 1. A number of fractions 
showed lipase enzyme activity eluted at pH 4.5 (1-5, 
6, 8, 9-11) and at pH 6.0 (26, 28 30, 38, 39) and at 
neutral pH (50, 52, 54, 60, 82 and 66). These results 
showed the functional expression of multiple lipases 
in T. castaneum. Our results confirm the presence of 
multiple forms of lipases as, earlier reported by 
Horne et al. (2009). In Tribolium castaneum, 
genome there are 54 genes for lipase enzyme 
including  neutral lipases (25 gene), acidic lipases 
(25 gene) and hormone sensitive lipase. This 
indicates that neutral and acidic lipases, 
predominate in red flour beetle. 
 

 
 

 Fig. 1. 1% oil emulsion agar plates 
showing florescent zone of lipase activity of  
eluted fractions from CM-sepharose column of 
Tribolium enzyme. 20µl sample was added in 
each well.  

 
Structure function relationship of lipase 
 The TcL is composed of a single globular 
domain that belongs to alpha/beta hydrolase family 
and constitutes 373 amino acid residues. It is the 
central region where the active catalytic site of the 
enzyme is present and is composed of a number of 
motifs that are conserved throughout evolution in 
very distant related proteins. The following 
conserved motifs are present: (1) catalytic triad, (2) 
nucleophilic elbow, (3) a flap covering active site of 
Leu 226-Ile257, (4) beta9 loop, (5) beta5 loop and 
(6) Oxyanion hole (Fig. 2). 

 Catalytic triad 
 There are three conserved residues in the N-
terminal portion which constitutes the active site of 
the enzyme and are collectively termed as catalytic 
triad (Ollis et al., 1992; Kreut, 1977; Brzozowski et 
al., 1991). After a meticulous dissection of T. 
castaneum lipase, it was revealed that he first 
residue is Ser163 responsible for the nucleophilic 
attack on the carbonyl group of the TAG, the second 
one is His367 which acts as a general, the third 
residue is Asp336 which together with His305 
makes a charge-relay system. 
 The His367 is considered very important 
because the amide groups of its side chain forms 
two hydrogen bonds: first one with oxygen of side 
chain of Ser163 and second one with oxygen of side 
chain of Asp336. The Ser163 is located at a distance 
of 10.625 Å from Asp336 and 8.237 Å from 
His367. Further Asp336 and His367 are located at a 
mutual distance of 4.540 Å and taking Asp336 as 
central point, Ser163 makes an angle of 47.12 
degree with His367. The His367 is also more 
closely spaced to the lid covering the active site and 
is placed at the edge of the N-terminal. 
 The unique topological and sequence 
arrangement of the triad residues produces a 
catalytic triad which is, in a sense, a mirror-image of 
the serine protease catalytic triad similar to the one 
present in human lipases (Roussel et al., 1999) 
(Fig.2A,B). 
 
 Nucleophilic elbow 
 The Ser163 which carries out the nucleophilic 
attack on the carbonyl group of TAG is a part of a 
more conserved structure called nucleophilic elbow. 
This is a structure that comprises 5 amino acid 
residues having a consensus sequence of “Gly-X-
Ser-Y-Gly” (Derewenda and Derewenda, 1991). 
The X is His162 and Y is Leu164 in Lipase from T. 
castaneum.  
 The region assumes the shape of a human 
elbow like structure and is of much importance in 
order for the nucleophilic attack to take place. The 
reason is that Ser163 is located at such a position 
(curve of elbow) in the nucleophilic elbow which 
poses steric hinderance to Ser163 due to which this 
residue becomes unstable and resides at a higher 
energy level as compared to other residues and thus,  
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 Fig. 2. A, Alpha/beta hydrolase fold inside the globular domain; 
B, Catalytic triad of lipase. Green dotted lines in red circles show the H-
bonds; C, Position of Ser163 in nucleophilic elbow; D, Relative position 
of residues involved in catalysis and oxyanion hole formation; E, 
Protective surface loop from Leu226 to Ile257 covering the catalytic 
triad; F, Relative position of Beta9 loop from Ile282 to Gly303 to 
surface loop and catalytic triad; G, Relative position of Beta5 loop from 
Gly63 to Met85 to surface loop and catalytic triad Oxyanion hole; H, 
Leu75 and Gln164 involved in oxyanion hole formation; I, Relative 
position of surface loop, Beta9 loop and Beta5 loop to the catalytic triad 
providing maximum protection; J, Position of N-Glycosylated residues 
in the structure of lipase. 
In all the structural images, the following colour scheme is used except 
for the space filling model: Ser 163, pink; His 367, purple; Asp 336, 
yellow;  Nucleophilic elbow, orange; Lid, blue;  Third loop protecting 
the active site, brown; Beta5 loop, green; Leu75 and Gln164 of 
oxyanion hole, Blue. 
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in order to reduce its energy and be stabilized, this 
residue becomes ideally suited to carry out the 
nucleophilic attack (Ollis et al., 1992) (Fig. 2C). 
 Further Ramachandran plot is also 
determined for the active site and nucleophilic 
elbow which shows that Ser163 is present in 
unfavorable region and is therefore highly unstable 
in this position. It was noticed that in case of lipase 
TcL,  the turns of nucleophilic elbow on both ends, 
Gly161 and Gly165 are present. This is also of 
special importance because it is only Gly that offers 
no steric hinderance on the turns and curves due to 
its simplest structure. The nucleophilic elbow also 
resides at the hydrophobic core of the enzyme due 
to which the hydrophobicity in that area in increased 
as compared to other regions which confers 
maximum stability to the nucleophilic elbow and 
catalytic Ser163 and practically makes the active 
site inaccessible to the substrate unless exposed by 
displacement of the lid. Moreover, the oxygen atom 
of carboxyl group of His162 also makes a strong H-
bond with amide group of Gly165 with a 2.791 Å 
distance which stabilizes the nucleophilic elbow.  
 Further the Gln164 also assumes such a 
position that its amide group becomes placed in 
front of amide group of Leu75 belonging to Beta5 
loop with an interatomic distance of 4 Å. Both of 
them are responsible for the formation of oxyanion 
hole during the enzymatic activation on binding of 
the substrate and makes strong H-bonds with the 
substrate. 
 
Flap/lid protecting active site 
 In the case of lipase TcL, the amino acid 
residues from Leu226 to Ile257 make a protective 
loop over the surface of the lipase which protects 
the active site and makes it inaccessible to solvent 
and renders the core of the enzyme hydrophobic. 
This loop is called the lid, flap or cap of the enzyme 
in the N-terminal region. One disulfide bond is 
present in the loop i.e. between Cys240 and Cys250 
which is responsible for the stabilization of the loop. 
Apart from the disulfide bond, many H-bonds are 
present inside the loop of the lid conferring 
additional stability to the curved loop (Figs. 2C,D). 
This is the lid over the active site that is responsible 
for much of the hydrophobicity inside the protein’s 
core and this is the lid that changes its conformation 

during the interfacial activation of the enzyme after 
the binding of the substrate. Winkler et al. (1990) 
identified a protective surface loop (Fig. 2E) which 
covers the active site in closed conformation and is 
stabilized by van der Waal’s interactions with other 
loops called B5 and B9 loops. Once the lid is 
displaced, the active site is more exposed to the 
solvent and Ser163 which is more likely to carry out 
the nucleophilic attack (Brzozowski et al., 1991; 
Tilbeurgh et al., 1993; Egloi et al., 1995). 
 Although the lid is also conserved throughout 
the course of evolution, it shows variability in its 
length in different species and this variation is seen 
mostly at the top of the loop which makes a very 
short alpha helix. It is further elaborated in the 
section of superimposition of lipase from different 
sources. 
 
 Beta 9 loop 
 Winkler et al. (1990) identified a protective 
surface loop which covers the active site in closed 
conformation and is stabilized by van der Waal’s 
interactions with other loops called B5 and B9 loops 
(Figs. 2E,F). Beta 9 loop is extended from Ile282 to 
Gly303 and offers further protection to the active 
site of lipase from another direction by making 
stable interactions with the surface loop (Winkler et 
al., 1990). 
 
 Beta 5 loop 
 For T. castaneum TcL lipase Beta 5 loop 
extends from Gly63 to Met85 and again offers 
additional protection to enzyme’s catalytic triad by 
interacting with beta9 and surface loops (Winkler et 
al., 1990). However, that loop also plays an 
important role i.e. the formation of the oxyanion 
hole (Figs. 2F,G,H). The amide group of Leu75 is 
placed in close proximity to the amide group of 
Gln164 and both of them are responsible for the 
formation of oxyanion hole after the binding of the 
substrate with the formation of H-bonds (Kraut, 
1977). 
 
Maximum protection of the catalytic triad by 3 loops 
 According to the current knowledge, the 
active site is protected by the lid or flap over the 
enzyme’s surface in the alpha/beta hydrolase family. 
Here in T. castaneum the lid consists of residues 
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from Leu226-Ile257. However, according to space 
filling model, it is determined that the lid of 
Leu226-Ile257, Beta9 loop of Ile282-Gly303 and 
Beta5 loop of Gly63-Met85 and the beta sheets at 
the bottom, all contribute to the overall protection of 
the active site residues from every direction and 
makes the interior of the enzyme more hydrophobic 
(Fig. 2I).  
 Only after the binding of the substrate, the lid 
undergoes a conformational change and then in a 
sequence, the beta5 loop undergoes further change 
in conformation due to which the inside becomes 
more exposed to the solvent and becomes ready for 
the attack and the hydrophobicity is reduced. 
However  the  lid/flap  is  given  more  importance 
because beta5 loop undergoes a slight modification 
in its conformation, beta9 loop remains intact and it 
is the lid which shows a major shift in  conformation 
after binding of  the substrate and covers the top of 
the active site (Tilbreugh et al., 1993). 
 
N-Glycosylated residues 
 In our case, these are present at positions 
Asn59, Asn230, Asn242 and Asn296 which may be 
responsible for increase stability of the protein by 
conferring proper folding. In the acidic lipase, there 
are four consensus sequences for N-glycosylation of 
the enzyme which is Asn-X-Ser/Thr (Fig. 2J) 
(Anderson and Sando, 1991). 
 
C-terminal 
 In acidic lipase from Tribolium castaneum 
there is no separate C-terminal domain which is 
predominantly present in the neutral lipases. There 
are several differences between the acidic lipases 
like there is no separate C-terminal domain in acidic 
lipase which is predominantly present in the neutral 
lipase and consists of a beta sandwich. Further there 
are four N-glycosylation sites present in the 3D 
structure of acidic lipase which may be responsible 
for providing maximum stability to the enzyme to 
compensate for stability and substrate attachment 
affinity provided by the C-terminal of neutral 
lipases. In acidic lipase, after the abstraction of 
proton from His367, there is a local decrease in pKa 
as compared to the neutral lipases due to which the 
enzyme acts in the acidic range (Mileda et al., 
2000).  

Mechanism of action of lipase 
 After lipase has bound to the substrate to 
form the enzyme-substrate complex, Ser163, in the 
reaction’s rate determining step, nucleophilically 
attacks the carbonyl group to form the complex 
known as the tetrahedral intermediate (covalent 
catalysis). X-ray and computational studies have 
shown that Ser163 is ideally positioned to carry out 
this nucleophilic attack (due to its proximity and 
orientation effects). The imidazole ring of His367 
takes up the liberated proton forming an 
imidazolium ion (general base catalysis). This 
process is aided by the polarizing effect of the 
unsolvated carboxylate ion of Asp336 which is H-
bonded to His367. Neutron diffraction studies have 
demonstrated that Asp336 remains a carboxylate ion 
rather than abstracting a proton from the 
imidazolium ion to form an uncharged carboxylic 
acid group. The tetrahedral intermediate 
decomposes to the acyl-enzyme intermediate under 
the driving force of proton donation from N3 of 
His367 (general acid catalysis). The leaving group 
of glycerol is released from the enzyme and 
replaced by the water from the solvent. The acyl-
enzyme intermediate (which in the absence of 
enzyme would be a stable compound) is rapidly 
deacylated and thereby generating the active 
enzyme. In this step, water is the attacking 
nucleophile and Ser163 is the leaving group 
(Winkler et al., 1990; Tilbreugh et al., 1993; Smith 
et al., 1992; Cygler et al., 1994).  
 The conformational distortion that occurs 
with the formation of the tetrahedral intermediate 
causes the carbonyl oxygen of the substrate to move 
deeper into the active site so as to occupy the 
previously unoccupied position, the oxyanion hole.  
In case of TcL lipase of T. castaneum forms two H-
bonds with the enzyme that cannot be formed when 
the substrate is in its normal regional conformation. 
One of the H-bond is formed with the amide group 
of Leu75 in the Beta5 loop and the second H-bond 
is formed with the amide group of the residue 
immediately following the catalytic serine which is 
Gln164 (Kraut, 1977). The existence of that 
oxyanion hole is based on the premise that 
convergent evolution has made the active sites of 
these unrelated enzymes functionally identical.  
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