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CHAPTER 1 

General introduction 

 

1.1. Lipase 

Lipase (EC 3.1.1.3) is defined as a carboxylesterase, which catalyses the hydrolysis (Fig. 1-

1) and synthesis of long chain acylglycerols with triacylglycerol being the standard substrate 

(Jaeger & Eggert, 2002). This class of hydrolytic enzyme is widely produced by both eukaryotic 

and prokaryotic organisms, ranging from human, plant, animals, to microbes such as fungi, yeast 

and bacteria. Lipases play important physiological roles in digestion, processing and transport of 

lipids. Lipase-producing microbes usually secrete extracellular lipase to facilitate the absorption 

of lipid-containing nutrient. Pathogenic microbes secrete lipase as part of virulence factors 

responsible for infections (Stehr et al., 2003). Lipase genes are also found in virus, however, it 

has been suggested that these lipases play a nonenzymatic role, possibly in lipid binding only 

(Kamil et al., 2005). 

 

 

 

 

 

 

Fig. 1-1. Hydrolysis of triacylglycerol catalyzed by lipase, releasing diglyceride or monoglyceride and 

fatty acid. (http://www.rpi.edu/dept/bcbp/molbiochem/MBWeb/mb2/part1/lipoprot.htm). 

True lipases undergo interfacial activation, in which the enzymatic activity significantly 

increases at saturated (micellar) substrate concentration. The presence of an amphiphilic lid, a 

surface loop covering the active site and controlling substrate access to active site is believed to 

be an important structural feature for interfacial activation (Cambillau et al., 1996), as shown in 

Figure 1-2. Upon contact with micellar substrates, this structure would move away, giving access 

to active site. Comparison of solved lipase crystal structures in the absence and presence of 

inhibitor/detergent revealed two forms of lipase: closed (lid covers the active site, inactive form) 

lipase 



Chapter 1. General introduction 

 

2 
 

and open (lid moves away from the active site, active form) conformations. It is in the open 

conformation that the enzyme is able to undergo interfacial activation (Brzozowski et al., 1991; 

Derewenda et al., 1992; van Tilbeurgh et al., 1993; Angkawidjaja & Kanaya, 2006; 

Angkawidjaja et al., 2010). However, it is also worth stating that lipase which contains a lid 

structure but cannot undergo interfacial activation also presents (Verger, 1997), showing that 

exception to the generally accepted definition of true lipase also exists. 

   
Fig. 1-2. Crystal structure of the closed (A) and open (B) conformations of a lipase from Rhizomucor 

miehei, a representative of the α/β hydrolase enzyme (PDB ID 3TGL and 4TGL, respectively). In the 

closed conformation (A), the 17-residue-long lid structure (shown in brown), which consists of amino 

acid residues 82–96, initially covers the active site that is composed of Ser144, Asp233 and His257 

(shown in stick model). Upon binding of the inhibitor (shown in ball-and-stick model) to the active site, 

the lid is moved away from the active site, exposing the active site to the solvent (B) (Angkawidjaja & 

Kanaya, 2006). 

Although it was nearly 100 years ago that microbiologist C. Eijkmann reported the ability 

of several bacteria in producing and secreting lipases, studies to develop lipases as ideal tools for 

organic chemist started when it was generally accepted that lipase is enzymatically active and 

stable in organic solvent (Jaeger & Eggert 2002; Arpigny & Jaeger, 1999). In micro-aqueous 

environments such as in organic solvent, instead of hydrolysis, lipase is capable to carry out 

various reactions, such as esterification, alcoholysis, aminolysis, and transesterification (Fig. 1-3). 

The high chemo-, regio-, and enantio-selectivities of lipase made it highly favorable for 

industrial applications, particularly in the production of enantiopure pharmaceuticals, 

agrochemicals, flavor compounds and other desired chiral compounds (Hasan et al., 2006).  
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Fig. 1-3. Enantioselective synthesis of methyl methacrylate 16 (building block for polymerization for 

sustained released perfume) via transesterification by Burkholderia cepacia lipase (Jaeger & Eggert, 

2002). 

 

1.2. Active site and catalytic mechanism of lipase 

Lipase is a member of the /β hydrolase family, because all lipases share a common fold, 

termed /β hydrolase fold (Angkawidjaja & Kanaya, 2006; Jaeger et al., 1999). Members of this 

large superfamily are structurally related but functionally diverged. The active site of the enzyme 

with an /β hydrolase fold always contains a catalytic triad consisting of a nucleophilic residue, 

a catalytic acidic residue and a histidine residue. In lipases, the nucleophile is always Ser, 

whereas the catalytic acidic residue is Asp or Glu (Jaeger et al., 1999). Location of the 

nucleophilic serine residue is highly conserved, usually in a typical pentapeptide GxSxG motif. 

An example of the active site geometry with bound inhibitor is shown below (Fig. 1-4). 

 

Fig. 1-4. Active site of Pseudomonas sp. MIS38 lipase with diethylphospho (DEP) group of inhibitor 

diethyl p-nitrophenyl phosphate (DENP) bound to the catalytic serine residue (Ser207) (PDB ID 3A70). 

Ser207, Asp255 and His313 form the catalytic triad, while Thr143 and Leu208 form the oxyanion hole. 

Broken red lines indicate the hydrogen bonds in the oxyanion hole, with their distances (Å) indicated. The 

side chain and main chain atoms are indicated by stick and line models, respectively. Oxygen, nitrogen 

and phosphorus atoms are colored red, dark blue and orange, respectively. A molecule of p-nitrophenol in 

the proximity of the active site is also shown. 
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Lipases have a Ser-His-Asp/Glu catalytic triad, which are similar to that observed in serine 

proteases. Therefore, the catalysis by lipases is thought to proceed in a similar manner as in 

serine proteases. The mechanism of substrate hydrolysis takes place in steps as described in 

Figure 1-5. Ser becomes nucleophilic because His draws a proton from the Ser hydroxyl group. 

This proton transfer can take place due to the presence of the catalytic acid (Asp/Glu) which 

precisely orients the imidazole ring of His and partly neutralizes the charge that develops on it 

(Jaeger et al., 1999).  

 
 

Fig. 1-5. Catalytic mechanism of lipases. (1) Binding of lipid, activation of nucleophilic Ser by 

neighboring His and nucleophilic attack of the substrate's carbonyl carbon atom by Ser O
−
. (2) Transient 

tetrahedral intermediate, with O
−
stabilized by interactions with two peptide NH groups. His donates a 

proton to the leaving alcohol component of the substrate. (3) The covalent intermediate (“acyl enzyme”), 

in which the acid component of the substrate is esterified to the enzyme's serine residue. The incoming 

water molecule is activated by neighboring His, and the resulting hydroxyl ion performs a nucleophilic 

attack on the carbonyl carbon atom of the covalent intermediate. (4) His donates a proton to the oxygen 

atom of the catalytic serine residue, the ester bond between Ser and acyl component is broken, and the 

acyl product is released (Jaeger et al., 1999). 
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Catalytic reaction takes place as the following. Carbonyl carbon of the lipid ester bond (in 

the substrate) is attacked by the nucleophilic oxygen atom of the catalytic serine residue, forming 

a transient tetrahedral intermediate. This intermediate is stabilized by hydrogen bonds between 

the oxyanion (negatively charged carbonyl oxygen atom) and at least two main-chain NH groups 

(the oxyanion hole). The proton in His is then donated to the ester oxygen of the susceptible 

bond to cleave it, resulting in the covalent intermediate of esterified Ser, with the alcohol 

component diffuses away. Next, His activates a water molecule by taking a proton from it, which 

allows the OH
-
 group to hydrolyze the covalent intermediate. Negatively charged tetrahedral 

intermediate is formed again, which is stabilized by interactions with the oxyanion hole. His then 

donates the proton to the oxygen atom of Ser, resulting in the release of acyl component. 

 

1.3. Family I.3 lipase 

Bacterial lipolytic enzymes are classified by Arpigny and Jaeger (1999) into eight families 

(families I-VIII), based on the amino acid sequences, biological properties, and available 3D 

structures. Among them, family I is the largest family which is further classified into seven 

subfamilies (I.1-I.7). Family I.1, I.2 and I.3 lipases are Gram-negative bacterial true lipases 

(Jaeger et al., 1999). Lipases from Pseudomonas aeruginosa, P. fluorescens C9, P. fragi, Vibrio 

cholera and Acinetobacter calcoaceticus are members of family I.1 lipase. Lipases from P. 

luteola, Burkholderia cepacia, B. glumae and Chromobacterium viscosum  are members of 

family I.2 lipase. Family I.1 and I.2 lipases share similar structural features, secreted via type II 

secretion system (T2SS) and share relatively high amino acid sequence similarity (30-40%) 

(Arpigny & Jaeger, 1999). In contrast, family I.3 lipase is secreted via type I secretion system 

(T1SS), has higher molecular mass than family I.1 and I.2 lipases, and shows poor amino acid 

sequence similarities (<20%) to both family I.1 and I.2 lipases (Angkawidjaja & Kanaya, 2006; 

Arpigny & Jaeger, 1999). Molecular masses and optimum conditions for activities of 

representative members of family I.3 lipase are summarized in Table 1-1. Comparison of the 

amino acid sequences of representative members of family I.3 lipases (Fig. 1-6) shows that a 

typical pentapeptide GxSxG motif, and the active site residues are fully conserved. 

 

 



Chapter 1. General introduction 

 

6 
 

Table 1-1. Members of family I.3 lipase with their properties (Angkawidjaja and Kanaya, 2006). 

Producer strain GenBank 

accession no. 

Molecular 

mass (kDa) 

Optimum 

pH 

Optimum 

temperature (
o
C) 

Reference 

Pseudomonas sp. MIS38 AB025596 68 7.5 55 5 

P. fluorescens B52 (LipB52) AY623009 68 8.0 40 14 

S. marcescens Sr41 D13253 65 8.0 45 15,16 

S. marcescens SM6 U11258 65 NA NA 17 

P. fluorescens HU380 AB109033 64 8.5 45 18 

P. fluorescens B52 M86350 50 NA NA 19 

Pseudomonas sp. KB700A AB063391 50 8.0-8.5 35 20 

P. fluorescens SIK W1 AF083061 50 8.5 45-55 21,22 

P. fluorescens LS107d2 M74125 50 NA NA 23 

NA, not available 
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Fig. 1-6. Amino acid sequences of representative members of family I.3 lipase. The amino acid sequences 

of lipases from Pseudomonas sp. MIS38 (PML), S. marcescens Sr41 (Sr41), P. fluorescens SIK W1 (SIK 

W1), P. fluorescens B52 (B52 (lip)), and P. fluorescens LS107d2 (LS107d2) are aligned using the 

program CLUSTAL W (Thompson et al., 1994). The consensus GxSxG sequence, containing the active-

site serine residue, is boxed by broken lines. The amino acid residues forming a catalytic triad, Ser, Asp, 

and His, are highlighted in black. The repetitive nine residue sequence motif, GGxGxDxux, is boxed by 

solid line. A putative C-terminal secretion signal (R1–R6) is shaded (Omori et al., 2001). The cleavage 

site with limited chymotryptic digestion (Amada et al., 2000) is shown by a solid arrowhead. Numbers 

represent the positions of the amino acid residues that start from the initiator methionine residue for each 

protein. The GenBank accession numbers for these sequences are listed in Table 1-1. 

 

 

Fig. 1-7. A model of bacterial T1SS. ABC protein (white), membrane fusion protein (MFP; light gray), 

and outer membrane protein (OMP; dark gray) form a transporter complex protruding through the inner 

and outer membranes of Gram-negative bacteria. The secretion signal is shown by a gray box near the C-

terminal end of the passenger protein. Protein secretion occurs in a single step, bypassing the periplasmic 

space directly to the extracellular medium (the direction of protein secretion is shown by a large shaded 

arrow). ATP hydrolysis by the ATPase domain of ABC protein provides energy for protein transport. The 

C-terminal secretion signal is recognized by the ABC protein, stimulating conformational change of the 

transporter complex and ATP hydrolysis, which leads to secretion of the passenger protein. A β-roll 

structure, formed by the repetitive sequences in the presence of calcium ions, is also shown 

(Angkawidjaja & Kanaya, 2006). 
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1.4. Type I secretion system (T1SS) 

All of the members of family I.3 lipase are secreted out from the cell via T1SS. T1SS is a 

one-step secretion system in Gram-negative bacteria, used to transport the passenger protein 

from inside the cell directly to the environment. This transport system consists of three subunits, 

which are ATP-binding cassette (ABC) protein that binds ATP, membrane fusion protein (MFP) 

and outer membrane protein (OMP). These proteins form a channel that passes through the cell 

membrane, allowing the secretion of its passengers (Fig. 1-7). In Chapter 3, I used T1SS for 

lipase from S. marcescens SM8000 (Lip system), in which LipB is the ABC protein, LipC is 

MFP and LipD is  OMP.  

 

Fig. 1-8. (A) Side view of a β-roll structure. The β-roll structure formed by residues 333–379 of P. 

aeruginosa alkaline protease (PDBID 1AKL) is drawn by the program PYMOL. The β-strands and 

internally bound calcium ions are represented by arrows and yellow spheres, respectively. The side chains 

of the aspartate and asparagine residues, each of which provides two side-chain oxygen atom or one 

oxygen and one nitrogen atom for calcium binding, are shown in a stick model. (B) Top view of a β-roll 

structure. The first turn of the β-roll structure shown in a is shown in a stick model. 

 

Passenger proteins of T1SS contain a C-terminal secretion signal with 50-60 residues, 

which remains intact after secretion (Angkawidjaja & Kanaya, 2006). On the upstream of this C-

terminal secretion signal, a nine-residue sequence motif GGxGxDxux (x: any amino acid, u: 

hydrophobic amino acid) is repeated several times. This repetition is known as RTX (repeat in 

toxin) motif, glycine/aspartate-rich repeat region, or hemolysin-type calcium binding region. The 

RTX sequence is known for its role in calcium binding of some passenger proteins, and they 

form a β-roll motif (Fig. 1-8). The first six residues of this nine-residue motif forms a loop that 

A   B   
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binds to calcium ion, while the last three residues forms a short β-strand (Fig. 1-8). The binding 

sites for calcium is provided by main chain carbonyl oxygen atoms of the glycine residues and 

the side chain oxygen atoms of the aspartate or asparagine residues (Fig. 1-8B). 

 

1.5. Pseudomonas sp. MIS38 lipase (PML) 

The nucleotide sequence of the lip gene encoding a lipase from Pseudomonas sp. MIS38 

shows that PML is composed of 617 amino acid residues (Amada et al., 2000), with the 

molecular mass of 68 kDa. This nucleotide sequence is deposited in DDBJ with the accession 

number AB025596.  The alignment of the amino acid sequences of family I.3 lipases (Fig. 1-6) 

shows that PML shares the amino acid sequence similarities of 95% to P. fluorescens HU380 

lipase, 92% to P. fluorescens B52 (LipB52) lipase, 76% to P. fluorescens B52 lipase, 75% to 

Pseudomonas sp. KB700A lipase, 74% to P. fluorescens SIK W1 lipase, 72% to P. fluorescens 

LS107d2 lipase, and 61% to S. marcescens Sr41 and SM6 lipases (Angkawidjaja & Kanaya, 

2006). Like any other passenger protein of T1SS, PML does not have any cysteine residue, 

indicating that PML, along with other members of family I.3 lipase, do not have a disulfide bond.  

According to the limited proteolysis of PML (Amada et al., 2000) and the crystal structures 

in both closed (PDB ID 2Z8X) and open (PDB ID 2ZVD) conformations, PML consists of two 

domains. The N-domain (residues 1-372) contains the catalytic triad (Ser207, Asp255, His313) 

(Kwon et al., 2000), while the C-domain (residues 373-617) contains thirteen repeats of RTX 

motif and a secretion signal (Kuwahara et al., 2011). The C-domain is crucial not only for 

secretion but also for folding of the N-domain (Kwon et al., 2002; Angkawidjaja et al., 2005). 

According to the PML structure, thirteen RTX repeats form a β-roll sandwich structure, in which 

eight calcium ions bind. These calcium ions are required for folding of a β-roll sandwich motif 

(Amada et al., 2001; Angkawidjaja et al., 2006). Calcium-induced folding of RTX repeats may 

facilitate efficient secretion of PML by T1SS, as proposed for Bordetella pertussis adenylate 

cyclase (Chenal et al., 2009; Sotomayor et al., 2010). Structural and functional studies of PML 

have been done extensively, as described in more details in the following sections. 

 

1.5.1.  Crystal structures of PML 

The first crystal structure of PML has been solved at 1.5Å resolution by the SIRAS method 

using a Pt-derivatized crystal of a cysteine mutant, in a closed conformation (PDB ID 2Z8X) 
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(Angkawidjaja et al., 2007). The open conformation of PML has been solved at 2.1Å resolution 

by the molecular replacement method (Angkawidjaja et al., 2010). This structure is similar to 

that of lipase from S. marcescens SM6 (SML) in the open conformation (Meier et al., 2007). The 

first methionine residue is not be observed in both closed and open conformations of PML 

(Angkawidjaja et al., 2007: Angkawidjaja et al., 2010). Both structures show that the C-domain 

of PML has 13 repeats of RTX that form a β-roll sandwich, where eight calcium ions bind (Fig. 

1-9).  

 

Fig. 1-9. Crystal structures of PML in closed (left panel) and open (right panel) conformations. N and C 

represent the N- and C- domains of PML. Calcium ions are shown in yellow spheres. Ca1, Ca2 and Ca3 

at the N-domain are indicated. Lid1 and lid2 are colored orange and green, respectively. The active site 

residues (Ser207, Asp255, His313) are indicated by stick models. 

 

Comparison between the closed and open conformations of PML shows that PML has two 

lid structures (Fig. 1-9). By analyzing the root mean square deviation (rmsd) value of each 

residue in the closed and open conformations, three regions were found to have significant 

differences (Fig.1-10B) (9). Two of them are lid1 (residues 146-167) and lid2 (residues 46-74), 

and the third region is identified as a flexible loop (residues 457-465).  
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A   

B   

C   

D   
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Fig. 1-10. (A) A stereo view of the superimposed structures of PML in the closed and open conformations. 

For the open conformation, the backbone is colored cyan, lid1 is colored orange, lid2 is colored green and 

a flexible loop is colored red. Eleven calcium ions are shown as yellow spheres, with their numbers 

indicated. Three active site residues (Ser207, Asp255 and His313) are indicated by stick models, in which 

the oxygen atoms are colored red and the nitrogen atoms are colored blue. The closed conformation, 

including 10 calcium ions, is colored gray, except that lid1 is colored light orange and lid2 is colored light 

green. (B) The C
α
 rmsd value of each residue between PML in the open conformation and PML in the 

closed conformation. Regions with significant displacements are indicated. (C) Space-filling models of 

PML in the closed and open conformations. The regions around the active sites of PML
 
in the closed 

conformation and PML in the open conformation are shown. The reactive O
γ
 atom of Ser207 is indicated 

by a yellow arrow. Lid1 is colored orange, lid2 is colored green and other regions are colored cyan. The 

oxygen atoms are shown in red and the nitrogen atoms are shown in blue. (D) A stereo view of the Ca1 

site of PML in the open conformation. The calcium ions are shown as a yellow sphere and the water 

molecule is shown as red sphere. The amino acid residues that are coordinated with the calcium ions are 

indicated by stick models in which the oxygen atoms are colored red and the nitrogen atoms are colored 

blue. Lid1 is colored orange and other regions are colored cyan. 

 

Lid1 and lid2 assume amphiphilic helical structures. These lids have both hydrophilic and 

hydrophobic residues. One side of these lids contains the hydrophilic residues with several acidic 

residues, which are buried in the open conformation and exposed to the solvent in the closed 

conformation. The other side of these lids contains the hydrophobic residues which are solvent-

exposed, interacting with the hydrophobic substrate in the open conformation, and buried inside 

the protein in the closed conformation. Since the crystal structure of PML in the open 

conformation is obtained in the presence of calcium ions and 0.02% Triton X-100 (Angkawidjaja 

et al., 2010), which mimics the condition in which the enzyme exhibits activity in the presence 

of substrate, it is obvious that lid displacements from closed-to-open occur, to facilitate binding 

to the hydrophobic substrate, by exposing the once buried hydrophobic residues to the solvent. 

The third region with significant difference between the closed and open conformations is 

a flexible loop located at the C-domain of PML (Fig. 1-10A and B). Crystals of PML in an open 

conformation consist of two molecules per asymmetric unit. One molecule is intact and the 

flexible loop is visible, whereas the other molecule is not intact and the loop is disordered 

(Angkawidjaja et al., 2010). Therefore, the high flexibility of this loop may be caused by 

molecular packing in crystals. 

Another difference between the closed and open conformations of PML is the Ca1 site. 

This site only exists in the open conformation (Fig. 1-9). Ca1 is hexacoordinated with the side 

chains of Asp157 (bidentate), Asp153 and Gln120 (monodentate), and main chain oxygen atoms 
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of Thr 118 and Ser 144 (Fig. 1-10D). A water molecule is also present, coordinating with Ca1. 

The Ca1 site is buried under lid1 with a long helical structure in the open conformation. In the 

closed conformation, this long helix does not exist, but is sharply bent to form a helix-turn-helix 

structure. The structure of lid1 is changed from a helix-turn-helix structure to a long helical 

structure when Ca1 binds to the protein (Fig. 1-9). It has been proposed that Ca1 acts as a “hook” 

to stabilize the open conformation of PML, since two negatively charged aspartate residues 

(Asp153 and Asp157) are located close to each other due to coordination with Ca1 (Fig. 1-10D). 

In the absence of calcium ions, these two aspartate residues may not be able to come close to 

each other due to negative charge repulsion.  

The active site of PML is exposed to the solvent only when PML assumes an open 

conformation (Fig. 1-10C). The accessible surface areas (ASA) of the Oγ atom of Ser207 in the 

closed and open conformations are calculated to be 0.3 and 6.6Å, respectively (Angkawidjaja et 

al., 2010). In lipases, lid acts as a gate that allows the access of the substrate to the active site. 

Therefore, the displacement of lid1 and lid2 in PML is necessary to allow the access of the 

susbtrate to the active site and thereby to make the conformation of the active site active, where 

the catalytic reaction occurs. 

 

1.5.2.  Interfacial activation mechanism of PML 

A combination of X-ray crystallography and molecular dynamics (MD) simulation has 

been used to investigate the interfacial activation mechanism of PML. Availability of the PML 

crystal structures in the closed, open and inhibitor-bound forms makes it possible to make a 

thorough structural analysis to explain how PML undergoes interfacial activation. MD 

simulation with PML in the open conformation without micelles (open-to-closed) shows that lid2 

closes first, while lid1 maintains its open conformation (Angkawidjaja et al., 2010). Furthermore, 

MD simulation with PML in the closed conformation (closed-to-open) in the presence of 

micelles (in the absence of calcium) shows that lid1 opens, while lid2 remains closed. Taken 

together, these results suggest that upon interfacial activation, lid1 opens first upon binding of 

Ca1 that functions as a hook for stabilization of the fully open conformation of lid1, and lid2 

opens subsequently (Angkawidjaja et al., 2010). 
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1.5.3.  Role of calcium-binding sites in N-terminal domain of PML  

The N-terminal domain of PML contains three calcium-binding sites. They are the Ca1, 

Ca2 and Ca3 sites (Fig. 1-9). The roles of these sites have been analyzed by constructing the 

single mutant proteins at the Ca1 (D157A-PML), Ca2 (D275A-PML) and Ca3 (D337A-PML) 

sites.  

As mentioned earlier, the Ca1 site is formed when PML assumes an open conformation, in 

which lid1 is anchored by the calcium ion. Asp157 moves leftward by approximately 15Å to 

coordinate with this calcium ion. The mutation of Asp157 to Ala obviously removes the Ca1 site, 

since Asp 157 has a bidentate coordination with Ca1. D157A-PML does not exhibit lipase 

activity in the absence of calcium ions, but exhibits weak esterase activity (0.7% of that of PML, 

but higher than that of the active site mutant which is <0.06%) (Kuwahara et al, 2008), 

suggesting that Ca1 is necessary for lipase activity. Micellar substrate of lipase may be able to 

bind to the active site only when lid1 is fully open and is anchored by Ca1. However, the Ca1 

site is not necessary for esterase activity, since the presence of substrate and nonionic detergent 

(e.g. Triton X-100) may allow dissociation of lid1 and lid2 from the active site (Kuwahara et al., 

2008). The dissociation constant of Ca1 has been determined to be 0.13 mM (Amada et al., 

2001) 

Ca2 is heptacoordinated by the side chains of Asp275, Asn284 (bidentate), Glu253, 

Asn284 (monodentate), main chain oxygen atom of Asp283, and two water molecules. Therefore, 

it is most likely that by mutating Asp275 to Ala (D275A-PML), the Ca2 site is lost. D175A-PML 

is less stable than PML by approximately 5
0
C, and it exhibits weak lipase and esterase activities 

(Kuwahara et al., 2008). Since all of the amino acid residues which coordinate with Ca2 are 

located in a large loop that also contains one of the active site residue, Asp255, it has been 

proposed that the Ca2 site is probably required to make the conformation of the active site fully 

active and stable (Kuwahara et al., 2008). It has also been proposed that Ca2 is required to assist 

chaperone-like function of the β-roll motif, because Ca2 stabilizes β8-strand, which is located at 

the end of a long parallel β-sheet extended from one site of the first β-roll motif in the C-domain 

(Kuwahara et al., 2008). 
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Ca3 is heptacoordinated by the side chain of Asp337 (bidentate), Asp283 (monodentate), 

main chain oxygen atoms of Lys278 and Ala 281, and two water molecules (Fig. 1-11A). These 

amino acid residues are not fully conserved in family I.3 lipases (Fig. 1-6), and the Ca3 site is 

not observed in the structure of SML (Meier et al., 2007). According to the crystal structure of 

D337A-PML (Fig. 1-11B), the Ca3 site is not present in this protein. This protein is as active as 

PML, but is less stable than PML by approximately 5
0
C, indicating that Ca3 contributes to the 

stabilization of PML. 

 

Fig. 1-11. (A) Electron density around the Ca3 site of PML. The 2Fo-Fc maps contoured at the 2.0σ and 

8.0σ levels are shown in cyan and magenta, respectively. The coordinate bonds for Ca3 are represented 

by broken lines. (B) Electron density around residue 337 of D337A-PML (PDB ID 2ZJ6). The 2Fo-Fc 

map contoured at the 2.0σ level is shown. The calcium ion and water molecules are shown as green 

sphere, and red spheres, respectively. Protein backbone, oxygen and nitrogen atoms are colored green, red 

and blue, respectively (Kuwahara et al., 2008). 

 

1.5.4. The importance of RTX 

The C-domain of PML contains 13 repeats of RTX motif and a secretion signal (Kuwahara 

et al., 2011). These repetitive RTX motifs are folded into a β-roll sandwich structure upon 

binding of calcium ions (Amada et al., 2001) (Fig. 1-9). The number of these repetitive RTX 

motifs can be reduced to six without significantly affecting the activity, stability, and secretion 

level of PML (Kwon et al., 2002) (Fig. 1-12). Further reduction of this number greatly reduces 

the stability and secretion level, and thus abolishes the enzymatic activity of PML (Kwon et al., 
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2002) (Fig. 1-12).The secretion level greatly decreases when the stability (resistance to 

chymotryptic digestion) greatly decreases, suggesting that the repetitive RTX motifs are 

necessary to make the protein stable inside the cell, prior to secretion via T1SS. Other members 

of family I.3 lipase such as lipases from P. fluorescens SIK W1, P. fluorescens LS107d2, and P. 

fluorescens KB700A have only five repeats of RTX motif (Fig. 1-6), suggesting that five repeats 

are enough to promote the folding of family I.3 lipase into an active and stable conformation 

(Angkawidjaja & Kanaya, 2006). 

 

Fig. 1-12. Comparison of the secretion level, stability, and activity of Pseudomonas sp. MIS38 lipase 

(PML) and its variants (Amada et al., 2001). The amino acid sequences of these proteins are 

schematically shown. In these sequences, the repetitive RTX motifs and the putative six-residue secretion 

signal are represented by solid and shaded boxes, respectively. The secretion level, stability (resistance to 

chymotryptic digestion), and enzymatic activity of each protein relative to those of PML are shown by 

++++, +++, ++, +, and –, in which ++++ and – represent ‘very high’ and ‘very low’, respectively. 

Secretion of these proteins was examined using E. coli DH5 cells carrying the Lip system. Stability and 

activity of these proteins were examined using the refolded protein, which was overproduced in the E. 

coli cells in inclusion bodies, solubilized in the presence of urea, refolded, and purified. ‘Enzymatic 

activity’ represents the specific activity, which is defined as the enzymatic activity per milligram of 

protein. The specific activity of the refolded protein of PML was nearly identical to that of the secreted 

protein (Angkawidjaja & Kanaya, 2006). 

 

The RTX motif has to be functional to carry out its structural role. Mutations of the 

aspartate residues within this motif to Ala seriously decrease the enzymatic activity and stability 
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of PML (Angkawidjaja et al., 2005; Angkawidjaja & Kanaya, 2006). The aspartate residues in 

the repeats are known to coordinate with the calcium ion, which assists correct folding of the 

repetitive RTX motifs to β-roll structure (Angkawidjaja et al., 2005).  The reduced secretion 

efficiency of A386/A397-PML5 compared to PML5 suggests that less protein being secreted out 

due to less protein available for secretion (Fig. 1-12). A386/A397-PML5 is much less stable and 

susceptible to proteolytic degradation than PML, probably because a β-roll structure is not 

formed, or only partially formed. 

As a member of family I.3 lipase, PML contains a C-terminal secretion signal within the C-

terminal 19 residues. Truncation of these residues (PMLΔ19) results in a mutant protein lacking 

the ability to be secreted via T1SS, with increased susceptibility to chymotryptic digestion (Fig. 

1-12) (Kwon et al., 2002). As a result, the enzymatic activity is also greatly decreased. Therefore, 

the C-terminal 19 residues are important not only for secretion of PML, but also to make the 

structure of PML stable and functional. 

 

1.5.5.  Role of the C-terminal secretion signal 

A five-residue sequence motif, VTLVG (residues 15-19 from the last), and an extreme C-

terminal motif, DGIVIA (residues 1-6 from the last), are located with the C-terminal 19 residues 

of PML (Fig. 1-13). These motifs are relatively well conserved in the passenger proteins of T1SS. 

2A-PML, a mutant in which two of the five-residue sequence motif are changed to Ala (Fig. 1-

13), shows significantly lower secretion level compared to that of PML (Kuwahara et al., 2011). 

On the other hand, the secretion level of 3A-PML, in which three of the extreme C-terminal 

motif are changed to Ala (Fig. 1-13), is comparable to that of PML. These results suggest that the 

five-residue sequence motif, instead of the extreme C-terminal motif, is important for  secretion 

of PML.  

Comparison of the thermal stability of these mutants and the PML derivatives without the 

C-terminal five (PMLΔ5) and ten (PMLΔ10) residues with that of PML shows that 3A-PML, 

PMLΔ5 and PMLΔ10 are less stable than PML by 2.1, 7.6 and 7.6
0
C, respectively (Kuwahara et 

al., 2011). These results indicate that the extreme C-terminal region contributes to the 
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stabilization of PML. The enzymatic activity of PML is not seriously affected by these mutations 

and truncations (Kuwahara et al., 2011). 

 

Fig. 1-13. The amino acid sequences of the C-terminal regions of PML and its mutant proteins. Numbers 

below and above the sequence of PML represent the positions of the amino acid residues starting from the 

N- and C-termini of PML, respectively. The mutated residues are denoted with white letters and black 

background. A five-residue sequence motif is boxed and an extreme C-terminal motif is underlined for 

the PML sequence. 

 

1.6. Lid engineering in lipase 

Protein engineering is a useful and indispensable tool in improving the activity, selectivity 

and also stability of target lipase, as well as altering its properties in tailoring a lipase with 

specific characteristic for specific purposes. Development of the method to alter the enzymatic 

properties of lipase is crucial because a condition, in which lipase is used for industrial purposes, 

is often quite different from its natural one. Therefore, optimization of the lipase function is 

necessary not only to increase the lipase activity, but also to broaden the range of lipase 

application.  

One of the most widely used approach in engineering lipase is lid engineering, by which a 

lid structure of target lipase is changed by the mutation and/or deletion. Abundant amount of 

researches on lipases from various sources have shown that lid interacts with the substrate and 

controls the access of the substrate to the active site, and therefore contributes to substrate 

selectivity and specificity of lipase. Therefore, enzymatic properties of lipase can be easily 

altered by mutating the lid region of lipase, changing its amino acid sequence, swapping lid, or 

deleting part/all of the lid structure, as shown by previous studies using lipases from human 
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(Jennens & Lowe, 1994; Dugi et al., 1995; Carrière et al., 1997; Bezzine et al., 1999), guinea pig 

(Thomas et al., 2005), rat (Yang & Lowe, 2000), fungi (Holmquist et al., 1993; Holmquist et al., 

1995; Brocca et al., 2003; Skjøt et al., 2009; Zhu et al., 2013), and bacteria (van Kampen et al., 

1999; Santarossa et al., 2005; Secundo et al., 2006). However, these studies have been done only 

for lipases with one lid structure. Engineering work has not been done for any member of family 

I.3 lipase with two lid structures. Therefore it would be intriguing to know whether it is possible 

to alter the enzymatic properties of family I.3 lipase by lid engineering. If lid engineering is 

useful to alter the enzymatic properties of family I.3 lipase as well, this strategy can be used to 

increase a range of application of family I.3 lipase. 

  

1.7. Objective of this study 

The purpose of this study is to examine whether the enzymatic properties of family I.3 

lipase are altered by lid engineering. PML was used as a representative member of family I.3 

lipases for this purpose. A unique feature of PML and family I.3 lipase is the presence of two lids, 

lid1 and lid2. Because it is thought that movement of these lids from closed to open positions is 

responsible for interfacial activation of PML, it is expected that PML is converted from a true 

lipase to an esterase by deletion of these lids. However, deletion of both lid1 and lid2 may force 

the protein to aggregate rapidly, because a wide hydrophobic surface area, which is covered by 

these lids in the closed conformation, is exposed to the solvent. MD simulation for closed-to-

open and open-to-closed conformational changes of PML suggests that lid2 opens after lid1 

opens and lid2 is closed before lid1 is closed (Angkawidjaja et al., 2010). Therefore, lid2 may 

play a major role for interfacial activation of PML, because PML exhibits maximal activity only 

when lid2 is fully open upon contact with micellar substrates. Because only a part of the 

hydrophobic surface area of PML is exposed to the solvent by deletion of lid2, deletion of lid2 

may not significantly affect the solubility of the protein. Therefore, we decided to construct the 

PML derivative lacking lid2 to examine whether PML is converted from a true lipase to an 

esterase by deletion of lid2. This study will provide a novel strategy to alter the enzymatic 

properties of family I.3 lipase. This study also provides a more in-depth understanding of 

structure and function of lid2 of family I.3 lipase.  
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Another unique feature of PML and family I.3 lipase is the requirement of calcium ion for 

activity (Amada et al., 2002; Meier et al., 2007). This calcium ion (Ca1) is catalytically essential, 

because it is required to anchor lid1 to the open position (Meier et al. 2007; Angkawidjaja et al., 

2007; Kuwahara et al., 2008). As mentioned earlier, the displacement of lid1 from the closed to 

open conformations involve a structural rearrangement of this lid (from a helix-turn-helix 

structure to a long helical structure) (Fig. 1-9). This is also a unique feature of family I.3 lipase, 

because the conformations of lids of other lipases are not significantly changed when their 

positions are changed. Lid1 of PML does not assume a long -helical structure but assumes a 

helix-turn-helix structure in the absence of calcium ions, probably because two aspartate residues 

(Asp153 and Asp157) are located close to each other when lid1 assumes a long helical structure 

and this structure is highly unstable due to negative charge repulsion between these two acidic 

residues. Therefore, I decided to construct the single mutant proteins of PML, in which Asp153 

or Asp157 is replaced by Arg or Lys, to examine whether removal of Ca1 is compensated by the 

introduction of a salt bridge between the positions 153 and 157. This study will provide a novel 

strategy to create a family I.3 lipase with calcium-independent activity. 

This thesis consists of four chapters. In chapter 1, the general introduction and background 

of this work are summarized.  

In chapter 2, a lid2 deletion mutant was constructed by deleting residues 35-64 of PML. 

This mutant requires calcium ions for both lipase and esterase activities like PML, suggesting 

that it exhibits activity only when lid1 is fully open and anchored by the catalytically-essential 

calcium ion like PML. However, this mutant did not undergo interfacial activation. By deleting 

lid2, the lipase activity of PML decreased while its esterase activity increased. Model structures 

of this mutant in closed and open conformations were generated and optimizations with MD 

simulation were done. Comparison of these structures with that of PML showed that the 

hydrophobic surface area provided by both lids are necessary for interfacial activation of PML, 

since the area considerably decreased in the lid2 deletion mutant. It is proposed that lid2 is 

required for interfacial activation of PML. By deleting lid2, I succeeded to convert PML from a 

true lipase to an esterase-like enzyme. 

In chapter 3, to construct a mutant with calcium-independent opening of lid1, D153 and 

D157 were mutated to positively-charged residues (Lys and Arg). D153R-PML is the only 
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mutant which exhibited lipase activity even in the absence of calcium ions. Its lipase activity was 

roughly half of that of PML (except for triacetin), while its esterase activity was higher than that 

of PML. These results indicate that D153R-PML does not require Ca1 for lid1 opening. Higher 

substrate concentration than CMC is necessary for interfacial activation of D153R-PML. The 

difference in the anchoring mechanisms of lid1 of D153R-PML and PML may account for this 

difference. Arg153 probably facilitates this structural change and movement of lid1 by forming a 

salt bridge with Asp157. 

In chapter 4, general discussion of this study, summary of the novel findings and future 

remarks are described. 
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CHAPTER 2 

Conversion of PML to an esterase by deletion of lid2 

 

2.1. Introduction 

Lipase and esterase differ in the presence or absence of lid. Only lipase has a lid. Because 

lid covers the active site of lipase in the absence of substrate and opens in the presence of 

substrate, lipase undergoes interfacial activation. Esterase does not undergo interfacial activation. 

In addition, lid in open conformation provides large hydrophobic surface, which is necessary for 

binding of micellar substrate. Therefore, lipase prefers micellar substrates to soluble substrates, 

whereas esterase prefers soluble substrates to micellar substrates. 

Comparison of the closed and open conformations of PML indicates that PML has two lids,  

lid 1 (residues 140-167) and lid2 (residues 46-74) (Fig. 2-1). These lids cover the active site in the 

closed conformation, whereas they move away from the active site in the open conformation. Lid1 

is sharply bent at the middle of the helix such that it assumes a helix-turn-helix structure, whereas 

it assumes a single long α-helix with its non-polar residues facing outward and polar residues 

facing inward in the open conformation. In the open conformation, lid1 is anchored by the 

catalytically-essential calcium ion (Ca1) to the open position (Kuwahara et al., 2008) and lid2 

forms a helix-turn-helix structure with a preceding α-helix. Molecular dynamics (MD) simulation 

of PML in the open conformation in the absence of micelles and that of PML in the closed 

conformation in the absence of calcium ion and presence of micelles suggest that lid1 opens first 

and lid2 is closed first. (Angkawidjaja et al., 2010). This result suggests that lid2 plays a major 

role for interfacial activation of PML, because PML exhibits maximal activity only when lid2 

fully opens. Therefore, it would be informative to examine whether PML loses an ability to 

undergo interfacial activation and therefore behaves as an esterase, instead of a lipase, by deletion 

of lid2. 

In this chapter, I constructed the PML derivative lacking lid2 (ΔL2-PML) and analyzed  its 

structure, enzymatic activity, and stability. I showed that PML becomes more similar to esterase 

than to lipase in enzymatic properties by deletion of lid2. I propose that deletion of lid2 is a 

promising strategy to convert family I.3 lipase to an esterase-like enzyme. 
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2.2. Materials and Methods 

2.2.1.  Protein preparation 

The plasmid pET-25b(+) derivatives for overproduction of L2all-PML and L2-PML were 

constructed by amplifying the genes encoding L2all-PML and L2-PML by the PCR overlap 

extension method (Horton et al., 1990) and inserting them into the NdeI-HindIII sites of plasmid 

pET-25b(+) (Novagen Inc., Madison, WI, USA). Plasmid pET-PML for overproduction of PML 

(Amada et al., 2000) was used as a template. The 5’ and 3’ mutagenic primers for PCR were 

designed such that the DNA sequence coding for amino acids 46 to 74 (for L2all-PML) or 35 to 

64 (for L2-PML) is deleted. PCR was done with 2720 Thermal Cycler (Applied Biosystems, 

Tokyo, Japan) using KOD+ DNA polymerase (Toyobo Co., Ltd., Kyoto, Japan) according to the 

procedures recommended by the supplier. PCR primers were supplied by Hokkaido System 

Science (Hokkaido, Japan). The DNA sequence was confirmed with ABI Prism 310 DNA 

sequencer (Applied Biosystems). 

Overproduction of PML, L2all-PML, and L2-PML using E. coli HMS174(DE3)pLysS 

cells transformed with the pET25b(+) derivatives and purification of these proteins were carried 

out as described previously (Amada et al., 2000). The purity of the protein was analyzed by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Jennens & Lowe, 1994) 

using a 12% polyacrylamide gel, followed by staining with Coomassie Brilliant Blue R-250 

(CBB). The protein concentration was determined from UV absorption on the basis that the 

absorbance of a 0.1% solution (1 mg/ml) at 280 nm is 1.10 for PML, 1.06 for L2all-PML, and 

1.14 for L2-PML. These values were calculated by the method of Gill and von Hippel (1989). 

 

2.2.2.  Circular dichroism (CD) spectroscopy 

The far-UV CD spectra were measured on a J-725 spectropolarimeter (Japan Spectroscopic 

Co., Ltd., Tokyo, Japan) at 20°C. The buffer used to dissolve the proteins was 5 mM Tris-HCl 

(pH 8) containing 5 mM CaCl2 and 0.02% Triton X-100, or the same buffer containing 5 mM 

CaCl2. The protein concentration was 0.3 mg/ml and the optical path length was 2 mm. The mean 

residue ellipticity (), which has the units of deg cm
2
 dmol

-1
, was calculated by using an average 

amino acid molecular mass of 110 Da. 
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2.2.3. Thermal denaturation 

Thermal denaturation curves of the proteins were obtained by plotting the change in CD 

values at 220 nm against increasing temperature (1°C/min). The protein was dissolved either in 5 

mM Tris-HCl (pH 8) containing 5 mM CaCl2 and 0.02% Triton X-100, or the same buffer 

containing 5 mM CaCl2. The protein concentration and optical path length were 0.3 mg/ml and 2 

mm, respectively. The midpoint of the transition of thermal denaturation curve (T1/2), at which 

50% of the protein is denatured, was calculated from curve fitting of the resultant CD values 

versus temperature data on the basis of a least squares analysis.  

 

2.2.4.  Enzymatic activity 

The lipase activity was determined using triacylglycerides with various chain lengths, such 

as triacetin (C2), tributyrin (C4), tricaproin (C6), tricaprylin (C8), and olive oil (99% triolein, C18), 

as a substrate. The esterase activity was determined using fatty acid ethyl esters with various chain 

lengths, such as ethyl-butyrate (C4), ethyl-caproate (C6), ethyl-caprylate (C8), ethyl-laurate (C12), 

and ethyl-palmitate (C16), as a substrate. Triglycerides with chain length from C2 to C8 were 

obtained from Sigma Chemical Co. (St Louis, MO, USA), and olive oil and fatty acid monoesters 

were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).  

For measurement of both lipase and esterase activities, appropriate amount of the enzyme 

was mixed with the substrate in 1.5 ml of 25 mM Tris-HCl (pH 7.5) containing 10 mM CaCl2. 

The concentration of the substrate was 15% (v/v) (800 mM) for triacetin (C2) and 3.7% (v/v) for 

other substrates. At these concentrations, all substrates form micelles, because the critical micellar 

concentration (CMC) of the substrate is 5.7% (v/v) (306 mM) for triacetin (C2) and <3.7% (v/v) 

for other substrates. The reaction mixture was incubated at 30°C for 30 minutes with constant 

vigorous shaking. Reaction was terminated by the addition of 5 ml acetone-ethanol (1:1, v/v) and 

the amount of liberated fatty acid was titrated with 10 mM NaOH. One unit of activity is defined 

as the amount of enzyme that liberates 1 mol of fatty acid per min.  

 

2.2.5. Molecular Dynamics (MD) simulation 

MD simulation was performed as described previously (Angkawidjaja et al., 2010). The 

preliminary models for the structures of L2-PML in a closed and open conformation, which were 

constructed by deleting residues 35-64 from the crystal structures of PML in the closed (PDB ID 
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2Z8X) and open (PDB ID 2ZVD) conformations with the COOT program (39), respectively, were 

used as the initial structures.  

MD simulation was done with GROMACS ver. 3.3.3 (Lindahl et al., 2001) on a DELL 

DpeR900 server (HPC Technologies Co., Tokyo, Japan) running on CentOS4. The force field 

used was GROMOS G53a6, with parameters supplied by GROMACS. Energy minimization and 

MD simulations were done in the same parameter as previously described (Angkawidjaja et al., 

2010). MD simulation was performed for 10 ns for a closed conformation in a box of water and 7 

ns for an open conformation in a box of water in the presence of micelle. The root-mean-square-

deviation (RMSD) values of the C atoms of lid1 and the whole protein were computed with 

G_RMS, an auxiliary program provided with the GROMACS package. The calculation was done 

according to least squares fitting of the C atoms of trajectories during the course of simulation.  

 

2.2.6. Structural analysis 

Visualization of all of the structures shown here is made with PyMOL (The PyMOL 

Molecular Graphics System, Version 1.3, Schrödinger, LLC). Structural comparison of the 

proteins was done with the secondary structure matching (SSM) method, using the Coot program 

(Emsley et al., 201). Calculation of accessible surface area was done with AREAIMOL (Lee & 

Richards, 1971; Saff & Kuijlaars, 1997) within CCP4 program suite v6.1.13 (Potterton et al., 

2003; Collaborative Computational Project, 1994). 
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2.3. Results 

2.3.1. Mutant design 

According to the crystal structures of PML in the open and closed conformations, lid2 

assumes a loop-helix-loop structure (Fig. 2-1). In this structure, the first loop, 3-helix, and the 

second loop consist of residues 46-47, 48-58, 59-74, respectively, for open conformation (Fig. 2-

2), and residues 46-49, 50-60, 61-74, respectively, for closed conformation. In order to examine 

whether the enzymatic properties of PML are altered by deletion of lid2, I constructed the mutant 

protein L2all-PML, in which the entire lid2 region (residues 46-74) is deleted, at first. L2all-

PML was overproduced in E. coli in inclusion bodies, solubilized and purified in a urea-denatured 

form, and refolded, as was PML (Amada et al., 2000). The far- and near-UV CD spectra of this 

protein were similar to those of PML, suggesting that the overall structure of PML is not seriously 

changed by the deletion of lid2 (data not shown). However, it exhibited little enzymatic activity 

for triglyceride and fatty acid monoester substrates with various chain lengths (C2, C4, C8, and C18 

for triglycerides and C4, C6, C8, C12, and C16 for fatty acid monoesters). Because the N- and C-

termini of lid2 are not located close to each other in the open conformation (Fig. 2-1B), the 

deletion of the entire lid2 region probably causes a local structural change, which is unfavorable 

for activity. Therefore, I decided to construct another mutant protein, in which residues 35-64 of 

PML are deleted, to minimize a conformational change caused by the deletion. The resultant 

mutant protein is designated as L2-PML, because it lacks a large part of lid2 including 3-helix 

(Fig. 2-2). It lacks 2-helix as well, but retains a part of the second loop of lid2 (residues 65-74). 

According to the crystal structure of PML in the open conformation, 3-helix forms a helix 

hairpin structure with the preceding 2-helix (residues 32-43) (Fig. 2-1B). This structure exists as 

a relatively independent structure. In addition, residues 34 and 65 are located close to each other 

(Fig. 2-1B). The distance of the C atoms of these residues is 5.9Å, which is larger than that of 

the neighboring C atoms of polypeptide chain (typically 3.8Å), but only by 2Å. Therefore, it is 

expected that the deletion of residues 35-64 does not seriously affect the overall structure of PML 

in the open conformation. The distance of the C atoms of residues 34 and 65 is 11.8Å in the 

closed conformation, which is much larger than that in the open conformation. However, residue 

65 is located in a long loop and may easily shift its position, such that it is located close to residue 

34, when residues 35-64 are deleted.  
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Fig. 2-1. Crystal structures of PML. The crystal structures of PML in the closed conformation (PDB ID 

2Z8X) (A) and open conformation (PDB ID 2ZVD) (B) are shown. The backbone is colored cyan, lid1 is 

colored orange, and lid2 is colored green. Eleven calcium ions are shown as yellow spheres with their 

numbers indicated. Three active site residues (Ser207, Asp255, His313) are indicated by stick models, in 

which the oxygen atoms are colored red and the nitrogen atoms are colored blue. The solid and open 

arrows indicate the N-terminal (Gly35) and C-terminal (Gln64) residues of the sequence deleted in L2-

PML, respectively. N- and C, N- and C-terminus, respectively. 

 

 

Fig. 2-2. Schematic representation of primary structure of PML. The primary structure of the N-domain 

(residues 1-372) of PML is schematically shown. The α-helices and β-strands are represented by cylinders 

and arrows, respectively. These secondary structures are arranged based on the crystal structure of PML in 

the open conformation. Numbers indicate the positions of the residues relative to the initiator methionine 

residue of the protein. The ranges of lid1 and lid2, and the positions of three active-site residues (Ser207, 

Asp245, His313) are also shown. The region containing α2- and α3-helices, which is deleted in ΔL2-PML, 

is indicated by broken lines. 
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2.3.2. Biochemical properties 

L2-PML was overproduced in E. coli as inclusion bodies, solubilized and purified in a urea-

denatured form, and refolded in the presence of calcium ions, as was PML (Amada et al., 2000). 

The production level of L2-PML was similar to that of PML (Fig. 2-3). The amount of the 

protein purified from one liter culture was typically 20-30 mg, which is comparable to that of 

PML. The molecular mass of L2-PML estimated from gel filtration chromatography (68 kDa) is 

comparable to the calculated one (61,597 kDa), suggesting that it exists as a monomer as does 

PML.  

 

Fig. 2-3. Comparison of the production levels of PML and ΔL2-PML by SDS-PAGE. 

PML assumes the closed conformation in the presence of 5 mM CaCl2 and absence of 

micellar substances, while it assumes the open conformation in the presence of 5 mM CaCl2 and 

0.02% Triton X-100, as revealed by the crystal structures of PML (11). The far-UV CD spectra of 

L2-PML and PML were measured either in the presence of 5 mM CaCl2 and absence of Triton 

X-100, or in the presence of 5 mM CaCl2 and 0.02% Triton X-100. The former spectra are shown 

in Figure 2-4. The latter spectra are not shown, because the spectrum of L2-PML or PML 

determined in the absence of Triton X-100 was nearly identical to that determined in the presence 

of Triton X-100. The far-UV CD spectrum of L2-PML is nearly identical to that of PML (Fig. 2-
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4), suggesting that there is no significant difference in the overall structure between L2-PML and 

PML, both in the closed and open conformations.  

 

Fig. 2-4. Far-UV CD spectra. The far-UV CD spectra of PML (thick line) and L2-PML (thin line) were 

measured at 20°C in 5 mM Tris-HCl (pH 8) containing 5 mM CaCl2 as described under Materials and 

Methods. 

 

 

Fig. 2-5. Thermal denaturation curves. The thermal denaturation curves of PML measured either in the 

absence of Triton X-100 (thick line) or presence of 0.02% Triton X-100 (thick broken line), and ΔL2-PML 

measured either in the absence of Triton X-100 (thin line) or presence of 0.02% Triton X-100 (thin broken 

line) are shown. The curves were recorded by monitoring the change in CD values at 220 nm as described 

under Materials and Methods. 

 

To examine whether the deletion of residues 35-64 affects the stability of PML, thermal 

denaturation of L2-PML and PML was analyzed either in the presence of 5 mM CaCl2 and 

absence of Triton X-100, or in the presence of 5 mM CaCl2 and 0.02% Triton X-100, by 
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monitoring the change in CD values at 220 nm as the temperature increased. The results are 

shown in Figure 2-5. The midpoint of the transition of the thermal denaturation curve, T1/2, was 

59.6°C for L2-PML and 63.1°C for PML in the absence of Triton X-100, and 57.9°C for L2-

PML and 62.5°C for PML in the presence of Triton X-100. These results indicate that lid2 

contributes to the stabilization of PML by 4-5°C, regardless of whether it assumes the open or 

closed conformation.  

 

2.3.3. Enzymatic activity 

The enzymatic activities of PML and L2-PML were determined by using various 

triglycerides and fatty acid ethyl esters with different acyl chain lengths as a substrate at pH 7.5 

and 30°C in the presence of 10 mM CaCl2. PML showed wide preference for triglycerides with 

the highest preference for tributyrin (C4) among various triglyceride substrates examined (Fig. 2-

6A). This result is consistent with that previously reported (Amada et al., 2000). L2-PML 

showed similar preference for triglycerides as that of PML, but exhibited lower activities than 

those of PML especially for long acyl chain substrates, such as tricaprylin (C8) and olive oil (C18) 

(Fig. 2-6A).  The activities of L2-PML toward tributyrin (C4) and olive oil (C18) were 70 and 

21% of those of PML, respectively. In contrast, L2-PML exhibited higher activities than those of 

PML for all fatty acid ethyl esters examined (Fig. 2-6B). The preference of L2-PML for various 

fatty acid ethyl esters was slightly different from that of PML. However, both enzymes showed 

the highest preference to ethyl-caproate (C6). The activity of L2-PML toward this substrate was 

1.6-fold higher than that of PML. The optimum temperature for activity of L2-PML (45°C), 

which was measured using triacetin (C2) as a substrate at the substrate concentration of 1 M, was 

comparable to that of PML, suggesting that the difference in the stability between L2-PML and 

PML is too small to affect the optimum temperature for activity. 

PML requires calcium ion for activity, because anchoring of lid1 by the calcium ion (Ca1) is 

crucial to stabilize the open conformation of lid1 (Angkawidjaja et al., 2010). To examine 

whether L2-PML also requires calcium ion for activity, the enzymatic activity of L2-PML was 

determined in the absence of calcium ions. Tributyrin (C4) and ethyl-caproate (C6) were used as a 

substrate. L2-PML exhibited little activity for these substrates in the absence of calcium ions as 

does PML, indicating that L2-PML requires calcium ion for activity. Anchoring of lid1 by Ca1 
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to stabilize its open conformation is probably necessary for enzymatic activity of L2-PML as 

well. 

 

Fig. 2-6. Substrate selectivity of PML and L2-PML. Specific activities of PML (WT) and L2-PML 

(L2) toward triglyceride substrates (A) and fatty acid monoester substrates (B) are shown. C2~C18 

represent the acyl chain lengths of the substrates. The experiment was carried out in duplicate. Each value 

represents the average value and errors from the average values are shown.   

 

2.3.4. Interfacial activation 

To examine whether the interfacial activation of PML is altered by deletion of lid2, the 

activity of L2-PML was determined at different concentrations of triacetin (C2). The activity of 

PML was also determined in the same condition for comparative purpose. The results are shown 

in Figure 2-7. As reported previously (Amada et al., 2000), the PML activity significantly 

increased when the substrate concentration reached and increased beyond the critical micellar 

concentration (CMC) (306 mM). As a result, the plot of PML activity as a function of the triacetin 

(C2) concentration has a sigmoidal shape. In contrast, this plot has a hyperbolic shape for L2-

PML, indicating that L2-PML does not undergo interfacial activation. This result showed that 
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deletion of lid2 altered the property of PML, and that lid2 is required for interfacial activation of 

PML. 

 

Fig. 2-7. Dependencies of the PML and L2-PML activities on the concentration of triacetin. The 

enzymatic activities of PML (closed circle) and L2-PML (open circle) relative to those determined in the 

presence of 800 mM triacetin are shown as a function of the triacetin concentration. A vertical dotted line 

represents the CMC of triacetin, which is 306 mM. The experiment was carried out in duplicate and the 

errors were within 10% of the values reported. 

 

2.3.5. MD simulation of L2-PML structure 

To construct models for three-dimensional structures of L2-PML in a closed and open 

conformation, MD simulation was performed. The structures constructed by simply deleting 

residues 34-65 from the crystal structures of PML in the closed and open conformations were used 

as the initial structures. The average RMSD value of the C atoms of L2-PML in the closed 

conformation between the initial and simulated structures gradually increases in the beginning and 

becomes nearly constant in the end during simulation (Fig. 2-8A). This change is more significant 

for lid1 than for the entire protein, suggesting that lid1 moves much more significantly than does 

the entire protein. The difference in the positions of lid1 in the closed conformation before and 

after MD simulation is shown in Figures 2-9A and 2-9B. Lid1 changes its position after MD 

simulation, such that lid1 contacts the remaining lid2 loop (residues 65-74) and covers the 

hydrophobic catalytic pocket, due to hydrophobic collapse. During the early course of simulation, 

lid1 probably moves deeper towards the catalytic pocket to increase hydrophobic interactions 

between lid1 and the catalytic pocket. The accessible surface area (ASA) of the O

 atom of the 

active site serine residue (Ser207 O

) is calculated to be 0.3Å

2
 for PML, 13.1Å

2
 for L2-PML 
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before MD simulation, and 1.5Å
2
 for L2-PML after MD simulation (percent exposure of 0.6, 

24.8, and 2.8%, respectively). Thus, the catalytic pocket of L2-PML is more likely inaccessible 

from the solvent in the closed conformation. All other parts of the protein that move during 

simulation are loops, including the remaining lid2 loop. Movement of the loop structure is 

common in MD simulation, because loops are mostly flexible. 

 

Fig. 2-8. The RMSD between the initial and simulated structures of L2-PML. The RMSD between the 

initial and simulated structures of L2-PML in a closed (A) and open (B) conformation following a least 

squares fit using the backbone atoms as a reference are shown as a function of the simulation time. The 

open conformation of L2-PML is simulated in the presence of octane. The RMSD values of the regions 

corresponding to lid1 and the entire protein are shown by thick and thin lines, respectively.  

 

The average RMSD value of the C atoms of lid1 in the open conformation between the 

initial and simulated structures is nearly constant and is similar to that of the entire protein during 

simulation (Fig. 2-8B). There is a jump in the RMSD value of lid1 C atoms at around 6 ns. 

However, this jump did not last long and the RMSD value went down at around 6.6 ns. 

Furthermore, comparison of the open conformation structures of ΔL2-PML before and after MD 

simulation with octane micelle shows only slight movement of lid1 (Fig. 2-9C). These results 

suggest that there is no significant change in the overall structure of L2-PML in the open 

conformation, which is highly similar to that of PML, before and after MD simulation. It is noted 

that the remaining lid2 loop changes its position after MD simulation, such that it is located at the 
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position where the deleted region of lid2 is located (lower middle panel of Fig. 2-9A and Fig. 2-

9C). This loop changes its position probably because it is highly flexible. 

 

 

Fig. 2-9. Comparison of the initial and simulated structures of L2-PML around the active site. (A) 

Surface representations of the initial (before MD, left column) and simulated (after MD, middle column) 

structures of L2-PML, in a closed (upper row) and open (lower row) conformation, are shown in 

comparison with those of the crystal structures of PML (right column). The backbone is colored cyan, lid1 

is colored orange, and lid2 is colored green. The nitrogen and oxygen atoms are colored blue and red, 

respectively. Open arrow points to the exposed catalytic pocket in a closed conformation. Double-headed 

arrow shows the range of the hydrophobic surface provided by lid(s) in an open conformation. (B, C) 

Stereo views of the L2-PML structures in a closed (B) and open (C) conformation. The simulated 

structure, in which the backbone is colored cyan, lid1 is colored orange, and the remaining lid2 loop is 

colored green, is superimposed onto the initial structure, in which the backbone is colored grey, lid1 is 

colored light orange, and the remaining lid2 loop is colored light green. 
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2.4. Discussion 

2.4.1. Validity of simulated structure of L2-PML 

Validity of the simulated structure of L2-PML is discussed below for closed and open 

conformations separately. For the closed conformation, the simulated structure is different from 

the initial structure, which is constructed by simply deleting residues 35-64 from the crystal 

structure of PML in the closed conformation, mainly in the position of lid1. Lid1 does not fully 

cover the hydrophobic catalytic pocket of L2-PML in the initial structure, while it almost fully 

covers it in the simulated structure (Figs. 2-9A, B). The observation that L2-PML exhibits little 

activity in the absence of calcium ions even for ethyl-caproate (C6) suggests that the catalytic 

pocket of L2-PML is not solvent-exposed but is covered by lid1. If the catalytic pocket of L2-

PML is partially solvent-exposed, L2-PML would permit this substrate to access its catalytic 

pocket and therefore exhibit at least slight activity for this substrate even in the absence of 

calcium ions. Opening of lid1 and stabilization of the open conformation of lid1 by Ca1 are 

probably required for the activation of L2-PML, as reported for PML (Angkawidjaja et al., 

2010). Coverage of the hydrophobic pocket of L2-PML by lid1 may also be supported by the 

observation that L2-PML exists as a monomer in aqueous solution. Proteins are prone to 

aggregate when their interior hydrophobic regions are exposed to the solvent. Thus, the simulated 

structure of L2-PML is apparently more valid than its initial structure.  

For the open conformation, the simulated structure is similar to the initial structure, which is 

constructed by simply deleting residues 35-64 from the crystal structure of PML in the open 

conformation, except for the position of the remaining lid2 loop. This result suggests that the 

deletion of lid2 does not cause instability of the open conformation of lid1. The remaining lid2 

loop contacts lid1 in the initial structure (lower left panel of Fig. 2-9A, Fig. 2-9C), but does not 

contact it in the simulated structure (lower middle panel of Fig. 2-9A, Fig. 2-9C). The shift in the 

position of this loop is probably caused by a strong hydrophobic interaction with a micelle. 

Because the position of this loop in the simulated structure is apparently more suitable for binding 

of micellar substrates than that in the initial structure and L2-PML retains substantial level of 

activities for triglyceride substrates, the simulated structure may be more valid than the initial 

structure. Attempts to determine the crystal structures of L2-PML both in the closed and open 

conformations have so far been unsuccessful. 
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2.4.2. Effect of lid2 deletion on enzymatic activity of PML 

In the closed conformation of PML, both lid1 and lid2 assume amphiphilic -helical 

structures with hydrophobic surfaces facing inward to the protein core and hydrophilic surfaces 

facing outward. Upon contact with a micellar substrate, these lids change conformation, and the 

orientations of their hydrophobic surfaces are flipped, providing a wide continuous hydrophobic 

surface spanning from lid1 to lid2, to bind to the substrate (Fig. 2-9A, lower right panel). With 

deletion of the most part of lid2, a relatively large hydrophobic surface is lost, and the once 

continuous hydrophobic surface becomes discontinuous by the loss of contact between lid1 and 

the remaining loop of lid2 (Fig. 2-9A, lower middle panel). Wide hydrophobic surface provided 

by both lid1 and lid2 may be required for optimal binding of PML to substrate, which leads to 

optimal catalytic activity. The activities of L2-PML toward all the triglyceride substrates 

examined, especially those toward substrates with longer acyl chains (C8 and C18), decrease as 

compared to those of PML, probably because the capability of PML to bind effectively to 

substrate decreases, due to the loss of hydrophobic surface provided by lid2. 

In contrast, the activities of L2-PML toward all the fatty acid monoester substrates 

examined increase as compared to those of PML. This result suggests that these substrates can 

access the catalytic pocket of L2-PML more readily than that of PML. Fatty acid monoester 

substrates are less hydrophobic and more water-soluble than triglyceride substrates. These 

substrates exist as monomers or as small aggregates, known as pre-micelles (Hadgiivanova et al., 

2007; Cui et al., 2008). Therefore, it is highly likely that contact with these substrates is sufficient 

for the opening of lid1 and stabilization of the open conformation of lid1 by Ca1 is sufficient for 

the activation of both PML and L2-PML. However, contact with these substrates may not be 

sufficient for opening of lid2. In fact, MD simulation suggests that the opening of lid2 is triggered 

by that of lid1 and the open conformation of lid2 is intrinsically unstable (Angkawidjaja et al., 

2010). Thus, PML is less active than L2-PML toward fatty acid monoester substrates, probably 

because lid2 limits the accessibility of these substrates to the catalytic pocket of PML. Deletion of 

lid2 had successfully altered the substrate preference of PML from the bulky triglycerides to fatty 

acid monoester substrates. 

Since interfacial activation was lost in L2-PML, it is clear that by deleting lid2 from PML, 

the enzymatic property of PML was altered from that of a true lipase to become more similar to 

esterase. As mentioned above, lid1 may open regardless of whether it contacts a micellar or non-



Chapter 2. Conversion of PML to an esterase by deletion of lid2 

 

 

38 
 

micellar substrate, but its hydrophobic surface in the open conformation may not be sufficient for 

effective binding to a micellar substrate. Wide and continuous hydrophobic surface provided by 

both lid1 and lid2 may be required for stable and firm binding of a micellar substrate to the 

catalytic pocket and therefore for maximal activity. However, lid2 may fully and stably open to 

permit the maximal accessibility of a substrate to the catalytic pocket, only when it contacts a 

micellar substrate. This is the reason why the enzymatic activity of PML significantly increases 

when the substrate concentration reaches CMC and increases beyond. I propose that the presence 

of a micellar substrate is necessary to promote full opening of lid2, and the hydrophobic surface 

provided by lid2 is necessary for a stable and firm binding of a micellar substrate to the catalytic 

pocket.  

Lipase is distinguished from esterase in its ability to catalyze long-chain triglycerides 

(Nardini & Dijkstra, 1999), and esterase is distinguished from lipase in its ability to catalyze more 

soluble substrates (Fojan et al., 2000). Lipase undergoes interfacial activation, while esterase does 

not. Because L2-PML exhibits comparable activities toward long-chain triglycerides and short-

chain fatty acid monoesters (Fig. 2-6), and does not undergo interfacial activation, it is not defined 

as a true lipase but is defined as an intermediate between lipase and esterase. Thus, lid2 is required 

to give an ability to PML to function as a true lipase. By using PML as an example, deletion of 

lid2 can be applied as one of the engineering approaches to alter the function of other family I.3 

lipase as well.  PML loses activity by the deletion of the entire lid2 region, probably due to a 

configurational perturbation around the active site. However, a possibility that a part of the second 

loop of lid2 (residues 65-74), which is not deleted in L2-PML, is required for activity cannot be 

excluded. 

The role of lid has been extensively studied using lipases from human (Jennens & Lowe, 

1994; Dugi et al., 1995; Carrière et al., 1997; Bezzine et al., 1999), guinea pig (Thomas et al., 

2005), rat (Yang & Lowe, 2000), fungi (Holmquist et al., 1993; Holmquist et al., 1995; Brocca et 

al., 2003; Skjøt et al., 2009; Zhu et al., 2013), and bacteria (van Kampen et al., 1999; Santarossa 

et al., 2005; Secundo et al., 2006). These studies indicate that lid is important for activity and 

substrate selectivity of lipase, and showed that mutation in lid structure can alter the property of 

lipase. However, all studies have been done for lipases with only single lids. Therefore this is the 

first report on the alteration of enzymatic properties of a lipase with two lid structures by lid 

engineering. 
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2.5. Summary 

A family I.3 lipase from Pseudomonas sp. MIS38 (PML) is characterized by the presence of 

two lids (lid1 and lid2) that greatly change conformation upon substrate binding. To examine 

whether PML is converted from a true lipase to an esterase by deletion of lid2, a lid2 deletion 

mutant (L2-PML) was constructed by deleting residues 35-64 of PML. L2-PML requires 

calcium ions for both lipase and esterase activities as does PML, suggesting that it exhibits 

activity only when lid1 is fully open and anchored by the catalytically-essential calcium ion as 

does PML. However, when the enzymatic activity was determined using triacetin, the activity of 

PML exponentially increased as the substrate concentration reached and increased beyond the 

critical micellar concentration (CMC), while that of L2-PML did not. These results indicate that 

PML undergoes interfacial activation, while L2-PML does not. The activities of L2-PML for 

long-chain triglycerides significantly decreased while its activity for fatty acid ethyl esters 

increased, as compared to those of PML. Comparison of the tertiary models of L2-PML in a 

closed and open conformation, which are optimized by MD simulation, with the crystal structures 

of PML suggests that hydrophobic surface area provided by lid1 and lid2 in an open conformation 

is considerably decreased by the deletion of lid2. I propose that hydrophobic surface area provided 

by these lids is necessary to hold the micellar substrates firmly to the active site and therefore lid2 

is required for interfacial activation of PML. By deleting lid2, I succeeded in altering the 

properties of PML from that of a true lipase to more of an esterase.  
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CHAPTER 3 

Creation of PML with calcium-independent activity by single mutation at lid1  

 

3.1. Introduction 

Calcium ions are important for structure, stability, and/or activity of various lipases 

(Svendsen et al., 1995; Talon et al., 1995; Kim et al., 1997; Oh et al., 1999; Simons et al., 1999; 

Yang et al., 2000; Tanaka et al., 2003; Papaleo & Invernizzi, 2011). They are important for 

folding, stability, and activity of PML as well (Amada et al., 2001; Angkawidjaja et al., 2005, 

2007; Kuwahara et al., 2008). Ten and eleven calcium ions bind to PML in the closed and open 

conformations, respectively (Angkawidjaja et al., 2007, 2010). The number of calcium ions bound 

to the closed conformation of PML is lower than that bound to the open conformation of PML by 

one, because Ca1 only binds to the open conformation. In addition to Ca1, Ca2 and Ca3 bind to 

the N-domain of PML, both of which are important for stability (Kuwahara et al., 2008). The rest 

of the calcium ions (Ca4-Ca11) bind to the C-domain of PML. These calcium ions are required for 

folding of a β-roll sandwich structure (Angkawidjaja et al., 2007). Comparison of the amino acid 

sequences of family I.3 lipases (Angkawidjaja & Kanaya, 2006), determination of the crystal 

structure of SML (Meier et al., 2007), modeling of the 3D structure of Pseudomonas sp. AMS8 

lipase (Mohamad Ali et al., 2013), and characterization of Pseudomonas sp. CR-611 lipase 

(Panizza et al., 2013) suggest that other members of family I.3 lipase also have the similar/same 

calcium ions with similar/same roles as those of PML.  

PML requires calcium ion for activity, because it requires single calcium ion (Ca1) to 

anchor lid1 to the open position (Fig. 3-1B,C). Contact with micellar substrates alone is not 

sufficient for full opening of lid1 and interfacial activation (Angkawidjaja et al., 2010). This 

calcium-dependent opening of lid1 is probably a characteristic common to family I.3 lipases 

(Meier et al., 2007; Mohamad Ali et al., 2013; Panizza et al., 2013). Ca1 of PML is 

hexacoordinated with the side chains of Gln120, Asp153 (monodentate), and Asp157 (bidentate), 

and the main chain oxygen atoms of Thr118 and Ser144 (Fig. 3-1C). Asp153 and Asp157, which 

are the only acidic residues at the Ca1 site and are located in lid1, are located far away from each 

other when lid1 is sharply bent in the closed conformation. These residues are located closer to 
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each other when lid1 assumes a long helix in the open conformation. The shortest distance 

between the O
δ1

 or O
δ2

 atom of Asp153 and that of Asp157 is 5.6Å in the closed conformation 

and 3.4Å in the open conformation. Lid1 may not assume a long helix unless Asp153 and Asp157 

coordinate with Ca1, because these residues may not be able to come close to each other due to 

negative charge repulsion. Therefore, it would be informative to examine whether lid1 opens in a 

calcium-independent manner by mutating Asp153 or Asp157 to a positively charged residue. 

As mentioned above, PML requires Ca4-Ca11 for folding of a β-roll sandwich. Because 

these calcium ions, except for Ca6 and Ca10, bind to the protein too tightly to be removed by 

dialysis against calcium-free buffer, PML is kept folded even when it is dialyzed against calcium-

free buffer (Amada et al., 2001; Angkawidjaja et al., 2010). Nevertheless, this protein, which has 

previously been termed Holo-PML* (Amada et al., 2001), does not exhibit activity in the absence 

of calcium ions, because it requires Ca1 for activity. In this study, PML derivatives that require 

and do not require Ca1 for their activity will be designated as PML derivatives with calcium-

dependent and calcium-independent activities, respectively. Even a PML derivative with calcium-

independent activity requires calcium ions for folding of the C-domain (β-roll sandwich). 

In this study, I constructed D153K-, D153R-, D153A-, D157K-, D157R-, D153A/D157A-, 

and D153R/D157N-PMLs and examined their lipase and esterase activities. D157A-PML has 

previously been shown to be inactive even in the presence of calcium ions (Kuwahara et al., 2008). 

Only D153R-PML exhibited both lipase and esterase activities in the absence of calcium ions, 

although its lipase activity was lower than that of PML by 7 fold. Because other mutants did not 

exhibit activity either in the presence or absence of calcium ions, lid1 of D153R-PML probably 

opens in a calcium-independent manner due to electrostatic attraction between Arg153 and 

Asp157. I propose that mutation of a negatively-charged residue to a positively-charged one at the 

Ca1 site is a promising strategy to create family I.3 lipase with calcium-independent activity. 
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3.2. Materials and Methods 

3.2.1. Mutagenesis 

The pUC18 derivatives for secretion of D153K-PML, D153R-PML, D153A-PML, D157K-

PML, D157R-PML, D153A/D157A-PML, and D153R/D157N-PML were constructed using KOD 

mutagenesis kit (Toyobo) according to the supplier's instructions. Plasmid pUC-PML for secretion 

of PML (Kwon et al., 2002) was used as a template. The mutagenic primers were designed such 

that the codon for Asp153 (GAT) is changed to AAG for Lys, AGG for Arg, and GCT for Ala, 

and the codon for Asp157 (GAC) is changed to AAG for Lys, CGC for Arg, GCC for Ala, and 

AAC for Asn. The pUC18 derivative for secretion of D157A-PML was previously constructed 

(Kuwahara et al., 2008). PCR was performed with 2720 Thermal Cycler (Applied Biosystems). 

All primers were purchased from Hokkaido System Science. The DNA sequence were confirmed 

with an ABI Prism 310 DNA sequencer (Applied Biosystems). 

 

3.2.2. Secretion and purification 

 

All PML mutants were secreted into the external medium using E. coli DH5 cells 

transformed with plasmid pYBCD20 harboring the lipBCD gene encoding a T1SS (Lip system) 

from S. marcescens and the pUC18 derivatives harboring the genes encoding the PML mutants, as 

described previously (Kuwahara et al., 2008). The secreted proteins were purified as described 

previously (Kwon et al., 2002), with slight modifications. The protein was precipitated from the 

culture supernatant by 80% saturated ammonium sulfate, dissolved in 50 mM Tris-HCl (pH 8) 

containing 5% (v/v) glycerol and 10 mM CaCl2, and dialyzed against the same buffer. The protein 

solution was concentrated by Amicon concentrator (Milipore) using a 30 kDa cut-off membrane 

and subjected to size exclusion chromatography using a HiLoad 16/60 Superdex 200 column (GE 

Healthcare) equilibrated with 5 mM Tris-HCl (pH 8). The purity of the protein was analyzed by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Jennens & Lowe, 1994)  

using a 12% polyacrylamide gel, followed by staining with Coomassie Brilliant Blue R-250 

(CBB). The protein concentration was determined from UV absorption on the basis that the 

absorbance of a 0.1% solution (1 mg/ml) at 280 nm is 1.1 for PML and its derivatives. These 

values were calculated by the method of Gill and von Hippel (1989). 
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3.2.3.  Circular dichroism (CD) spectroscopy 

The CD spectra were measured on a J-725 spectropolarimeter (Japan Spectroscopic) at 20°C. 

The protein was dissolved in 5 mM Tris-HCl (pH 8) containing 5 mM CaCl2. The protein 

concentration and optical path length were 0.1 mg/ml and 2 mm for far-UV CD spectra, and 0.5 

mg/ml and 10 mm for near-UV CD spectra, respectively. The mean residue ellipticity (θ), which 

has the units of deg cm
2
 dmol

-1
, was calculated by using an average amino acid molecular mass of 

110 Da. 

 

3.2.4.  Enzymatic activity 

Lipase activity was determined by using triglycerides with various chain lengths, such as 

triacetin (C2), tributyrin (C4), tricaproin (C6), tricaprylin (C8), triolein (C18), olive oil, as 

substrates. Esterase activity was determined using fatty acid ethyl esters with various chain 

lengths, such as ethyl-butyrate (C4), ethyl-caproate (C6), ethyl-caprylate (C8), ethyl-laurate (C12), 

and ethyl-palmitate (C16), as substrates. Triglycerides with chain lengths from C4 to C8 were 

obtained from Sigma-Aldrich. Triglycerides with chain lengths of C2 and C18, olive oil, and fatty 

acid ethyl esters were obtained from Wako Pure Chemical.  

For measurement of both lipase and esterase activities, appropriate amount of the enzyme 

was mixed with the substrate in 1.5 ml of 25 mM Tris-HCl (pH 7.5) or the same buffer containing 

10 mM CaCl2. The concentration of the substrate was 15% (v/v) (800 mM) for triacetin (C2) and 

3.7% (v/v) for other substrates. At these concentrations, all lipase substrates form micelles, 

because the critical micellar concentration (CMC) is 5.7% (v/v) (306 mM) for triacetin (C2) and 

<3.7% (v/v) for other lipase substrates. The reaction mixture was incubated at 30°C for 30 

minutes with constant vigorous shaking. Reaction was terminated by the addition of 5 ml acetone-

ethanol (1:1, v/v) and the amount of liberated fatty acid was titrated with 10 mM NaOH. One unit 

of activity is defined as the amount of enzyme that liberates 1 μmol of fatty acid per min.  
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3.2.5.  Thermal denaturation 

The thermal denaturation curves of the proteins were obtained by plotting the change in CD 

values at 220 nm against increasing temperature (1°C/min). The protein was dissolved in 5 mM 

Tris-HCl (pH 8), the same buffer containing 5 mM CaCl2, the same buffer containing 0.02% 

Triton X-100, or the same buffer containing both 5 mM CaCl2 and 0.02% Triton X-100. The 

protein concentration and optical path length were 0.2 mg/ml and 2 mm, respectively. The 

midpoint of the transition of thermal denaturation curve (T1/2), at which 50% of the protein is 

denatured, was calculated from curve fitting of the resultant CD values versus temperature data.  
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3.3. Results 

3.3.1. Mutant preparation 

To examine whether lid1 is open in the absence of calcium ions by the mutation of Asp153 

or Asp157 to a positively charged residue (Lys or Arg), D153K-, D153R-, D157K, and D157R-

PMLs were constructed. It had been shown previously that D157A-PML with the mutation of 

Asp157 to Ala is inactive either in the presence or absence of calcium ions (Kuwahara et al., 

2008). To confirm that elimination of a negative charge repulsion between Asp153 and Asp157 is 

not sufficient for calcium-independent opening of lid1, D153A-PML with the mutation of Asp153 

to Ala, D153A/D157A-PML with the double mutations of Asp153 and Asp157 to Ala, and 

D153R/D157N-PML with the double mutations of Asp153 to Arg and Asp157 to Asn were also 

constructed.  

 

 

Fig. 3-1. Crystal structures of PML. The entire structures of PML in the closed conformation (PDB ID 

2Z8X) (A) and open conformation (PDB ID 2ZVD) (B), and the Ca1 site of PML in the open conformation 

(C) are shown. The backbone is colored light grey, lid1 is colored orange, and lid2 is colored green. Eleven 

calcium ions (Ca1-Ca11) are shown as yellow spheres, with their numbers indicated. In panels A and B, 

the active site residues (Ser207, Asp255 and His313), Asp153, and Asp157 are indicated by stick models, 

in which oxygen and nitrogen atoms are colored red and blue, respectively. N and C represent the N- and 

C-termini, respectively. In panel C, the amino acid residues that are coordinated with Ca1 are indicated by 

stick models, in which oxygen and nitrogen atoms are colored red and blue, respectively.  
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All mutant proteins were secreted from E. coli DH5 cells carrying a heterologous T1SS into 

the external medium. They were purified to give a single band on SDS-PAGE. The secretion 

levels of the mutant proteins varied from 20 to 30 mg/L culture and the amounts of the mutant 

proteins purified from 1 L culture varied from 15 to 25 mg, both of which were comparable to 

those of PML. The molecular masses of all mutant proteins estimated from gel filtration 

chromatography (around 68 kDa) were comparable to the calculated one (64.5 kDa), suggesting 

that they exist as a monomer as does PML.  

 

3.3.2. CD spectra 

The far- and near-UV CD spectra of PML and its mutants were measured at pH 8 in the 

presence of 5mM CaCl2. In this condition, PML assumes a closed conformation (Angkawidjaja et 

al., 2007). The far- and near-UV CD spectra of the several PML mutants (D153R-PML, D153K-

PML, and D153R/D157N-PML) are shown in Figures 2A and 2B, respectively, in comparison 

with those of PML. The far- and near-UV CD spectra of these mutants are highly similar to those 

of PML, respectively.  The far- and near-UV CD spectra of other mutants are not shown, because 

they were also highly similar to those of PML. These results suggest that the single or double 

mutations at Asp153 and Asp157 do not significantly affect the overall structure of PML. PML 

assumes an open conformation in the presence of 5 mM CaCl2 and 0.02% Triton X-100 

(Angkawidjaja et al., 2010). However, the far- and near-UV CD spectra of PML measured in this 

condition were highly similar to those measured in the presence of 5 mM CaCl2 and absence of 

Triton X-100, suggesting that it is difficult to distinguish between the open and closed 

conformations of PML by CD spectrometry.  
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Fig. 3-2. CD Spectra. The far-UV (top) and near-UV (bottom) CD spectra of PML (thick lines), D153R-

PML (thin lines), D153K-PML (grey thick lines), and D153R/D157N-PML (dotted lines) are shown. The 

spectra were measured in the presence of 5 mM CaCl2 at 20°C, as described in Materials and Methods.  
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3.3.3. Enzymatic activity 

Table 3-1. Enzymatic activities of PML and its mutants. 

             Esterase
a
                         Lipase

a
 

         Specific  Relative  Specific  Relative 

Protein       (CaCl2)  Activity  Activity  Activity  Activity  

        (mM)  (U/mg)  (%)  (U/mg)  (%) 

PML (wild-type)             10                  726                           100     2725        100 

   0  <10 <1.4 <10 <0.4 

D153A-PML 10  <10 <1.4 <10 <0.4 

   0  <10 <1.4 <10 <0.4 

D153K-PML 10  <10 <1.4 <10 <0.4 

   0  <10 <1.4 <10 <0.4 

D153R-PML 10                 417                           57.4                        890                       32.6 

   0                  500                           68.9                        450                       16.5 

D157A-PML 10  <10 <1.4 <10 <0.4 

   0  <10 <1.4 <10 <0.4 

D157K-PML 10  <10 <1.4 <10 <0.4 

   0  <10 <1.4 <10 <0.4 

D157R-PML 10  <10 <1.4 <10 <0.4 

   0  <10 <1.4 <10 <0.4 

D153A/D157A-PML       10 <10 <1.4 <10 <0.4 

   0  <10 <1.4 <10 <0.4 

D153R/D157N-PML 10  <10 <1.4 <10 <0.4 

   0  <10 <1.4 <10 <0.4 

a
 The esterase and lipase activities were determined at 30°C in 25 mM Tris-HCl (pH 7.5) in the presence or 

absence of 10 mM CaCl2 using ethyl-butyrate (C4) and triolein (C18) as a substrate, respectively. The 

experiment was carried out at least twice and errors from the average values were within 10 and 12% of the 

values reported for esterase and lipase activities, respectively. 

 

PML assumes an open conformation and therefore exhibits activity in the presence of 

calcium ions, whereas it assumes a closed conformation and therefore exhibits little activity in the 
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absence of calcium ions (Kuwahara et al., 2008; Angkawidjaja et al., 2010). To examine whether 

the PML mutants assume an open conformation even in the absence of calcium ions, they were 

dialyzed against calcium-free buffer and their enzymatic activities were determined at pH 7.5 and 

30°C in the presence and absence of 10 mM CaCl2. It has been reported that the structure of PML 

is not significantly changed by this dialysis, although three of the eleven calcium ions bound to 

the protein (Ca3, Ca6, and Ca10) are removed (Angkawidjaja et al., 2010). The lipase and 

esterase activities of the proteins were determined by using triolein (C18) and ethyl-butyrate (C4) 

as a substrate, respectively. Of the PML mutants examined, only D153R-PML exhibited lipase 

and esterase activities even in the absence of calcium ions (Table 3-1). The lipase and esterase 

activities of D153R-PML in the absence of calcium ions were 7-fold lower and 4-fold higher, 

respectively, than those of PML in the presence of calcium ions. Other mutants exhibited little 

lipase and esterase activities either in the presence or absence of calcium ions. These results 

indicate that lid1 of D153R-PML opens in a calcium-independent manner, whereas that of the 

other mutants does not open either in the presence or absence of calcium ions. 

To examine whether D153R-PML exhibits lower activities toward other triglycerides and 

higher activities toward other fatty acid ethyl esters than PML, the enzymatic activities of PML 

and D153R-PML were determined at pH 7.5 and 30°C by using various triglycerides and fatty 

acid ethyl esters with different acyl chain lengths as substrates. The activities of these proteins 

toward triglycerides and fatty acid ethyl esters are summarized in Figures 3-3A and 3-3B, 

respectively. PML was active toward all substrates examined only in the presence of calcium ions. 

In contrast, D153R-PML was active toward these substrates both in the presence and absence of 

calcium ions.  

When the activities of D153R-PML toward various triglycerides in the absence of calcium 

ions were compared with those of PML in the presence of calcium ions, the activity of D153R-

PML toward triacetin was comparable to that of PML, whereas its activities toward the other 

triglycerides were lower than those of PML by 2.1-6.8 fold (Fig. 3-3A). When the activities of 

D153R-PML toward various fatty acid ethyl esters in the absence of calcium ions were compared 

with those of PML in the presence of calcium ions, the activities of D153R-PML toward ethyl-

caproate (C6) and ethyl-laurate (C12) were lower than those of PML by 32 and 12%, respectively, 

whereas its activities toward ethyl-butyrate (C4), ethyl-caprylate (C8), and ethyl-palmitate (C16) 
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were higher than those of PML by 3.9, 10.8, and 1.9 fold, respectively (Fig. 3-3B). These results 

suggest that D153R-PML exhibits lower activity toward most of triglycerides and higher activity 

toward most of fatty acid ethyl esters than PML. Comparison of the substrate selectivities of 

D153R-PML and PML indicates that D153R-PML shows the highest preference for triacetin (C2), 

whereas PML shows a wide preference for triglycerides, with the highest preference for triolein 

(C18) (Fig. 3-3A). Likewise, D153R-PML shows a wide preference for fatty acid ethyl esters, 

with the highest preference for ethyl-butyrate (C4), whereas PML shows a strong preference for 

ethyl-caproate (C6) (Fig. 3-3B). Thus, substrate selectivity of D153R-PML is different from that 

of PML for both triglycerides and fatty acid ethyl esters. It has been reported that PML shows the 

highest preference for tributyrin (C4) (Amada et al., 2000,Chapter 2). However, the activity of 

PML toward triolein, which is slightly higher than that toward tributyrin, has not been analyzed 

previously.  

When the activity of D153R-PML in the presence of calcium ions was compared with that 

in the absence of calcium ions, the activities of D153R-PML toward triacetin (C2), tricaproin (C6), 

and tricaprylin (C8) in the presence of calcium ions were comparable to those in the absence of 

calcium ions, whereas the activities of D153R-PML toward tributyrin (C4), triolein (C18) and 

olive oil in the presence of calcium ions were higher than those in the absence of calcium ions by 

2.0-2.9 fold (Fig. 3-3A). However, the activities of D153R-PML toward various triglycerides in 

the presence of calcium ions were still lower than those of PML by 1.8-4.8 fold. In addition, the 

activities of D153R-PML toward various fatty acid ethyl esters in the presence of calcium ions 

were comparable to those in the absence of calcium ions (Fig. 3-3B). These results suggest that 

Ca1 does not bind to D153R-PML. 
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Fig. 3-3. Substrate selectivities of PML and D153R-PML. The specific activities of PML (WT) and 

D153R-PML (D153R) determined in the absence ((-)Ca) and presence ((+)Ca) of 10 mM CaCl2 using 

triglycerides (A) and fatty acid ethyl esters (B) with different chain lengths as substrates are shown. C2-

C18 represent the acyl chain lengths of the substrates. C18
#
 represents olive oil. The experiment was 

carried out in triplicate. Each value represents the average value and errors from the average values are 

shown. 

 

3.3.4. Interfacial activation 

To examine whether D153R-PML undergoes interfacial activation, the activity of D153R-

PML was determined at different concentrations of triacetin (C2) in the presence and absence of 

10 mM CaCl2. The activity of PML was also determined in the presence of 10 mM CaCl2 for 

comparative purpose. As shown in Figure 3-4, the plots of these enzymatic activities as a function 

of triacetin concentration gave sigmoidal curves, indicating that D153R-PML undergoes 

interfacial activation as does PML. However, the sigmoidal curves of D153R-PML in the 

presence and absence of calcium ions, which were nearly identical to each other, were different 
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from that of PML. The activity of PML was greatly enhanced at around critical micellar 

concentration (CMC) of triacetin (306 mM), as reported previously (Amada et al., 2000; Chapter 

2). In contrast, the activity of D153R-PML was greatly enhanced at triacetin concentrations higher 

than CMC.  

 

Fig. 3-4. Interfacial activation of PML and D153R-PML. The enzymatic activities of PML determined in 

the presence of 10 mM CaCl2 (closed circles, straight line), and those of D153R-PML determined in the 

presence (open triangles, dotted line) and absence (closed squares, dashed line) of 10 mM CaCl2 are shown 

as a function of triacetin (C2) concentration. A vertical dotted line represents the CMC of triacetin (C2), 

which is 306 mM. The experiment was carried out in duplicate and the errors were within 10% of the 

values indicated. 

 

3.3.5. Thermal denaturation 

To examine whether the mutation of Asp153 to Arg affects the stability of PML, thermal 

denaturation of PML and D153R-PML was analyzed in the presence or absence of 5 mM CaCl2 

and in the presence or absence of 0.02% Triton X-100 by monitoring the change in CD values at 

220 nm as the temperature was increased. PML assumes an open conformation only in the 

presence of calcium ions and Triton X-100 (Angkawidjaja et al., 2010), whereas D153R-PML 

assumes an open conformation in the presence of Triton X-100 either in the presence or absence 

of calcium ions. The thermal denaturation curves of PML and D153R-PML measured in various 

conditions are shown in Figure 3-5. The midpoints of the transition of these thermal denaturation 

curves, T1/2, are summarized in Table 2. The T1/2 value of D153R-PML is slightly higher than but 

comparable to that of PML at any condition examined, indicating that the mutation of Asp153 to 

Arg does not significantly affect the stability of PML, regardless of whether PML assumes an 

open conformation or a closed conformation. 
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It is noted that the stability of PML and D153R-PML decreases by 8-9°C in the absence of 

calcium ions as compared to that in the presence of calcium ions, regardless of whether Triton X-

100 is present or not. Eleven calcium ions (Ca1-Ca11) bind to PML in the presence of calcium 

ions and Triton X-100, whereas eight calcium ions bind to it in the absence of calcium ions and 

presence of Triton X-100 (Angkawidjaja et al., 2010). Ca3, Ca6, and Ca10 are removed from 

PML in the absence of calcium ions. Of them, Ca3 has been reported to contribute to the 

stabilization of PML by 5°C (Kuwahara et al., 2008). These results suggest that Ca6 and Ca10 

contribute to the stabilization of PML by 3-4°C.  

                         Table 3-2. Thermal stabilities of PML and D153R-PML 

 

  T
1/2

 (
o

C) 

Protein Triton X-100 (%) - Ca
2+

 + Ca
2+

 

PML 0.02 53.65 ± 0.15 62.46 ± 0.03 

  0 53.84 ± 0.61 63.09 ± 0.02 

D153R-PML 0.02 54.84 ± 0.15 62.72 ± 0.04 

  0 54.62 ± 0.09 63.34 ± 0.03 

 

 

Fig. 3-5. Thermal denaturation curves. Thermal denaturation curves of PML in the presence of 0.02% 

Triton X-100 (thin dashed lines) and in the absence of Triton X-100 (thin straight lines), and those of 

D153R-PML in the presence of 0.02% Triton X-100 (thick dashed lines) and in the absence of triton X-100 

(thick straight lines) are shown. These curves were measured either in the presence of 5 mM CaCl2 (with 

calcium) or absence of calcium ions (without calcium). These curves were obtained by monitoring the 

change in CD values at 220 nm as described in Materials and Methods. 
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3.4. Discussion 

In this study, a PML derivative with calcium-independent activity was successfully 

constructed by the mutation of Asp153 to Arg. This derivative, D153R-PML, requires calcium 

ions for folding and its folded structure is probably unchanged by dialysis against calcium-free 

buffer, as reported for PML (Angkawidjaja et al., 2010). Because the activity of D153R-PML is 

lost by the mutation of Asp157 to Asn, electrostatic attraction between Arg153 and Asp157 seems 

to be responsible for calcium-independent opening of lid1. Opening of lid1 involves a significant 

structural change of lid1 from helix-turn-helix to single helix together with rotational and 

translational movements of lid1 from closed to open positions (Angkawidjaja et al., 2010). 

Arg153 probably facilitates this structural change and movement of lid1 by forming a salt bridge 

with Asp157. Stabilization of the open conformation of lid by arginine-mediated salt bridges and 

hydrogen bonds (H-bonds) has also been reported for Thermomyces lanuginosa lipase 

(Brzozowski et al., 2000) and Geobacillus zalihae lipase (Abdul Rahman et al., 2012).  

Other PML derivatives designed to introduce an electrostatic attraction between residues 

153 and 157, such as D153K-PML, D157R-PML, and D157K-PML, did not exhibit activity either 

in the presence or absence of calcium ions, probably because the steric configurations of Lys153, 

Lys157, and Arg157 are not favorable for the formation of this electrostatic attraction. A similar 

result has been reported for Staphylococcus hyicus lipase (SHL). SHL contains a single calcium 

ion, which is important for stability (Tiesinga et al., 2007). Like Asp153 and Asp157 of PML, 

Asp354 and Asp357 are the only acidic residues that coordinate with this calcium ion. Mutation of 

Asp357 to Lys, Asn, or Ala resulted in a calcium-independent SHL derivative that retains high 

stability even in the absence of calcium ion, whereas mutation of Asp354 to Lys or Asn did not 

(Simons et al., 1999). The steric configurations of Lys354 and Asn354 may be unfavorable for the 

stabilization of the SHL derivatives.  

D153R-PML undergoes interfacial activation like PML. However, the substrate 

concentration required for this interfacial activation is higher than that required for interfacial 

activation of PML (Fig. 3-4), indicating that D153R-PML is less sensitive to interfacial activation 

than PML. This result suggests that the open conformation of D153R-PML is less stable than that 

of PML. The difference in the anchoring mechanisms of lid1 of D153R-PML and PML may 

account for this difference. Anchoring of lid1 to the open position of D153R-PML by H-bond 
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and/or electrostatic interactions may be weaker than that of lid1 to the open position of PML by 

coordination with Ca1. Because the amount of micellar substrates increases as the substrate 

concentration increases and because the open conformation of D153R-PML and PML is stabilized 

by the interaction with micellar substrates, higher substrate concentration is probably required to 

stabilize the open conformation of D153R-PML than that required to stabilize the open 

conformation of PML. It has been reported that family I.3 lipase from Pseudomonas CR-611 does 

not undergo interfacial activation, despite the high amino acid sequence identity (93%) to PML 

(Panizza et al., 2013). This result suggests that only a few amino acid substitutions in lid1 affect 

the sensitivity of family I.3 lipase to interfacial activation. 

D153R-PML exhibits lower activity toward triglycerides than PML, with a few exceptions 

(Fig. 3-3A). This result suggests that the structure and position of lid1 of D153R-PML in the open 

conformation are different from those of PML. Lid1 is amphiphilic with one side being 

hydrophilic and containing Arg153 or Asp153 in D153-PML or PML, respectively, and the other 

side being hydrophobic. The hydrophilic side faces outward and the hydrophobic side faces 

inward in the closed conformation, whereas the hydrophilic side faces inward and the 

hydrophobic side faces outward in the open conformation. The hydrophobic side of lid1 in the 

open conformation is required for binding to micellar substrate. The activities of D153R-PML 

toward most of the triglycerides decrease as compared to those of PML, probably because the 

capability of D153R-PML to bind to these substrates decreases as compared to that of PML due to 

a change in the structure and position of lid1 in the open conformation.  

In contrast, D153R-PML exhibits higher activity toward fatty acid ethyl esters than PML, 

with a few exceptions (Fig. 3-3B). This result suggests that these substrates can access the 

catalytic pocket of D153R-PML more readily than that of PML. Fatty acid ethyl esters are less 

hydrophobic and more water-soluble than triglycerides. These substrates exist as monomers or 

small aggregates, known as pre-micelles (Hadgiivanova et al., 2007; Cui et al., 2008). Therefore, 

these substrates may not require full and stable opening of lid1 for their access to the catalytic 

pocket of the enzyme. D153R-PML exhibits higher activity toward fatty acid ethyl esters than 

PML, probably because lid1 of D153R-PML more easily opens upon contact with pre-micelles 

than that of PML due to increased flexibility. The importance of lid for substrate selectivity of 

lipase has been reported not only for family I.3 lipase (Panizza et al., 2013; Chapter 2), but also 

for other lipases from bacteria (van Kampen et al., 1999; Santarossa et al., 2005; Secundo et al., 
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2006), fungi (Holmquist et al., 1993; Holmquist et al., 1995; Brocca et al., 2003; Skjøt et al., 

2009; Zhu et al., 2013), mammal (Yang & Lowe, 2000; Thomas et al., 2005), and human 

(Jennens & Lowe, 1994; Dugi et al., 1995; Carrière et al., 1997; Bezzine et al., 1999). Further 

structural studies of D153R-PML will be required to understand the mechanism by which D153R-

PML exhibits activity in a calcium-independent manner, and the reason why D153R-PML 

exhibits different substrate selectivity from that of PML.  

Because esterase is distinguished from lipase in its ability to catalyze more soluble 

substrates (Fojan et al., 2000), D153R-PML exhibits higher esterase activity than PML. However, 

D153R-PML is still a true lipase, because it undergoes interfacial activation in a calcium-

independent manner. This study is the first study to engineer a family I.3 lipase with calcium-

independent activity. 
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3.5. Summary 

A family I.3 lipase from Pseudomonas sp. MIS38 (PML) has two lids, lid1 and lid2, which 

are open when it exhibits activity. A single calcium ion is required to anchor lid1 in the open 

conformation by coordination with two acidic residues (Asp153 and Asp157) in lid1 and three 

other residues. Lid1 assumes a long α–helix in the open conformation, whereas it is sharply bent 

within this helix, such that Asp153 and Asp157 are located far away from each other, in the closed 

conformation. To examine whether the mutation of Asp153 or Asp157 to a positively-charged 

residue allows two residues at positions 153 and 157 to come close with each other and thereby 

stabilizes the open conformation of lid1 even in the absence of calcium ions, five single mutant 

proteins (D153K-, D153R-, D153A-, D157K-, and D157R-PMLs) and two double mutant proteins 

(D153A/D157A- and D153R/D157N-PMLs) were constructed. Of these mutant proteins, only 

D153R-PML exhibited activity in the absence of calcium ions. Its lipase and esterase activities 

were 7-fold lower and 4-fold higher than those of PML, respectively. These activities were lost by 

the mutation of Asp157 to Asn. These results suggest that lid1 of D153R-PML opens even in the 

absence of calcium ions due to electrostatic attraction between Arg153 and Asp157.  
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CHAPTER 4 

General discussion and future remarks 

 

4.1. General discussion 

Since lipase is one of the most widely used enzymes in various different sectors, lipase 

engineering is indispensable to create robust lipase with desired properties for specific application 

purposes. This is the first study for engineering of a family I.3 lipase with esterase-like activity or 

calcium-independent activity. Two unique characteristics of PML in particular and family I.3 

lipase in general are the presence of two lids that cover the active site, and a catalytically 

important calcium ion bound to lid1. Lid2 is an auxiliary lid, but apparently plays a major role for 

interfacial activation of PML. Removal of lid2 does not cause a complete loss of activity. 

However, PML does not function as a true lipase when lid2 is removed, since PML cannot 

undergo interfacial activation without lid2 (Fig. 4-1B). Another functional alteration that takes 

place due to removal of lid2 is a decrease in lipase activity towards triglycerides and an increase 

in esterase activity towards fatty acid monoesters (Fig. 4-2B). Therefore, lid2 also plays a role in 

determining substrate specificity and allows PML to act as a lipase, rather than an esterase.  

It is well known and accepted that in the open conformation, lid structure exposes its 

hydrophobic and non-polar amino acid residues to the solvent and by hydrophobic interaction 

with hydrophobic substrates of lipase, lid structure acts a substrate binding platform for lipase, 

especially with big and bulky micellar substrates. This is true not only for lid1, but also for lid2, in 

the case of family I.3 lipase. Therefore, I found and suggested that the hydrophobic surface area 

which is provided by lid2 is necessary for family I.3 lipase to bind firmly to micellar substrates, 

since lid1 alone is not sufficient to do so. From engineering point of view, removal of lid2 allows 

the enzyme to act like esterase than lipase. This information may be useful for lipase engineering, 

especially with family I.3 lipase, for the engineering of robust catalyst in the production of 

specific ester compounds. 
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Fig. 4-1. Model figures of the altered enzymatic properties on micellar substrate. (A) Upon contact with 

micelle, lid1 of PML (WT) opens, followed by lid2. Opening of both lids provides large and continuous 

hydrophobic surface area for firm attachment to micelle. (B) Lid1 of ΔL2-PML opens upon contact with 

micelle, but lid1 alone is not enough to attach firmly to micelle. (C) Lid1 of D153R-PML opens in a 

calcium-independent manner, and the opening of lid1 is different from that of PML (WT), in which bigger 

and bulkier micelle is necessary for firm attachment of the enzyme to micelle. Lid1 and lid2 are colored 

orange and green, respectively. Protein body is colored cyan. Ca1 is shown as yellow star. Arg153 is 

shown as purple double triangle. Catalytic pocket is shown as white ellipse. Micelle is shown as grey circle. 

The presence of a metal-ion binding site in the lid of lipase is a unique property for PML 

and family I.3 lipase. No other class of enzyme has been reported so far which contains calcium
 

ion binding site which is important for catalysis. I exploit this property by engineering a mutant 

with calcium-independent opening of lid1. While studies on the role of the Ca1 site in stabilizing 

the open conformation of PML have been conducted, by both mutational study (Kuwahara et al., 

2008) and in-depth structural analysis with MD simulation (Angkawidjaja et al., 2010), the 

engineering part to remove the Ca1 site in lid1 has not been done before. 
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Fig. 4-2. Model figures of the altered enzymatic properties on soluble substrate. (A) Upon contact with 

substrate, lid1 of PML (WT) opens, but lid2 may not open or only moves a little, thus limiting the access of 

the substrate to the catalytic pocket. (B) Lid1 of ΔL2-PML (ΔL2) opens upon contact with substrate, 

allowing access of the substrate to the catalytic pocket, without the hindrance of lid2. (C) Lid1 of D153R-

PML (D153R) opens in a calcium-independent manner, and the opening of lid1 is different from that of 

PML, in which the catalytic pocket is more substrate-accessible, even in the presence of lid2. Lid1 and 

Lid2 are colored orange and green, respectively. Protein body is colored cyan. Ca1 is shown as yellow star. 

Arg153 is shown as purple double triangle. Catalytic pocket is shown as white ellipse. Soluble substrates 

are shown as black lines. 

Previous studies have shown that Ca1 provides positive charges necessary to neutralize the 

negative charge density formed by two closely located aspartate residues (Asp153 and Asp157). 

Without Ca1, negative charge repulsion occurs when lid1 changes its conformation from closed to 

open conformations, causing a collapse on lid1, thus inactivating the enzyme because access of 

the substrate to the active site is blocked by lid1. In this study, I succeeded in obtaining a mutant 

with calcium-independent activity by mutating Asp153 to Arg (D153R-PML), while mutations at 

Asp157 and mutation of Asp153 to Lys have proven to be ineffective for such purpose.  

D153R-PML mutant is active in the absence of calcium ions, and the mutation also 

decreases its lipase activity and increases esterase activity as compared to those of PML (Fig. 4-
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2C). It also needs substrate concentration higher than CMC. This means that bigger and bulkier 

micelles are necessary for interfacial activation (Fig. 4-1C). Studies with many other lipases from 

various sources have shown that a single amino acid substitution in lid can cause such alteration in 

enzymatic activity and also substrate specificity. This seems to be the same for PML and family 

I.3 lipase. Since lid is a structural part of lipase that controls the access of the substrate to the 

active site and is involved in substrate binding, it is obvious that the amino acid sequence of the 

lid would affects activity and substrate specificity of the enzyme. Until date, there are no other 

experimental data available on the effect of amino acid substitution at lid1, or lid2 of family I.3 

lipase, except for what I presented here in this study.  

So far, this is the first study that shows the structural plasticity of the Ca1 site in lid1 of a 

family I.3 lipase. Destabilization of the protein due to removal of this site by the amino acid 

substitutions can be overcome by stabilization of the protein due to introduction of a salt bridge 

between Arg153 and Asp157, thus keeping the lipase active. Other metal ion binding sites in 

lipase, whether it is catalytically-important or not, can also be engineered by changing the 

Asp/Asn residue at the metal binding site to positively charged residues such as Arg/Lys. 
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4.2. Future remarks 

Although PML was converted from a true lipase to an esterase-like enzyme by deletion of 

lid2 and the role of lid2 in PML and family I.3 lipase has been described based on the 

experimental data and structural analysis on the model structure of the mutant, the crystal 

structure of ΔL2-PML remains to be solved. By having the crystal structure of the mutant, more 

accurate and in-depth structural analysis can be done, and it may provide more clues in 

understanding the structure-function relationships of lid2 and its role in family I.3 lipase. The 

structure may as well serve as a platform for further rational engineering of family I.3 lipase. The 

same also goes for D153R-PML, the Ca1-independent mutant. The possibilities that the crystal 

structure of ΔL2-PML may be different from the modeled one cannot be excluded. Therefore, it 

would be challenging to solve the structures of both mutants. 

Based on the alignment of the amino acid sequences of family I.3 lipases, all members of 

family I.3 lipase seem to have lid2, as well as the Ca1 site. Mutational studies such as presented in 

this study can also be performed on other members of family I.3 lipase, to confirm of whether 

these functional alterations are a general property of family I.3 lipase, or they are unique only to 

PML.  

What can be done further with PML is to exploit its potential applications for production of 

target compounds. SML, another member of family I.3 lipase, has been implemented in the 

production of diltiazem, a drug which acts as a calcium channel blocker (Shibatani et al., 2000). 

By utilizing the chemo-, regio-, and enantio-selectivities that PML may possess, purer and shorter 

steps of production of target compounds can be achieved. For this purpose, studies on the 

enzymatic activities of PML in micro-aqueous environment, as well as those on its chemo-, regio-, 

and enantio-selectivities would be indispensable. 
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