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ABSTRACT

Evolutionary based Classification of Fungal Lipases as a Framework for

Structure and Function Prediction of Putative Lipases.

Bahareh Behdad

Lipases are a family of enzymes which catalyze the hydrolysis of lipids and they exhibit
esterase type activities such as phospholipase, lysophospholipase, cutinase and amidase.
These enzymes have applications in detergent, the production of oil and fat, baked
products, organic synthesis, hard surface cleaning, leather, paper, and cocoa butter.
Lipases are versatile and have become a major source of industrial lipolytic enzymes. I
performed a comparative analysis of protein sequences of well characterized fungal
lipolytic enzymes from SWISS-PROT and developed a classification system to assist
structural and functional characterization of newly identified putative lipase gene
sequences. The distance-based UPGMA method was used for constructing the
phylogenetic tree. Eight sequences of known secondary and tertiary structure were used
to predict the secondary structure of similar sequences with unknown structure. Using
sixteen different tools from SWISS-PROT and NPS@, the secondary structures of
sequences with unknown 3-dimensional structures were predicted. The evolutionary
based clustering of lipase protein sequences resulted in seven major families with the
largest family being divided into five subfamilies and two single member branches. This
analysis allowed us to: (1) perform a comparative study of well-characterized fungal

lipases to develop a comprehensive classification system for fungal lipases, (ii) assess

il



various protein secondary structure prediction tools to select suitable tool(s) for
predicting secondary structures of lipases, (iti) predict structural features important for
specific function of lipases such as residues forming the catalytic sites, disulfide bonds
and salt bridges, and (iv) develop a framework to predict putative function and reaction

conditions of newly identified lipase gene sequences.
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A. INTRODUCTION

Lipases, a group of enzymes which catalyze hydrolysis of insoluble oil droplets
into soluble products, are ubiquitous in nature. They are found in organisms ranging from
bacteria and fungi to plants and animals. These enzymes aid in processes such as
digestion, membrane phospholipid metabolism, and inflammatory reactions (Tojo et al.,
1997). Moreover, these enzymes are commercially important in industries such as
detergent, oil and fat, baking, organic synthesis, paper and cocoa butter (Schmid and
Verger, 1998; Bornscheuer and Kazlauskas, 1999; Anderson et al., 1998; Clausen et al.,
2000; Rubingh, 1998; Jaeger, 1998). Fungal lipases have become a major source of
industrial lipolytic enzymes because of their versatility and ease of production. Such new
found uses for fungal lipases have spurred growth in patent filings, driving the need for

an improved understanding of the structure-function relationships of fungal lipases.

Fungi produce various families of lipolytic enzymes including true lipases (EC
3.1.1.3), carboxylesterases (EC 3.1.1.3), secretory lipases (EC 3.1.1.3), and a variety of
phospholipases, namely, phospholipase Al (EC 3.1.1.32), phospholipase A2 (EC
3.1.1.4), lysophospholipase (EC 3.1.1.5), phospholipase C or 1-phosphatidylinositol-4, 5-
bisphosphate phosphodiesterase 1 (EC 3.1.4.11), and phospholipase D (EC 3.1.4.4). The
first three classes of enzymes belong to the structure-based super family of o/B-
hydrolase’s (Ollis et al., 1992), a variety of enzymes whose activities rely mainly on a
catalytic triad usually formed by serine, histidine and aspartic acid residues.

Three developments have advanced our knowledge of the structure and function

of lipases and esterases: increased availability of gene sequences, biochemical



characterization of lipases, and resolution of numerous crystal structures (Grochulski et
al., 1993; Schrag and Cygler, 1993; Cygler et al., 1993).

These classifications are based upon comparative studies of the structure and
function of well-characterized enzyme groups. They aid in the identification of unknown
structural motifs and also help predict the functions of newly-identified genes. Although
a structure and function based classification of bacterial lipases already exists (Arpigny
and Jaeger, 1999), no such study is yet available for fungal lipases.

Our objectives are to:

€9) Perform a comparative study of well-characterized fungal lipases to
develop a classification system for fungal lipases.

(2) Select the best tools for predicting secondary structure of lipases.

3) Predict structural features importént for function of lipases such as
residues forming the catalytic sites, disulfide bonds and salt>bridges.

“4) Develop a framework to predict function and reaction conditions of

newly-identified lipase gene sequences.



B. LITERATURE REVIEW

B.1  Background Information and Definition of lipases

Lipases were first identified in 1856 by Claude Bernard. They hydrolyse
insoluble oil droplets into soluble products. The presence of lipolytic enzymes in blood
plasma was first noted by Hahn in 1943. Initially, the enzyme was described as a
“clearing factor”. Nine years later, Anfinsen and co-workers associated the clearing
factor with the presence of lipolytic enzymes (Verger et al., 1984). Since then, there has
been a growing interest in both the lipolytic enzymes and their substrates. The lipase
enzymes consist of different families showing the same overall structural folding (Ollis et
al., 1992; Derewenda et al., 1994a). However, they differ in the versatility of their loop
structures that contact the substrate. They also show variable substrate specificities.
Lipases, also known as lipolytic enzymes, are capable of hydrolyzing lipid substrates:
cutinases, lysophospholipases and enzymes hydrolyzing ester substrates of lipid nature.
Lipases, in contrast to esterases, become activated when absorbed in a water/lipid
interface. They display low activity with their substrates in a monomeric state (Verger

and de Hass, 1976). A “true” lipolytic enzyme‘exhibits two characteristics (EC 3.1.1.3):

e [t should be activated by the presence of an interface. That is, its activity
should sharply increase as soon as the triglyceride substrate forms an

emulsion (interfacial activation) (Sarda ef al., 1958).

e [t should contain a “lid” (see below), which consists of hydrophobic
residues covering the active site. By movement of the lid, the substrate

can enter the cavity for enzyme reaction.



What make llipases so attractive? First, they usually display exquisite chemoselectivity,
regioselectivity and stereoselectivity (Rogalska et al.,, 1993). Secondly, they can readily
be produced in high yields from microbial organisms-- fungi and bacteria. Thirdly, the
crystal structures of many lipases have been solved, facilitating the design of rational
engineering strategies. Finally, they usually do not require cofactors, and do not catalyze
side reactions. These properties make lipases the most widely used group of biocatalysts

in organic chemistry.

B.2 Structural studies on lipases

To determine the structure of a protein it is necessary to understand its function
and role. The mechanism of catalysis and the molecular nature of interfacial activation
was nof understood until the 3-D structures of lipases were determined. The lipases from
two fungi-- Aspergillus niger (Fukumoto et al., 1963) and Geotrichum candidum --
(Tsujisaka et al., 1973) were first to be crystallized. These crystals were unstable and of
poor quality, likely a result of heterogeneity in the enzyme preparations. Since then,
many lipases have been crystallized in a form suitable for high resolution X-ray
diffraction studies.

Triacylglycerol lipases are o/ proteins, with a central 3-sheet with the active site
serine placed in a loop, in which the nucleophilic residue is essential for catalysis (Cygler
et al., 1992). This putative hydrolytic site is covered by a surface loop and is therefore,
inaccessible to solvent. Interfacial activation, a property of lipolytic enzymes acting on
water-insoluble substrates at water-lipid interfaces, probably involves the movement of

this flap region in lipoprotein lipases. This movement changes the surface at the entrance



of the active site, making it more hydrophobic and changing the lipid-binding properties.

The activities of these enzymes rely on a catalytic triad usually formed by three
residues following the order Ser-Asp/Glu-His. The active site serine is found in the
consensus pentapeptide Gly-X-Ser-X-Gly (X being any amino acid). This sole presence
of this motif has identified many serine hydrolases. The active site serine is embedded in
a secondary structure element: B-strand-turn-oa-helix. This general elementv was
recognized in previous studies (Derewenda and Derewenda, 1991; Schrag et al., 1991).
It was found not only in lipases, but also in other hydrolytic enzymes (Schrag et al.,
1991; Ollis et al., 1992).

The two glycine residues of the Gly-X-Ser-X-Gly consensus sequence are critical
in maintaining the tight bend between the B-strand and the a-helix. These two residues
face each other (Figure 1); the distance between their C, atoms is very short (~ 4.5 A).
Figure 1 shows the comparison of Rhizomucor miehei lipase (RML) and Geotrichum
candidum lipase (GCL), showing the conserved Gly-X-Ser-X-Gly and the short distance
between the two Gly residues. Not only should the Gly residue be conserved, but also
right after this Gly, there is always a small amino acid such as alanine or another glycine.
This keeps the outlook or nature of the B-strand and a-helix unchanged (Cygler et al.,
1992). This conserved motif is seen in all known esterase structures: acetyl
cholinesterase (Sussman et al., 1991), cutinase (Nicolas er al., 1996) strepotomyces

scabies esterase (Wei et al., 1995).



Figure 1: Superposition of strand-serine-helix
super secondary motif. GCL (thick line) and RML
are shown in dashed line. Red indicates the a-helix,
and green indicates the f3-strand.

Although the scaffolds and the active sites of lipases and cutinases share common
features, accessibility to the active sites in each lipase differs. For example, in RML
(Rhizomucor miehei lipase) the active site is covered by a short region (flap) and is about
10 A from the protein surface. A similar structure was seen for human pancreatic lipase
(HPL) (Terzyan et al., 2000) with a longer loop and greater distance to the surface (about
14 A). In fact, a different structure is seen for GCL, where two flap regions from different
surfaces cover the active site. Yet no flap region is found in cutinase, and further, the
active site is on the surface of the molecule (Martinez et al., 1992). The histidine residue
is often part of a special sequence pattern (Svendsen et al., 1995) and mostly found in the
C-terminal end of lipases. However, this residue in Geotrichum candidum lipase (GCL)
comes from the N-terminal part of the sequence. In cutinases, the histidine is located in

the same loop as its triad partner. Cutinases have a shorter C-terminus than the above



mentioned lipases (Martinez et al., 1992). Moreover, the Asp/Glu residue would be

found in the triacylglycerol lipases between the serine and the histidine residue.

In some lipase-related enzymes, the active site residues are arranged differently.
In secretory lipases (discussed later in this study), there are only two catalytic residues,
instead of three. Also, in the Streptomyces scapies bacteria esterase, the Asp residue is
‘replaced’ by carbonyl oxygen. Enzymes including lipases, proteases, esterases,
peroxidases and lyses are members of the “o/p hydrolase fold” clan (Ollis et al., 1992;
Schrag et al., 1997), although not all lipases belong to the same structural family. As an
example, the structures of PLA,, PLA-D, lysophospholipases and phospholipases C differ

from triacylglycerol lipases.

B. 3 Function

Because lipases are water-soluble enzymes and function at interfaces, evaluation
of substrate specificity is governed by several other factors (Brady et al., 1990). Few
lipases show strict substrate specificity. The mode of presentation of the substrate is also
important (Brockman, 1984). The same enzyme may show different selectivities when
the substrate is added in variable forms, like micelles, monolayer films or dissolved in
organic solvents. Classically, types for specificities of lipases are classified by factors
such as: a) substrates, i.e., preference for long or short fatty acids; b) positional: including
snl, sn2 and sn3 such that the regioselectivity is rather high for positions snl and sn3 so
that sn2 is degraded rarely (Figure 2); c) stereospecificity: faster hydrolysis of one

primary sn ester as compared to its counterpart and d) combination of all of the



specificities mentioned above (Benjamin and Pandey et al., 1998; Svendsen, 2000).

R1T R2 R3 . .
\ \ Figure 2: The triacylglycerol type of lipid
0o / 0 =0 presented using the sn designation for positions
0 O O
\ \ \ of the glycerol moiety (Adopted from
Sn1 Sn2 Sn3 Svendsen, 2000).

B. 4 Importance of lipases

Industrial and Biological applications

Lipases have evolved to be efficient catalysts for lipolytic reactions concerning
the hydrolysis of ester linkages of mono-, di- and triglycerides in aqueous emulsions. The
hydrolysis of these bonds is important in industrial applications:

e QGeneration of fatty acids from natural oils for the production of soaps
e Removal of oils and fats from fabrics, machinery, hides and waste water
¢ Production of mono- and diglycerides for food emulsifiers.

Lipases are also used to conduct transesterification reactions in commercial
applications, such as the production of cocoa butter substitutes (Sharma et al., 2001).
Since lipases have the unique ability to act at oil-water interfaces, their structures are of
particular interest. The selectivity of lipases towards the length of the fatty acids or the
number and location of unstaurations in the fatty acids is employed to produce high-value
fats or oils (Macrae et al., 1983). The high stereoselectivity of lipases is also exploited to

synthesize specific compounds-- in particular, enantiomerically pure compounds



containing ester bonds. For thermodynamic reasons, these synthesis reactions must be
conducted in environments containing little water. There have been many reports of
lipases in organic solvents synthesizing a variety of compounds (Boland et al., 1991),
including precursors for biologically active therapeutics, herbicides, and pesticides.
Though lipolytic enzymes are widely distributed in the plant kingdom, knowledge
of lipases from plants is limited when compared with those from mammalian systems and
micro-organisms. The low abundance of these proteins makes it difficult to purify them
in amounts sufficient to get access to amino acid sequence information. During post-
germination of oil seed plant (eg. Arabidopsis thaliana), the growth of the seedling is
supported mainly by hydrolysis of the oil reserve (Huang et al., 1990). Lipases are
involved in the first step of this series of reactions and may control a crucial step in post-
germination of seed. Plant lipases play a role in the production of goods such as bread
énd beer. They may decrease the shelf life of plant-derived foods, due to their
participation in the processes thaf govern spoilage (Mukherjee et al., 1994). Clearly,
lipases are widely employed in the food, cosmetic, detergent and pharmaceutical

industries.

B. 5 Structural Bioinformatics

The Nomenclature Committee of the International Union of Biochemistry (IUB)
has classified hydrolases according to substrates recognized. The term lipase commonly
refers to triacylglycerol hydrolases (EC 3.1.1.3). However, as pointed out by the
Committee, many of the enzymes hydrolyse a wide variety of ester substrates-- e.g.,

phospholipases, cholesterol esterase (EC 3.1.1.13), cutinase, amidase and other esterase



type activities that makes the classification somewhat arbitrary (Schmid and Verger,
1998; Bornscheuer and Kazlauskas, 1999). All of these enzymes can be regarded as
lipases.

Hydrolases are enzymes that catalyze the hydrolysis of various bonds. Some of these
enzymes pose problems because of their wide specificity or substrate compatibility.
Thus, deciding whether two preparations described by different authors are the same can
be difficult. While the systematic name always includes 'hydrolase’, the common name
is, in most cases, formed by the name of the substrate with the suffix “ase”. It is
understood that substrates with this suffix, and no other indicator, indicate a hydrolytic
enzyme.

Fungi produce different classes of lipolytic enzymes, including carboxylesterases (EC

3.1.1.-), true lipases (EC 3.1.1.3) and a diverse group of phospholipases Al, A2, B, C and

Al\ 0 Figure 3: Sites of action of
HC MG:% Rl phospholipase A1, A2, B, C and D. The
H( O-C-R2 generic phospholipase structure is shown
A2 ﬂ” 0 with the corresponding action sites of

H,C-0-P-0-C-X

D (Figure 3). . C 0 \D (adapted from Cox et al., 2001).

phospholipases designated by an arrow

Carboxylesterases are enzymes which hydrolyze small ester containing molecules at least
partly soluble in water. True lipases are enzymes that hydrolyse triglycerides into free
fatty acids and glycerol. Triacylglycerol lipases are present in animals, plants, fungi, and
bacteria. They have mainly triacylglycerol activity and are classified in the EC 3.1.1.3

group. The enzyme reaction is shown below by the following equation:

10
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Phospholipids, on the other hand, have an important role in maintaining the structure and
function of the cell membrane. Phospholipases generate second messengers, participate
in cytotoxity, and hydrolyze phospholipids in the gastrointestinal tract. They assist in
regulating cellular functions in both mammalian and plant cells, and lower eukaryotes,
including yeast and slime moulds. Phospholipases are a heterogeneous group of enzymes
that are able to hydrolyse one or more ester linkages in glycerophospholipids. The
actions of phospholipases can result in the destabilization of membranes, cell lyses and
release of lipid second messengers (Ghannoum, 2000; Schmiel and Miller, 1999). These
enzymes are categorized according to the specificity of the ester link that is cleaved
(Figure 3). Five kinds of phospholipase activity have been described, including
Phospholipase Al and A2 (3.1.1.4); phospholipase B or lysophospholipase (3.1.1.5);
phospholipase C or phosphatidylinositol-specific phospholipase C (EC 3.1.4.11) and
phospholipase D (3.1.1.4). In this study, all phospholipases will be described except
phospholipase Al and A2 which were not experimentally found according to SWISS-

PROT data base, but still they will be compared to phospholipase B.

11
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Three-dimensional (3-D) and protein sequences are used to predict aspects of molecular
function and evolution. Secondary structure prediction is a base of structure-based
sequence analysis. Therefore, finding tools that accurately predict secondary structures
are essential (Chen et al., 1999; Klepeis et al., 2003; McGuffin and Jones, 2003). Early
studies by Dickerson et al. (1976) showed that multiple sequence alignments could be
used to predict proteins structures. Zvelebil e al. (1987) integrated this theory into an
automatic prediction method. These early studies suffered from lack of data and were
used only on single sequences. Given the large families of homologous sequences now
available and advancements in computing techniques, prediction accuracy is now above
75%." More successful recent methods are PHD (Rost and Sander, 1994) and PSIPRED
(Jones, 1999), reporting accuracy above 76%. Frishman and Argos (1997) hit 74.8%
using PREDATOR and 79% using PORTER.

The results of the public prediction service (Predict Protein) have been used to
determine protein structures (chain tracing in X-ray crystallography), as well as to
formulate hypotheses about protein structure and function that guided experiments in

molecular biology (Rost, 1998).

! Accuracy varies between different proteins (72% =9%).
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Secondary structure prediction tools used in this study are available on the SWISSPROT
and NPS@ server. The SWISSPROT database is a manually annotated protein
knowledgbase establishéd in 1986 which strives to provide a high level of annotation
(such as the description of the function of a protein, its domains structure post-
translational modifications, etc.). NPS@ is the IBCP (Institute of Biology and Chemistry
of Proteins) server contribution to PBIL in Lyon, France, and is a server developing
several methods dedicated to protein secondary structure prediction, detection of fuzzy
motifs in protein sequences, protein sequence analysis software, and so forth. From the
SWISSPROT database, secondary structure tools used in this study include, SOPM
(Geourjon and Delage, 1994), SOPMA (Geourjon and Delage, 1995), PSI-PRED (Jones,
1999), PROF. Prediction (Rosi, 2001), JUFO (Meiler, 2002), PORTER (Pollastri et al.,
2002), NNPREDICTION (Kneller et al., 1990), SSPRO (Baldi and Pollastri, 2003) and '
from NPS@ server, HNN (Guermeur, 1997), PHD (Rost, 1996), PREDATOR (Argos et
al., 1996), SIMPA 96 (Levin et al, 1996), MLRC (Guermeur et al., 1998), DSC

(Guermeur et al., 1998) and GORIV (Guermeur, 1996).

B. 5.1 Secondary Structure Prediction tools available from SWISS-PROT

B.5.1.1 SOPM

Self-optimized method (SOPM) is a server. for protein secondary structure
prediction and was developed by Geourjon and Deleage in 1994. This method checks
against an updated release of the Kabsch and Sander database, Data base of secondary
structure prediction (DSSP), comprise protein chains. There are four steps in this method:

1) Building a sub-database drawn from DSSP using binary comparisons

13



of all protein sequences.

) Taking into account the prediction of structural classes of proteins.

3) Predicting the secondary structure using an algorithm based on
sequence similarity.

) Iteratively determining the predictive parameters that optimize the
prediction quality on the whole sub-database and applying the final
parameters to the query sequence.

This method correctly predicts the secondary structures 69% of amino acids.

B.5.1.2 SOPMA

SOPM was improved a year later in 1995 by Geourjon and Deleage to predict all
the sequences from a set of aligned proteins belonging to the same family. The result

was SOPMA, which had 69.5% accuracy.

B. 5.1.3 PSI-PRED

PSIPRED is a straightforward and reliable secondary structure prediction method
using the output obtained from PSI-BLAST (Position Specific Iterated - BLAST). It
incorporates this output with feed-forward neural networks for analysis. This program
achieved the highest accuracy of 80.6% across all 40 submitted target domains with no
obvious sequence similarity to structures present in PDB, which placed PSIPRED in first
place out of 20 evaluated methods (an earlier version of PSIPRED was also ranked first

in CASP3 held in 1998).
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B. 5.1.4 PROYF. Prediction

This program uses neural network on large data using different PSI-BLAST
profiles, using the same concept implemented in PHD program. However, it does use

more input data and has a third network layer for more accuracy.

B.5.1.5 JUFO

JUFO offers a protein secondary structure prediction with 75% accuracy from its
primary sequence. A neural network was trained with an amino acid property profile

plus the position-based scoring matrix of a blast run (Jones, 1999).

B.5.1.6 SSPRO

SSPRO (advanced recursive neural network system) is a server for protein
secondary structure prediction based on an ensemble of 11 bi-directional recurrent neural
networks (BRNNs). The only method that appears to improve prediction accuracy
significantly via particular algorithms, as opposed to more divergent profiles, is SSpro.
The algorithm to obtain multiple alignments of homologue sequences, based on PSI-
BLAST instead of BLAST, is exploited. Experiments on an independent test set yields

78% accuracy (Pollastri et al., 2002).

B.5.1.7 PORTER

Porter is a new system for protein secondary structure prediction in three
classes—it is an evolution of SSPRO. It increases the BRNN’s (Bi-directional Recurrent

Neural Networks) from 11 to 45. Porter was tested by a rigorous validation procedure
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and achieves 79% accuracy (Pollastri ez al., 2002).

B. 5.1.8 NNPREDICT

This program predicts the secondary structure type for each residue in an amino
acid sequence. Similar to other programs, it uses sequence as input. The output is a
secondary structure prediction for each position in the sequence. To increase accuracy, it
takes the tertiary class to account for the possible options (none, all-alpha, all-beta, or
alpha/beta) for prediction. The best case prediction was 79% for the class of all-alpha

proteins.

B. 5.2 Secondary structure prediction tools from NPS@
B.5.2.1 HNN

The HNN (Hierarchical Neural Network) prediction method is made up of two
networks: a sequence-to-structure network and a structure-to-structure network. Its
prediction is based only on local information. Thus, the first layer network predicts the
secondary structure of the central residue-- this is called the sequence-to-structure
network. The second layer network, called the structure-to-structure network, filters the
outputs from the first one and produces the final prediction results. To improve the
accuracy of this tool, physico-chemical data have been taken into account for the

structure-to-structure network.
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B.5.2.2. PHD

PHD is neural network system (a sequence-to-structure level and a structure-
structure level) to predict secondary structure (PHDsec), relative solvent accessibility
(PHDacc) and trans membrane helices (PHDhtm) (Rost and Sander, 1993). The NPS@
server only uses PHDsec. PHDsec focuses on predicting hydrogen bonds. This program
uses the BLASTP search for sequences and filters the result by aligning them with

CLUSTALW. It uses these results as the input for the neural network.

B.5.2.3. PREDATOR

PREDATOR is a secondary structure prediction method based on recognition of
potential hydrogen-bonded residues in a single amino acid sequence (Frishman and
Argos, 1996). The unique feature of this approach involves statistics on residue type
Qccurreﬁces in different classes of beta-bridges to describe interaction of beta-strands.
The alpha-helical structures are also recognized on the basis of amino acid occurrences in

hydrogen-bonded pairs.

B. 5.2.4. SIMPA9%6

This secondary structure prediction algorithm assumes that short homologous
sequences of amino acids have the same secondary structure tendencies. Comparisons
are made between secondary structure predictions from an X-ray database and an
empirically determined similarity matrix which assigns a sequence similarity score
between any two sequences of seven residues in length. This homologue method had a

prediction accuracy of 62.2%.
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B. 5.2.5. MLRC

MLRC (Multivariate Linear Regression Combination) is a secondary structure
prediction method which combines GOR4, SIMPA96 and SOPMA (Guermeur et al.,
1999). It post-processes the outputs of protein secondary structure prediction methods
and generates class posterior probability estimates. Experimental results establish that it
can increase the recognition rate of methods that provide inhomogeneous scores, even if

their individual prediction successes are largely different.

B. 5.2.6. DSC

Discrimination of protein Secondary structure Class (DSC) generates probabilities
for helix and strand secondary structural states of each residue in a domain sequence. For
input, it uses associated multiple sequence alignment CLUSTALW. This makes the
predic.tion method comprehensible and allows the relative importance of the different
sources of information used to be measured (King & Sternberg, 1996). The DSC method
from multiply aligned homologous séquences has an overall per residue three-state

accuracy of 70.1% accuracy.

B. 5.2.7. GORIV

GOR 1V is the fourth version of GOR secondary structure prediction methods
based on the information theory (Garnier ef al., 1996). GOR IV uses all possible pair
frequencies within the window of 17 amino acid residues. GOR IV has a mean accuracy

of 64.4% for a three state prediction.
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C. METHODS

C.1 Comparative Study of Fungal Lipases

C.1.1 Multiple Sequence Alignment

Protein sequences selected for this study includes fungal lipases from “true”
lipases, lysophospholipase and phospholipase C whose activities have been
experimentally determined. Fifty-two such iipases from diverse fungal species were
selected by surveying publications on search engines such as SWISS-PROT

(http://us.expasy.org/sprot) and NCBI (http://www.ncbi.nlm.nih.gov), and by browsing

sequence databases such as GeneBank, and SWISS-PROT. The amino acid sequences of
these lipases were aligned using Multiple Sequence Alignment program, CLUSTAL W

(Thompson et al., 1994) at http://www.ebi.ac.uk/clustalw. Upon completion of sequence

alignment, the data were saved as TEXT-FILE ONLY format prior to transfer to a data
exploration program, MacClade 4.03 (Maddison and Maddison, 2002), and then to a
phylogenetic tree-building and analysis program, PAUP 4.0, beta 8 (Swofford et al.,
2001). All the alignments were visually inspected and manually edited, as needed, in
MacClade 4.03 before tree reconstruction. The BLAST tool (Altschul et al., 1997) was
also used for sequence similarity searches. The experimentally-determined 3-D
structures were retrieved from the Protein Data Bank (Berman et al., 2000). The protein

structures were displayed by the program Cn 3-D from NCBI.
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C. 1.2 Phylogenetic Analysis and Statistics (Distance Analysis)

UPGMA (Unweighted Pair Group Method with Arithmetic Mean) was used in
this study to determine the phylogenetic tree. The aligned amino acid sequences were
analyzed using the default options of the program and all characters were weighted
equally, gaps treated as missing characters, multi-state taxa interpreted as uncertain, and

the distance measure was set to be equal to mean character difference.

C.2  Evaluation of Secondary Structure Prediction Tools for fungal Lipases
C.2.1 Secondary Structure Tools

The best way to assess the accuracy of a method is by carrying out “blind trials”.
A “blind trial” was used for the “protein Structure Prediction Challenge” meeting
(Asilomar, California; 4-6 December 1994), where numerous prediction tools were tested
to assess the accuracy of secondary structure prediction from multiple alignments and
protein-fold recognition. The input for my analysis was the eight sequences with known
X-ray structures (Table 1) and we also carried out “blind trials”. For some lipase
sequences there have been more than one crystal structure determined?, thus we screened
the Protein Data Bank (July 2005) to select lipase sequences with resolutions of 2.35 A or

better (Table 1). We used fifteen different programs available online from SWISS-PROT

(http://us.expasy.org/sprot) and NPS@ http://umber.sbs.man.ac.uk/dbbrowser/bioactivity)

to predict the secondary structure of sequences with unknown 3-D structures (Table 2).

* For instance, Candida rugosa has seven known structures including opened and closed.
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Table 1: Sequences with known crystal structures (Information from Protein Data

Bank)
Protein Release .
PDB# AC# EC# Name chain Date Resolution
1thg P22394 | 3.1.1.3 Hydrolase(carboxylic esterase) 544 aa 1993 1.80 A
1gz7 P32946 | 3.1.1.3 Hydrolase 534 aa 2003 1.97 A
icle P32947 | 3.1.1.3 Cholesterol esterase 534 aa 1996 200 A
1Iif P32947 | 3.1.1.3 Hydrolase 534 aa 2003 140 A
1dt3 059952 | 3.1.1.3 Hydrolase 269 aa 2000 269A
1dt5 059952 | 3.1.1.3 Hydrolase 269 aa 2000 240 A
1dte 059952 | 3.1.1.3 Hydrolase 269 aa 2000 235A
1du4 059952 | 3.1.1.3 Hydrolase 269 aa 2000 250 A
1ein 059952 | 3.1.1.3 Hydrolase 269 aa 2000 300A
1lgy P61871 | 3.1.1.3 | Hydrolase(carboxylic esterase) 265 aa 1996 220 A
1lpm P20261 | 3.1.1.3 Hydrolase 534 aa 1995 220 A
1lpn P20261 | 3.1.1.3 Hydrolase 534 aa 1995 220 A
1Ipo P20261 | 3.1.1.3 Hydrolase 534 aa 1995 220A
1lpp P20261 | 3.1.1.3 Hydrolase 534 aa 1995 2.05A
1trh P20261 | 3.1.1.3 | Hydrolase(carboxylic esterase) 534 aa 1994 210 A
1erl P20261 | 3.1.1.3 | Hydrolase(carboxylic esterase) 534 aa 1994 206 A
1lps P20261 | 3.1.1.3 | Hydrolase(carboxylic esterase) 534 aa 1995 220 A
1tca P41365 | 3.1.1.3 | Hydrolase(carboxylic esterase) 317 aa 1994 155 A
1tcb P41365 | 3.1.1.3 | Hydrolase(carboxylic esterase) 317 aa 1994 2.10 A
1tcc P41365 | 3.1.1.3 | Hydrolase(carboxylic esterase) 317 aa 1994 250 A
3g) P19515 | 3.1.1.3 | Hydrolase(carboxylic esterase) 265 aa 1993 1.90 A
11gl P19515 | 3.1.1.3 | Hydrolase(carboxylic esterase) 265 aa 1990 1.90 A
4tgl P19515 | 3.1.1.3 | Hydrolase(carboxylic esterase) 265 aa 1993 2.60 A

Abbreviations: AC#, Accession humber; EC#, Enzyme commission; PDB#, Protein database bank; aa, amino acid;
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These programs classify each residue into three classes (H = a-helix, E/S = strand
or B-sheets and the rest known as coils). Each sequence was analyzed separately using
each of the above tools (Table 2) and an evaluation performed with respect to a scoring
mechanism introduced in this study. A pair-wise similarity score in the range of (0, 1) is

‘Sl”

computed between all amino acid residues. Score is given to amino acids that have
correct matches for the two states, alpha and beta, (similar to crystal structure) and score
“0” is given to others.

The tool that predicted secondary structure most similar to the known X-ray
structure for each sequence was selected to run for the rest of the homologues sequences
with unknown 3-D structure. These selected tool(s) predict secondary structures based
on: statistical methods (Chou and Fasman, 1974), physico-chemical (Lim, 1974, Ptitsyn

and Finkelstein 1983), sequence patterns, evolutionary conservation, and neural

networks.
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Table 2: Secondary structure prediction tools used in this study

L Pro grams r - Referenté (ol
‘.SOPM L : (Geourjon and Delage 1994)
SOPMA | (Geourjon and Delage 1995)

.‘(Jonés 1999)

"'vPSLPRED

ik ’Polias’m et al., 200‘2‘)

~ Rost 2001) o ;

SWISS-PROT

9, 1996)

| (éuérhwéU'r’éf al., 1

998)

C. 2.2 Three-dimensional (3-D) Structure Prediction

Vector Alignment Search Tool (VAST) from NCBI with cross-linking to the
Molecular Modeling Data Base (MMDB) and Protein Data Bank (PDB) was used to
obtain the 3-D structure and structural neighbors. In order to obtain these 3-D structures
we entered the four-digit alphanumeric entry codes. To view the 3-D structures of fungal
lipases we should select “view 3-D structure” box. In addition to the 3-D structure of the

query, neighbors (similar structures) ranked by similarity will be shown.
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D. RESULTS

D.1 Comparative Study of Fungal Lipases

The distance-based UPGMA analysis of 52 selected amino acid sequences of
fungal lipases resulted in a single dendrogram (Figure 4), which revealed four major
clusters of sequences and a branch with one sequence (P34163). The sequence P34163 is

the only known fungal lipase of the super-family “AB hydrolase™:

e Cluster 1 consisted of ten sequences of secretary lipases (group A), ten sequences
of carboxylesterases (group B) and a single sequence, P54857, which occupied a

basal position within this cluster.

e Cluster 2 consisted of six sequences of lipase.

e Cluster 3 consisted of 20 sequences of Phospholipase B.

¢ Cluster 4 consisted of three sequences of Phospholipase C and a single sequence

of Phospholipase D, which was basal within this cluster.
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Figure 4: Phylogenetic tree using Neighbor joining method (UPGMA)
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Table 3. Families and subfamilies of fungal lipolytic enzymes

Family

LIP (Secretory lipase)

LIP (Secretory lipase)

Carboxylesterase

Sub- Molecular
ACH# Organism Properties Length CATALYTIC ACTIVITY
family mass
Candida albicans TAG+ H20 = diacylglycerol + a
Al Q9P4ES lipase 10 50 kDa 465
(Yeast - carboxylate,
Candida albicans TAG+ H20 = diacylglycerol + a
Al QIP8WS lipase 2 50kDa 466
(Yeast) carboxylate.
Candida albicans TAG + H20 = diacylglycerol + a
Al 094091 lipase 6 50kDa 463
(Yeast) carboxylate.
Candida albicans TAG + H20 = diacylglycerol + a
Al QOP8W2 lipase 1 50 kDa 468
(Yeast) carboxylate
Candida albicans TAG+ H20 = diacylglycerol + a
Al Q9P8wW2 lipase 3 51 kDa 47
(Yeast) carboxylate,
Candida albicans TAG+ H20 = diacylglycerol + a
All QIP8WO (lipase 5) 50 kDa 463
(Yeast) carboxylate.
Candida albicans TAG + H20 = diacylglycerol + a
All QIP8V9 (lipase 8) 50 kDa 460
(Yeast) carboxylate.
Candida albicans TAG + H20 = djacylglycerol + a
All QIP8W1 lipase 4 50 kDa 459
(Yeast) carboxylate.
Candida albicans TAG + H20 = diacylglycerol + a
All Q9P4E6 lipase 9 49 kDa 453
(Yeast) carboxylate.
Candida albicans TAG+ H20 = diacylglycerol + a
A QYP4E7 lipase 7 49 kDa 426
(Yeast) carboxylate.
Candida rugosa
TAG + H20 = diacylglycerol + a
Bl P20261 (Candida lipase 1 59kDa 549
carboxylate.
cylindracea) -
Candida rugosa
TAG+ H20 = diacylglycerol + a
BI P32947 (Candida Lipase 3 59 kDa 549
carboxylate.
cylindracea)
Candida rugosa
TAG + H20 = diacylglycerol + a
BI P32949 (Candida lipase S 59 kDa 549 :

cylindracea)
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Carboxylesterase

Lipase_3 (Lipase class 3)

BI

Bl

BlI

Bl

B

BIl

BIII

CI

CI

Cl

Cil

cl

P32946

P32948

P22394

P79066

P17573

Q99156

Q96VC9

P61871

P61872

P19515

P61870

P61869

Candida rugosa
(Candida
cylindracea)
Candida rugosa
(Candida
cylindracea)
Geotrichum
candidum (Oospora
lactis)
Geotrichum
fermentans
(Trichosporon
fermentans)
Geotrichum
candidum (Oospora

lactis)

Yarrowia lipolytica

(Candida lipolytica)

Yarrowia lipolytica

(Candida lipolytica)

Rhizopus niveus

Rhizopus oryzae

(Rhizopus delemar)

Rhizomucor miehei

Penicillium

camembertii

Penicillium

cyclopium

lipase 2

lipase 4

(lipase 2)

Lipasel

Lipasel

lipase 1

Lipase 3

Lipase, TAG, Lipase

it

Lipase, TAG

Lipase, TAG

Mono- and

diacylglycerol lipase

Mono- and

diacylglycerol lipase
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59 kDa

59 kDa

61 kDa

61 kDa

61 kDa

55 kDa

56 kDa

42 kDa

42 kDa

40 kDa

33 kDa

33kDa

5438

549

563

563

563

486

498

392

392

363

305

305

TAG + H20 = diacylglycerol + a

carboxylate.

TAG + H20 = diacylglycerol + a

carboxylate.

TAG + H20 = diacylglycerol + a

carboxylate.

TAG+ H20 = diacylglycerol + a

fatty acid anion

TAG + H20 = diacylglycerol + a

fatty acid anion

TAG + H20 = diacylglycerol + a

carboxylate

TAG+ H20 = diacylglycerol + a

carboxylate

TAG + H20 = diacylglycerol + a

carboxylate.
TAG+ H20 = diacylglycerol + a
carboxylate.

TAG + H20 = diacylglycerol + a

carboxylate.



talytic domain)

ipase ca

(Lysophospholi

PLA2_ B

PLA2 B

(Lysophospholipase

Cl

DI

DI

DI

DIl

DIl

DIl

Dl

Dll

Dl

Dll

Thermomyces

lanuginosus
059952 Lipase, TAG
(Humicola

lanuginosa)

Lysophospholipase 1,
QOUWF6  Candida albicans
phospholipase B1

Lysophospholipase 2 ,
093795 Candida albicans
phospholipase B 2

Lysophospholipase 3 ,
QOUVX!  Candida albicans
phospholipase B 3

Torulaspora
delbrueckii Lysophospholipase ,
Ql1121
(Saccharomyces phospholipase B
rosei)
Saccharomyces Lysophospholipase ,
P39105
cerevisiae phospholipase B1
Candida glabrata  Lysophospholipase 1,
Q8TGO7
(Torulopsis glabrata)  phospholipase B1
Kluyveromyces lactis  lysophospholipase,
059863
(Yeast) Phospholipase B
Saccharomyces  Lysophospholipase 3 ,
Q08108
cerevisiae phospholipase B 3
Saccharomyces  Lysophospholipase 2 ,
Q03674
cerevisiae phospholipase B 2
Candida glabrata

Lysophospholipase 2 ,
Q8TGO6  (Yeast) (Torulopsis
phospholipase B 2
glabrata)
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32kDa

66 kDa

67 kDa

81 kDa

71 kDa

72 kDa

72 kDa

70 kDa

75 kDa

75 kDa

75kDa

291

605

608

754

649

664

659

640

686

706

695

TAG + H20 = diacylglycerol + a

carboxylate.

2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a

carboxylate

2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a

carboxylate

2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a

carboxylate



.

(Lysophospholipase catalytic domain)

PLA2 B

Abhydro

lase 1

DIl

Dl

DIV

DIV

DIV

DIV

DIV

DV

DV

P39457

042790

013857

Q9P327

Q9Y7N6

QOUTHS5

P78854

Q9P8P2

Q9PSL1

P34163

Penicillium

chrysogenum Lysophospholipase ,

(Penicillium phospholipase B
notatum)
lysophospholipase,
Neurospora crassa
Phospholipase B
Putative
Schizosaccharomyces
lysophospholipase,
pombe
Phospholipase B
Schizosaccharomyces
Phospholipase B
pombe
Schizosaccharomyces
Phospholipase B
pombe
Probable
Schizosaccharomyces
lysophospholipase,
pombe
Phospholipase B

Schizosaccharomyces Lysophospholipase 1

H

pombe phospholipase B1

Cryptococcus
Phospholipase B,
neoformans var.
Lysophospholipase
grubii

Cryptococcus
Phospholipase B
neoformans

Saccharomyces

cerevisiae
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66 kDa

70 kDa

69 kDa

75 kDa

68 kDa

70 kDa

67 kDa

69 kDa

69 kDa

63 kDa

612

653

624

673

633

644

613

637

637

548

2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a

carboxylate

2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a
carboxylate
2-lysophosphatidylcholine + H20 =
glycerophosphocholine + a

carboxylate



PI-PLC-X, PI-PLC-Y

PLDc

Other Lipase

Other Lipase

1-

phosphatidylinositol-
Saccharomyces
4,5-bisphosphate

P32383 cerevisiae (Baker’s
phosphodiesterase 1,
yeast)
Phosphoinositide
phospholipase C
1-
phosphatidylinositol-
. 4,5-bisphosphate
013433 Candida albicans
phosphodiesterase 1,
Phosphoinositide
phospholipase C
1-
phosphatidylinositol-
Schizosaccharomyces  4,5-bisphosphate
P40977
pombe phosphodiesterase 1,
Phosphoinositide
phospholipase C
Saccharomyces
Phospholipase D1,
P36126  cerevisiae (Baker's
PLD1
yeast)
Saccharomyces
Lipase 2,
P54857 cerevisiae (Baker's
Triacylglycerol lipase
yeast
Candida antarctica
(Yeast)
P41365 Lipase B (CALB)
(Trichosporon
oryzae)

Abbreviations: AC#, Accession number; EC#, Enzyme commission;
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100 kDa

124 kDa

102 kDa

160 kDa

38 kDa

36 kDa

869

1099

899

1380

326

342

1-phosphatidyl-1D-myo-inositol
4,5-bisphosphate + H20 = 1D-
myo-inositol 1,4,5-trisphosphate +

diacylglycerol

I-phosphatidyl-1D-myo-inositol
4,5-bisphosphate + H20 = 1D-
myo-inositol 1,4,5-trisphosphate +

diacylglycerol

1-phosphatidyl-1D-myo-inositol
4,5-bisphosphate + H20 = 1D-
myo-inositol 1,4,5-trisphosphate +

diacylglycerol

phosphatidylcholine + H20 =

choline + a phosphatidate

Triacylglycerol + H20 =

diacylglycerol + a carboxylate

Triacylglycerol + H20 =

diacylgtycerol + a carboxylate.



D.1.1 Group A (Secretory lipase)

The group A consists of lipase 1 (094091), lipase 2 (Q9p8W5), lipase 3 (Q9P8W2),
lipase 4 (Q9P8W1), lipase 5 (Q9P8WO), lipase 6 (QIP4ESR), lipase 7(QIP4E7), lipase 8
(Q9P8V9I), lipase 9 (QIP4ES6), and lipase 10 (QIP4ES) -- all members of a single gene
family (Hube et al., 2000). These gene sequences were identified from Candida albicans
and have a molecular mass vof 49-51 kDa. They show high similarity in sequence and the
amino acid identities ranged from 36% between lipase (QIP8V9 and Q9P4E7) to 85%

(between QOPSWO to QOPEV9) (Table 4).

QI9P4ES5

Table. 4 Q9P8W5 | QOPAES | 094091 | QIPSW2 | QIPSWO | QIP8VY | QOP8W1 | QIPAE6 | QIP4ET
QOP4ES 0 68% 67% 56% 58% 53% 52% 51% 50% 38%
QIPBWS5 0 65% 58% 57% 52% 52% 50% 50% 39%
Q9P4ES 0 59% 63% 52% 53% 51% 49% | 38%
094091 0 73% 55% 55% | 55% 53% 39%
QIP8W2 0 52% 51% 50% 49% 39%
QIPEWo 0 | 85% 81% 76% 36%
Q9P8V9 0 82% 73% 36%
QIP3W1 0 76% 37%
QIP4ES 0 36%
QIP4E7 . 0

Table 4. Pairwise comparison of lipasel-lipase 10 using the program NCBI (Align two sequences BLAST).

These ten isoénzymes‘ could be further divided in to two subfamilies (A.I and A.II):
Sub-family A.l inéludes QI9P4ES5, QI9P8WS, QIP4ES, 094091, and QIPE8W2
with more than 56% identity (Table 4) while sub-family A.II includes, Q9P8WO,
Q9P8VI, Q9P8W1 and QI9P4E6 which were at least 49% identical to each other (Table
4). Lipase 7 (Q9P4E7) of the “family A” occupied a basal position to A.l and A.Il,

(Table 3 and Figure 4). The lipases of sub-family A.I have a molecular mass of 50-51
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kDa, and contain a sequence of 16 amino acids as a signal peptide. In contrast to the
typical catalytic triad (Ser, Asp and His) found in other lipases, the family A.I lipases
have a dyad catalytic site with two residues for the catalytic activity at positions 196
(serine) and 344 (histidine). Similar to other lipases, the group A.I lipases have a
conserved motif, Gly -X,- Ser -X,- Gly around the serine residue. The residues X; and
X, of sub-family A.I lipases are glycine and tyrosine respectively. This sub-family
includes conserved N-glycosylation site at positions 231 and 319 and at a few more
positions as given in Figure 5. They consist of four conserved cysteine residues and a
conserved lipase motif which may form disulfide bridges, yielding a similar 3-D
structure. However, no crystallography-based structures are available for these protein

sequences.
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Q9P4ES FASLIGLTPPSKESIBS PP IRNTPSAPSSLYLP 60

Q9P8WS PTIYASLVHITPASE [NPP. LRNSPNRLASFYFP 60
Q9P4ES8 LHTIFASLFSLKPPS KAP TRKSPNKPSSLYAP 60
094091 LIFASPLTVKSPL TAP LRKTPSKLSSMEFE 60
Q9P8wW2 MK «LLLLLolIPASPLSLKSPL NPP LRKTPGKISSLFIP 60
*: FoRE L ouLL. KUEXF Ko ogkk kg kpapk o pkan
Q9P4ES IVVKNAWQLLIRSEDSFGNPNAFVATLIQPLNANPSKLVSYQSWEDASHIDCSPSYGMQF 120
Q9PBWS IDVENAWQLLVKSEDSFGNPNAFVTTLIEPYNADPSKVVSYQTWEDASNINCSPSYGAQF 120
Q9P4ES VDVONSWQLLVRSEDSFGNPNAEFVTTIIQPKNADPSKVVSYQNWEDASNINCSPSYGSQL 120
094091 IDIKNSWQLLVRSEDSFGNATAIVTITVIEPYNADPSKVLSYQTFEDSANIECSPSYGMQY 120
QoP8W2 VEVENSWQLLVRSEDSFGNAAAIVTTVIEPFNADPSKVVSYQSWEDAANIECSPSYGMQF 120
Do rkakkkkeskkkhkkk Kaekekakak hkakhk o okhhk skkassekekRxFrh *
Q9P4ES5 KSPATTVITQIDMTLIVPLLONGYYVIIPDYEGPKSTFTVGRQSGKATLNSIRAALQTGA 180
Q9P8W5 GSPLSTITTQIDMTLIVPPLRSGYYVVTPDYEGPKATFAVGRQSGQATLDSVRAILKSGS 180
Q9P4ES GAPLSTILTQLDMTFIVPPLKSGYYVVLPDYEGPKSTFGVGRQSGKATLDSIKAVLKTKD 180
094091 GAPWSTVATQIDMALMVPMLKQGYYVVSPDYEGPKSTFTVGRQSGKATLDSIRAILKSNK 180
Q9p8wW2 GAPLSSVQTQVDMIFIVPLLDKGCFVVLPDYEGPKSTFGVGRQSGKATLDSIKAVLKTKD 180
Fhokk oakxk Kk ok sk kAKX kkk ko kK hhkkhhakhk kg ok *e
Q9P4ES FSGIKKTAKVALWGYSGGSLATGWAISLOSKYAPELKENLIGAAVGGFATNITAVAEAVD 240
Q9P8WS FSGINEDAKVALWGY SGGSLATGWAAALQPVYAPELQRNIVGAAVGGFAANITAIAESVD 240
Q9P4ES FSGINDDAKVVLWGY SGGSFASGWAAVLQPEYAPELKDNLIGAALGGFAANLTGIAESVD 240
094091 FTGIKSDAKVAMWGY SGGSLASGWAAALQPKYAPELKKNLIGAALGGFVTNITATAEATD 240
Q9P8W2 FSGINDDAQVAMWGY SGGTIAAGWAATLQPKYAQRELKKNLIGAALGGFVINITATAEATD 240
Kakka  kak ekkkhkkdkgokskkk Kk kk kk e ke akkkgkkk ke *x . *
Q9P4ES GTVFSGFIPLALNGLANEYPDFKKRLYGEVKLSARSTMEKGSONCLAASLVGYPMSQYFT 300
Q9P8W5 GTIFSGLITLALNGLANEYPDLKTAFYEELSDFAVPEFKAGAENCLAENIFHYPLHQYFT 300
Q9P4E8 GEVFSGFIPLALNGIANEYPDFKKRLYEEVKPGAKADLQKGAENCLAASLISYPMYQYFT 300
094091 GTLFAGLVPNALSGLANEYPEFKEILYQKVSKAATDNLRQGTEHCIGGAILYFAEDQYFT 300
Q9P8wW2 GTLFAGLIPNALNGLANEFPDFKKRMYEVVEKRYEGALQQGTQHCLGGAILHFAFDQVFT 300
* **:. *******:* o x T . *:.:*:- P *  kk
Q9P4ES GONRAFEKGWGLLODEVFNKTTEDNLLLKLDKTYLPQVPVLIYHGTIDEITPIKDANAQY 360
QIP8W5 GPKRAFEKGWGLLKEDIFNKSIQDNLLIGLNKTYLPQVPVLIYHGTVDEIIPIKDPHAQY 360
Q9P4ES GPRRVFEKGWSLLEDKTIGKTLEDNLLIALSKEHMPQIPIFVYHGTIDKIIPIKDSIKIY 360
094091 GDDRAFPGGYGLLKEEVVNKTISENNLMQMDKDYLPDIPIFVYHGALDSIVPISNVHVTY 360
Q9P8W2 GDHRYFEQGYGLLEEEVFNRTISGNSLLYMDQEYLPDIPIFVYHGSLDGIVPIPDVHGVY 360
L I I P I L L T LLLT TR T L *
Q9P4E5 QIWCDRGIQSLEFAEDLSAGHLAETFTGAPAALSWIDARFSGKPAVNGCORTIRSSNVLY 420
QOP8BW5 QLWCDWGIESLEFAEDLSTGHLAETFTGAPAALAWIDARFDGKTPIQGCSHTTRLTNLLY 420
QOP4ES KNWCDWGIGSFEFSEDKSNGHITETVVGAPAALTWIDARFAGKPAVEGCSFTTRASNFLY 420
094091 KNWCDWGINSFEFSEDLLNGHITETIVGAPAAITWLEARFDGEPVVKGCKKTSRITNFSY 420
QOPBW2 KNWCDWGIDSFEFAEDSLNGHLTEIVVGAPAAITWLDARFDGQPVVEGCKKTTRITNESY 420
*kKx Kk *:**:** Kk ek .'*****::*::*** *:' ::**. * K :*. *
Q9P4E5 PGISITIRIYFEGISKTIFGVNLGSGVNAD-KSISNKFFAYIRKYI-=~==~ 465
Q9P8W5 PNTSDSTHSYFLGIYQAVFGTPLGPGINGDNITINSGLLGLVSSII----=-- 466
Q9P4ES PNISESAASYFKGIYQTILRSKLGSGVTSDDVSVN-GLRSLYHT--—------ 463
094091 PNISDSTSSIFEGILNSVTGSELGPGVTSDNITLD-GLTGFLGNFIDLK~~~ 468
QOP8W2 PNISDSTRNFFKGILDSLTASQLGPGVTSDNVTLS-GLTGFMGGLSKFKKSV 471

*.o* xRk AR TP

Figure 5. CLUSTALW sequence alignment of Secretory lipase (sub-family A.I).

The 16 amino acid signal peptide, the active site (Ser, His) along with the consensus
lipase sequence GxSxG, the potential N-glycolysation site and cysteine residues available
for disulfide bond formation are shown in this figure.
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Q9P8WO MLYLL YAGLIFPTKPSSDPFYNPPKGFENAAVGDILQSRATPKSITGGFTPLK 60

Q9P8V9 MLELLPLLITPIYAGLIFPTKPSSDPFYNPPKGFEKAAVGDILQSRETPKSITGRFAPLK 60
Q9P8BW1L MLEFLLELLYAPLYAGLILPTKPSNDPFYNAPAGFEKAAVGDILQSRKTPKPITGVFVPVK 60
Q9P4E6 MLYLILFLIAPIYAGVLLPTKPSIDPFYNAPEGFKNATVGDILQFRKTPKSITGGFVPLN 60
**.*':'*..*****:::***** *****-* **::*:****** * ***.*** *‘*::
Q9P8WO IONSWQLLVRSEDSFGNPNVIVITVIEPVNADPSKIASYQVFEDAAKADCAPSYALQFGS 120
Q9P8V9 IQONSWQLLVRSEDSFGNPNAIVITVIEPVNADPSKIASYQVFEDAAKADCAPSYALQFGS 120
Q9P8W1 IONSWQLLVRSEDSFGNPNVIVTTVMEPFNADPSKLASYQVFEDSAKADCAPSYALQFGS 120
Q9P4E6 VONSWQFLVRSEDSFGNPNVIVITVIEPVNADPSKIASYQVSENAARADCAPSYALQFGS 120

:*****:************-*****:**.******:***** *: :*:*************

Q9P8WO DLTTEVTQAEMYIMAPLLDQGYYVVSPDYEGPKSTFTIGKQSGQAVLNSIRAALKSGKIT 180
QSP8V9 DLTTFVTQAEMYIMAPLLDQGYYVVSPDYEGPKSTEFTIGKQSGQAVLNSIRATLKSSKIT 180
Q9P8W1L DVTTIATQVETYLLAPLLDQGYYVVSPDYEGPKSTFTVGKQSGQAVLNSIRAALKSGKIT 180
Q9P4E6 DVSTLATQAETYLLAPLLDKGYYVVSPDYEGPKSTFTVGKQSGQAVLNSIRASLKSGKIT 180

*: :*: .**'* **:*****:************'k****:**************:***.***

Q9P8WO NIKDDAKVVMWGY SGGSLASGWAAALQPSYAPELGGNLLGAALGGEVTNITATAQATDGT 240
Q9P8V9 NIKEDAKVVMWGY SGGSLASGWAAALQPSYAPELSSSLLGAALGGFVTNITATAQAADGT 240
Q9P8Wl1 NLAENAKVVMWGYSGGSLASGWAAALQPNYAPELGGNLLGAALGGEVINITATAEATDGT 240
Q9P4E6 NIAEDAKVLMWGY SGGSLASGWAAALQPDYAPELSRNLLGVALGGFITNVTATVEATDDT 240
Ka pakkK g Rkkk Ak kKKK KKK KKK KA KKK ko Kkkkk s KKk skkk s kak k
Q9P8WO VFAGIVANALGGVANEYPEFKSILQSDTDRKSVFEEFDGHCLIDGVLNYIGTSFLTGDHK 300
Q9P8VY VFAGIVANALGGVANEYPEFKSILQSDTDKKSVFDEFDSHCLADGVIDYINTSFLTGDNK 300
Q9P8W1 VFAGIMANALGGVANEYPEFKQILQONDTDRQSVEDQFDNHCLADGVINYIGKHFLSGTNK 300
Q9P4E6 ITFAGTAANVLGGIANEYPEFKSILONDTNKSSIFNKINNHCLTDSFIKYVGARFLTGDNK 300
:*** ** *** *khkkk ok ok ok *** ** 'k * . *.:::.*** *..:.*:. **:* :*
Q9P8WO IFKTGWDILKNPKIGKVVEDNGLVYQKQLVPKIPVFIYHGSIDQIVPIVDTKKTYQONWCD 360
Q9P8V9 IFKTGWDILKSPTIAKIVEDNGLVYQKQLVPKIPIFVYHGSIDQIVPIVNVKKTYQONWCE 360
Q9P8W1 ITFKSGWNILKNPTISKIVEDNGLVYQKQLVPKIPILIYHGAIDQIVPIVNVKKTYQNWCD 360
Q9P4E6 VFKSGWNIFRNLVVSKIVKDNGLVYQKQLIPTIPVFIYHGSMDQISPILNPKKTYQNWCD 360
:**:**:*:*. :'*:*:**********:*‘**:::***::*** **:: ********:
Q9P8WO AGISSLEFAEDASNGHLTEAIMGAPAALTWIIDRFDGKQTVSGCQHIQRFSNLEYPNIPS 420
Q9P8VY GGISSLEFAEDGTINGHLTETVVGAPAALTWIIDRFNGKQTVSGCQHDKRLSNFQYPNISS 420
Q9P8W1 AGIASLEFSEDATNGHITETIVGAPVALTWIINRFNGKQTVSGCQHVKRTSNFEYPNIPP 420
Q9P4E6 AGISSIEFAEDLTNGHFTESIVGAPAALTWIIDRFSNKPPVDGCQHVVRTTNYEYPNVSS 420
(XK gk kk g kk aXAK KKy AEK KAKKKE AKX K KARF Kk ok ckkk.
Q9P8WO SIANYFKAAMDVVLHLGLGPDVQKDQVSPEGIKKLGSIEMRWL 463
Q9P8V9 SILKYFKVALDTMMSNGLGSDIQKDKITPDDLRKF~~LLGGW- 460
Q9P8W1 SILNYFKAALNILIQKGLGPDIQKDQVNPDGLKKISILV=~==~~ 459
Q9P4E6 SILDYFKAAMDVVAQQGLGPNIQKDQLEIKSNL-——=—mm=m== 453

* % *** LT %k ok L ***

Figure 6. CLUSTALW sequence alignment of Secretory lipase (sub-family A.II).

The 14 amino acid signal peptide, the active site (Ser, His) along with the consensus
lipase sequence Gly-x-Ser-x-Gly, the potential N-glycolysation site and cysteine residues
available for disulfide bond formation are shown in this figure.
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The A.Il sub-family is similar to A.I sub-family, but with a few key differences.
- They include sequences with accession numbers of QIPSWO, QIP8V9, QIP8W1 and
Q9P4ES6 of lipases. They have fourteen amino acids as the signal peptide, (in contrast to
sixteen amino acids in A.I). An N-glycosylation site was only conserved at residue 229.
The four cysteine residues, (residues 110-281 and 359-404) and the conserved dyad

catalytic sites are identical to A.I sub-family (Figure 6).

D.1.2  Group B (Carboxylesterases)

The family B comprises ten lipases from Ascbmycota, which could be further
divided into three sub-families (B.I, B.Il and B.III). The sub-family B.I includes five
sequences from Candida rugosa with accession numbers of P20261, P32947, P32949,
P32946 and P32948. All five isozymes have similar structure with a molecular mass of
59 kDa and contain 534 amino acids in their mature protein (main chain). The sequences
in the sub-family B.Il are from Geotrichum, and include sequences with accession
numbers of P22394, P79066 and P17573. The molecular mass of these lipases are
61kDa. The sub-family B.III comprises of two sequences from Yarrowia lipolytica
(Candida lipolytica); yeast commonly used in genetic studies. The molecular mass of
these two sequences (55 kDa) are lower than other sequences in the family B. The
sequences in sub-family BIIT include sequences with accession numbers of Q99156 and
Q96VCI (Figure 4 and Table 3). Although Q99156 and Q96VC9 are distinct from the
rest of the sequences based on the distance dendrogram, they share common properties
with the rest of the sequences in this family such as having the same EC number (3.1.1.3)
and hydrolyzing triacylglycerol into diacylglycerol and a carboxylate. Unlike other

lipases, the catalytic triad in group B (Carboxylesterase) is made up of the amino acids
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Ser-Glu-His at positions 223, 355 and 365. The aspartate residue common to most
lipases is replaced with glutamic acid in this group. However, in sequence Q99156, the
aspartate catalytic residue remains unchanged. The motif Gly-X;-Ser-X,-Gly at the
serine site (residue 193); (as given in figure 7) is conserved in this family. X; in this
family is glutamic acid and X is alanine. Family B.I and B.II include two disulfide
bonds at regions (74-111) and (282-291) while there is only one disulfide bond found in
sub-family B.III (Figure 7). N-glycosylation sites were conserved in sub-family B.I at
position 365 in all five sequences, but at position 329 sequences P32946 and P32948 has
diverged to a hydrophobic amino acid (phenylalanine). Moreover, these lipases show an
o/P hydrolase fold, which is a common 3-D fold in several other hydrolases (Ollis et al.,

1992).
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P22394
P79066
P17573
P20261
P32947
P32949
P32946
P32948
Q96vVC9
Q99156

P22394
P73066
P17573
P20261
P32547
P32949
P32946
P32948
Q96vCo
Q99156

P22394
P79066
P17573
P20261
P32947
P32949
P32946
P32948
Q96vC9
Q99156

P22394
P739066
P17573
P20261
P32947
P32949
P32946
P32948
Q96VCo
Q99156

P2239%4
P79066
P17573
P20261
P32947
P32949
P32946
P32948
Q96vVCH
099156

P22394
P79066
P17573
P20261
P32947
P32949
P32946
P32948
Q96VCo
Q99156

MVSKSLFLAAAVNLAGVLAQAPRPSLNGNEVISGVLEGKVDTFKGIPFADPPLNDLRFKH
MVSKSLFLAAAVNLAGVLAQAPTAVLNGNEVISGVLEGKVDTFKGIPFADPPLNDLRFKH
MVSKTFFLAAALNVVGTLAQAPTAVLNGNEVISGVLEGKVDTFKGIPFADPPVGDLRFKH
----- MELALALSLIASVAAAPTATLANGDTITGLNAIINEAFLGIPFAEPPVGNLRFKD
————— MKLALALSLIASVAAAPTAKLANGDTITGLNAIINEAFLGIPFAEPPVGNLRFKD
————— MKLALALSLIASVAAAPTATLANGDTITGLNAIINEAFLGIPFAEPPVGNLRFKD
————— MKLCL-LALGAAVAAAPTATLANGDTITGLNAIVNEKFLGIPFAEPPVGTLRFKP

————— MKLALVLSLIVSVAAAPTATLANGDTITGLNAIINEAFLGIPFAQPPVGNLRFKP
--------- MPLELPSLNASIVGNTVQNG------=~-~-AVEQFLNIRYADIPG--~KFEK

----------- MSVTSTSLNGTENGISED---------GIEIFKGIKYANIPYRWAYAE

P sk k ek k .

- . EE . DRl R .

PQPFTGSYQGLKANDFSPACMQLDPGNSLTLLDKALGLAKVIPEEFRGPLYDMAKGTVSM

PQPFTGSYQGLKANDFSPACMQLDPGNSLTLLDKALGLAKVIPEEFRGPLYDMAKGTVSM
PQPFTGSYQGLKANDFSSACMQLDPGNAISLLDKVVGLGKIIPDNLRGPLYDMAQGSVSM
PVPYSGSLDGQKFTSYGPSCMQONFPEGTYEENLPKAALDLVMQS ~~~=-—~ KVFEAVSPS
PVPYSGSLNGQKFTSYGPSCMQQONPEGTFEENLGKTALDLVMQS-= ==~~~ KVFQAVLPQ
PVPYRGSLNGQSFTAYGPSCMQONFEGTYEENLPKVALDLVMQS-~—~—~~ KVEFQAVLPN
PVPYSASLNGQQOFTSYGPSCMOMNPMGSFEDTLPKNARHLVLQS - -—~—=~ KIFQVVLEN
PVPYSASLNGQKFTSYGPSCMOMNPLGNWDSSLPKAAINSLMQS-—-—--~-- KLFQAVLPN
PVLKN-DWNGAEIDATKVGPVCPQPRTPEFNFFSVPDDLWEKVNVD-—=—=====—= TYQD

==--IDDYDNGVFDCTQEGMACP~-QVLEFDYNIEKGPKEMPFDE----——==~===>---

NEDCLYLNVFRPAGTKPDAKLPVMVWIYGGAFVYGSSA--AYPGNSYVKESINMGQPVVFEF
NEDCLYLNVFRPAGTKPDAKLPVMVWIYGGAFVYGSSA-~AYPGNSYVKESINMGQPVVE
NEDCLYLNVFRPAGTKPDAKLPVMVWIYGGAFVFGSSA--SYPGNGYVKESVEMGQPVVFE
SEDCLTINVVRPPGTKAGANLPVMLWIFGGGFEVGGTS-~TFPPAQMITKSIAMGKPIIH
SEDCLTINVVRPPGTKAGANLPVMLWIFGGGFEIGSPT--IFPPAQMVTKSVLMGKPIIH
SEDCLTINVVRPPGTKAGANLPVMLWIFGGGFEIGSPT~-IFPPAQMVSKSVLMGKPIIH
DEDCLTINVIRPPGTRASAGLPVMLWIFGGGFELGGSS—--LFPGDQMVAKSVLMGKPVIH
GEDCLTINVVRPSGTKPGANLPVMVWIFGGGFEVGGSS~--LFPPAQMITASVLMGKPIIH
GLLCDNLIVTRPKGVSANARLPTVVWIHGGSNIEGSIYNLIYEPQFLVAESVRVGKPIVH
~FECSNLMITRPQGATN---LPVFVWIHGGGNLAGNGYCSDHNPVPEFVKHSIVAGRPVLH
*ooop o3 KE ok, R gHE xE *., . T ko Krkoa
VSINYRTGPFGFLGGDAITAEGNTNAGLHDQRKGLEWVSDNIANFGGDPDKVMIFGESAG
VSINYRTGPFGFLGGDAITAEGNTNAGLHDQRKGLEWVSDNIANFGGDPDKVMIFGESAG
VSINYRTGPYGFLGGDAITAEGNTNAGLHDQRKGLEWVSDNIANFGGDPDKVMIFGESAG
VSVNYRVSSWGFLAGDEIKAEGSANAGLKDQRLGMQWVADNIAAFGGDPTKVTIFGESAG
VAVNYRVASWGFLAGDDIKAEGSGNAGLKDQRLGMQWVADNIAGFGGDPSKVTIFGESAG
VAVNYRLASFGFLAGPDIKAEGSSNAGLKDQRLGMOWVADNIAGFGGDPSKVTIFGESAG
VSMNYRVASWGFLAGPDIQNEGSGNAGLHDQRLAMQWVADNIAGFGGDPSKVTIYGESAG
VSMNYRVASWGFLAGPDIKAEGSGNAGLHDQRLGLOWVADNIAGFGGDPSKVTIFGESAG
VCIEYRLGLAGFLT----- KNGKGNWGTWDQYTGCQWVNRHIQDFGGDPLNVTLTGESAG
VMIEYRLSAFGYLAVPDTNGNWVGNWGARDQYTALQWISKHIVEFGGDPSQITIGGESAG
* ::** . *:* H * % * d . :*: :* * %k kR e H % %k %k
AMSVAHQLIAYGGDNTYNGKKLFHSAILQSGGPLPYHDSSSVGPDISYNRFAQYAGCDTS
AMSVAHQLIAYGGDNTYNGKKLFHSAILQSGGPLPYHDSSSVGPDISYNRFAQYAGCDTS
AMSVAHQLVAYGGDNTYNGKQLFHSAILQSGGPLPYFDSTSVGPESAYSRFAQYAGCDAS
SMSVMCHILWNDGDNTYKGKPLFRAGIMQSGAMVPSDAVDGIYGNEIFDLLASNAGCGSA
SMSVLCHLIWNDGDNTYKGKPLFRAGIMQSGAMVPSDPVDGTYGNEIYDLEFVSSAGCGSA
SMSVLCHLLWNGGDNTYKGKPLFRAGIMQSGAMVPSDPVDGTYGTQIYDTLVASTGCSSA
SMSTFVHLVWNDGDNTYNGKPLFRAAIMQSGCMVPSDPVDGTYGTEI YNQVVASAGCGSA
SMSVMCQLLWNDGDNTYNGKPLFRAATMQSGAMVPSDPVDGPYGTQIYDQVVASAGCGSA
SVAVHNMLIK=----DSMNGRKLFRNAVMMSGTLETITPQPPKWHARLEEKVAKVTGKEVA
SIGLHALMVHESMKPKEE~-CIIHNVILSSGTMDRMG--TGTISENAFKPIYDGIKTLVG
.. .. - PRy e s ki
ASANDTLECLRSKSSSVLHDAQNSYDLKDLGLLPQFLGFGPRPDGNIIPDAAYELFRSG
ASANDTLECLRSKSSSVLHDAQNSYDLKDL *GLLPQFLGFGPRPDGNIIPDAAYELFRSG
AGDNETLACLRSKSSDVLHSAQNSYDLKDL FGLLPQFLGFGPRPDGNIIPDAAYELYRSG
§---DKLACLRGVSSDTLEDATN--NTPGFLAYSSLRLSYLPRPDGVNITDDMYALVREG
S-=--~DKLACLRSASSDTLLDATN--NTPGZLAYSSLRLSYLPRPDGKNITDDMYKLVRDG
S---NKLACLRGLSTQALLDATN~~DTPG:LSYTSLRLSYLPRPDGANITDDMYKLVRDG

S---DKLACLRGLSQODTLYQATS-~-DTPGVLAYPSLRLSYLPRPDGTFITDDMYALVRDG
§--=-DKLACLRSISNDKLFQATS~~DTPGALAYPSLRLSFLPRPDGTFITDDMFKLVRDG
D=-———mm— LASLSDKELLDAQIKLNVAVCMTCD-~~—==m—=~ DGDFFEPGWKQHLTPD
D-—-——eu- INTCSADELLEAQIKAGLDLGFYLQ=-~~—===—== DDFFPPDWRNVR-~~

* . * s . .

. . . . .
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120
120
120
108
108
108
107
108
87

79

178
178
178
166
166
166
165
166
147
135

238
238
238
226
226
226
225
226
202
195

298
298
298
286
286
286
285
286
258
251

358
358
358
341
341
341
340
341
300
289



P22394 RYAKVPYISGNQEDEGTAFAPVALNATTTPHVKKWLQYIFYDASEASIDRVLSLYPQTLS 418

P79066 RYAKVPYISGNQEDEGTAFAPVALNATTTPHVKKWLQYIFYDASEASIDRVLSLYPQTLS 418
P17573 RYAKVPYITGNQEDEGTILAPVAINATTTPHVKKWLKYICSEASDASLDRVLSLYPGSWS 418
P20261 KYANIPVIIGDQNDEGTFFGTSSLNVITDAQAREYFKQSFVHASDAEIDTLMTAYPGDIT 401
P32947 KYASVPVIIGDQNDEQEIFGLSSLgszNAQARAYFKQSFIHASDAEIDTLMAAYPQDIT 401
P32949 KYASVPVIIGDQNDEEELFGLSSnggTEADAEAYLRKSFIHATDADITALKAAYPSDVT 401
P32946 KYAHVPVIIGDQNDEGTLFGLSSLNVTTDAQARAYFKQSFIHASDAEIDTLMAAYTSDIT 400
P32948 KCANVPVIIGDQNDEEEVFALSSnggTDAQARQYFKESFIHASDAEIDTLMAAYPSDIT 401
Q96VCo WLDKL——IISDCKDEggLYFLPVN————AQDDEELLAKVAKSPVGKEISELYGIKEGGDI 354
Q99156 —~FKVSRVLLSDVIVDGINF-—-—-—---=~ KNKINPAVRVTPENDFDHKVFKLYNISTEDTW 339
- -k . .
P22394 VGSPFRTGILNALTPQFKRVAAILSDMLFQSPRRVMLSATKDVNRWTYLSTHLHNLVPFL 478
P79066 VGSPFRTGILNALTPQFKRVAAILSDMLFQSPRRVMLSATKDVNRWTYLSTHLHNLVPFL 478
P17573 EGAPFRTGILNALTPQFKRIAAIFTDLLFQSPRRVMLNATKDVNRWTYLATQLHNLVPFL, 478
P20261 QGSPFDTGILNALTPQFKRISAVLGDLGFTLARRYFLNHYTGGTKYSFLSKQLSG-LPVL 460
P32947 QGSPFDTGIFNAITPQFKRISAVLGDLAFIHARRYFLNHFQGGTKYSFLSKQLSG~LPIM 460
P32949 QGSPFDTGILNALTPQLKRINAVLGDLTFTLSRRYFLNHYTGGPKYSFLSKQLSG-LPIL 460
P32946 QGSPFDTGIFNAITPQFKRISALLGDLAFTLARRYFLNYYQGGTKYSFLSKQLSG~LPVL 459
pP3294s8 QGSPEDTGIFNAITPQFKRIAAVLGDLAFTLPRRYFLNHFQGGTKYSFLSKQLSG~-LPVI 460
Q96VC9 KSACLDLKTDATENYFNHLLFKKMEEARNNGSTSRVYRLAVDEPNPHNPDQRAHHAVDVL 414
Q99156 EDYHYKMMLFKGDETFIR——GNQQLELLFEQENIPVWRQLFDQIHPNDPSRLCHEAVDLY 397
P22394 GTFHGNELIFQFNVNIGPANSYLRYFISFANHHDPNVGTNLLQOWDQYTDE-~--GKEMLEI 535
P79066 GTFHENELIFQFNVNIGPANSYLRYFISFANHHDPNVGTNLLQWDQYTDE-~~GKEMLET 535
P17573 GTFHGSDLLFQYYVDLGPSSAYRRYFISFANHHDPNVGTNLKQWDMYTDS---GKEMLQI 535
pP20261 GTFHSNDIVFQDYLLGSGSLIYNNAFIAFATDLDPNTAGLLVKWPEYTSSSQSGNNLMMI 520
P32947 GTFHANDIVWQDYLLGSGSVIYNNAFIAFATDLDPNTAGLLVNWPKYTSSSQSGNNLMMI 520
P32949 GTFHANDIVWQHFLLGSGSVIYNNAFIAFATDLDPNTAGLSVQWPKSTSSSQAGDNLMQI 520
P32946 GTFHGNDIIWQDYLVGSGSVIYNNAFIAFANDLDPNKAGLWTNWPTYTSSSQSGNNLMQT 519
P32948 GTHHANDIVWQDFLVSHSSAVYNNAFIAFANDLDPNKAGLLVNWPKYTSSSQSGNNLLQI 520
Q96VCo YMENSTKFNEHGDKLSR---LFQSHFLRLAYGLEPWDHRNFGVYRNGGYQQLPLSELNKV 471
Q99156 YMWDNWEMPEDKHAVAR---QYQDTLTKFVYGQDPWPVDKLHYVHDNQFEILDKSQFGDF 454
. . . . .k ..

Figure 7: Amino acid sequence alignment carboxylesterase in family B including three
sub-families (BI, BII, and BIII). The catalytic residues, N-glycosylation, the conserved
proline residue (Pro 85 and phenylalanine residue 326) are shown in this figure.

D.1.3 Group C (AB hydrolase super family/TAG)

Family C comprises six sequences, further divided into two subfamilies (C.I and
C.II). Group C.I has three sequences P61871 (Rhizopus niveus), P61872 (Rhizopus
oryzae), and P19515 (Rhizomucor miehei). Sequences P61870 (Penicillium
camembertii), P61869 (Penicillium cyclopium), and 059952 (Thermomyces lanuginosus)
are in sub-family C.II (Figure 4). The 3-D structure for at least one sequence of each
sub-family (P19515 and P61871 in sub-family C.I and 059952 in sub-family C.II) is
known. The sub-family C.I consists of sequences from two filamentous fungi, Rhizopus

and Rhizomucor, the only members of the phylum Zygomycota used in this study. The
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lipases produced by these fungi are proteins of 363-392 amino acids with molecular
masses of 40-42 kDa. The first known 3-D structure of sub-family C.I is P61871 from
Rhizopus niveus. The X-ray crystallography structure of P61871 reported by Kohno
(1996) showed that this sequence contains a catalytic center with a triad of three amino
acids (Ser-Asp-His), similar to serine proteases such as chymotrypsin and subtilisin
(Blow et al., 1969). It also contains the consensus sequence (Gly-X;-Ser-X,-Gly, with

X1 = histidine and X; = leucine) as shown in Figure 8.
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P61871 MYSFLSISQOVSLCLLVS SMMLGS SAVPVSGKSGSSNTAVSASDNAALPPLISSRCAPPS 60

P61872 MVSELSLSQGVSLCLLVESMMLGSSAVPVSGKSGSSNTAVSASDNAALPPLISSRCAPPS 60
P19515 MVLKQRANYLGFLIVFETAFLYV-~EAVPIKRQS~~~NSTVDS-—-—~ LPPLIPSRTSAPS 50
d * sl RREg L ok Fraixn Irxkk kk g Kk
P61871 NKGSKSDLQAEPYNMQKNTEWYESHGGNLTSIGKRDDNLVGGMTLDLPSDAPPISLSSST 120
P61872 NKGSKSDLQAEPYNMQKNTEWYESHGGNLTSIGKRDDNLVGGMTLDLPSDAPPISLSSST 120
P19515 SSPSTTDPEAP--AMSRN= === —~=—=— GPLPS----DVETKYGMALNATSYPDSVVQAMS- 95
A *ox * oKL * o LA S T
P61871 NSASDGGKVVAATTAQIQEFTKYAGIAATAYCRSVVPGNKWDCVQCOKWVPDGKIITTET 180
pP61872 NSASDGGKVVAATTAQIQEFTKYAGIAATAYCRSVVPGNKWDCVQCQKWVPDGKIITTET 180
P19515 ~~-IDGG-IRAATSQEINELTYYTTLSANSYCRTVIPGATWDCIHCD-ATEDLKIIKTWS 150
* Kk k : ***: :*:*:* *: ::*.:***:*:** .***::*: . * ***.*::
P61871 SLLSDTNGYVLRSDKQKTIYLVFRGTNBFRSATITDIYFNFSDYKPVKGAKVHAGFLSSYE 240
P61872 SLLSDTNGYVLRSDKQKTIYLVFRGTNEFRSAITDIYFNEFSDYKPVKGARVHAGFLSSYE 240
P19515 TLIYDTNAMVARGDSEKTIYIVFRGSSEIRNWIADLYFVPVSYPPVSGTKVHKGFLDSYG 210
:*: ***. * *.*':****:****:. * _* **_*:*** ***.**

p61871 QVVNDYFPVVQEQLTAHPTYKVIVIGHSLGGAQALLAGMDLYQREPRLSPKNLSIFTVGG 300

P61872 QVVNDYFPVVQEQLTAHPTYKVIVIGHSLGGAQALLAGMDLYQREPRLSPKNLSIFTVGG 300

P19515 EVONELVATVLDQFKQYPSYKVAVIGHSLGGATALLCALDLYQREEGLSSSNLFLYTQGQ 270
:* *: ...* :*:' :*:*** kkkkhkkKkkKk ***":****** **..** ::* *

P61871 PRVGNPTFAYYVESTGIPFQRTVHKRDIVPHVPPQSFGFLHPGVESWIKSGTS-NVQICT 359

P61872 PRVGNPTFAYYVESTGIPFQRTVHKRDIVPHVPPQSFGFLHPGVESWIKSGTS-NVQICT 359

P19515 PRVGDPAFANYVVSTGIPYRRTVNERDIVPHLPPAAFGFLHAGEEYWITDNSPETVQVCT 330
KKK ks hK KK XXXXKgohk kg ghhhhKh kK skkxkk * K XX o Kk kx

P61871 SEIETKDCSNSIVPFTSILDHLSYFDINEGSCL 392

pP6l872 SEIETKDCSNSIVPFTSILDHLSYFDINEGSCL 392

P19515 SDLETSDCSNSIVPFTSVLDHLSYFGINTGLCT 363

* . -**.***********:*******.** * Kk

Figure 8: ClustalW alignment, the first 26 potential residue in green are the signal
peptide, cystein residues correspond to the sites for disulfide bonds. The red box shows
the flap region for P61871 and P19515 and the predicted flap region for P61872. The
amino acid residues which belong to the catalytic triad are also shown in red (Brady et
al., 1990).
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Based on comparative sequence analysis and the tertiary structure of P61871,
these three catalytic triad residues interact through hydrogen bonds in their side chains as
described in previous studies (Kohno et al., 1999). The structure around the serine active
center shown in figure 8 and 9 resembles the structure of lipases known as the o/
hydrolase fold (Ollis ef al., 1992) with the consensus pentapeptide of B-e-Ser-ov motif
(Derewenda et al., 1994 a; Derewenda ez al., 1994 b), which forms a sharp turn at the
active site connecting the 5-sheet and an a-helix lid (Figure 9-A-B). The crystallographic
structure of Rhizomucore miehei (RmL) triglyceride lipase was resolved by Derewenda et
al. (1992). The RmL (P19515) molecule falls into the category of parallel o/ domains as
defined by Ollis et al (1992) and is similar to P61871 sequence. It contains nine beta
strands, and all strands are sequential and connected by either S-hairpin loops or right-
handed turns involving the 8-c-8 motif (3-D structure Figure 9-B). Also, Figure 9
illustrates that the tertiary structures of P61871 and P19515 contain six o-helices. The
folding of the polypeptide chain in RmL is stabilized by three disulfide bridges: Cys123-

Cys362, Cys134-Cys 137 and Cys329-Cys338.
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P61871 MVSFISISQGVSLCLLVSSMMLGSSAVPVSGKSGSSNTAVSASDNAALPPLISSRCAPPS 60

P61872 MVSFISISQGVSLCLLVSSMMLGSSAVPVSGKSGSSNTAVSASDNAALPPLISSRCAPPS 60
P19515 MVLKQRANYLGFLIVFFTAFLV~-EAVPIKRQS—~~NSTVDS==—--~— LPPLIPSRTSAPS 50
*x . *ori.tiie: JEEFL gk Frix, FrEEK KX g kx
P61871 NKGSKSDLQAEPYNMQEKNTEWYESHGGNLTSIGKRDDNLVGGMTLDLPSDAPPISLSSST 120
P61872 NKGSKSDLQAEPYNMQKNTEWYESHGGNLTSIGKRDDNLVGGMTLDLPSDAPPISLSSST 120
P19515 SSPSTTDPEAP~-BAMSRN-——=~=== GPLPS~---DVETKYGMALNATSYPDSVVQAMS- 95
*.:* :* *.:* * *'* * : **:*: .* . .l H *
P61871 NSASDGGKVVAATTAQIQEFTKYAGIAATAYCRSVVPGNKWDCVQCQKWVPDGKIITTEFT 180
P61872 NSASDGGKVVAATTAQIQEFTRYAGIAATAYCRSVVPGNKWDCVQCQKWVPDGKIITTEFT 180
P19515 -——IDGG-IRAATSQEINELTYYTTLSANS R RTVIPGATWDCIHCD-ATEDLKIIKTWS 150
* %k H ***: :*:*:* *: 1 _:**:*:** .***::*: . * ***.*::

P61871 SLLSDTNGYVLRSDKQKTIYLVFRGT BIVENFSDYKPVKGAKVHAGFLSSYE 240
P61872 SLLSDTNGYVLRSDKQKTIYLVFRGT : IVFNFSDYKPVKGAKVHAGFLSSYE 240
P19515 TLIYDTNAMVARGDSEKTIYIVEFRGSSEIR ARLTFVPVSYPPVSGTKVHKGFLDSYG 210
:*: ***. * *.*.:****:****:. - .* .* **.*:*** ***-**
P61871 QVVNDYFPVVQEQLTAHPTYKVI HSLGAAQALTLAGMDLYQREPRLSPKNLSIFTVGG 300
P61872 QVVNDYFPVVQEQLTAHPTYKVIVIPHSLGPLQALLAGMDLYQREPRLSPKNLSIFTVGG 300
P19515 EVONELVATVLDQFKQYPSYKVAVIEHSLGAATALLCALDLYQREEGLSSSNLFLYTQGQ 270
sk ke ok adke  akakkk kokRxxasl kkk | ckkkkdk  kk | kk gak
P61871 PRVGNPTFAYYVESTGIPFQRTVHKRDIVPHVPPQSFGFLHPGVESWIKSGTS-NVQICT 359
P61872 PRVGNPTFAYYVESTGIPFQRTVHKRDIVPHVPPQSFGFLHPGVESWIKSGTS-NVQICT 359
P19515 PRVGDPAFANYVVSTGIPYRRTVNERDIVPHLPPAAFGFLHAGEEYWITDNSPETVQVCT 330
****:*:** * % *****::***::******-** it BTl heumiliailimemar— _ﬁ*
« h A
P61871 SEIETKDCSNSIVPFTSILDHLSYFDINEGSCL 392
P61872 SEIETKDCSNSIVPFTSILDHLSYFDINEGSCL 392
P19515 SDLETSDCSNSIVPFTSVLDHLSYFGINTGLCT 363

Figure 9-A: Sequence alignment of sub-family CI, the secondary structure based on the
crystal structures of sequences P61871 and P19515 are available and its shown in bold
“flashy green” for o helix and bold red for B sheet. For P61872 sequence secondary
structure were based on PSI-PRED prediction. “Light green” indicate a-helices and
orange indicate B sheets. The red box shows the flap region for P61871 and P19515 and
the predicted flap region for sequence P61872. The blue arrows show the three disulfide
bonds.

Figure 9-B: The stereo image
of comparison between
sequences P61871 and P19515
derived from VAST (NCBI).
Red lines indicate identical
sequences and blue lines
indicate similarities.
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Lipases of sub-family C.II, P61870 (Penicillium camembertii), P61869 (Penicillium
cyclopium), and 059952 (Thermomyces lanuginosus), have the smallest molecular
masses in the range of 32-33 kDa, compared to the other true lipases. In contrast to the
other lipases, members of this sub-family show maximum activity at a wide range of both
pH (from 5.5 to 10) and temperature. The catalytic triad of Ser, Asp and His was
conserved at positions 171, 225 and 285 for all three sequences. Unlike sub-family C.I,
this sub-family has only two disulfidé bridges instead of three, and they are close
together. As the disulfide bridges in sub-family C.II were very short in length, they may

supply only local structural stability (Figure 10).
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A.

P61870 MRLSFFTALSAVASLGYALPGKLQSRDVSTSELDQFEFWVOYAAASYYEADYTAQVGDKL 60
P61869 MRLSFFTALSAVASLGYALPGKLQSRDVSTSELDOQFEFWVOYAAASYYEADYTAQVGDKL 60
059952 MRSSLVLFF---VSAWTALASPIR-REVSQDLEFNQEFNLFAQYSAAAYCGKNNDAPAGTNI 56
Fr Ky Lx ¥R L orr Fokk | opakkgpgg Kkgkkgx N 4
P61870 SCSKGNCPEVEATGATVSYDFSDSTITDTAGY IAVDHTNSAVVLAFRASYSYRNWY. 120
P61869 SCSKGNCPEVEATGATVSYDFSDSTITDTAGYIAVDHTNSAVVLAFRASYSYRUWVADAT 120
059952 TCTGNACPEVEKADATFLYSFEDSGVGDVTGFLALDNTNKLIVLSFRESRSIENWT 116
:*: . ok k ok K :.**. *'*_** H *.:*::*:*:**. :**:**i* * .**:.:
P61870 FVHTNP-GLCDGCLAELGFWSSWKLVRDDI IRELEEVVACNPNYELVYVGHSLGAAVATL 179
P61869 FVHTNP-GLCDGCLAELGIWS SWKLVRDDI IKELKEVVAQNPNYELVYVGHSLARAVATL 179
059952 FDYKEINDICSGCRGHDGFTSSWRSVADTLRQKVEDAVREHPDYRVVHTGHSLGGALATV 176
ol R S T T I I S SR AR Pkl P RS
P&1870 AATDLRGKGYPSAKLYAYASPRVGNAALAKYITAQ--GNNFRETHTNDPVPKLPLLSMGY 237
P61869 AATDLRGKGYPSAKLYAYASPRVGNAALAKYITAQ--GNNFRFTHTNDPVPKLPLLSMGY 237
059952 AGADLRGNGY-DIDVFSYGAPRVGNRAFAEFLIVQTGGTLYRITHINDIVPRLPPREFGY 235
*.:****:** . .:::*.:***** *:*:::*.* *‘ :*:***** **:** -:3\'*
P61870 VHVSPEYWITSPNNATVSTSDIKVIDGDVSFDGNTGTGLPLLTDFEAHIWYFVOVDAGKG 297
P61869 VHVSPEYWITSPNNATVSTSDIKVIDGDVSFDGNTGTGLPLLTDEEAHIWYFVQVDAGKG 297
059952 SHSSPEYWIKSGTLVPVTRNDIVRIEG---IDATGGNNQPNIPDIPAHLWYFGLIGTCL~- 291
* ******_* . ..*: '** *:* :*._ *_. * :'*: **:***
P61870 PGLPFKRV 305
pP61869 PGLPFKRV 305
059952  =mmmmTo Figure 10-A: Protein sequence

alignment of sub-family C.II The
blue line shows the disulfide
bonds and the red box is the flap
region for sequence 059952 and
the predicted flap regions for
sequences P61870 and P61869.

The secondary structure based on
the crystal structure of 059952 is
available and is shown in bold
“flashy green” for a helix and
bold red for B sheet. For P61870
and P61869 sequences secondary
structure were based on PORTER
prediction. “Light green” indicate
a-helices and orange indicate [

sheets.

Figure 10-B: The 3D image of 059952 derived
from VAST (NCBI).
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D.1.4 Group D (Lysophospholipase catalytic domain)

Group D comprises 20 sequences, divided further into five sub-groups (D.I, D.II,
D.III, D.IV and D.V). Since no structural information was available for these sequences,
they were compared with “human cytosolic phospholipase A2”, a known
lysophospholipase structure found in humans-- to find conserved motifs, the potential
active site and important structural features.

Sub-family D.I contains three phospholipase B (PLB1, PLB2 and PLB3)
sequences, all from Candida albicans. They include sequences with accession numbers
of QQUWF6 (PLB1), 093795 (PLB2) and Q9UVX1 (PLB3). The first two sequences
have 605 and 608 amino acids with molecular masses between 66-67 kDa. The third
sequence has a longer amino acid sequence (754 amino acids) with a molecular mass of
81 kDa. Sequences QIUWEF6 and 093795 contain 17 hydrophobic amino acids and 19
Q9UVX1 amino acids as signal sequence. These signal sequences are believed to target
the proteins to the endoplasmic reticulum for subsequent processing leading to the
secretory pathway (Leidich et al., 1998). The sequence QIUWEF6 contains seven Asn-X-
Ser/Thr motifs at residues 199, 261, 399, 451, 465, 492, and 573 that could potentially be
N-glycosylated (Figure 11). One potential tyrosine phosphorylation site, Lys-Ser- Asn-

Ile Asp- Val-Ser- Ala-Tyr, is shown in Figure 11 (Leidich et al., 1998).

45



QOUWES ~  mmmmmm——me- MTLHHLLTLLT INYCVATSPTN - — == = = oo mmmmmmmmmmm 22

093795  —m—mmmmm—m- MLVWQS I LLFLVGCVLSKSPTN == == e e oo mm oo 22
QoUVK1 MKVNLELIIGSILISQAQAIWPFDSSGSSSSSDSSPSETGSSGETFPFDLFGSGSSLTQS 60
. - . .« % ..
QOUWES mmmmmm oo GYAPGPVSCPSSQL 36
093795 e LYTPGYVQCPEGKL 36
QoUVX1 SSAQASSTKSTSDSASSTDSSLEFSSSNSGSSWYQTFLDGDS GDOKTDYAPFNLTCESKRT 120
* o K . kKk
QIUWFS IRSGSQGINPNEQSYINARYPIAKQALSKFLHN-ANLONFDVDSFLAH-~~~SNPTIGLA 91
093795 TRSSLDGINSNEKAYIDRRYANAKSELSRELEN-ARMVDFDVDGELN-——~~ SNPTIGLA 90
Q9UVXK1 FIRTASELSQOEKDYIHKRQETTNKNLIDFLSKRANLSDFDAKSFINDNAPNHNITIGLS 180
. :*: **. * A * * * : *:: :**__‘*: * ****:
QIUWES FSGGGYRAMLTGAGEISSLDSRT-KTNTPVLAGILQASSYIAGLSGGSWLVGSLASNNLN 150
093795 FSGGGYRAMIAGAGELLALDSR--ATNPSVLSGILOSSSYTVGLSGGSWLVGSLASNDLI 148
QUKL FSGGGYRAMLAGAGQI LGLDGRYEDANKHGLGGLLDSSTYVVGLSGENWLVGSLALNDWL 240
**********:***:: .**.* :* *'*:*::*:*:.*****.******* *:
QOUWF§ SVDDMLSQG--LWELTHSFLSYYGIEHPIKQVEEWVNVGNQVASKRNANFNVSLTDIYGR 208
093795 PVDQLLREDK-LWDIQNSLVAYYGVN-IVRNTAMWGNINLQVQTKQLAGFTVSITDVYGR 206
QoUVK1 SVGDIVNGKSTIWQLODSILNPSGMR-IDKTIAYYYGLAQAVQAKEDAGFQTSVTDTWGR 299
P HE S o : I H L I S R S A
QIUWFS LLSYPLLTNTED--EGDAYLWSDVTSASNFQSHQMPFPILISDGRAPDTTIINLNSTVIE 266
093795 ALSHQLLTNFDN-~QGASFLWSDVTETTS FONNEMPYPILAALGREPNTVLMNFNSTVFE 264
QoUVX1 ALSYQFFEEDDSGTGGANITWSS IRNLSSFQDHSMPYPIVVANGRTPGTYIINENSTIFE 359
** ] . * * K .t . ‘. * % N ** ** : * * * % e -k *** :*
QIUWF§ LTPYEFGSWDPSLNEFVDTRYLGTKLDNGRP-TGK~-CYNGFDNAGFFMGTSSALFNEAVL 324
093795 LTPYEVGSWDPSLRSFVDTKYIGTRLDDGAP-VSKRCYNGEDNAGFFMGTSSSLENIVLY 323
QOUVX1 ISPYELGSWDPSLKSFSNIQYLGSSVNNGNPNNTDICVNNFDNAGFIMGTSSSLENQILL 419
-:***.*******..* H :*:*: :::* * . * *‘******:*****:***
Q9UWES SITEANIPSFLKDIIDDILVDPILKSNIClSARNPNPFKSSGS-NTAISQSKNLYLVDG 383
093795 QLNNMPIPPFLKELISKEFTLDPVEKLNIC{ ACMNPNPFKSNNS-DTRIAQSRTLYLADG 382
Q9UVX1 QLDNYSINSIIKMILEKVLTD-VSDEEYL{AVJEPNPFFGADSAGIKSITTNDTLYLCDG 478
. . * .::* . *': . : b * ok Kk Kk I . *: . *** **
QOUWES GEDGONIPISPLLH--RNVSATFAFDNSNDVLN-WPDGTSLVKTYERQFSSQGNGIAFPY 440
093795 GEDGQNVPLLPLIH~--RKVSAIFAFDQSADKNN-WPDGSALIKTFERQFSSQGDGIAFPY 439
QoUVX1 GEDLQONVPFYPLIQNKRGVDVIFAFDNSADTNSSWPNGTS I QETYKRQFSKQGKGTPFPE 538
* Kk **:*: **:: * *__*****:* * . **:*::: :*::****.**'* .**:
QOUWFS VPDQYTFRNLNLTSKPTFFGCDAKNLISLT———-—-- KDIYDVPLVIYLANRPFTYWSNT 493
093795 VPDONTFRNTNLTSKPTFFGCDAQNLTSLT—————-- ENIYDVPVVIYLANRPFTYFSNI 492
QouUvX1 APDYKTFLDKNMGDKPVFFGCNSSDLEDLVAWHENDKINVIDVELVVYTSNTRMSYNSNE 598
‘** * % : *: .**'****::.:* -*. T ***:*:* :* ::* * *
QOUWES STFKLTYDDNERQGMISNGFEIATRSSGSLDDEWAACVGCAT IRREQERQGTEQTEQCKR 553
093795 STFKLKYSDTERQGMISNGYDVASRLNGKLDNEWAACVGCAI IRREQERLGIEQTEQCKK 552
QoUVX1 STFKLSYSDQEKFGAIRNGFETVTRNNLTDDENWSTCVGCAT IRRQOERLGEEQSDECKK 658
* kkkk * * * * ok gk . s ': . . ::*: ********* *hkk *x KKk FE **
QOUWFS6 CFENYCWDG-=-======= TIYKGEPLGENFSDDGLTNSATEYNSNNVAGFNDGGTSILKK 604
093795 CFENYCWDG-—=~—---—— TIYKGEPLGDNFSDEGLTTSAAYYNSNNVAGINDGGIALVKR 603
QoUVX1 CFQEYCWTGGFKDAASVSSVSGISGLARKTHTSGGTSSTTOQTSTTTGSSANGGSSSTGS 718
FER g EKK X H KL KK xa el [
QOUWFS6 Ammm 605
093795 DDLSN =~ mmmm s e e 608
QoUVK1 SSSSKKKNGGDLVNGGVPSSIFLVENSLLGLITAYL 754

Figure 11: Amino acid sequence alignment of lysophospholipase sub-family DI.
Residues in red indicate the active site, and residues in pink indicate potential N-
glycosylation sites. The red box shows potential tyrosine phosphorylation site with the
Tyr residue shown in a black background.
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Sub-family D.II includes three diverse phospholipases B, designated as PLBI,

PLB2 and PLB3 from different species (Table 3). Saccharomyces cerevisiae, one of the
species, has three phospholipases B: PLB1, PLB2, and PLB3. Candida glabrata the other
species has two phospholipases B: PLB1 and PLB2, with only one phospholipase B
(PLB) found from Torulospora delbrueckii and Kluyveromyces. The phospholipase B
encoded by the Saccharomyces cerevisiae PLB1 gene catalyzes the deacylation of
glycerophospholipids at both the sn-1 and sn-2 positions. Moreover, the PLB1 gene
product exhibits phospholipase B, activity catalyzing the deacylation of phospholipase B
and transacylase activity which catalyzes the transfer of an acyl chain from one
phospholipase B to another and allocating the resynthesis of glycerophopholipids
(Figurel2 adopted from Fyrst et al., 1999). Fyrst (1999) identified a gene, PLB2, which
is functionally similar to PLB1, but contains no significant transacylase activity. Three
highly similar genes (PLB1, PLB2 ana PLB3 with >60% identity at the DNA level) that
code for enzymes with diverse properties were found to exhibit three activities:

e |, 2-acylhydrolase activity and diacyhydrolase activity on

diacylphospholipids.
e Acylhydrolase activity on monoacylphospholipids.
e Acyltransferase activity on monoacylphospholipids to form the
corresponding diacyphospholipids (Sreenivas et al., 1998).
All three forms of the enzyme may be derived from a common protein component

by using differential glycosylation (Sreenivas et al., 1998). At their pH optimum (2.5-
3.5), substrate preference is similar for PLB1p and PLB2p [PtdSer (phosphatidylserine)>

PtdIns (phosphatidylinositol)>>PtdCho (phosphatidylcholine) >PtdEtn
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(phosphatidylethanolamine)], whereas PLB3p accepts only Ptdlns and PtdSer as
substrates (Merkel et al., 1999). Preference of PLB3p for PtdIns and PtdSer at low pH is
because of the presence of histidine at the substrate-binding site of the enzyme. PtdSer
and PtdIns (which is the most abundant anionic phospholipid of the plasma membrane)
are tightly segregated to the internal leaflet of the plasma membrane in most cell types
(Williamson et al., 1994; Zwaal et al., 1997). At pH values of 5 and above, the substrate
preferences change to PtdCho=PtdEtn for PLB1 and PtdSer=PtdEtn for PLB2 (Merkel et

al., 1999).
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Figure 12: PLBlp activity toward phospholipid substrates containing a choline head
group. Phospholipase B (1), lysophospholipase (2) and transacylase (3).

There are nine potential N-glycosidics (N-X-S/T) sites conserved in group D.II
(Figure 13). Phospholipase B was reported to be glycosylated with these N-glycosidic
linkages. Moreover, the lipase consensus sequence, Gly -X;- Ser -X,- Gly and two amino

acid residues, Arg 112 and Asp 406, are comparable to catalytically essential residues of
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cytosolic phospholipase A2 and are conserved in all sequences in this group (Appendix
2). Since no crystal structure of fungal phospholipase B is available, the functional
residues are predicted by comparing to the phospholipases A2, which belong to

lysophospholipase catalytic domain family.

Q11121 ~=--MNLKEWLLEFSDAVF--FAQGTLAWSPS-NSYTPANVSCD-EDINLIR-QASGPSDNE 52
P39105 ---MKLOS~LLVSAAVLTSLTENVNAWS PN-NSYVPANVTCD-DDINLVR-EASGLSDNE 53
Q8TGO7 ---MQLQD-LVVTVSLLAAFNGGVEAWSPT~NSYVPANVTCP-NDINLLR-NATGLSQSE 53
059863 -MWFLNSVNLLFLVCSVALHLDAVNAWS PT-NGYAPGVVDCD-ENINLVR-KADAVSDDE 56
Q08108 MIRPLCSKIIISYIFAISQFLLAANAWSPT-DSYVPGTVSCP-DDINLVR-EATSISQNE 57
Q03674 ---MQLRN-ILQASSLISGLSLAADSSSTTGDGYAPSIIPCPSDDTSLVR-NASGLSTAE 55
Q8TGO06  —mmmmmmee MQLSVLIASVLAAGAAVDAA——SYTPQNVSCP DNANFIRNAADGLSPAE 47
* * - - . e * % e
Qlliz1l EEWLKKRDVYTREALRSFLDRATS§§§DSS————LVSQLE—S-§E§DIPRIAVACSGGGY 106
P39105 EEWLKKRDAYTKEALHSFLNRATS§§§DTS-——-LLSTLFGS—§§§NMPKIAVACSGGGY 108
Q8TGO7 IDWLKKRDVNTREALESFLKRVTSNETSNSSASNLIDQLFST-NSSNIPKIGIAASGGGY 112
059863 ADWLKVRHESTVPALKDFLQRGFKGFTNDTS---IIDKLLAT--QDTAPKVAIACSGGGY 111
Q08108 §AWLEKRNKVTSVALKDFLTRATA§§§DSSE———VLSKLFNDGNSENLPKIAVAVSGGGY 114
Q03674 TDWLKKRDAYTKEALHSFLSRATSNEFSDTS----LLSTLFSS-NSSNVPKIGIACSGGGY 110
Q8TGO6 KEWLKKRDPITRDALQTFLRRAFANVSTEIT-~=-~-- SALFND--TENVPKLGIAVAGGGY 100
**- *' * ** dk * .ol . *: . *::':* :****
Qlii21l RAMLSGAGMLAAMDNRTDGANEHGLGGLLQSTTYLAGLSGGNWLVGTLAWNNWEISVQDIV 166
P39105 EAMLSGAGMLAAMDggEDGANEHGLGGLLQGATYLAGLSGGNWLTSTLAWNgHESVQAIV 168
Q8TGO7 RAMLSGAGMVSAMDNRTDGANEHGLGGLLQAATYLAGLSGGNWLTTTLSWNNWISVQDIV 172
059863 RAMLSGAGMISAMDNRTDGANDHGLGGLLQSSTYLAGLSGGNWLVGTLAYNNWTSVQAII 171
Q08108 RSMLTGAGVLAAMDNRTEGAYEHGLGGLLQSTTYLSGASGGNWLVGTLALNNWTSVQDIL 174
Q03674 BAMLGGAGMIAAMD§§2DGANEHGLGGLLQSSTYLSGLSGGNWLTGTLAWNEESSVQEIV 170
Q8TGO6 BAMFVGAGAFAAMDEE!DGANEHGLGGLLQAATYMAGLSGGNWLTGTLAYNgEgSVQQIL 160
*:*: ¥* ek .:******:** :********‘:**::* ******' **: **:**** *:
Q11121 NNMTEDDSIWDISNSIINPGGFMIVTTIKRWDHISDAVEGKQDAGFNVSLTDIWGRALSY 226
P39105 DNTTESNSIWDISHSILTPDGINIFKTGSRWDDISDDVQDKKDAGFNISLADVWGRALAY 228
Q8TGQ7 DSQD§2§AIWDISHSIVSPGGINIFKTGSRWDHISDAVEDKQKAGFEXgLADVWGRALSY 232
059863 N§§EDDNSIWDISNSIVNPGGINIFSSISRWDDISDAVEEKKKAGF§£§ITDVWGRALSY 231
Q08108 NNMQNDDSIWDLSDSIVTPGGINIFKTAKRWDHISNAVESKQNADYNTSLADIWGRALAY 234
Q03674 DHMSESDSIWNITKSIVNPGGSNLTYTIERWESIVQEVQAKSDAGFNISLSDLWARALSY 230
Q8TGO6 EEGDKADAIWNITNSFLNPYDKDFSKTLARWTAIGSQVQGKRDAGFNVTITDLWSRALAY 220
: CLIFEIIILRIILE L 1 1 KRk kg A x W pigkgk kxkgw
Ql1121 NFFPSLYRGGVAYTWSTLRDVEVFQNGEMPFPISVADGRYPGTQIIDLgEEVFEFNPFEM 286
P39105 NFWPSLHRGGVGYTWSTLREADVFKNGEMPFPITVADGRYPGTTVINLEQELFEFNPFEM 288
Q8TGO7 QFFPTLYRGGVAYLWSDLRESDVFKNAEMPMPISVADGRYPGTAVIDLNSTVFEYSPFEL 292
059863 NFFPSLDEGGVGYTWNTLRDVDVEKNGEMPFPISVAVGRYPGTQVVNLNATVFEFNPFEM 291
Q08108 NEFPSLNRGGIGLTIWSSIRDFPVFQNAEMPFPISVADGRYPGTKVINLNATVFEFNPFEM 294
Q03674 NFFPSLPDAGSALTWSSLRDVDVFKNGEMPLPITVADGRYPGTTVINLNATLFEFTPFEM 290
Q8TGO6 GWFPTLPNAGAGLTWSSLRDNEIFMNGEMPMPISVADGRYPGTTVINL§&2VFEMTPFEI 280
.:*:* .* . *. :*: :* *‘***:**:** * Kk kk kk :::**:*:** .***:
Q11121 GSWDPTLNAFTDVKYLGTKVSNGEPVNKGQCVAGYDNTGFIMGTSSSLENQFLLQINSTS 346
P39105 GSWDPTLNAFTDVKYLGnggNGKPVNKGQCIAGFDNTGFITATSSTLFNQFLLRLEEED 348
Q8TGO7 GSWDPSLSAFTDVQYLGTKVSDGKPAEEGKCIAGFDNVGFLMGTSSTLENQFLLRINDTS 352
059863 GSWDYTLHTEFTDVRYAGTNVINGTPNVTGKCVAGFDNTGFVMGTSSSLENQFLLQLNTTD 351
Q08108 GSWDPSLNSFANVKYLGT§!§NGVPLERGKCTAGFDNAGFIMGTSSTLFNQFLLRI§§2H 354
Q03674 GSWDPSLNAFTDVKYLGTNVINGKPVNKDQCVSGYDNAGEVIATSASLFNEFSLEASTST 350
Q8TGO6 GSWDPSLNAFSDIKYLGTQVTDGKPE~- TERCINGFDDASFIMGTSSSLFNEFTMSNDSAV 339
%k %k -* *o:: .k **.*--* Y :* * * . *- t* *** * .
Q11121 LPSFIKNLVTGFLDDLSEDEDDIAIYAPNPFKDTSYIQD§§§KSISESDYLYLVDGGEDN 406
P39105 LPSFIANLATDFLEDLSDNSDDIAIYAPNPFKEANFLOKNATSSIIESEYLFLVDGGEDN 408
Q8TGO7 IPKFIRNLATHFLKDLSEDYDDIAVYAPNPFRDADYVNN§§§KSLSESEYLFLVDGGEDG 412
059863 LPSFLYNLLHGFLTDASDDYDDISIWAPNPFYEITNIPS§!§QSISEDDTLYLVDGGEDG 411
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Q08108 LPSFITRLARHFLKDLSQDFNDIAVYSPNPFKDTKFLDSDYTTSIVDSDSLFLVDGGEDD 414

Q03674 YYKMINSFANKYVNNLSODDDDIAIYAANPFKDTEFVDRNYTSSIVDADDLFLVDGEEDG 410
Q8TGO6 AYTYLNTLSSTLVKGIDKENNDIAMYAPNPFKGSKYVDSNYTTSIVDSDSLFLVDGGEDL 399
H T . :**::::.*** : : H * . *:*******
Q11121 QNIPLVPLVQDERNVDVIFALDNSADTDYYWPDGASLVSTYERQFSSQGLNMSFPYVPDK 466
P39105 QNIPLVPLLQKERELDVIFALDNSADTDDYWPDGASLVNTYQRQFGSQGLNLSFPYVEDY 468
Q8TGO7 QNVPLVPLIQQERDLDIVFALDNSADTEENWPDGASLMHTYRRQFGFQGQGVTFPSVEGT 472
059863 QNIPLTPLLQTEREIDVIFALDNSADTDQSWPDGFSLTQTYARQFGLOGKGIAFPYVPDY 471
Q08108 ENVPVLPLIQKERDVDIIFAVDNSADMRLAWPDGSSLVHTYERQEVKQGQGMSFRYVEDT 474
Q03674 QNLPLVPLIKKERDLDVVFALDISDNTDESWPSGVCMTNTYERQYSKQGKGMAFPYVEDV 470
Q8TGO6 QGIPFVPLLKQERDLDIIFAIDVDTETSDNYPAGGPMMKT YERQFSKQGKGMAFPYVEDM 459
H :*. **:: **::*::**:* . : :* * H * **: * % ‘::** **.
Ql1121 RTFVNLGLADKPSFFGCDAQNLTDLNYIPPLVVYIPNARHSYNSNTSTFKLSYTDDERLK 526
P39105 NTFVNLGLNKKPTFFGCDARNLTDLEYIPPLIVYIPNSRHSFNGNQSTFKMSYSDSERLG 528
Q8TGO7 DTFVNLGLNKKPTFFGCDARNMTDLEYIPPLIVYIPNSRHSYNGNTSTFKLSYSEKERLG 532
059863 NTETNLGLNTRPTFFGCDARNLTDLESIPPLVVYMPNTRESFNSNTSTFKMSYSTSERFK 531
Q08108 NTFVNLGLNKKPTFFGCDANNLEDLQY I PPLVVYLPNAEYSFNSNQSAFKLSYSESQRRS 534
003674 NTFLNLGLTNKPTFFGCDAKNLEDLEYIPPLYVYIPNTKHS FNGNQSTLKMNYNVTERLG 530
Q8TG06 TTFVNLGLGGKPSFYGCDANNLTDLEYIPPLIVYIPNSYHSFESNVSTFKLNYNYSERVG 519
* Kk  kkokk :*:*:****.*:***: ****:**:**: *::.* *::*:_*. :*
Q11121 MIKNGFEAATRGNLIDDSSFMGCVACAVMRRKQQSLNATLPEECSTCFTNYCWNGTIDDT 586
P39105 MIKNGFEAATMGNFTDDSDFLGCVGCAI IRRKQONLNATLPSECSQCFTNYCWNGTIDSR 588
Q8TG07 VIRNGFEAATMNNLTADSNFAGCIGCAIMRRKQQALNLTLPKECETCETNYCWNGTIDNT 592
059863 MIONGFEAVTMRNLTKDENFMGCISCAILRRKQESLNYTLPSECDACFEKYCHNGTVDAT 591
Q08108 MIQNGFEIATRNNFTDDPEFMGCVGCAIIRRKQOALNITLPPECETCFKNYCHNGTLDTT 594
Q03674 MIRNGFEAATMGNETDDSNFLGCIGCAI IRRKQESLNATLPPECTKCFADYCHWNGTLSTS 590
Q8TGO6 MIRNAFEATTRNNLTEDADYVTCVGCAI IRRKQQSLNLTLPDICDKCETNYCHNGTIDNT 579
:*:*.** .* *:* * . *:.**::****: kk  kkk * * % ‘******:.
Q11121 PVSGLDNS === === == mmmmmmmmm e DFDPTAASSAYSAYNTESYSS 615
P39105 SVSGVGND= === == ——mmmmm s m oo e DYSSSASLSASAAAASASASA 617
Q8TGO7 PAKGVTAS— === === === — == mmm e NDFDNASGSAAADMAEQDASG 621
059863 PP mm = e e ISSTT 598
Q08108 PLPDVEKDVHHSF——=-————~—==m===—omo o INVNSFNSSIGQEESLYAGSSASQ 631
Q03674 ANPELSGNSTYQSGAIASAISEATDGIPITALLGS STSGNTTSNSTTSTSSNVTSNSNSS 650
08TGO6 PTKLLTPNNQDPAATSSAIAAVTDDSPIG-~ALLNTGSGTKSNSSSKTNSTLVTSSRATS 637
QL1121 $§----- ATGS - ~KKNGAG—~—==~======== LPATPTSFTSILTLLTAIAGFL~~~- 649
P39105 SASASASASGSSTHKKNAGNA-~==-=—--~- LVNYSNLNTNTFIGVLSVISAVFGLI~-~- 664
Q8TGO7 AAS----ASSSSRKKNAAVS-===~=-————-" VDVNAKTLFAIITAMTAVEQLI---- 659
059863 SSSASSTSTSDSGNKENSARI————=m=nm LAPRSTLS-LLIGGLASVFISF-~~===n~ 640
Q08108 555555555SSSEIPSATATL-————---~ EKKAATNSGSHLSGISVKFSAMIMLTLLME 682
Q03674 SNTTLNSNSSSSSISSSTARSSSSTANKANAAAISYANTNTLMSLLGAITALFGLI---- 706
Q8TGO6 TGTLISNSSSNSTVSSTAARSSTSSTAKKNAGSVLKLEFSKSASVMVAIAABAVASLI-~ 695
Q11121 -——-
P39105 o
Q8TGO7 -—--
059863 -—--
Q08108 TGAV 686
Q03674 -—--
Q8TGO6 -—--

Figure 13: Multiple alignment of sub-family D.II. Residues colored in red show the
putative active site residues and residues colored in pink show, potential N-glycosylation
sites (NXT/S).
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Subfamily D.III includes two sequences from Ascomycota phylum P39457
(Penicillium notatum) and 042790 (Neurospora crassa). The primary structure of
P39457 (Masuda et al., 1991) having 603 amino acids in the main chain (9 amino acids in
the signal peptide) was compatible with the primary structure of 042790 (634 amino
acids and 19 amino acids known as signal peptide sequence clustering with it as shown in
Figure 14). For example, the pl value of both native and modified phospholipase B in this
group (D.IIT) was pH 4.0 (Saito et al., 1991; Kawasaki et al., 1975). Moreover, sequence
P39457 (P. notatum) contained 63 acidic amino residues in the main chain (44 Asp and
19 Glu) and 41 basic residues (17 Arg, 8 His and 16 Lys), and sequence 042790 had 62
acidic amino acid residues in the main chain (38 Asp, 24 Glu) and 49 basic acids (24 Arg,
1His and 24 Lys).

From the eight cysteine residues in both sequences, two cysteine residues were
known to make a disulfide bond. N-glycosylation sites (Asn-X-Ser/Thr motifs) of
phospholipase B from both sequences were distributed along the whole sequences at
fourteen residues 41, 81, 116, 150, 223, 267, 306, 335, 427, 440, 446, 477, 498, 526, 532,
567, and 571 in the sequence from P. notatum (Figure 14) and were conserved in ten
residues at the sequence 042790 derived from Neurospora crassa (Okumura et al.,

1981; Masuda et al., 1991).
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P39457 = mmmmmmmmmmmmmmmmmmmmee—oo DITFAG----- VQRALPNAPDG-YVPTSVSCPA 27
042790 MHLPSSLLIAAPLLANVSAEPIRIPQRDVSVVSTSQQLAVRALPDSPSGGYAPAVVDCPK 60

**** **** ***

P39457 SRPTVRSAAKLSTNETSWLEVRRGKTLSALKDFFGHVKVGDYDVGAYLDKHSGNSSSLPN 87
042790 TKPTLRKAVDLSNEEKNWLSIRRKNTIQPMRDLLKRANITGFDSETFMNEAANNISQLPN 120
I S S L L L L I S A R T S A L S S S S A I
P39457 IGIAVSGGGWRALMNGAGAVKAFDSRTDNATATGHLGGLLQSATYISGLSGGSWLLGSIY 147
042790 VAIAISGGGYRALMNGAGFVAAADNRIQNTTGAGGIGGLLQSSTYLAGLSGGGWLVGSLF 180

** kk kK ******** * * * * * * :* -****** ** ***** ** **

P39457 INNFTTVDKLQTHEAGSVWQFGNSIIEGPDAGGIQLLDSAGYYKDLADAVDGKKKAGEDT 207
042790 SNNFSSIETLLSENK--VWDFENSIFKGPKEAGLSTVNRIQYWSEVAKEVAKKKDAGFET 238
ool SIS S HIgk Kkkgakw kg o: Frooaw, K Rk kkkok
P39457 TLTDIWGRALSYQMFNASNGGLSYTWSSIADTPEFQDGDYPMPEVVADGRNPGELVIGSN 267
042790 SITDYWGRALSYQLIGADMGGPAYTFSSIAQTDNFQKAETPFPILVADGRAPGDTIISLN 298
-:** ********::'*. * de :**:****:* :**._: *:*::***** **: :*. ;
P39457 STVYEFNPWEEFGTFDPTIFGEFVPLEYLGSKFEGGSLPSNESCIRGEFDSAGEVIGTSSSLE 327
042790 ATNYEFNPFETGSWDPTVYGFAPTKYLGANFSNGVIPSGGKCVEGLDQAGFVMGTSSTLE 358
:* *****:* *::***::**.* :***:_:*..* :**. .;:.*:*.****:****:**
P39457 NQFLLQ-INTTS-LPSFIKDVENGILEDLDKSQNDIASYDPNPFYKYNEHSSPYAAQKLL 385
042790 NQFLLANISSYDGVPDVLIEAVTSVLKEIGAKRDDVSQIIPNPFLDWNNRTNPNADTLEL 418
o A I B T TS LA I S L DL L L L A L S *
P39457 DVVDGGEDGQNVPLHPLIQPERHVDVIFAVDSSADTDYFWPNGTSLVATYERSLNSSGIA 445
042790 DLVDGGEDLQNIPLNPLTQPVRAVDVIFAVDSSADVTN-WPNGTALRATYERTFGS--IS 475
*:****** **:**:** * Kk * ************. *****:* *****::.* *:
P39457 NGTAFPAVPDQNTFINLGLSTRPSFFGCDSSNQTGPS -~~~ PLVVYIPNAPYSYHSNIS 500
042790 NGTLFPSIPDDWTFINLGLNNRPSFFGCDVKNETLNANQKVPPLIVYVPNAPYTALSNVS 535
* k% **::**: *******.-******:* .* * : **:**:*****: **:*
P39457 TEQLSTDDAERDNIILNGYEVATMANSTLDDNWTACVACAILSRSFERTGTTLPDICSQC 560
042790 TFDPSYTMSQRNDIIGNGWNSATQGNGTLDSEWPTCVACAVISRSLDRLGRQTPAACKTC 595
** * :o* ** **.: * % * *** :*_ *****o *** * * * *.
P39457 FDRYCWNGTVNSTRPESYDPAFYLADN---SMASVSLPTML---STVVAAGLAMLILV 612
042790 FERYCWNGTVNSKDTGVYMPEFKIADAHALDSGAVAIGKMVNVWSSVVVGVVAATLLL 653
*:**********‘ . * * Kk :** N .:*.. _*: k:**.' :* :*:

Figure 14: CLUSTALW (1.82) multiple sequence alignment. Residues colored in pink
show the N-glycosylation sites; residues in blue indicate cysteines. It also shows eight

cysteines residue conserved in both sequences that are probably responsible in forming
the disulfide bonds.
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The subfamily D.IV includes five sequences from the fission yeast,
Schizosaccharomyces pombe. These five sequences contain sequences with accession
numbers O13857 (missing signal peptide), Q9P327, and Q9Y7N6 (19 amino acids as
signal peptide) and one lysophospholipase with accession number QQUTHS (19 amino
acids as potential signal peptide) and sequence P78854 with 21 amino acids as signal
peptides. Similar to other phospholipases, these sequences contain the conserved Arg-
Ser-Asp triad that may form part of the interfacial recognition site (Figure 15). The
consensus motif (Gly -X;- Ser -X,- Gly /Ser) similar to true lipases were also conserved
in this group but in sequences QOUTHS and P78854 the serine residue was replaced by
an aspartic acid residue (Figure 15). Moreover, at the third position of the putative
catalytic site, the aspartic acid residue was conserved in all five sequences. According to
Brenda (A Comprehensive Enzyme Information System; http://www.brenda.uni-
koeln.de), the pH value for optimal activity of these five lipases is 2.5 and no activity was
detected at neutral and alkaline pHs. These enzymes were not heat-stable and showed a

temperature optimum of 35 °C.

013857 = @ mmmmmmmmmmeemmmmeeee MRPG==~====——————————— MHDTPLSLMQK----— RE 17
Q9P327 ==~MYVNYIGLFAFVQISLTLAYPPGRVEISEIYDFEESSSYKGQDIDTSVLYT—=m=~ LS 53
Q9YTNG --MKLSSFGLEFLALQLLPALGLPSR~===w——————— IDEVDVSDPELIGLLKPDNVDKP 46
Q9UTHS e———— MYFQSEFYFLALLLATAVYGQ-—————————m==m——w—— VASPELHSLSR-—-~-—- R 32
P78854 MLFRGLSLWMLFLASCLSALALPAAE -~~~ === == —— e — DDGSVKVEFKR= === === 36
013857 ALAISLSKRDSVGSYAPYNVICPS-DYMLRPASDG-ISSGEQSFIDKRIPKINTQMRSFI 75
Q9P327 KRKPALVKRSTDASYAPFNVTCSN~DNLLRPASEG-LNEGEQSYINKRISKVNSELRSFI 111
QOYTNE ANSIPLSKRSTSPSYAPYTVACPS-GSLLRPASDG-LSTGEQEFVDKRVSKVNSALESFI 104
Q9UTHS NWKKPPPFPSTNASYAPVIRSCDSSEIMVNSLPRGELPDLENDFIEKRLSNANEALTTFL 92
P78854 -=AKKHSTKQEGPSYAPYYVDCPS-DNIVESLSSNEIPSAESEYLSTRSTITNTAMKDFL 93
o * . HE P L e .
013857 S3--NTGLDVDVNSVINDSDGPRLGLAFSGGGLRAMVHGGGVLNAFDSRNGNGSSLAGILO 133
QoP327 S~-KTGLNVDLDKVVNSSDGPRLGIAFSGGGLRAMVNGGGAFNAFDSRFESDSPLSGLLQ 169
Q9YTNE S——KTGLKIDTKSVLEEEDGPRLGIAISGGGFPAMLTGAGAINAFDARNGgEESLGGILQ 162
Q9UTHS QSKNTTADLDLSSIVGD-NGPRLGIAVSGGGWRSMLFGGGALAALDSR~SNETTLGGLLQ 150
pP78854 R——NANLPGLNADTLSGSEGPSIGIALSGGGLRAMILGSGALSAMDARHDﬁEEVLTGLLQ 151
) - :** :*:*.**** :*: *.*.: *:*:* . H * *:**
013857 SAMYIAGLSGGSWLVGSVAVNNFANITYLRDNVWNLEHSVFAPHGDNVVENLAYYDDLDD 193
Q9p327 SAMYISGLSGGSWLVGSVAINNEFINITYLRDNVWNLEHSVFAPHGDNVIENLNYYNDLRK 229
QI9YTN6 SSMYLTGLSGGSWLVGSVAVNNFAEEIFLHDDVWNLDHSLFAPY-DDAFENFYIYQEWFE 221
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QSUTH5 SAHYITGADGGSWLLSSLAVNEFRTIQNISKSIWYTRLGIFFIEETHFGDLKNYYTNVVD 210

P78854 ASDYLVGTDGSAWTVGGIALNNFSTINDFSK LWAFNHPLMYPKSAIVFN-AHFYSSIMN 209
LR T A L S S S A S A S S HH : *
013857 EIDQKKDAGFDTSLTDLWGRALSRKLVDATQGGPgEEFSSIR§Q2WFQNADYPYPIIISD 253
Q9P327 EIDQKKHAGFDCSLTDLWGRALSRKLVDAERGGPGITYSSMR§Q§WFQNADYPYPIIVAD 289
QI9YTN6 QVLQKKNAGF§!§ITDLWGRALALKLVNPLTGGAHZEFSSVT§§EWFQDGEFPFPIIIAD 281
Q9UTHS EVNQKAARGFNVSLTDYWGRATIARHFVGQLRGGPNLTYSSVONASWFQTAEYPYPLIVTQ 270
P78854 EVAEKANAGFNISLSDYWGRVISRTLGDTTYGFPNVSLSSITSQEWYRNANFPYPIITFA 269
.. :* *** *: sk khkk et 3 . * e H ** . *:: s ***
013857 ————SRLEEEKAIPA§2§IFEFTPYEFGTWDNGIKAFLPMEYVGTHLKNGVPPDHKCIRN 309
Q9P327 ————SRLEEETAIPA§E§IFEFTAYEFGTWDNGIKAFIPMEYVGTHLLDGVPPDKSCIHN 345
QIYTNG ---—NVIEGETVIPL§§EVFEFTPIEFGTWDTGVESFIPMEYTGTHLINGIPLEEgCVRN 337
QOUTHS GLTGGLPDGSNGTATNSSIYEISPYYLTSFDNNVRSYTPTQYLGTNYSNGTAVDGKCVTQ 330
P78854 ————TQNYGEDISNVNTTFFEASPNVFGTFDHGINSFIPTEYLGTTLNNGASSNGSCVIN 325
L L A I A L H B :
013857 YDNAGFVMGTSATLFNTFLLEWSQEVTS—EgZLYDIIHKVFE—KLSEDQNDIAPYPNPYQ 367
Q9P327 YDNAGFVMGTSATLFNSFLLDWNENVKK—gQ!YYDILHAILE—DLSKHQDDIAPYPNPYQ 403
QIYTNG FDNAGFLMGTSSNVFSGILPATNASLTASNNTFNNAVLSFLE-MLAEDQLDVGLYPNPYQ 396
Q9UTHS FDNVGFLVGTSSTRYNEALIDVSLRQSR~---MSRRLGFTLR- HMRINGSSVSFYPNPYT 385
P78854 YDNFGFMMGASSTYFNKIMRNFNDSSTK——-—NGRIIQQYLKGNFSENGQQIISIPNPFQ 381
o R I . . : P Hhx
013857 NE~--TTTNTTVKNPFERFDTIDLVDGGEDDENIPIWPLLHPQRFVDVIFAVDATYDDSN 424
Q9pP327 NY--~TTSNISVVNAFEPYDTIDLVDGGEDRENIPLWPLLHPQRFVDVVFAIDSTYNDPY 460
Q9Y7N6 GYG~-~NASNTTTTNPLEPYPIIELIDGGSDSEGIPFWPLLHPQRDVDVIFAIDGGYQSAT 454
QOUTHS DATDIAGNATAVSEDIVDTPYLDLEFDGGYDGQONIPIWPLLQPERKLDVVFAFDSSGDTSN 445
P78854 GV———ESANSDAANNLGSSSSLNLVDTFLTGEKIPLWPLLQKGRDVDVIVAVDNG DDSE 437
- * * : ** **** * ** * * .
013857 —GWPDGSSIVTTYERIITYNA§§§VDVRGFPYIPDEDTIISLGLNTHPTFFGCDGREEEA 483
Q9P327 —GWPLGSSIVATYERVVTFNA§§§VDVRGFPYIPDENTIISLGLNTRPTFFGCDGKEZEA 519
Q9YTNG SGWPDGSSLVSTYERVLATNSSG---VRGFPYIPDTNTFLALGLNTHPTFFGCDGRNTTA 511
Q9UTHS —FWPNGSSLVATYERVTQRASDAVYDVEDFVHVPTPETFVNLGLNANPTFFGCDGRNTTR 504
P78854 WLWPNGNSLVQTYERVVAAQAAGNTNVKGFPYVPSQQSFVSLHFNDRPVFFGCDGRNTTA 497
*k x * * **** H *..* ::* s * :* * ****** ***
013857 G§§EVDNNTPPLLVYFPNYPWVYYS§£§TFTMSM§22LSSGILENAALSATQ§§§DSFAV 543
Q9P327 GNHDVDNNTPPLLVYFPNYPWTYYSEEgTFTMSMDDKMANGILENAFMSTTQNNQEgFAV 579
QI9YTNG GEEEVNDDTPPLVVYFPNYPWTMYAEXETYTVQLEDTLSSGMIENAAVAATQEEEDSFAV 571
QOUTHS GDVPVDHNTPPLVVYMPNTPWTMKSNLVDHRYRIANSEIQALIQNGFVATTQDNSTDFAS 564
P78854 GNHTVTRDTPPLVIYLPNVPYNYFTNISTDRTYYTEDMIQQLLTNGLISSTVDNDTYFGQ 557
*: * **** * ** * : H H . T *. :::* :*. *.
013857 CLACAMIQRSLERK§E§TPSQCSSCFEQYCnggTVNN————PSAVSNYAPTVLSASTTS 599
Q9P327 CLACAIIQRSLERKKLSTPTQCSSCFQEYCWDGTLAT ~~=-==— STASVYDPTVMSAATTS 633
Q9YTN6 CVACALVQRSLERK§§§TPSQCASCFNQYCngEIAS —————— TTVITYAPTVLSAKIYK 625
Q9UTHS CLACAVVQRSLERREQ_TSAACQQCFSQYCWNGTVDNTPVDDDSKNPTYNPAVKTSSASG 624
P78854 CFACAVVKRTLERNNITASPECQQCYYNYCWSGLYDDS—~~AANDDIVYNPTCRLGEGI— 613
****:****: :...*'*: **** . **
013857 ~———GT85-———m==——— VRAKPIVFYLFASLLTVSLLL 624
QoP327 RAPSGTTSGTASSTTSSSVASATPTHKHWWDSIFEAKENP 673
QI9YTNE e e SRLFTYCS-- 633
Q9UTHS e VHANILLSFFVLLATLLVTA--- 644
P78854 0 e e

Figure 15: Multiple sequence alignment of sub-family D.IV. The serine and aspartic
catalytic site is shown in red. The N-glycolysation site along with the conserved motif N-
X-T/S of this carbohydrate is shown in this figure.
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Subfamily D.V includes two phospholipase B enzymes from Cryptococcus
neoformans (Q9P8P2 and QI9P8L1). The extra-cellular phospholipase Bl (PLB1) is
known as a virulence factor produced by the pathogenic fungus Cryptococcus
neoformans (Cox et al., 2001). The serine presented in the pentapeptide Gly-Leu-Ser-
Gly-(Gly/Ser) of both sequences in group D.V is similar to the serine presented in the
“lipase motif’ Gly -X;- Ser -X,- Gly (Schrag and Cygler, 1997). The catalytic site and
the putative catalytic motif of phospholipases, SerGluGluGluXArgAla (Met/Leu),
presented in these two sequences are similar to all other enzymes in family D. A group
of hydrophobic amino acids at residues 1-20 is known as a signal peptide and thirteen N-

glycosylation residues in both sequences have been predicted (Figure 16).
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Q9P8P2 i
Q9PSL1 ot

SVPPETPRIELQAERGLGDKS YAPWQVDCPSNVTWIRNATTG 60

M VPPETPRIELQAERGLGDQSYAPWQVDCPS WIR™ TG 60
*kx Kk :**:**:** *********************;**********************
Q9P8P2 LGSGERAYIEAREKLVQPVIEQMMAARGLETPPRTPNIGVALSGGGYRAMLTGLGGIMGM 120
Q9PSL1 LGTGERAYIEAREKLVQPAIEQMMAARGLETPPRTPVIGVALAGGGYRAMLTGLGGIMGM 120
**:***************.***************** *****:*****************
Q9P8P2 MNESTEASESETGGWLDGVS YWAGLSGGSWATGTFMSNGGQLPTNLLENLWNIDSNLVEP 180
Q9P8L1 MNESTEASQSETGGWLDGVSYWSGLSGGSWATGS FMSNGGQLPTTLLENLWNIDSNLVEP 180
*;******:*************:**********:**********.***************
QI9P8P2 DDDKLSFYTELYTETNAKSDLGEPIQITDVWGLAIGSHVLPERYQLSNTPNLTFSSLPSV 240
Q9P8L1 DDGKLSEYTNLYTETNAKSDLGFPVQITDIWGLAIGSHVLPEPYQLSNTP FSSLPSV 240
R L R R L e L T L T PR TR e ey
Q9P8P2 VSALGNASLPMPIIIAADRKRREAGELVIAENATVWEFTPYEFGSWAFGSQYKSPGAFTP 300
Q9P8L1 VAALGNASLPMPIIVAADRKRREAGELVIAENATVWEFTPYEFGSWAFGSQYKSPGAFTP 300
A R e I I T P L PR T R T T T T T
Q9P8P2 IEYLGTSVDDGSP CWKGFDQLSFVMGTSATLFNGAFLELNGTDSGLLTNLITAFLAD 360
Q9PSL1 IEYLGTSVDDGS PNGTCWKGFDQLSEFVMGT SATLFNGAFLELNGTDSGLLTNLITAFLAD 360
hhkhhhhkhkhkhkhhhkhkrhkhkrkhhkhhhhhkhhhhhhkhdhkkhkhkhkhkhhrhkrrrkrdokexkhrt ek x
Qop8p2 LGEDQADISRIPNTFSNYNSGENPIYNLTYITLVDAGETNQNIPLEPLLVETRDVDAIVA 420
Q9P8L1 LGEDQADISRIPNSFSNYNSGENPIYNLTYITLVDAGETNQNIPLEPLLVPTRDVDAIVA 420
R R T L R P R e P R T P e L L T )
Q9P8P2 FDSSYDTDYIWPNGTALRTTYERAKVLAEHENTRVLMPEVPSMNGEVNGGYNSRPTFFGC 480
Q9P8LL FDSSYDSDYIWPNGTALRTTYERAKILAEHENTRVLMPEVPSMNGFVNGGYNSRPTFFGC 480
R R L R L R S 2 e T S )
Q9P8P2 NDTTTPLIIYVPSYPWSFAANTSTYQLSYENDEANEMLLNGMRSLTLNESVPTWPTCFAC 540
Q9P8L1 NDTTTPVIIYIPSYPWSFAANTSTYQLSYENNEANEMLLNGMRSLTLNHSVPTWPTCFAC 540
*****f:***:********************:****************************
Q9P8P2 ALTDRSFMYTSENRSTTCQKCEDTWCWAGDDNTTEPATYEPVINSVPPWLVANNLSIGVA 600
QSp8Ll ALTDRSFMYTSENRSTTCQECEDTWCWAGDDNTTEPANYEPVINSVPPWLIANNLSIGMA 600
KKK KKk kR RRKRIKK RN RIIKKREKKRREK  KKRKRRKK I IR R g R IR H 4 &
Q9P8P2 DAPASNESTAGTASSGAANADVSMGMVALAAGLGLML 637
Q9P8L1 DAPGSNESTAGTASSGAAKMGVGMGMVALTAGLGLML 637

***-**************: .* ******:*******

Figure 16: Multiple sequence alignment of sub-family D.V. The N-glycolysation sites
(NXS/T) and the predicted N-glycosylation sites are also shown in light pink. The
conserved active-site is shown in red.
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D.1.5 Group E (ab-hydrolase)

Branch E which comprises only one sequence (P34163) belongs to the family
“ab-hydrolase” (http://www sanger.ac.uk/Software/Pfam). Among the fifteen ab-
hydrolyase sequences in the SWISS-PROT database, only one sequence, P34163, is from
fungi (Saccharomyces cerevisiae). This sequence has 548 amino acids with a molecular
mass of 63 kDa (The sequence is not shown here). This sequence is also called TGL1
(Triglyceride lipase-cholesterol esterase). It has been suggested that TGL1 is a
triglyceride-specific lipase on the basis of its homology to lipases from humans and rats,

but its enzymatic activity against triacylglycerol has not been demonstrated yet (Abraham

et al., 1991).

D.1.6 Group F (Phospholipase C)

The three sequences P32383, 013433, and P40977, clustered in group F, are the
only biochemically characterized fungal phosphoinositide phospholipase C (PLC)
vsequences available at SWISS-PROT. The remaining sequences are of human, rat,
mouse and bovine origin. The PLC’s are large enzymes with 869-1099 amino acids and
molecular weights in the range of 100-124 kDa (Figure 17). Group F includes sequences
with an EC number of 3.1.4.11. The digit “4” corresponds to Phosphoric diester
hydrolases and “11” corresponds to Phosphoinositide phospholipase C (PI-PLCs). The
two most highly conserved domains have been designated as X and Y and form the
catalytic core of the molecules (Figure 17). Also, a common feature identified at the C-

terminus of the Y region is a C2 domain, which is sometimes known as part of an

extended Y domain.
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P32383 684
013433 893
P40977 : , : 734
*'*** * kK kkok ok *:**** H dhkhkkhk hhkkdk * * *:*
P32383 LB P--VVTKARMIPLIYEHFENGSDPVTVKIRILST 742
013433 EERCEERE KPTLKSSSSNVDTRTSLTTTNSKTIRFNFEIISG 946
P40977 S S s BT 1GTTVGEEGLPRRIKLTIDVISG 777
**:*** . . B . - -:*
P32383 QLLPRLNDTSPSRNNTNSFVEVEFHTDDEPTMP-—-~ISIDKGTRISATEASTKSSQGNG 798
013433 HQLPXKFPKDDYKDQAINPYISFEIIGAQDVQWDNNDSSPIAPTTSSSPFIRTTKITIRENG 1006
P40977 QQLRRARELS-NSETLSPYVEIQVHSMEE - == === === = =mm e SPFRWCSKVVHENG 819
k. . .. . .. * .k . kk
P32383 FNPIWDAEVS-~ITLKDTDLTFIKFMVIS=————===m~ EETQIASVCLKLNYLRMGYRH 846
013433 FNPNFNTKFSGSIITTTNDLIFIKFVVYASTSLNYPDYGENFPIATILVTKLNYLKQGYRY 1066
P40977 FRPFWGETMVYESIISDDFYSMIRFLVHHRGS ~~==— NGNDSIFANFTCPIDRLQQGYRH 874
*'* s, . . :*:*:* .o .k . e *: ***:
P32383 IPLENMEGEQYIFCTLFIHTQIL-=—~~~==== 869
013433 IYLNDLLGEQLVYSSIFIKIEYDEDLLNEFINK 1099
P40977 IRLLDMQGENLLFSSLFLRKIKKEDI ———~—==~ 899

**-: **: ] w ek e

o«

Figure 17: Multiple sequence alignment of sequences in family “F”. The _ and .
B in phosphoinositide phospholipase C (PI-PLCs) highlighted in green and red,
respectively. Residues colored in red indicate the active site.
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D.1.7 Group G (Phospholipase D)

The fungal lipase P36126 from Saccharomyces cerevisiae (Baker's yeast) is on a
branch closely related to group F. This is a long protein (1380 amino acids) with a
molecular mass of 160 kDa. P36126 has two domains known in all PLD] and PLD2
enzymes, including PX and PH domains. The analysis of 3-D structure of several PH
domains suggests a structure consisting of two perpendicular anti-parallel 8 sheets,
followed by a carboxyl-terminal o~helix along one end of the barrel (Ferguson ef al,
1995; Ferguson et al., 1994). The loops connecting the 3-strands differ greatly in length,
making the PH domain difficult to detect. The PX domain contains several conserved
positively charged and hydrophobic residues characteristic of domains known to bind to

specific phosphopeptides or phospholipids.

D.1.8 Other lipases

D.1.8.1. Triacylglycerol lipase 2 (P54857)

The lipase P54857 from Saccharomyces cerevisiae with an EC number of 3.1.1.3
~does not show the classical consensus core of Gly -X;- Ser -X,- Gly but rather displays
the Ala-His-Ser-Met-Gly core -- the first Gly is replaced by an alanine residue (Dartois et
al., 1992). A BLAST search on EXPASY/SIB shows that this sequence is more similar to
the lipases from the bacterium Pseudomonas species than fungal lipase (Figure 18).
Based on the sequence similarity with the lipase sequence from Pseudomonas, the
catalytic site (not shown in the SWISS-PROT database) has the conserved serine and
glutamic acid residue yet there is no histidine residue found in this sequence. Lipase

P54857 has a molecular mass of 35 kDa with the sequence length of 326 amino acid and
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shows peak activity at pH 8.0 -- similar to active pH values of group B enzymes, which

cluster closer to this group.

P25275 ~MARTMRSRVVAGAVACAMSIAPFAGTTAVMTLATTHAAMAATAPADGYAATRYPIILVH 59
P22088 ~MARTMRSRVVAGAVACAMSIAPFAGTTAVMTLATTHAAMAATAPAAGYAATRYPIILVH 59
P54857 MKNDNKANDIIIDSVKVPDSYKPPK NPIVFCHGLSGFDKLILIPSVFHLTNLISNSIVH 59
- .k * kd E K. . . kX
P25275 GLSG————= = TDKYAG--VVEYWYGIQEDLQQONGATVYVANLSGFQ-SDDGANGRG 106
P22088 GLSG=~=m=—————— TDKYAG--VLEYWYGIQEDLQONGATVYVANLSGFQ~SDDGPNGRG 106
P54857 NMAENFMQDDEDKSDNKYTNLLEIEYWIGVKKFLQSKGPTVITTKVPGFGSIEERAMALD 119
. . et TFFL Hahah S I S
P25275 EQLLAYVKTVLAATGATRKVNLYGHSQGGUYT SRYVAAVAPD-~-LVASVTTIGTPHRGSEF 163
p22088 EQLLAYVKTVLAATGATKVNLYGHSQGGYSSRYVAAVAPD---LVASVTTIGTPHRGSEF 163
P54857 AQLQKEVKKIESKDKRHSLNLJAHSMGGYDCRYLICNIKNRNYDILSLTTISTPHRGSEM 179
* % * % .l H . *\' .** B .w*. . H . H *;*** *%***-&*
P25275 ADFVONVLAYDPTGLSSSVIAAFVNVEGILTSSSHNTNQDALAALQTLTTARAATYNQNY 223
p22088 ADFVQDVLAYDPTGLSSSVIAAFVNVEFGILTSSSHNTNQDALAALQTLTTARARATYNQNY 223
P54857 ADYVVDLFEN-—--————-— LNALRVSQKILP-————————-— ICFYQLTTAYMKYFNLVT 219
*7&:* HE H *: *‘k. .o * XA Kk M4
P25275 PSAGLGAPGSCQTGAPTETVGGNTHLLYSWAGTATIQPTLSVFGITGATDTSTVPLVDLAN 283
P22088 PSAGLGAPGSCQTGAPTETVGGNTHLLYSWAGTAIQPTLSVFGVTGATDTSTLPLVDPAN 283
P54857 PNS=~==—==————— PKVSYFSYGCSEFVPRKWYNVFCTPWKIVYERSKGCPNDGLVTINSSK 268
* . . k. * & . . - .. ..
P25275 VLDPS—TLALFGTGTVMINRGSGQNDGLVSKCSALYGKVLSTSYKdNHLDE NQLLGVRG 342
P22088 VLDLS-TLALFGTGTVMINRGSG{PNDGLVSKCSALYGKVLSTSYK [NQLLGVRG 342
P54857 WGEYRGTLKDMDHLDVINWKNKLPDD—f === == WSKFFRTTTVGEKVDILNEFYLKITD 319
* % . L) - k- * . * . x - TR . % <
P25275 AYAEDPVAVIRTHANRLKLAGV 364
P22088 AYAEDPVAVIRTHANRLKLAGV 364
P54857 DLARKGE-———m==w———————— 326

Figure 18: Multiple sequence alignment of Saccharomyces cerevisiae (P54857) with
two bacteria sequences from Pseudomonas species (P25275 and P22088).
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D.1.8.2. CALB (P41365)

Candida antartica lipase B (CALB) (with a molecular mass of 36 kDa), is among
the smallest lipase enzymes known in fungi. Lipase P41365 (Candida antarctica), like
most other fungal lipases, is from the Ascomycota phylum. A BLAST search of this
sequence shows striking similarity to lipases from the Basidiomycota phylum. This
aspect was observable in this case and it was placed near to the sequences Q9P8L1 and
QIP8P2; both of which are sequences from Basidiomycota phylum. Lipase P41365 from
Candida antarctica (3.1.1.3), is similar to all other triacylglycerol lipases at one or more
of the three ester bonds of these triacylglycerols substrates (IUBMB, 1992). The amino
acid sequence similarity, according to the UPGMA dendrogram, shows no significant
homology to other lipase sequences. The catalytic triad, as mentioned by Uppenberg et
al, (1994), contains the Ser-Asp-His sequences. Conversely, the consensus sequence
found in lipases around the active site serine, Gly -Xi- Ser -X,- Gly, is not present in
“lipase P41365. This motif has been changed to Thr-Trp-Ser-Gln-Gly by replacing
threonine instead of glycine in the first amino acid, which makes this sequence unique
compared to the other lipases.  Similar to group A (AB hydrolyze), in this sequence
glutamic acid, as a second catalytic site, was replaced by aspartic acid. The histidine

residue in this sequence is known as the third active site residue in this catalytic triad.
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D.2  Evaluation of Secondary Structure Prediction Tools for fungal Lipases

D.2.1 Secondary structure and structural feature prediction family B

Using multiple sequence alignments often enables accurate prediction of secondary
structures. Hence, we decided to predict secondary structures by analyzing the
predictions made by different tools and techniques. To evaluate the different secondary
structure prediction tools, we analyzed all of the sequences with known X-ray crystal
structures using fifteen tools available on SWISS-PROT and NPS@ separately, and the
output of each tool was compared with the X-ray crystallography based structure. The
tool that predicted the structure that was the most similar to the crystallography based
structure was chosen as the best predictor of a given group of lipases. The sequences
with unknown secondary structures were separately analyzed with the chosen tool. Three
sequences in sub-family B.I (P20261, P32947, and P32946) have known 3-dimensional
structures based on the X-ray crystallography method. The analysis of these sequences
suggested that the tool PREDATOR (Argos et al., 1996) had the highest score (highest
score = the most similar to the X-ray structure) for P20261 and P32947 (Figure 21) and
PSI-PRED had the highest score for P32946 (Figure 21). Since PREDATOR (Argos et
al., 1996) was the tool that had the most similar prediction to the X-ray crystal structure,
we used this tool to predict the secondary structure for the P32949 sequence (Figure 19)
in sub-family B.I and compared it with the other sequences of known secondary structure
(P20261 and P32947). The secondary structure of P32948 was best predicted using the

PSI-PRED tool (Figure 19).
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Figure 19-A: ClustalW alignment of protein sequences in sub-family B.I. The “green
flashy” line shows the salt bridge, the blue line shows the disulfide bonds and the red box
is the flap region for sequences P20261 and P32947 and the predicted flap region for
sequence P32949. The secondary structures from the crystal structure for sequences of
P20261 and P32947 are available and are shown in bold “flashy green” for alpha helix
and bold red for Beta sheet. For P32949 the secondary structure was predicted based on
the PREDATOR (Argos et al., 1996) method. The o-helices and B-sheets are shown in
light-green and orange respectively.

Figure 19-B: The stereo image of comparison between sequences P20261 and P32947
derived from VAST (NCBI).
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A.

P22394 MVSKSLFLAAAVNLAGVLAQAPRPSLNGNEVISGVLEGKVDTFKGIPFADPPLNDLRFKH 60

P79066 MVSKSLFLAAAVNLAGVLAQAPTAYLNGNEVISGVLEGKVDTFKGIPFADPPLNDLRFKH 60

P17573 MVSKTFFLAAALNVVGTLAQAPTAVLNGNEVISGVLEGKVDTFKGIPFADPPVGDLRFKH 60
****::*****:*:.*-***** . ***************************:.******

p22394 PQPFTGSYQGLKANDFSHACMQLDPGNSLTLLDKALGLAKVIPEEFRGPLYDMAKGTVYM 120

P79066 PQPFTGSYQGLKANDFSHACMQLDPGNSLTLLDKALGLAKVIPEEFRGP LY DMAKGTVIM 120

P17573 PQPFTGSYQGLKANDES MQLDPGNAISLLDKVVGLGKIIPDNLRGPLYDMAQGSVYM 120
Kk ke kk ok kk ok K frkkrr Ak dr ke KK KK kK ke ke kKA KE KK K kA

p22394 NE YLNVERPAGTKPDAKLPVMVWIYGGAFVYGSSAAYPGNSYVKESINMGQPVVEVS 180
P79066 NEDCLYLNVFRPAGTKPDAKLPVMVW I YGGAFVYGSSAAYPGNSYVEESINMGQPVVEVS 180

P17573 NEDCLYLNVFRPAGTKPDAKLPVMVWIYGGAFVEFGSSASYPGNGYVKESVEMGQPVVEVS 180

*********************************n****-****.*****: :*********

P22394 INYRTGPFGFLGGDAITAEGNTNAGLHDQRKGLEWVSDNIANFGGDPDKVMIFGESAGAM 240
P79066 INYRTGPFGFLGGDAITAEGNTNAGLHDQRKGLEWY DN IANFGGDPDRVMIFGESAGEY 240
P17573 INYRTGPYGFLGGDAITQEGNTNAGLHDQRKGLEWVSDNIANFGGDPDKVMIFGESAGAM 240

*******:******** LRSS SRR ERL LSRR EEESEREREEEEEEEEEE LRSS SRS

P22394 SVAHQLIAYGGDN NGKKLFHSAILQSGGPLPYHDSSSVGPDISYNRFAQYAGCDTSAS 300
P79066 : A 300
P17573 300
******.*** *******'***************.**.**** o X ‘l"‘"“"-‘——"*:**.
P22394 ANDTLE LLPQFLGFGPRPDGNIIPDAAYELFRSGRY 360
P79066 ANDTLECLRSKSESVLI LLPQFLGFGPRPDGNIIPDAAYE :GRY 360
P17573 DNETLACLRSKSBDVLHSAQNSYDLKDLHGLLPQFLGFGPRPDGNIIPDAAYELYRSGRY 360
*:** *******.***.********** ************************.*****
P22394 AKVPYISGNQEDEGTAFAPVALNATTTPHVKKWLQYIFYDASEASIDRVLSLYPQTLSVG 420
P79066 AKVPYISGNQEDEGTAFAPVALNATTTR YIFYDASEAS VLELYPOTLSVG 420
P17573 AKVPYITGNQEDEGTILAPVAINATTTPHVKKWLKYICSEASDASLDRVLSLYPGSWSEG 420
******:******** :****:************:** :**:**:******** : * ok
P22394 SPFRTGILNALTPQFKRVAAILSDMLFQSPRRVMLSATKDVNRWTYLSTHLHNLVPFLGT 480
P79066 SPFRTGILNALTF, VAATLE FOSPRRVMLSATKDYVNRWTYLSTHLHNLVPEFLGT 480
P17573 APFRTGILNALTPQFKRIAAIFTDLLFQSPRRVMLNATKDVNRWTYLATQLHNLVPFLGT 480
g I R N i T
P22394 FHGNELIFQFNVNIGPANSYLRYFISFANHHDPNVGTNLLQWDQYTDEGKEMLEIHMTDN 540
P79066 F JENVNIGEA! LRYE NHHDPNVGTNLLQWDQYTDEGKEMLEIHMTDN 540
P17573 FHGSDLLFQYYVDLGPSSAYRRYFISFANHHDPNVGTNLKQWDMYTDSGKEMLQIHMIGN 540
***.:*:**: *::**:.:* hhkhkkdkhkkkkkhkxkhkhkkdkdx *x*x ***.*****:*** -*
P22394 VMRTDDYRIEGISNFETDVNLYG 563
P79066 VMRTDDY®IE "BTDVNLYG 563
P17573 SMRTDDFRIEGISNFESDVTLFG 563

*****:*********:**.*:*

Figure 20-A. Multiple sequence alignment of the protein sequences in sub-family B.IL
The two red boxes show the flap region for sequences P22394 and P17573 and the
predicted flap region for sequence P79066. The blue lines show the disulfide bond and
the pink line shows the salt bridge between Glu 119 and Arg-309
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Figure 20-B: 3D image of P22394 (PDB# 1THG) derived from Cn3D 4.1 shows the o-
helices and B-sheets in the tertiary structure of this sequence.
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Figure 21: Comparing fifteen SS tools for sequences P20261, P32947 and P32946. Y

axis indicates the protein accuracy for individual methods.

For the sub-family B.II, PORTER had the highest score and predicted the alpha helices
and beta sheets closer to the structure based on X-ray diffraction studies. Thus, the
sequence P79066 was analyzed with the PORTER program to predict its secondary
structure (Figure 20). There is no tertiary structure available for any sequences of the
sub-family B.III. Using sequence alignment, we predicted not only the secondary
structures, but also some important structural features. In group B, which belongs to
carboxylase-esterases, the active site includes three residues as the catalytic triad.
However, for sequence Q96VC9 in sub-family B.III only two catalytic residues, serine,
(at positions 200) and hiétidine (at positions 400) were predicted by similarity in SWISS-
PROT. Moreover, according to multiple sequencé alignments (Figure 7) the third residue
in the catalytic triad (glutamic acid) was predicted and it perfectly mafched with the other
sequences in this cluster. Moreover, the catalytic residue, serine, in lipases is shielded
from the solvent by one or more loops called the flap; the rearrangement of the flap opens
access to the active site for the substrate (Brady et al., 1990; Brozozowski and Thim
1991). The flap region and the salt bridges for sequences P32949 and P32948 in sub-
family B.I, and P79066 in sub-family B.Il were predicted according to sequence

similarities (Figure 19-20).
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Figure 22: Comparing fifteen secondary structure prediction tools for sequences P22394
and P17573. Y axis indicates the protein accuracy for individual methods.
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D.2.2 Secondary structure prediction in Subfamilies C.I and C.1I:

For group C, X-ray crystallography based on structures of three sequences
(P19515, P61871 and 059952) is available. These sequences were compared separately
with the fifteen secondary structure prediction tools (Figure 23). The highest score for
structure prediction with sequences of the sub-family C.I and C.I1 was obtained with
SSPRO followed by a slightly lower score with PSI-PRED and PROTER. Thus, SSPRO
was chosen to predict the secondary structure for sequences P61872 in sub-family C.I and
P61870 and P61869 in sub-family C.IIL
D.2.3 Structural feature prediction of group D

There is no known structure available for fungal phospholipase B in group D.
Several lines of evidence suggested that human cytosolic phospholipase A2 (cPLA2) may
be a member of the o/f hydrolase family. cPLAZ2 is also similar to fungal phospholipase
B. To get a better understanding of the structure of fungal phospholipase B, we compared
the human cytosolic phospholipase A2 (cPLA2) structure (which has a known X-ray
crystal structure, 1CJY) with all of the fungal sequences in group D (Appendix 2).
cPLA2 contain a dyad catalytic motif including serine (Ser-228) as the nucleophilic
residue (Sharp et al., 1994) and aspartic acid (Asp-549) located in a deep cleft. This
serine is present in a pentapeptide sequence Gly-Leu-Ser-Gly-Ser. A different residue,
Arg-200, is required for catalysis, suggesting that cPLA2 may employ a novel
mechanism (Dessen ef al., 1999). Also the structure reveals a flexible lid that must move
to allow substrate access to the active site; thus explaining the interfacial activation of
this lipase. A Blast search (Altschul ez al., 1997) of the cPLA2 catalytic domain shows

low degree of similarity with fungal phospholipase B that includes three glycines (196-
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197-198) of the oxy-anion hole. Arg-200 (in sequence Q9Y7N6 was replaced by proline)
and the “lipase motif”, (which contains Ser-228), that was conserved in all sequences
(Appendix 2). Only at QOUTHS and P78854 lysophopholipase sequences was the serine
in “lipase motif” replaced by aspartic acid. Eight conserved cysteine residues were
predicted according to sequence similarities that probably compose the disulfide bonds
(Appendix 2). The eight cysteine residues were not aligned with the eight cysteine

residues found in cytosolic phospholipase A2.

72



. 350 -
300
250 -
200
150 -
100

‘B P61871.

Figure 23: Comparing fifteen secondary structure prediction tools for sequences P61871,
P19515 and O59952. Y axis indicates the protein accuracy for individual methods.
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E. DISCUSSION

E.1  Comparative Study of Fungal Lipases

Comparative sequence analysis revealed phylogenetic relationships among the
members of the lipase gene family. In this study, the 52 sequences of fungal lipases
obtained from the SWISS-PROT database were categorized via sequence comparisons,
crystal structure, and structure-function relationships. In agreement with the
classification system derived from pfam (Protein Family Database), the present set of 52
fungal lipases can be divided into five major groups (A, B, C, D, and F), two additional
groups each of which with only one member (E and G), and two sequences, P41365 and
P54857, without resemblance to the rest (except in some conserved motifs) (Figure 4).
This division is based on the phylogenetic tree (Figure 4) and sequence alignment shown

in appendix 1.

E.1.1 Group A (Secretory lipase)

High similarity amongst sequences of group “A” (80% identical amino acid
sequences) suggests that they are derived from the same ancestral gene. Amino acid
sequences in group “A” contain putative N-glycosylation sites and also had four
conserved cysteine residues may form disulfide bridges contributing to a similar three-
dimensional structure. In addition, all sequences in this group, except lipase 7 (Q9P4.E7)
contain a putative N-terminal signal sequence. The division of group “A” into two
subfamilies is based on sequence similarity. ClustalW (Thompson et al., 1994)
alignment shows that sequence divergence in this group happens more at the C-terminal

end of the sequence and high similarities can be seen more at the N-terminus and
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especially around the catalytic site (Figure 5). The fact that secreted lipases of Candida
albicans are encoded by a family of genes may indicate that different lipase genes are
needed during different stages or types of infection (Hube et al., 2000). The lipase genes
in group “A” constitute a large gene-family that may have evolved to adapt to the
permanent association of Candida albicans with the human or animal host and, therefore,

may also have important functions during persistence processes (Hube et al., 2000).

E.1.2 Group B (Carboxylesterases)

Carboxylesterases have been divided into three categories (A, B, and C) on the
basis of differential patterns of inhibition by organophosphates (Myers et al., 1988;
Krejci et al., 1991; Cygler et al., 1993). In this study group “B” (carboxylesterases) were
classified into three subfamilies: BI, BII and BIII, that all belong to the Ascomycota taxa.
Unlike the other lipases, group “B” lipases have a catalytic triad made up of the amino
acids Ser-Glu-His with glutamic acid replacing the usual aspartic acid (usual in serine
proteases) (Schrag et al., 1991). The only exception was seen in sequence Q99156, in
which the aspartic acid catalytic residue remained unchanged. The catalytic serine is
shielded from the solvent by one or more loops called the “flap”. The rearrangement of
the flap region allows the substrate access to the active site (Brady et al, 1990;
Brozozowski et al., 1991). The formation of Gly -X;- Ser -X,- Gly in the active site
(Figure 7) is conserved in this group. Also, X in this group is glutamic acid and Xj is
alanine. This family includes two disulfide bonds that make the structure more flexible
than group “A” (Secretory lipases), which contains four disulfide bonds (Brady et al.,

1990).
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E.1.3 Group C (AB hydrolase super family/TAG)

Group “C” i1s known as “true lipases”, expression first used by Arpigny and
Jaeger (1999) to describe classification of bacterial lipolytic enzymes. This group (group
C) is divided into two subfamilies: “C.I” and “C.II". “C.I” consists of three sequences all
of which are from the Zygomycota taxa. These lipases not only hydrolyze ester bonds of
triacylglycerols, but also synthesize ester bonds in transesterification. Transesterification
by lipases is particularly useful in industry, for example, in the production of cocoa butter
substitutes (Matsuo et al., 1980). The lipases produced by these fungi code for proteins
of 363-392 amino acids with a total relative molecular mass of 40-42 kDa. The sequence
differences between sequence P19515, and the rest of the Rhizopus lipases in sub-family
“C.I” could be attributed to amino acid insertion of residues 68-76 and 80-85 in the signal
peptide (prepeptide). ‘ The catalytic center of the “true lipase” is made up of three
residues: Ser-Asp-His and it is responsible for the nucleophilic attack on the ester
carbonyl carbon atom (Derewenda ef al., 1992). The oxyanion hole which helps to
stabilize the growing negative charge on the peptide oxygen through hydrogen bonding
also is present in these sequences (Derewenda er al., 1992). This oxyanion hole is
responsible for stabilizing the tetrahedral intermediate and the helical “lid”. This helical
“lid” is responsible for the interfacial activation upon adsorption of the enzyme to an oil-

water interface.

Sub-family “C.II” includes three sequences with smaller molecular masses (30-
32 kDa). Also sequences in “C.II"” members, P61870 and P61869, have unique substrate
specificity, in that they are strictly specific to mono and diacylglycerols but not

triacylglycerols. Due to the exclusive substrate specificity of these two sequences, they

76



are classified as E.C. 3.1.1.- (E.C.3.-.-.-, stands for hydrolases, and E.C. 3.1.-. - indicating
action on ester bonds and E.C.3.1.1. - Carboxylic ester hydrolases) but have different
functions from triacylglycerols or other lipases with E.C. 3.1.1.3 and (Table 3 and Figure

10).

E.1.4 Group D (Lysophospholipase catalytic domain)

Group “D” encompasses 19 sequences of phospholipase B; and is further divided
into five subfamilies with more than 45% sequence similarities. According to the
specificity of ester linkage that will be cleaved by phospholipases, these sequences will
be classified into different groupings including, Al, A2, B, C, and D (Ansell and
Hawthorne, 1964; Wang and Dennis, 1999, Ghannoum, 2000). Among this group of
multi-functional phospholipases, phospholipase B (PLB) enzymes are perhaps the most
poorly understood-- particularly in their biological functions (Kuwabara and Shimooka
1989; Gassama-Diagne et al., 1989; Satio et al., 1991; Witt et al., 1989). Fungi possess a
class of highly homologous PLB enzymes that exhibit little sequence similarity to PLB
proteins identified thus far in other eukaryotes. The physiological functions of fungal
PLB enzymes are largely unknown. The phospholipase B refers to an enzyme that can
remove either Sn-1 or Sn-2 fatty acids from a glycerophospholipid. However, fungi can
have a single enzyme that has not only the hydrolase (fatty acid release) activities of
phospholipase B, but also lysophospholipase (LPL) and transacylase activities (Cox et
al., 2001). The finding of a single enzyme having these multiple and seemingly
paradoxical functions was seen before in Candida albicans, Penicillium notatum and
Saccharomyces cerevisiae (Saito et al., 1991; Lee et al., 1994; Leidich er al., 1998).

Phospholipase B and phospholipase A2 belongs to a family called “lysophospholipase
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catalytic domain” which has a C2 domain. The C2 domain is a Ca’-dependent
membrane-targeting module found in many cellular proteins involved in signal
transduction or membrane trafficking. The only known 3-D structure for
“lysophospholipase catalytic domain” family member is “Human cytosolic phospholipase
A2” (cPLA2) (accession code on PDB: lcjy). In this study all phospholipase B
sequences were compared to “Humanr cytosolic phospholipase A2” sequence to find
conserved motifs. All phospholipase B sequences were aligned with “Human cytosolic
phospholipase A2” and showed not only a conserved serine corresponding to Ser 228 of
cPLA2, but also the consensus sequence Gly-(Leu)-Ser-(Gly)-Ser motif. Moreover, the
second probable active site residue (Aspartic acid) was conserved in all sequences.
Searching for the histidine as the third catalytic residue showed that none of the 19
histidine .residues was enzymatically relevant in the lysophospholipase catalytic domain
family (Pickard et al., 1996). Aléo, Arg200, a different residue, is required for catalysis,
suggesting that cPLA2 may employ a novel mechanism (Dessen, 2000). An interfacial
activation phenomenon has been shown in both ¢cPLA2s and lysophospholipases that
preferentially cleave substrates presented at a membrane interface rather than in
monomeric form (Nalefski et al., 1994).

E.1.5 Group E (ab-hydrolase)

Triglyceride lipase-cholesterol esterase (P34163) is the only sequence belonging
to the “AB hydrolase superfamily” and branched off from the rest of the true lipases and
phospholipases (Figure 4).

E.1.6 Group F (Phospholipase C)

Group F, which includes three sequences from phosphoinositide-specific
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phospholipase C enzymes (PI-PLCs) that play a critical role in receptor-linked signaling
at the plasma membrane of eukaryotic cell (Singer ef al., 1997). In yeast, the PLC1 gene
has been shown to be important for growth, but the functional reason for this behavior
remains unclear (Singer et al., 1997).

Hydrolysis of inositol phospholipids, particularly phosphatidyl-inositol-4, 5-
bisphosphate (PIP;) by PI-PLCs, results in the formation of secondary messenger
molecules, sn-1, 2-diacylglycerol (DAG) and inositol 1, 4, 5-triphosphate (IP;). These
are important in regulating many cellular functions (Berridge, 1993). IP; causes the
release of Ca ** jons from internal reserves and DAG activates protein kinase C (PKC)
(Singer et al., 1997). Calcium mobilization and PKC activation are necessary for many
cellular activities, including secretion, cell growth and proliferation (Nishizuka, 1992;
Mitchell, 1992). PI-PLCs have been categorized into three subfamilies, B, y and 6 with
two to four isoforms in each. Each sub-family has two conserved motifs ("X-box' and 'Y-
box' important for enzyme activity) that show low similarity among subfamilies.
However, they can be distinguished by their primary amino acid structure and molecular
size (Rhee ef al., 1989). The order of these two regions is always the same (NH,-X-Y-
COOH), but the spacing is variable. There is usually a distance of 50-100 residues
between these two regions and the distance in this case is about 70 residues (Singer ef al.,
1997). The two conserved regions have been shown to be important for the catalytic
activity (Singer et al,, 1997). At the C-terminus of the Y-box, there is a C2 domain
possibly involved in Ca-dependent membrane attachment that was described in the
phospholipase B family. By profile analysis, it shows that sequences with significant

similarity to the X-box domain occur also in prokaryotic and trypanosome PI-specific
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phospholipases C. Apart from this region, the prokaryotic enzymes show no similarity to
their eukaryotic counterparts. The smallest PI-PLCs are 6 isoenzymes, as they contain
only sequences common to all PI-PLCs subfamilies and are frequent to all eukaryotes,
from yeast and molds to plants and mammals (Singer et al., 1997).
E.1.7 Group G (Phospholipase D)

P36126 from Saccharomyces cerevisiae in group “G” belongs to phospholipase D
(PLD) and has the largest molecular mass as compared to the other lipase sequences
studied here. PLD, in general, hydrolyzes phospholipids at the terminal phosphorus ester
bond, leading to formation of phosphatidic acid (PA) and the free hydrophilic alcohol
substituent (Figure 12). PLD1 known as phosphatidylcholine (PC), has been observed in
response to a variety of agents including hormones, neurotransmitters, growth factors and
phorbol esters. PA has been shown to stimulate DNA synthesis, cell proliferation, and
phoéphatidylinositol 4, 5-bisphosphate-phospholipase C and phosphatidylinositol

phosphate kinase (Wang ef al., 1994).

E.2  Evaluation of Secondary Structure Prediction Tools for fungal Lipases
E.2.1 Multiple Sequence Alignment and Secondary Structure prediction for families
Band C

Protein secondary structure (SS) prediction is an important stage in the prediction
of protein structure and function. Accurate SS information improves the sensitivity of
threading methods (Jones, 1999) and is at the core of most ab initio methods (Bradley et
al., 2003 b) for the prediction of protein structure. Multiple alignment provides much

more structural information than a single sequence could (Russell and Sternberg, 1995).
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Undoubtedly, the accurate alignment of various sequences is crucial for predicting
secondary structures accurately. Recent studies have accurately predicted secondary
structures from multiple alignments (Musacchio et al., 1994 and Jenny and Benner, 1994
a). We carried out multiple sequence alignments for each sub-family separately. The
results were compared with the best secondary structure prediction tools (section D.2.1).
Musacchio et al. (1994) and Jenny and Benner (1994 b), used multiple sequence
alignment to predict the secondary structure of pleckstrine homology (PH) domain
protein. A year later, when the tertiary structure of this protein was determined, Russell
and Sternberg (1995) used different secondary structure tools to test the accuracy of these
predictions for the PH domain. They showed that multiple sequence alignment
prediction was remarkably accurate and also that the PHD method (Rost B., 1996) (a
secondary structure prediction tool) had the highest accuracy for this specific protein
(Russell and Sternberg, 1995).

In this study we used fifteen different SS prediction tools from which we chose
the best tool for structure predictions of unknown lipase sequences. To make this choice
we applied our fifteen tools to known homologous sequences and decided which tools
provided more accurate results. Comparing all the tools with the lipase sequences shows
that the classical methods such as SOMP (Geourjon and Delage, 1994), SOMPA
(Geourjon and Delage, 1995), HNN (Guermeur, 1997), MLRC (Guermeur et al., 1998),
DSC (King and Stenberg, 1996) and GORIV (Garnier et al., 1996) do not perform well in
predicting the secondary structure of these sequences. None of these methods
incorporates multiple sequence alignment information. They cannot benefit from any

associated improvement in accuracy. The PHD method (Rost B., 1996), on the other
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hand, uses neural networks and multiple sequence alignment information, and gives
improved results over the classical methods. “PROF. Prediction” (Rost, 2001) showed
high accuracy for lipases via an extension of concepts implemented in PHD (Rost, 1996)
in that it uses a larger data set as well as a third layer of network. The PREDATOR
method (Argos et al., 1996), which relies on only a single protein sequence showed high
accuracy for sub-family B.I, but low predictability for other subfamilies (Figure 23). The
unique feature of this approach involves database-derived statistics on residue type
occurrences in different classes of beta-bridges to delineate interacting beta-strands.
PSIPRED (Jones, 1999), PORTER (Pollastri ef al., 2002) and SSPRO (Baldi et al., 2003)
methods, predict protein secondary structure using the position specific scoring matrices
generated by PSI-BLAST (Altschul er al, 1997) and two layers of Bidirectional
Recurrent Neural Networks (BRNN). This shows high accuracy for lipase sequences in
group C (Baldi et al., 1999). For the sub-family B.II, PORTER had the highest score and
predicted the alpha helices and beta sheets closer to the structure based on X-ray
diffraction studies. Thus, the sequence P79066 was analyzed with the PORTER program

to predict its secondary structure (Figure 20).
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Figure 24: Comparison of fifteen secondary structure prediction tools shows the most
accurate prediction for each protein.

The only noticeable errors in prediction of the B.I and B.II subfamilies (Figure 16,
17 and 19) are at the middle of the secondary structural elements, with a few motifs
falsely predicted as alpha helices and beta sheets. For sub-family C.I and C.II (Figure 9
and 10), the errors are mostly at the ends of the secondary structure elements, where
small errors are to be expected given the variation in accuracy of different secondary
structures. Predicting the correct core secondary structure elements in the correct places
is the primary point in predicting the three-dimensional fold of proteins (Russell and
Sternberg, 1995).

E3 Structural Feature Prediction

Groups B and C, comprising eight sequences with known 3-dimensional
structures, were used as targets to predict the secondary and tertiary structures for
unknown sequences. The secondary structures were predicted using variable structural

tools as described in the previous section. Structural elements such as cysteine residues,
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catalytic motifs and flap regions were predicted according to multiple sequence
alignment and compared with sequences with known structural motifs. The flap region,
an important feature of the majority of lipases (Schrag et al., 1991), shields the catalytic
site from the external environment by loops or helices (variously referred to as “loops”,
“flaps”, or “lids”), which lie over the catalytic triad. The lids are displaced to different
extents during the process of the interfacial activation, allowing the lipid substrate to
enter the active site. Flap regions, described as responsible for interfacial activation in
lipases were predicted for P32949, P32948, P79066, P61872, P61870 and P61869
sequences. In sub-family BI, three sequences (including P20261, P32947 and P32946)
have known 3-D structure and two (P32949 and p32948) have unknown structure.

Within the three known structures, the following motifs are strictly conserved:

(1) Residues of catalytic triad (Ser-His-Asp)

(i1) Residues forming salt bridges (Arg-37-Glu95 and Glul172-Arg279)

(iii))  Cysteine residues involved in formation of disulfide bonds (Cys60-Cys97

and Cys268-Cys277)

(iv)  Residues that form the oxy-anion hole upon interaction with the substrate

(Gly124-Ala210)

High sequence similarity and high similarity in secondary structure may indicate that the
flap region for sequences P32949 and P32948 is between residues 77-108 (Figure 19).
Considering this o helix (77-108) region as the flap region for these two sequences, this
motif should cover the serine active site. It is probably stabilized by a disulfide bond and

a salt bridge similar to that seen for the other three sequences (P20261, P32947 and
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P32946) with known structures. The lid structure shown in sequences with known X-ray
crystal structures indicates one flap region covering the active site. However,
comparisons with sequences in group B.II show that instead of one flap region covering
the active site, there are two flap regions coming from two different surface loops,
covering the active site in residues 85-94 and 313-326 (Figure 25). Having two flap
regions coming from two different surfaces to cover the active site indicates that the
active site serine residue is probably buried even deeper in this protein than equivalent
serines in the other lipases. This is possibility the reason for the enzyme preference for

long chain fatty acids (Schrag et al., 1991).

First flap”
L SR
region 85—9?ﬂ R

Figure 25: Comparison of Lid structure B. A. Two flap regions coming from two
different surfaces in sequence P22394 sub-family BIIIL. B. Comparison of two similar flap
regions in sequences: P20261 and P32947 (sub-family BI) using VAST derived from
NCBI database.

Early reports regarding the substrate specificity of Geotrichum candidum lipases

(GCLs) point to their preference for long chain fatty acids and for those with cis-9
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unsaturated bonds (Alford and Pierce, 1961; Jensen et al., 1965). Also, a study (Bertolini
et al,1994) for comparison against a series of triacylglycerol substrates (including:
Butyrin C4, Caporin C6, Caprylin C8, Caprin C10, Laurin C12, Myristin C14, Palmitin
C16, Stearin C18:0, Triolein C18:1, Linolein C18:2) showed that these enzymes display a

higher affinity for Triolein (C18:1) (Figure 26) that has a longer chain.
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Figure 26: Comparison of different TAG substrates on Geotrichum candidum lipases
(Adopted from Bertolini ef al., 1995)

Moreover, Bertolini (1995) identified the regions of the molecule that were
involved in substrate differentiation. The flap region is not involved in discriminating
between substrates. It is responsible for interfacial activation in lipases (Brzozowski et

al., 1991; van Tilbeurgh et al., 1993; Grochulski ef al., 1993).

The flap region of sequence P19515 (Rhizomucor miehei) (RmL) was
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experimentally proven when a complex of RmL with n-hexylphosphonate ethyl ester
inhibitor was characterized by X-ray diffraction at 3.0 A resolution (Brzozowski et al.,
1991). It includes only seven residues 179-185 (Figure 9). The same region was
predicted for sequence P61871 from the experimentally crystal structure of Rhizopus
niveus at 2.2 A (Kohno et al., 1996).

In sub-family CII, the lid structure in 059952 contains two hinge regions: N-terminal
(residues 83-84) and C-terminal (residues 91-95). This sequence was aligned with
sequences P61870 and P61869 and showed some similarity in their flap regions (Figure
10-A and 10-B). Furthermore, the cysteine residue in all three sequences was conserved
and forms the disulfides bonds.

E.4  Structure of CALB (P41365)

As it is shown in Cn3-D view (Uppenberg et al., 1994), the catalytic serine is
located in the tight turn between 4 and the following a4 with similar conformation with
other lipases. Uppenberg et al., 1995 indicate that the crystal structures of four forms of
CALB lack lid/lids. Although the overall structure and serine triad conformation are
similar in all lipases, their substrates specificities and degrees of stereoselectivity differ
widely (Kazlauskas et al., 1991; Santaniello et al., 1992).

This study agrees with these results by noting that P41365 is the smallest lipase among
fungi. It is possible that they lack in some motifs, it is also shown by the UPGMA tree
(Figure 4) that this specific triglyceride does not cluster with the rest of the other lipase,

but rather, shows a close clustering with lipases that lack such motifs.
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F. CONCLUSION

Through comparative and evolutionary analysis of protein sequences of
biochemically characterized fungal lipases, I developed a comprehensive classification
system for lipases of fungal origin. Using fungalr lipases with known secondary and
tertiary structure, and a variety of structure prediction software tools, I predicted the
putative active sites,rdisulﬁde bonds and salt bridges of several lipases. The developed
framework phylogenetic tree will serve as an important tool for predicting putative
function and reaction conditions of newly identified lipase gene sequences. The results of
this study will be invaluable for improving the properties of industrially important lipases

through protein engineering.
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Appendix 1: Multiple sequence alignment of 52 fungal lipase sequences using Clustal W

program.
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FIVPLLDKGC
LMAPLLDQGY
LMAPLLDQGY
LLAPLLDQGY
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FISGLLSQGW
KPIIHVSVNY
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KPITHVAVNY
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Appendix 2: Multiple sequence alignment of lysophopholipase from fungi with comparison to protein
sequences of cytosolic phospholipase A2 from human. The conserved oxyanion hole (GGG) is shown in
green. The dyad active sites (Ser- Asp) are shown in red. Eight conserved cysteine residues in
lysophopholipases were high-lighted in green and were not conserved in cytosolic phospholipase A2.
Conserved residues between lysophopholipase and cytosolic phospholipase A2 are shown in black
highlights.

QOUTHS . ommmemmmmee oo MYFQSFYFLALLLATAVYGQVAS---- 23
P78854 e MLFRGLSLWMLFLASCLSALALP—--- 23
013857 e MRPG-~-- 4
QOP327 oo MYVNYIGLFAFVQISLTLAYPPGRVEI 27
QO9YT7N6 e MKLSSFGLFLALQLLPALGLPSR---- 23
QO9UWF6 . oo me oo MILHHLLILLIINYCVATSPTN---- 22
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family | Number Organism Substrate Specificity Reference
. "Secreted lipases of Candida albicans: cloning,
Candida L o - .
. olive oil [(carbon source) TAG,Tween 40),| characterisation and expression analysis of a nev
Al Q9P4E5]| albicans o family with at least t vers.” Arch
Yeast) a-naphthyl palmitate gene family with at least ten members.”,Arch.
( Microbiol. 174:362-374(2000).
Candida | ol ol carbon source) | 1SeTetlsses f o e ol
Al QI9P8W5 al\t()lcar:s TAG,TweenI 42},ta-naphthy' gene family with at least ten members.", Arch.
(Yeast) palmitate Microbiol. 174:362-374(2000).
Candida | v [(carbon source) | SecledJoses o Concl e clning,
Al QOP4E8 al\tjlcar:s TAG,Tweenl 42]’ ta-naphthyl gene family with at least ten members.",Arch.
(Yeast) palmitate Microbiol . 174:362-374(2000).
Condida | _olive ol [carbonsource) | Secled ases of Cndideabicns iy
Al 094091 albicans TAG, Tween 40], a-naphthyl S P ysis
Yeast Imitat gene family with at least ten members.", Arch.
(Yeast) palmitate Microbiol. 174:362-374(2000).
Condida | _olwe i (carbon source) | Secle lase f ande s, clnis
Al Q9P8W2| albicans TAG, Tween 40], a-naphthyl family with at | p“ by " Arch
Yeast) palmitate gene iamily with at least ten members.” | Arch.
( Microbiol. 174:362-374(2000).
Candide | olwe i carbon source) | Secled e f o s s
All QoP8WO}  albicans TAG, Tween 491’ a-naphthyl gene family with at least ten members.", Arch.
(Yeast) palmitate

Microbiol. 174:362-374(2000).
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Sub- AC R -
family | Number Organism Substrate Specificity Reference
Condida | ol i (carbo sauce) | Secled Ipese f o abian:cor,
All | Q9P8V9 al\t(ncar;s TAG,Tween‘ 42],ta-naphthyl gene family with at least ten members.", Arch.
(Yeast) paimitate Microbiol. 174:362-374(2000).
Candida | ol i carbon source) | Sered pese of o abian:clr
All QoPEW! a$lcaqs TAG’Tween' 4_?]’ ta-naphthyl gene family with at feast ten members.", Arch.
(Yeast) paimitaie Microbiol . 174:362-374(2000).
Condida | oo o (carbon source) | Seredfases of e e,
All QIP4E6 a$lca rt]s TAG'Tween' 42] ,ta-naphthyl gene family with at least ten members.",Arch.
(Yeast) palmitate Microbiol . 174:362-374(2000).
Candida | oo o (carbonsourc) | Sected lases of ardda albcas: i,
A QIP4ET a&ncar:s TAG,TweenI 4{:],ta-naphthyl gene family with at least ten members."”, Arch.
(Yeast) palmitate Microbiol. 174:362-374(2000).
. . Influence of the conformational flexibility on the
Candida 4-nitropheny! caprylate, 4- - R -
rugosa nitrophenyl laurate, sulcatol, klnetncs? and f:hmensatlon process of two Candlda.u
Bi P20261 Candid tributyrin. triacetin. 2.4 6 rugosa lipase isoenzymes.Pernas, M.A.; Lopez, C.;
(Candida tributyrin, triacetin, 2,4,6- Rua, M.L.; Hermoso, J.;FEBS Lett. 501, 87-91
cylindracea) trinitrobenzene sulfonic acid (2001)
; ; Influence of the conformational flexibility on the
Candida 4-nitrophenyl caprylate, 4-
. pheny! caprylate kinetics and dimerisation process of two Candidaj
Bi P32947 rugosa nitropheny laurate, sulcatol, rugosa lipase isoenzymes.Pernas, M.A.; Lopez, C.;
(Candida tributyrin, triacetin, 2,4,6- dosa i ZYmes- e O

cylindracea)

trinitrobenzene sulfonic acid

Rua, M.L.; Hermoso, J.;FEBS Lett. 501, 87-91
(2001)
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f:::l-y Nu‘?n(lj)er Organism Substrate Specificity Reference
; i _ Influence of the conformational flexibility on the
(itajgglsia n‘;rzgl::nhyelrl‘;:;:tgys'itlié?ol, kinetic§ and fiimerisation process of t\{vo Candidél
Bi P32949 (Candida tributyrin. triacetin. 2.4 6- rugosa lipase isoenzymes.Pernas, M.A.; Lopez, C.;
N o yrn, i Rua, M.L.; Hermoso, J.;FEBS Lett. 501, 87-91
cylindracea) trinitrobenzene sulfonic acid (2001)
; i _ influence of the conformationat flexibility on the
C;Sgg'sdaa nﬁrggrr?g:y?TgLfaatzyslitlzéi)l, kineticﬁ and f:limerisation process of t\fvo Candidjq
Bi P32946 (Candida tributyrin. triacetin. 2.4 6- rugosa lipase isoenzymes.Pernas, M.A_; Lopez, C.;
. ributynn, 1 70 Rua, M.L.; Hermoso, J.;FEBS Lett. 501, 87-91
cylindracea) trinitrobenzene sulfonic acid (2001)
; i Influence of the conformational flexibility on the
?Sgglsia n‘i‘t rgg':epr:;lel?gtxf:trejtyslitli’agl, kinetic§ and _dimerisation process of t\fvo Candida
Bl P32948 (Candida tributvrin. triacetin. 2.4.6- rugosa lipase isoenzymes.Pernas, MA.; Lopez, C.;
. L ynn, s Rua, M.L.; Hermoso, J.,FEBS Lett. 501, 87-91
cylindracea) trinitrobenzene sulfonic acid (2001)
Several simple triglycerides. Long
Geotrichum chain fatty acid with Cis‘-9 Influence of the conformational flexibility on the
candidum unsaturated bonds. CaprylinC8, | kinetics and dimerisation process of two Candida
Bl P22394 (Oospora CaprinC10, LaurinC12, rugosa lipase isoenzymes.Pernas, M.A.; Lopez, C.;
! t?s) TrioleinC18:1, ElaidinC18:1, Rua, M.L.; Hermoso, J.;FEBS Lett. 501, 87-91
ac LinoleinC18:2(opt), (2001)
LinoleninC18:3
Several simple triglycerides. Long
Geotrichum chain fatty acid with cis-9 influence of the conformational flexibility on the
fermentans | unsaturated bonds. CaprylinC8, | kinetics and dimerisation process of two Candidal
Bll P79066 | (Trichosporo CaprinC10, LaurinC12, rugosa lipase isoenzymes.Pernas, MAA,; Lopez, C.;
n TrioleinC18:1, ElaidinC18:1, Rua, M.L.; Hermoso, J.;FEBS Lett. 501, 87-91
fermentans) LinoleinC18:2(opt), (2001)
LinoleninC18:3
With unsaturated long fatty acyl
chain: triolein, trivaccinin, . o
Geotrichum trilinolein, triinolenin With Influence of the conformational flexibility on the
BIl PI7573 candidum |saturated fatty acyl chain: tributyrin k'"etm? and f"me"sat'on process of t‘fvo Cand'dja
. ? : X rugosa lipase isoenzymes.Pernas, M.A_; Lopez, C.;
(Oospora | c4, trihexanoin C8, trioctanoin C8,| g 2 i | - Hermoso, JJFEBS Lett, 504, 87-91
lactis) tridecanin C10, trilaurin C12,

trimyristin C14, tripalmitin C16,
tristearin C18.

(2001)
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Sub- AC . [P
family | Number Organism Substrate Specificity Reference
Several simple triglycerides. Long
Yarrowia chain fatty acid with cis-9 Influence of the conformational flexibility on the
lipolytica unsaturated bonds. CaprylinC8, | kinetics and dimerisation process of two Candidaj
Blll | Q99156 Candid. CaprinC10, LaurinC12, rugosa lipase isoenzymes.Pernas, M.A_; Lopez, C.;
/(. Shis | TrioleinC18:1, ElaidinC18:1, | Rua, M.L; Hermoso, J./FEBS Lett. 501, 87-91
ipolytica) LinoleinC18:2(opt), (2001)
LinoleninC18:3
Several simple triglycerides. Long )
Yarrowia chain fatty acid with cis-9 Influence of the conformational flexibility on the
lipolytica unsaturated bonds. CaprylinC8, | kinetics and dimerisation process of two Candidal
Blil |Q96VCY g did CaprinC10, LaurinC12, rugosa lipase isoenzymes.Pernas, M.A,; Lopez, C.;
,(. St | TrioleinC18:1, ElaidinC18:1, | Rua, ML Hermoso, J FEBS Lett. 501, 87-91
ipolytica) LinoleinC18:2(opt), (2001)
LinoleninC18:3
Can lipases hydrolyze a peptide bond? Maruyama,
cl P61871 Rhizopus Tributyrine, 1,2-didecanoyl-rac- | T.; Nakajima, M.; Kondo, H.; Kawasaki, K.; Seki,
niveus glycerol M.; Goto, M.; Enzyme Microb. Technol. 32, 655-
657 (2003)
Rhizopus Can lipases hydrolyze a peptide bond? Maruyama,
cl P61872 oryzae Tributyrine, 1,2-didecanoyl-rac- | T.; Nakajima, M.; Kondo, H.; Kawasaki, K.; Seki,
{Rhizopus glycerol M.; Goto, M.; Enzyme Microb. Technol. 32, 655-
delemar) 657 (2003)
. . . Properties of recombinant Rhizomucor
tributyrine, 4-nitrophenyl S . - - o
decanoate, 1,2-O-dilauryl-rac- miehei lipase with amino acid substitutions
cl P19515 Rhizomucor lyCero-3- iutéric acid resorufin of Phe94 in the substrate binding domain,
miehei | O e Oh, S.-W.; Gaskin, D.J.H.; Kwon, D.Y;
! . ! ' Vulfson, E.N.; Biotechnol. Lett. 23, 563-568
trioctanin
(2001)
. . . Properties of recombinant Rhizomucor
tributyrine, 4-nitrophenyl L . . . I
. miehei lipase with amino acid substitutions
Penicilli decanoate, 1,2-O-dilauryl-rac- f Phe94 in the substrate binding d .
Cl P61870 eniciium glycero-3-glutaric acid resorufin 0 Fhe=a In the subsirate binding domain,
camembertii Oh, S.-W.; Gaskin, D.J.H.; Kwon, D.Y;

ester , tridecanin, trihexanin,
trioctanin

Vuifson, E.N.; Biotechnol. Lett. 23, 563-568
(2001)
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tributyrin,trioctanoin,trihexanin, . . o
methy! linoleate, methyl oleate Biochemical and structural characterization of
i P61869 Penicillium methvl ri inoleat,e olveth Iené triacylglycerol lipase from Penicillium cyclopium,
cyclopium sorb}lltancmonoole'aFt)e %maﬂrin ibrik, A.; Chahinian, H.; Rugani, N.; Sarda, L;
’ ’ Comeau, L.C.;Lipids 33, 377-384 (1998
trioleoylglycerol, tripalmitin P ( )
Thermomyce tridodecanoin, tributyrin, 4- S fcat haracterizati g
s nitrophenyl Caprylate, 1,2_ I'O-UC.IOH, pur' 1Icauon, characi enz.a lqn,'an .
Cil 059952 | lanuginosus | dioleoylglycerol, methy! linoleate, appl'c?tlons of _"p?ses’ Sharma, R ; Chisti, ¥.;
i Banerjee, U.C.; Biotechnol. Adv. 19, 627-662
(Humicola methyl oleate,methyl oleate, (2001)
lanuginosa) trioleoylglycerol
Purification and characterization of
Candida lysophosphatidylcholine, 1- lysophospholipase-transacylase of pathogenic
DI |QIUWF( Ibican palmitoyl-sn-glycero-3- fungus Candida albicans, Takahashi, M.; Banno,
aivicans phosphocholine Y.; Shikano, Y.; Mori, S.; Nozawa, Y Biochim.
Biophys. Acta 1082, 161-169 (1991)
Purification and characterization of
Candida lysophosphatidylcholine, 1- lysophospholipase-transacylase of pathogenic
DI 093795 Ibi palmitoyl-sn-glycero-3- fungus Candida albicans, Takahashi, M.; Banno,
aicans phosphocholine Y.; Shikano, Y.; Mori, S.; Nozawa, Y .Biochim.
Biophys. Acta 1082, 161-169 (1991)
Purification and characterization of
Candida lysophosphatidylcholine, 1- lysophospholipase-transacylase of pathogenic
DI |Q9UVX1 Ibicans palmitoyl-sn-glycero-3- fungus Candida albicans, Takahashi, M.; Banno,
aibica phosphocholine Y.; Shikano, Y.; Mori, S_; Nozawa, Y Biochim.
Biophys. Acta 1082, 161-169 (1991)
Torulaspora i ) Purification and characterization of
delbru e[:: Kii lysophosphatidyicholine, 1- lysophospholipase-transacylase of pathogenic
Dl Q1121 Sacch palmitoyl-sn-glycero-3- fungus Candida albicans, Takahashi, M.; Banno,|
(caei‘croasrgl;ny phosphocholine Y.; Shikano, Y.; Mori, S.; Nozawa, Y Biochim.

Biophys. Acta 1082, 161-169 (1991)
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lysophosphatidylcholine,
phosphatidylinositol-4,5- Purification and characterization of
Saccharomy bisphosphate, lysophospholipase-transacylase of pathogenic
D P39105 ces phosphatidylcholine, fungus Candida albicans, Takahashi, M.; Banno,
cerevisiae phosphatidylethanolamine, Y.; Shikano, Y.; Mori, S.; Nozawa, Y.Biochim.
phosphatidy]serine Biophys. Acta 1082, 161-169 (1991)
PtdSer>PtdIns>>PtdCho.PtdEtn
Candida Purification and characterization of
labrata lysophosphatidylcholine, 1- lysophospholipase-transacylase of pathogenic
DIl | Q8TGO7 .,? loDSi paimitoyl-sn-glycero-3- fungus Candida albicans, Takahashi, M.; Banno,
(Torulopsis phosphocholine Y.; Shikano, Y.; Mori, S.; Nozawa, Y.Biochim.
glabrata) Biophys. Acta 1082, 161-169 (1991)
Purification and characterization of
Kluyveromyc . . lysophospholipase-transacylase of pathogenic
Dl 059863| es lactis Iyso’? hosg) i;f:!(}ld'y:qcr:.ohne, fungus Candida albicans, Takahashi, M.; Banno,
(Yeast) phosphatidylcholine Y.; Shikano, Y.; Mori, S.; Nozawa, Y .Biochim.
Biophys. Acta 1082, 161-169 (1991)
1-acyl-sn-glycero-3-
phosphocholin, 2-
acylglycerophosphocholine, Purification and some properties of soluble
Saccharomy phosphatidylinositol, phospholipase B from baker's yeast
Dl Q08108 ces phosphatidylserine, (Saccharomyces cerevisiae), lchimasa, M.;
cerevisiae phosphatidylinositol-4,5- Shiobara, M.; Agric. Biol. Chem. 49, 1083-1089
bisphosphate,Missing the other 2 (1985)
from P39105 and
Q03674(ptdCho,PtdEtn)
phosphatidylinositol-4,5- " .
bisphosphate Purification and some properties of soluble
Saccharomy hosphatid Ichol’ine phospholipase B from baker's yeast
DH Q03674 ces h p h pt dvl t);'n | ! (Saccharomyces cerevisiae), Ichimasa, M.;
cerevisiae P Oz‘r)woi;h);g dy‘;‘s";;’:'"e’ Shiobara, M.; Agric. Biol. Chem. 49, 1083-1089
1985
PtdSer>Ptdins>>PtdCho.PtdEtn ( )
. hosphatidylinositol-4,5-
Candida P gisphgsphate Purification and some properties of soluble
glabrata hosohatid Ichol’ine phospholipase B from baker's yeast
DIl | Q8TGO06| (Yeast) h P h F,: avl t);1 | '. (Saccharomyces cerevisiae), Ichimasa, M.;
Torulopsis phosphatidyleihanolamine, Shiobara, M.; Agric. Biol. Chem. 49, 1083-1089
( P phosphatidylserine (1985)
glabrata) | priser>Ptdins>>PtdCho.PtdEtn
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phosphatidylinositol-4,5- o .
Penicillium bisphosphate, Punﬁ:aho: a;nd sogi prop:)el;(hef of sol;:ble
. . phospholipase B from baker's yeas
DIl P39457 C’;)WSQQ;??U’" h phis‘:zatlldt};:(;hc:mei (Saccharomyces cerevisiae), Ichimasa, M.;
(Penicillium phosphatdylethanolamine, Shiobara, M.; Agric. Biol. Chem. 49, 1083-1089
notatum) phosphatidylserine (1985)
PtdSer>PtdIns>>PtdCho.PtdEtn
phosphatidylinositol-4,5- o .
bisphosphate, Punﬁ;atlo'? ?nd sog(fa pro;;)er:ler:.; of solrble
Neurospora phosphatidylcholine, phosphotipase B from baker's yeas .
Dl | 042790 hosphatidviethanolami (Saccharomyces cerevisiag), Ichimasa, M.;
crassa phosphatidyiethanolamine, Shiobara, M.;Agric. Biol. Chem. 49, 1083-1089
phosphatidylserine (1985)
PtdSer>Ptdins>>PtdCho.PtdEtn
lysophosphatidyicholine ,
, lysophosphatidylethanolamine, | Purification and some properties of phospholipasg
Schizosacch AN . L
Div | 013857| aromyces phosphatidylinositol, B from Schizosaccharomyces pombe, Oishi, H.;
b phosphatidylserine, Tsuda, S.; Watanabe, Y.; Tamai, Y. Biosci.
pombe lysophosphatidylethanolamine, Biotechnol. Biochem. 60, 1087-1092 (1996)
phosphatidic acid
lysophosphatidyicholine ,
. lysophosphatidylethanolamine, | Purification and some properties of phospholipasg
Schizosacch AT - AN
piv | Qop327| aromyces phosphatidylinositol, B from Schizosaccharomyces pombe, Oishi, H.;
b phosphatidyiserine, Tsuda, S.; Watanabe, Y.; Tamai, Y.Biosci.
pomboe lysophosphatidylethanolamine, Biotechnol. Biochem. 60, 1087-1092 (1996)
phosphatidic acid
lysophosphatidyicholine ,
. lysophosphatidylethanolamine, | Purification and some properties of phospholipasq
Schizosacch AN . L
oIV [Qoy7Ne| aromyces phosphatidylinositol, B from Schizosaccharomyces pombe, Oishi, H.;
b phosphatidylserine, Tsuda, S.; Watanabe, Y.; Tamai, Y.Biosci.
pombe lysophosphatidylethanotamine, Biotechnol. Biochem. 60, 1087-1092 (1996)
phosphatidic acid
lysophosphatidyicholine ,
. lysophosphatidylethanolamine, | Purification and some properties of phospholipass
Schizosacch AR . AN
DIV |QouTHS| aromyces phosphatidylinositol, B from Schizosaccharomyces pombe, Oishi, H.;
pombe phosphatidylserine, Tsuda, S.; Watanabe, Y.; Tamai, Y.Biosci.

lysophosphatidylethanolamine,
phosphatidic acid

Biotechnol. Biochem. 60, 1087-1092 (1996)
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lysophosphatidylcholine ,
Schizosacch lysophosphatidylethanolamine, .| Purification and some properties of phospholipasd
DV | p788s4| aromvees phosphatidylinositol, B from Schizosaccharomyces pombe, Qishi, H.;
omy phosphatidylserine, Tsuda, S.; Watanabe, Y.; Tamai, Y.Biosci.
pombe lysophosphatidylethanolamine, Biotechnol. Biochem. 60, 1087-1092 (1996)
phosphatidic acid
1,2-dioleoylphosphatidylcholine,
1,2-
dioleoylphosphatidylethanolamine, L o
Cryptococcu | 1,2-diol eoylphosphatidylserine, Punﬁcatnon_and characterization 9f secretory
. X phospholipase B, lysophospholipase and
s lysophosphatidylcholine , . .
DV | Q9P8P2 p | hosphatidviethanolami lysophospholipase/transacylase from a virulent
neo ormar?§ ysophosphati ,y e' an.o amine, strain of the pathogenic fungus Cryptococcus
var. grubii phosphatidylinositol, neoformans
phosphatidylserine,
lysophosphatidylethanolamine,
phosphatidic acid
1,2-dioleoylphosphatidyicholine,
1,2-
dioleoylphosphatidylethanolamine, o o
1,2-dioleoylphosphatidylserine, Punﬁcatlon. and characterization gf secretory
Cryptococcu ; : phospholipase B, lysophospholipase and
lysophosphatidylcholine , " .
DV | Q9P8LLI s | hosphatidylethanolami lysophospholipase/transacylase from a virulent
neoformans ysophosphati _y e_ an.o amine, strain of the pathogenic fungus Cryptococcus
phosphatidylinositol, neoformans
phosphatidylserine,
lysophosphatidylethanolamine,
phosphatidic acid
Saccharomy phosphatidylinositol, Structure, function, and control of phosphoinositide
E P34163 cos phosphatidylinositol 4,5- specific phospholipase C, Rebecchi, M.J.;
. bisphosphate, 1-phosphatidyl-1D-{  Pentyala, S.N.; Physiol. Rev. 80, 1291-1335
cerevisiae Phosp phosp y
myo-inositol 4,5-bisphosphate (2000}
Saccharomy S . L
ces phosphatidylinositol, Structure, function, and control of phosphoinositide
. phosphatidylinositol 4,5- specific phospholipase C, Rebecchi, M.J.;
F P32383 | cerevisiae
bisphosphate, 1-phosphatidyl-1D-|  Pentyala, S.N.;Physiol. Rev. 80, 1291-1335
(Baker's phosp! phosp y!
yeast) myo-inositol 4,5-bisphosphate (2000)
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phosphatidylinositol, Structure, function, and control of phosphoinositide
F 013433 Candida phosphatidylinositol 4,5- specific phospholipase C, Rebecchi, M.J.;
albicans | bisphosphate, 1-phosphatidyl-1D-{  Pentyala, S.N.;Physiol. Rev. 80, 1291-1335
myo-inositol 4,5-bisphosphate (2000)
Schizosacch phosph?tidylinc?sitol, Structure,. function, anq control of phospl'woinositide
F P40977 | aromyces phosphatidylinositol 4.,5- specific phospholipase C, Rebecchi, M.J.;
ombe bisphosphate, 1-phosphatidyl-1D-{  Pentyala, S.N.;Physiol. Rev. 80, 1291-1335
p myo-inositol 4,5-bisphosphate (2000)
Saccharomyc] phosphatidyicholine Molecular and biochemical properties and
G P36126 es cerevisiae phosphati dylethanolan’xin physiological roles of p{ant phosr?holipase D,
(Baker's hosphatidvlserine ! Pappan, K.; Wang, X.;Biochim. Biophys. Acta
yeast) phospnaticy 1439, 151-166 (1999)
©
& Saccharomyc] Molecular and biochemical properties and
3‘ Ps4gs7 | €8 cerevisiae| tributyrin, triglyceride with short physiological roles of plant phospholipase D,
5 (Baker's chain fatty acids Pappan, K.; Wang, X.;Biochim. Biophys. Acta
g yeast 1439, 151-166 (1999)
@ Candida . o o
of antarctica Proc'iuctllon, pur!ﬁcatlon, charactenzatlo_n,.and
5 P41365 (Yeast) Tributyrin applications of Ilp:?ses, Sharma, R.; Chisti, Y ;
5 N Banerjee, U.C.; Biotechnol. Adv. 19, 627-662
£ (Trichosporo (2001)
O n oryzae)
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