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Simple Summary: Glutathione transferases are key enzymes found in all living species. In insects,
two classes of these enzymes are specific: the Delta and Epsilon classes. These classes of glutathione
transferases are generally considered supports during the evolution for the adaptability of the species
of an insect. We measured the expression levels of the 25 enzymes forming these two classes in
different organs of Drosophila melanogaster. Some glutathione transferases are tissue-specific, others
are specifically underexpressed in some tissues, and some appear expressed at the same level in all
the tested tissues. All glutathione transferases present a specific pattern that does not depend on their
sequence proximity. This study allows us to better understand the potential role of these enzymes by
analyzing their expression profile and evolutionary links.

Abstract: Glutathione transferases (GSTs) are ubiquitous enzymes that catalyze the conjugation of
glutathione to various molecules. Among the 42 GSTs identified in Drosophila melanogaster, Delta
and Epsilon are the largest classes, with 25 members. The Delta and Epsilon classes are involved in
different functions, such as insecticide resistance and ecdysone biosynthesis. The insect GST number
variability is due mainly to these classes. Thus, they are generally considered supports during the
evolution for the adaptability of the insect species. To explore the link between Delta and Epsilon
GST and their evolution, we analyzed the sequences using bioinformatic tools. Subgroups appear
within the Delta and Epsilon GSTs with different levels of diversification. The diversification also
appears in the sequences showing differences in the active site. Additionally, amino acids essential for
structural stability or dimerization appear conserved in all GSTs. Quantitative real-time polymerase
chain reaction (qQRT-PCR) analysis revealed that the transcripts corresponding to these two classes are
heterogeneously expressed within D. melanogaster. Some GSTs, such as GSTDI, are highly expressed
in all tissues, suggesting their general function in detoxification. Conversely, some others, such as
GSTD11 or GSTE4, are specifically expressed at a high level specifically in antennae, suggesting a
potential role in olfaction.

Keywords: glutathione transferases; expression; Drosophila melanogaster; function; localization;
insecticide resistance

1. Introduction

Glutathione transferases (GST) are ubiquitous enzymes that are present in all king-
doms of life. They represent a key family of enzymes involved in various processes,
including detoxification. GST members constitute the GSTome [1] and can be divided into
three superfamilies based on their cellular localization: mitochondrial, microsomal and
cytosolic, also named canonical GSTs. The mitochondrial class (Kappa GSTs) is present
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in many eukaryotes but is absent in insects [2]. Only one microsomal GST (also called
membrane-associated protein in eicosanoid and glutathione metabolism, or MAPEG) was
identified in Drosophila melanogaster [3]. The microsomal class is not evolutionarily related
to the cytosolic classes. Their respective sequences are different, but the two classes share
a common transferase activity. Consequently, all cytosolic GSTs evolved from a common
ancestor. The classes are designated by Greek letters; generally, a class contains several
GSTs, which are numbered using Arabic numerals. In D. melanogaster, 42 GSTs belonging
to six different classes have been identified: Theta, Omega, Sigma, Zeta, Delta, and Epsilon.
The Delta and Epsilon classes appear to be specific to arthropods, including insects and,
thus, D. melanogaster. All solved structures of Delta and Epsilon GSTs are homodimeric,
similar to most GSTs. The GST numbers are variable among the different insect species [4].
This variability is due mainly to the number of Delta and Epsilon classes. For instance,
Apis mellifera has only one GST member in the Delta class and not any GST member in
the Epsilon class. In contrast, more than half of the GSTs belong to these two classes in
D. melanogaster or Anopheles gambiae. This variation has been proposed to play a key role in
the adaptation of insects in response to environmental selection pressures [4]. Among the
42 distinct GSTs identified in D. melanogaster, 25 belong to the Delta and Epsilon classes
(GSTD and GSTE, respectively), representing the largest classes. All 25 GSTDs and GSTEs
present glutathione transferase activity and can potentially be involved in the detoxification
process; however, only GSTD3 does not exhibit this activity [5,6].

GSTs are known to belong to the phase I enzymes of the general detoxification process.
This process can be divided into three phases, including a first phase with enzymes involved
in the activation of exogenous molecules, and a second phase where different enzymes
can act, including GSTs, which is dedicated to the enzymatic addition of a polar group.
The third and last phase occurs when the first two phases act inside the cells and consist
of the elimination of the polar molecule formed from the cell. Drosophila GSTs have also
been shown to be active toward endogenous toxic compounds such as 4-hydroxynonenal,
which is highly reactive and can affect protein function [6]. The catalytic efficiency of
GSTD1 is of the same order as the catalytic efficiency of mammalian GSTs described as
specialized in this function [6]. In addition, isomerase activity was recently described for
GSTE14, previously shown to be involved in ecdysone biosynthesis, which is essential for
molting (ecdysis) [7,8]. GSTE14 presents steroid double-bond isomerase activity, which is
only 50-fold lower than the steroid double-bond isomerase activity of the most efficient
mammalian GSTs [9]. In addition to this specific function of GSTE14, in general, the
activity of the Delta and Epsilon classes is involved in resistance to synthetic insecticides
such as organophosphate or natural insecticides such as isothiocyanates produced by
plants [10-17]. Overexpression of GSTE7 in D. melanogaster provides significant protection
against isothiocyanates found in cruciferous species [18]. However, insecticide-resistant
insect strains show elevated expression of primarily Delta and Epsilon GSTs rather than
changes in the expression of a particular GST gene.

Because of the redundancy of GST Epsilon and Delta functions, some of these GSTs
have potentially evolved to support new functions in different insect species. Moreover,
some organs are more prone to be in contact with xenobiotics than others. Thus, one
can wonder if GST expression differs depending on the organ. GST exhibiting a specific
function could be expressed in a specific organ, whereas GST with a generalist detoxification
function could have ubiquitous expression in the body. This work aims to decipher the GST
Delta and Epsilon amino acid sequences and their localization in different D. melanogaster
organs using quantitative polymerase chain reaction (qQPCR) analysis. After an analysis of
the Delta and Epsilon GST amino acid sequences, the expression level of the corresponding
coding mRNA will be measured in the different organs of the fly. Then, this localization
will be discussed with respect to the knowledge of its biological function.






















































