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In addition to their well-established role in detoxication, glutathione transferases (GSTs)
have other biological functions. We are focusing on the ketosteroid isomerase activity,
which appears to contribute to steroid hormone biosynthesis in mammalian tissues. A
highly efficient GST A3-3 is present in some, but not all, mammals. The alpha class enzyme
GST A3-3 in humans and the horse shows the highest catalytic efficiency with KooK
values of approximately 10 M~'s™", ranking close to the most active enzymes known. The
expression of GST A3-3 in steroidogenic tissues suggests that the enzyme has evolved to
support the activity of 3B-hydroxysteroid dehydrogenase, which catalyzes the formation of
5-androsten-3,17-dione and 5-pregnen-3,20-dione that are substrates for the double-
bond isomerization catalyzed by GST A3-3. The dehydrogenase also catalyzes the
isomerization, but its ke, of approximately 1 s~ is 200-fold lower than the k. values
of human and equine GST A3-3. Inhibition of GST A3-3 in progesterone-producing human
cells suppress the formation of the hormone. Glutathione serves as a coenzyme
contributing a thiolate as a base in the isomerase mechanism, which also involves the
active-site Tyr9 and Arg15. These conserved residues are necessary but not sufficient for
the ketosteroid isomerase activity. A proper assortment of H-site residues is crucial to
efficient catalysis by forming the cavity binding the hydrophobic substrate. It remains to
elucidate why some mammals, such as rats and mice, lack GSTs with the prominent
ketosteroid isomerase activity found in certain other species. Remarkably, the fruit fly
Drosophila melanogaster, expresses a GSTE14 with notable steroid isomerase activity,
even though Ser14 has evolved as the active-site residue corresponding to Tyr9 in the
mammalian alpha class.

Keywords: ketosteroid isomerase, androstenedione, progesterone, ecdysteroid, glutathione, steroid hormone,
enzyme evolution, alternative functions

INTRODUCTION

Our understanding of the various physiological roles of the protein family referred to as glutathione
transferases (GSTs) has progressed since their discovery in 1961 and continues to evolve. The first
publications reported enzyme activity involving displacement of a halide ion from an aromatic compound,
resulting in an S-substituted glutathione conjugate (Booth et al., 1961; Combes and Stakelum, 1961). Eric
Boyland called the corresponding protein glutathione S-aryltransferase, and further named glutathione
S-aralkyltransferase, S-alkyltransferase, S-epoxidetransferase, and S-alkenetransferase on the premise that
they were separate enzymes with corresponding substrate specificities (Boyland and Chasseaud, 1969a).
However, investigations by several groups (Clark et al., 1973; Habig et al., 1974b; Askelof et al.,, 1975)
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demonstrated that GSTs consists of a family of enzymes with
overlapping specificities, such that the original designations
became obsolete. These observations led to the simplified name
glutathione transferase without any prefix (Mannervik et al,
2005). In spite of their overlap in substrate acceptance, the GSTs
demonstrate distinctive activity profiles, as further elaborated below.

GSTs were first recognized as enzymes inactivating
xenobiotics, in particular electrophilic ~mutagens and
carcinogens, leading to their excretion as mercapturic acids
(Boyland and Chasseaud, 1969b). However, the demonstration
that toxic electrophiles produced by endogenous oxidative
processes are GST substrates provided a more plausible
explanation for driving the evolution of the enzymes
(Mannervik, 1985; Mannervik, 1986) than the observation that
they catalyze detoxication of foreign compounds.

An independent set of reports identified a remarkably
abundant protein in liver with affinity for carcinogens, steroid
hormones, bilirubin and synthetic dyes. The wide-ranging
binding properties were similar to those of albumin in blood
plasma and the name “ligandin” was therefore coined (Litwack
et al., 1971). The function of ligandin was proposed to facilitate
uptake and transport of hydrophobic molecules such as bilirubin
by tight intracellular binding of the ligand (Listowsky et al., 1978).
The ligandin protein was identified with GST B in rat liver (Habig
et al., 1974a), a dimeric protein composed of subunit Al in the
alpha class, according to the current nomenclature (Mannervik
et al., 2005). In the macula of the human eye the pi class member
GST PI1-1 has more recently been found to be a high-affinity
zeaxanthin-binding protein (Bhosale et al, 2004). The
physiological role of the carotenoid binding remains unknown,
but it was speculated that GST P1-1 may catalyze the double-
bond isomerization of lutein into zeaxanthin similar to the
ketosteroid isomerization discussed below.

A completely different binding function was uncovered when
GST of the pi class was found to be an endogenous inhibitor of
Jun N-terminal kinase (JNK), thereby contributing to regulation
of a protein kinase responsive to cellular stress (Adler et al., 1999).
Members of the alpha and mu classes of GSTs have also been
connected to cellular signaling via binding to protein kinases
(Board and Menon, 2013).

In addition to the dimeric cytosolic GSTs, which are in focus in
the present article, trimeric membrane-associated GST proteins,
have also been identified. They are structurally unrelated to the
soluble GSTs and the protein family has been named MAPEG
(membrane-associated proteins in eicosanoid and glutathione
metabolism), since some of the members act as leukotriene C
and prostaglandin E synthases (Jakobsson et al., 1999). In this
manner MAPEG proteins contribute to the biosynthesis of
physiological signal molecules. This is also the function of the
soluble sigma class GST S1-1, alternatively known as
hematopoietic prostaglandin D synthase (Kanaoka et al., 2000).

Primary Structures and Classification of

Glutathione Transferases
40 years ago scattered aminoacid sequence data were available for
rodent and human GSTs. In combination with immunological
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FIGURE 1 | Phylogram of the aminoacid sequences of the 18 subunits of
soluble GSTs encoded in the human genome. The members of GST classes
alpha, pi, mu, theta, zeta, omega, and kappa are distinguished by
corresponding initial letters, whereas the sigma class member GST S1 is
commonly referred to as prostaglandin D2 synthase (PGD 2). The catalytically
active forms are dimers with broad but distinct specificities for alternative
substrates. Prominent ketosteroid isomerase activity with 5-and rosten-3,17-
dione and 5-pregnen-3,20-dione is displayed by GST A3-3, and
approximately 10-fold lower by GST A1-1, but not by other alpha class
members or another GST.

cross-reactivities and functional data they formed the basis of an
evolutionary tree (Mannervik et al, 1985). Three separate
branches of mammalian cytosolic GSTs named alpha, mu, and
pi were recognized, which clearly were distinct from the
microsomal GST. Additional divergent classes of cytosolic
GSTs were subsequently identified and named omega, sigma,
theta, and zeta as well as the distantly related kappa class GST
found in mitochondria and peroxisomes (Hayes et al., 2005).
Figure 1 shows a phylogram based on the aminoacid sequences of
the 18 distinct gene products occurring as soluble dimeric
proteins in humans. The current nomenclature specifies a
particular GST by the first letter of the name of the class that
the GST belongs to, followed by its subunit composition by
number in the class (Mannervik et al, 2005). When the
biological species needs to be specified a prefix is added, e.g,,
HsaGST Al-2 for the Homo sapiens GST composed of subunit 1
and subunit 2 in the alpha class. Members of the same GST class
show high aminoacid identity in their sequences, whereas
members of different classes usually show <40% identity.

In the original analysis, classification appeared to be supported
by functional data such as substrate selectivity and inhibition
characteristics (Mannervik et al., 1985). However, the finding that
mutation of a single aminoacid residue can drastically alter the
substrate specificity and other characteristics (Bjornestedt et al.,
1995b; Norrgard et al., 2006) makes these criteria less conclusive
for GST class assignments. Prominent ketosteroid isomerase
activity is displayed by HsaGST A3-3, and approximately 10-
fold lower by HsaGST A1-1, but not by the other alpha class GST's
(Johansson and Mannervik, 2001). The effect of subtle differences
in sequence makes it difficult to accurately predict functional
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FIGURE 2 | Double-bond isomerization of 5-androsten-3,17-dione and
5-pregnen-3,20-dione catalyzed by GST A3-3 and other ketosteroid
isomerases. The structurally related 5-cholesten-3-one is not a substrate.

properties, as evidenced by the quest for GSTs with ketosteroid
isomerase activity described below.

Discovery of Ketosteroid Isomerase

In 1955 Talalay and Wang discovered a new enzymatic reaction
involving ketosteroids, including 5-androsten-3,17-dione (5-AD)
and 5-pregnen-3,20-dione (5-PD), and purified a highly active
isomerase from Pseudomonas bacteria (Talalay and Wang, 1955).

The enzyme, ketosteroid isomerase, obtained from several
bacterial species has subsequently been extensively investigated
by incisive structural and functional studies owing to its
extraordinary catalytic efficiency (Yabukarski et al., 2020; and
papers cited therein). The chemical reaction involves the
deprotonation of C4 in the A ring of the steroid substrate,
thereby enabling the double bond between C5 and C6 to
isomerize to a double bond between C4 and C5 (Figure 2).
The process proceeds via an intermediate dienolate and is
independent of metal ions or any other cofactor.

In 1976 Benson and Talalay discovered that the cytosolic
fraction of rat liver catalyzes the same steroid isomerization of
5-androsten-3,17-dione, but in distinction from the bacterial
enzyme the reaction included reduced glutathione as a
designated coenzyme (Benson and Talalay, 1976). Another
difference was the modest specific activity of the rodent
enzyme (0.545 umol min~' mg™") in comparison with the five

Ketosteroid Isomerase

orders of magnitude higher activity of the Pseudomonas enzyme
(Kawahara et al, 1962). Further investigations identified the
hepatic rat enzyme with GST B (nowadays called RnoGST Al-
1) and it was furthermore found that purified human hepatic
GSTs from the Jakoby laboratory displayed even higher specific
activity than the rat enzyme (Benson et al., 1977).

In retrospect, it is clear that the ketosteroid isomerase activity
of the GST in human liver (Benson et al., 1977) resided in the
alpha class subunit A1, which occurs in the two isoenzymes GST
Al-1 and GST A1-2 (called GST B;B; and B;B, in Stockman
1985). The members of the different GST classes are
encoded on separate chromosomes and the Board laboratory
identified an alpha class gene on chromosome 6, which
corresponded to a protein not previously recognized (Suzuki
et al, 1993). The new enzyme GST A3-3 was cloned from
human placenta and characterized in our laboratory and
found to be the most efficient ketosteroid isomerase so far
detected in mammals (Johansson and Mannervik, 2001).
Notably, the enzyme was not detected in liver, but only in
steroid hormone producing tissues. More recently, an equally
efficient horse GST A3-3 was identified in steroidogenic organs
such as ovary, testis, and adrenal gland (Lindstrom et al., 2018).

et al.,

Mechanism of Ketosteroid Isomerase
Catalyzed by Mammalian Glutathione
Transferases

The double-bond isomerization of ketosteroids has been
investigated with 5-AD and 5-PD (Figure 2). In both
substrates the double bond is shifted towards the 3-keto group
thereby forming a conjugated n-bond system in the products 4-
AD and 4-PD. Remarkably, 5-cholesten-3-one, derived by
oxidation of the 3-hydroxyl group of cholesterol, is not a
substrate in spite of a structure of the A and B rings identical
to that in 5-AD and 5-PD, in which the double bond
isomerization occurs (Figure 2). The inability of 5-cholesten-
3-one to serve as substrate for the bacterial ketosteroid isomerase
was noted in the original publication (Talalay and Wang, 1955),
and the purified mammalian GST A3-3 from different sources
also lack detectable activity with this steroid (unpublished work in
our laboratory). Structural modeling suggests that the bulky
aliphatic sidechain prevents binding to the active site.

Investigations of the Pseudomonas ketosteroid isomerase
based on deuterium and tritium labeling of reactants provided
evidence for direct and stereospecific diaxial proton transfer from
the 4p to the 6P position (Talalay, 1965). On the other hand,
tritium exchange with the medium suggested that the isomerase
occurring in animal tissues did not catalyze a similar direct
proton transfer. Experiments with purified GSTs have not
been reported, but the mechanism involving the sulfur of
glutathione (see below) could be expected to show proton
exchange with the solvent.

The role of glutathione in the mammalian GSTs catalyzing the
ketosteroid isomerization was not evident, since the bacterial
isomerase did not require a cofactor (Benson and Talalay, 1976).
Glutathione could be either a direct participant in the reaction
mechanism or just serve as an activator of the GST. Like most
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GST-catalyzed chemical reactions the isomerization of 5-AD
takes place spontaneously at a low, but measurable rate.
Glutathione stimulates this nonenzymatic reaction, but
addition of GST enzyme increases the rate by several orders of
magnitude (Pettersson and Mannervik, 2001; Johansson and
Mannervik, 2002). The GST in the absence of glutathione also
shows a minor catalytic effect on the steroid double-bond
isomerization. S-Methylglutathione, which is lacking the free
thiol group present in glutathione, stimulates neither the
nonenzymatic nor the GST-catalyzed isomerization, but
inhibits the glutathione-independent GST catalysis (Pettersson
and Mannervik, 2001). These findings are rationalized by the
direct involvement of glutathione as a coenzyme. Detailed steady-
state kinetic analyses of human GST Al-1 clarified the overall
mechanism involving the two main functional residues, the
thiolate of glutathione and the phenol group of Tyr9. The pK,
value of the thiol of glutathione is lowered by 2.5 units from 9.2 in
solution to 6.7 when bound to GST Al-1 (Pettersson and
Mannervik, 2001). The thiolate serves as base removing a
proton from C4 in the steroid substrate. The sulfur atom of
glutathione is close to the OH of Tyr9 in the active site (Grahn
et al., 2006), but the hydroxyl group of Tyr9 has only a marginal
effect on the ionization of glutathione as demonstrated by the
small increase of its pK, value from 6.7 to 7.2 when Tyr9 was
mutated into Phe (Pettersson and Mannervik, 2001). Instead, the
basic group causing the unusual acidity of the thiol group resides
in the glutathione molecule itself in the form of the free
a-carboxylate of the glutamyl residue (Gustafsson et al., 2001).
The absence of the carboxylate in 4-aminobutyrylcysteinylglycine
(GABA-Cys-Gly) lowers the ketosteroid isomerase activity by a
factor of 24,000. Structural studies demonstrate that the binding
mode of the alternative thiol substrate is similar to that of
glutathione (Grahn et al, 2006). Even though Tyr9 is not a
base causing the unusual acidity of the thiol, it contributes to
the mechanism as indicated by the low isomerase activity of the
Tyr9Phe mutant, being only 2% of the wildtype activity
(Pettersson and Mannervik, 2001). The pK, of Tyr9 is 8.1 in
the free GST A1-1, but the value increases to 9.2 when glutathione
is bound (Bjornestedt et al., 1995a). The increased pK, appears
dependent on the ionized thiolate, since S-methylglutathione is
without effect on the ionization of Tyr9.

A second aminoacid residue of mechanistic importance is
Argl5, which is widely conserved among the known alpha class
GSTs (Dourado et al., 2010). Its guanidinium sidechain can form
ahydrogen bond to the sulfur of glutathione, thereby lowering the
pK, value of the thiol group, and mutation of Argl5 to Ala or His
decreases the steroid isomerase activity by two orders of
magnitude, twice the effect of the Tyr9Phe mutation
(Bjornestedt et al., 1995a).

The mechanistic studies of human GST A1-1 were extended to
human GST A3-3 following the discovery of the latter enzyme
(Johansson and Mannervik, 2001). The results were very similar,
even though glutathione bound to GST A3-3 showed a thiol pK,
value of 6.1 and Tyr9 phenol pK, of 7.9, somewhat lower than the
corresponding pK, values of GST Al-1 (Johansson and
Mannervik, 2002). The specific activity with 5-androsten-3,17-
dione decreased 350-fold by the Tyr9Phe mutation due to the

Ketosteroid Isomerase

same diminution of the kg, value. A limited effect on the pK,
value of the glutathione thiol by the same mutation suggested that
the evolutionarily conserved Argl5 makes a major contribution
to ionization of the thiol group.

Human GST A3-3, which, similar to the equine GST A3-3,
shows the highest ketosteroid isomerase activity in mammals, has
been subjected to analysis at the atomic level based on density
functional theory calculations to put forward a refined
mechanism for the isomerization of 5-AD (Dourado et al.,
2014). The mechanism includes three consecutive chemical
steps interspaced by two conformational rearrangements of
Tyr9, comprising a total of five elementary steps (Figure 3).

In the first step, the thiolate of glutathione acts as a base and
deprotonates carbon C4. The second step is a conformational
rearrangement of Tyr9 leading to a direct interaction of Tyr9 with
carbon C6. In the third step, Tyr9 serves as an acid and protonates
C6 in the second chemical step. The fourth step of the mechanism
consists of a second Tyr9 rearrangement that allows direct
interaction of the Tyr9 phenolate with the glutathione thiol. In
the fifth step of the mechanism, which is the third chemical step,
Tyr9 deprotonates the glutathione thiol, restoring the active site
of the enzyme to the initial state. In the computational study, no
support was found for the hypothesis that a water molecule could
serve as an alternative to Tyr9 as a proton donor (Dourado et al,,
2014). Glutathione has a twofold function in the catalysis. In
addition to serving as a base, it polarizes the O3 atom of the
steroid substrate by a hydrogen bond from the nitrogen of glycine
in the glutathione molecule. This bond promotes the formation of
the dienolate intermediate in the isomerization. The alternative
cofactor y-Glu-Cys, which is lacking glycine, shows 6.5-fold lower
catalytic efficiency than glutathione in the isomerization of 5-AD
catalyzed by EcaGST A3-3 (Lindstrom et al., 2018). This decrease
corresponds to a 1.1 kcal mol ™" loss of binding energy due to the
absence of the glycine residue. For comparison of the
mechanisms, the reaction catalyzed by the bacterial ketosteroid
isomerase entails stabilization of the dienolate by a Tyr and an
Asp residue interacting with the O; atom, whereas a single Asp
residue serves the acid/base function exerted by the glutathione
thiolate/Tyr9 pair in GST A3-3 (Pollack, 2004).

Substrate Selectivity in Glutathione

Transferases

The cytosolic mammalian GSTs are composed of two similar or
identical subunits, which in the alpha class usually each contain 222
encoded residues. The N-terminal domain consisting of 80-odd
residues adopts a thioredoxin-like fold and harbors the G-site,
which binds glutathione with a number of highly conserved
residues as well as with ionic bonds from Asp101 and Glu 131 in
the adjacent subunit (Sinning et al., 1993). A second binding cavity,
the H-site, is formed by three regions of the primary structure: 1) in
the N-terminus contributions from residues 10,12 and the methylene
groups of Argl3, Glyl4, and Argl5; 2) in the middle of the sequence
residues 107, 108, 110, 111 and the aliphatic portion of Glu104 (which
forms an ionic bond with Argl5); and 3) in the C-terminus by
residues 208, 213, 216, 220, and 222 (Figure 4). The H-site is highly
hydrophobic and variations in its topology are important for the
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FIGURE 3 | Mechanism proposed for the isomerization of 5-androsten-3,17-dione by GST A3-3. Formation of the thiolate, which acts as a base, requires the
a-carboxylate of Glu in the glutathione molecule. The NH of Gly in glutathione polarizes the O=C3 bond of the steroid. The hydroxyl group of Tyr9 in the active site rotates
between the sulfur of glutathione and C6 of the steroid substrate and serves as an acid in the catalysis. (Figure with permission from Dourado et al., 2014).

substrate selectivity of the enzyme. Modest structural H-site
rearrangements in HsaGST Al-1 can install a novel pronounced
preference for alkenal substrates (Nilsson et al., 2000). Similarly,
HsaGST A2-2, which has minimal ketosteroid isomerase activity was
mutated in five H-site residues to attain a 3,500-fold higher catalytic
efficiency with 5-AD (Pettersson et al.,, 2002).

Development of Ketosteroid Isomerase
Activity in the Glutathione Transferase
Structure

The discovery of human GST A3-3 (HsaGST A3-3) and its
association with steroidogenic tissues (Johansson and Mannervik,
2001) prompted the search for mammalian orthologs with similar
outstanding catalytic efficiency. The equine EcaGST A3-3 and

HsaGST A3-3 display k. /K,, values of 1.6 x 10" and 8.6 x
10°M™'s™", respectively (Lindstrom et al, 2018) ranking them
among the enzymes with particularly high activity (Wolfenden
and Snider, 2001), even though the bacterial ketosteroid
isomerase has an even higher catalytic efficiency of approximately
4 x 10* M 's™" (Hawkinson et al,, 1991) approaching a diffusion-
controlled encounter rate of enzyme and substrate ( 108-10° M 1s7h).

BtaGSTAI-1, an alpha class GST identified in tight association
with bovine steroidogenically active cells and shown to be hormonally
regulated by gonadotropins in the bovine ovarian follicles, appeared
to be a likely isomerase (Rabahi et al., 1999). However, in spite of 82%
identity in primary structure with human GST A3-3, the bovine
enzyme showed two orders of magnitude lower activity with both 5-
AD and 5-PD (Raffalli-Mathieu et al,, 2007). By contrast, a porcine
enzyme entitled SscGST A2-2, linked to ovarian follicular
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FIGURE 4 | Subunit of human GST A3-3 indicating H-site interactions

with a bound steroid ligand. Fragments <5.0 A distant from the steroid
molecule are indicated in red, including ball and stick representations of side
chains from (counter clockwise): Phe10, Tyr9, Gly14, and Arg15 (below);
Leu107, Leu108, Pro110, and Leu111 (right); Ala208, Leu213, Ala216,
Phe220, and Phe222 (left). The model is based on the crystal structure of GST
A3-3 (PDB ID: 2vcv) in complex with the product 4-androsten-3,17-dione
using Chimera 1.15 (Pettersen et al., 2004). It is assumed that the substrate 5-
androsten-3,17-dione binds in a similar pose subject to the conformational
adjustments for the interchange of the sp® and sp? hybridizations of C4 and
C6 in the two isomeric steroid molecules (cf. Figure 2).

differentiation and showing 84% sequence identity with the human
enzyme, was found to approach the high ketosteroid activity of
HsaGST A3-3 (Fedulova et al.,, 2010). Likewise, CjaGST A3-3 from
the common marmoset was shown to have high activity with the
steroid substrates (Ismail et al., 2021). In an attempt to find additional
GSTs with prominent ketosteroid isomerase activity, mRNAs from
the testes of dog, goat, and gray short-tailed opossum were probed for
homologs of the horse and human GSTA3 sequences (Hubert et al,
2020). The resultant novel GSTA3 mRNA and deduced protein
sequences had a high level of conservation with the human GSTA3
mRNA and protein sequences (>70% and >64% identities,
respectively). However, in spite of conservation of the majority of
the H-site aminoacid residues expected to interact with the steroid,
none of the expressed proteins were found to display high isomerase
activity. No GST characterized in the rat or mouse has been found to
display more than 2% of the high ketosteroid isomerase activity found
in HsaGST A3-3 (Mannervik and Danielson, 1988; Hayes and
Pulford, 1995).

Based on mutational studies of human GSTs the five H-site
residues in positions 10, 12, 111, 208, and 216 were judged to be of
particular importance for the ketosteroid isomerase activity
(Johansson and Mannervik, 2002; Pettersson et al., 2002).
However, comparison of the H-site residues of GSTs

Ketosteroid Isomerase

displaying high activity with those having low activity does
not identify a signature set of residues conferring the high
rates of ketosteroid isomerization (Table 1).

The catalytic efficiency of HsaGST A3-3 with 5-AD is 5000-fold
higher than that of HsaGST A2-2, and we found that mutating the
five residues in the H-site of HsaGST A2-2 into the corresponding
HsaGST A3-3 residues enhanced the efficiency to 70% of the
HsaGST A3-3 value (Pettersson et al., 2002). Structural analysis
of the wild-type HsaGST A2-2 and HsaGST A3-3 shows that the
steroid substrate is not binding to HsaGST A2-2 in an orientation
compatible with ketosteroid isomerase activity, apparently
explaining the different activities of the two enzymes (Tars et al.,
2010). The primary structures of the two enzymes differ in 20
additional positions outside the H-site, but these differences appear
to have minimal influence on the measured activities. In spite of the
insights gained from mutational analyses, it has proved difficult to
predict which of the largely conserved H-sites in different GSTs that
would support high ketosteroid isomerase activity (Table 1). The
dog CluGST A3-3 protein, differing in only four of the residues
forming the substrate-binding site in HsaGST A3-3 and EcaGST
A3-3, displays a specific activity with 5-AD of only 1.1 umol min™"
mg ", 200-fold lower than the specific activities of the human and
equine enzymes (A. Ismail, unpublished).

A static representation of the topology and electrostatic field in
the H-site (Warshel, 1998) will have to be complemented with a
description of the dynamics of the entire molecule (Hammes
etal., 2011), and possibly invoke effects of the adjacent subunit of
the dimeric enzyme for a deeper insight into structural
requirements for the isomerization mechanism.

Substrate Discrimination in Promiscuous

Enzymes

GSTs, like many other enzymes involved in detoxication, are
promiscuous such that they can act on several different
substrates and catalyze many alternative chemical reactions.
This broad substrate acceptance enables one particular enzyme
to catalyze the biotransformation of numerous toxicants. However,
if a catalyst evolves for a more specific function, it may be
advantageous to suppress the activity with alternative substrates.
Even though GSTs can act on hundreds of -electrophilic
compounds (Chasseaud, 1979), the majority of them have no
physiological significance and therefore lack importance in the
evolution of substrate selectivity. The development of steroid
isomerase activity should therefore be evaluated in relation to
reactions with other substrates that may occur in tissues. We have
therefore scored specific activities of alpha class GSTs with cumene
hydroperoxide (CuOOH) as an organic hydroperoxide
representing the peroxidase activity of GSTs (Seeley et al,
2006), trans-2-nonenal representing reactive a,B-unsaturated
aldehydes formed by lipid peroxidation (Berhane et al., 1994),
and phenethyl isothiocyanate (PEITC) representing dietary
exposure to isothiocyanates in cruciferous vegetables (Zhang
et al, 1995). Figure 5 shows stacked specific activities with
these substrates combined with the specific activity with 5-AD.
Clearly, the human HsaGST A3-3 and the equine EcaGST A3-3
stand out as the enzymes with the most prominent ketosteroid
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TABLE 1| Aminoacid residues in the H-site of some mammalian GSTs. Species designations: Bta, Bos taurus (cow); Cja, Callithrix jacchus (common marmoset); Clu, Canis
lupus (dog); Eca, Equus caballus (horse); Hsa, Homo sapiens (man); Ssc, Sus scrofa (pig). Five positions judged to govern ketosteroid isomerase activity based on
mutational studies (Johansson and Mannervik, 2002; Pettersson et al., 2002) are underlined.

Position EcaGST EcaGST HsaGST HsaGST HsaGST SscGST SscGST CjaGST CjaGST BtaGST
A3-3 A1-1 A3-3 A1-1 A2-2 A2-2 A1-1 A3-3 A1-1 A1-1
10 F F F F S F F F F F
12 G A G A | G G A A G
14 G G G G G G G G G G
104 E E E E E E E E E E
107 L M L L L L L L L M
108 L Y L L L L L L L H
110 P P P P P P P P P P
111 | M L \ F L L L F L
208 G L A M M T M T T T
213 \ | L L L L L \ L |
216 S A A A S A A A A A
220 F F F F F F F F F F
222 F F F F F F | F F F
250
Z, 200 —
£
5
£
g 150
=
>
=
=
6 100
DY
Q
w
o
& 50
5 = == = [ [ —— -
EcaGST EcaGST HsaGST HsaGST HsaGST SscGST SscGST  CjaGST CjaGST BtaGST CluGST HsaGST
A3-3 Al-1 A3-3 Al-1 A2-2 A2-2 Al-1 A3-3 Al-1 Al-1 A3-3 A4-4
OCuUOOH = 1.85 @ 24 26 10 10 22 0045 ND ND 332  ND 1
Bnonenal 1.23 ND 2.2 0.8 0.11 1.2 58 ND ND 0.59 0.04 205
W PEITC 3.3 9.99 4.1 1.7 341 13 9.6 4.92 8.8 4.56 ND 0.2
HAD 194 0.893 197 40 0.2 53 34 621 196 0.73 112  0.004
FIGURE 5 | Stacked specific activities with four physiologically relevant substrate categories. CuUOOH, cumene hydroperoxide; nonenal, trans-2-nonenal; PEITC,
phenethyl isothiocyanate; AD, 5-androsten-3,17-dione. The specific activities are given in units of umol min~' mg™" and compiled from EcaGST A3-3 (Lindstrém et al.,
2018); EcaGST A1-1 (A. Ismail, unpublished); HsaGST A3-3 and HsaGST A1-1 (Johansson and Mannervik, 2001); HsaGST A2-2 (Johansson and Mannervik, 20071;
Zhang et al., 2012); SscGST A2-2 (Fedulova et al., 2010); SscGST A1-1 (Fedulova et al., 2011); CjaGST A3-3 and CjaGST A1-1 (ismail et al., 2021); BtaGST A1-1
(Raffalli-Mathieu et al., 2007); CIuGST A3-3 (A. Ismail, unpublished); HsaGST A4-4 (Hubatsch et al., 1998).

isomerase activities, but also HsaGST Al-1, the porcine SscGST
A2-2, and the marmoset CjaGST A3-3 have high intrinsic activities
with 5-AD. It should be noted that the absolute values should be
considered in relation to the cellular concentration of the GST,
such that the approximately 3- to 4-fold lower specific activities of
SscGST A2-2, CjaGST A3-3, and HsaGST Al-1, if required, could
be compensated for by a higher expression level of the protein.
Therefore, HsaGST Al-1, which is abundantly present in liver,
kidney, and small intestine would make an important contribution
to the capacity of steroid isomerization in these tissues.

From the evolutionary perspective the relative activities with
the alternative substrates of importance should be considered.
Figure 6 illustrates the differences in selectivities among some of
the GSTs with the four selected substrates. The donut diagrams
are based on the activities when the enzymes operate in the
standard assay systems. The discrimination among the substrates
almost exclusively favor 5-AD for HsaGST A3-3 and EcaGST A3-
3, whereas trans-2-nonenal is a signature substrate for HsaGST
A4-4. These illustrations are suggestive of evolutionary selection
for activities with these substrates. For a more stringent
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HsaGST A3-3

EcaGST A3-3

HsaGST Al1-1 SscGST A2-2

HsaGST A2-2 HsaGST A4-4

BtaGSTA1-1

Il 5-Androstene-3,17-dione

M reiTC

[] cumene hydroperoxide
[[7] trans-2-Nonenal

O

FIGURE 6 | Substrate selectivity profiles of some mammalian GSTs with

four physiologically relevant substrates including the steroid 5-androsten-3,17-
dione. The doughnut profiles show the fractions of the total sum of catalytic
activities with four alternative substrates representing physiologically
relevant substrates. HsaGST A3-3 and EcaGST A3-3 demonstrate strong bias
in favor of the isomerization of the steroid substrate, and HsaGST A1-1 and
SscGST A2-2 also have an obvious preference for 5-AD. HsaGST A2-2 and
BtaGST A1-1 are dominated by the activities with the hydroperoxide and the
isothiocyanate PEITC, whereas HsaGST A4-4 is highly specific for the alkenal.

quantitative analysis of substrate discrimination, the ambient
substrate concentrations should also be considered. It is well
known that an enzyme simultaneously presented with two
alternative substrates will catalyze their reactions in the ratio
between their respective catalytic efficiency multiplied with the
ambient substrate concentration, k,/K,, « [substrate]. However,
substrate concentrations will vary over time, such that relevant
values would be difficult to assess.

Physiological Role of Ketosteroid

Isomerase

Steroid hormone production is key to regulation of numerous
physiological functions. Originating from the cholesterol
molecule, various biochemical transformations lead divergently to
a large number of end products, which exert their actions via nuclear
receptors and in some cases via receptors on cell membranes. The
series of biochemical transformations begins with the sidechain
cleavage catalyzed by the cytochrome P450 enzyme CYP11Al to
give pregnenolone (Figure 7). Further reactions catalyzed by

Cholesterol

CYP11A1

HSD3B2
GSTA3

Pregnenolone

Progesterone

CYP17A1 CYP17A1

17a-OH Pregnenolone 17a-OH Progesterone

CYP17A1 CYP17A1

GSTA3
HSD3B2
HSD17B1

Dehydroepiandrosterone Androstenedione

HSD17B1 HSD17B1

HSD3B2
HSD17B5
—_—

Androstenediol Testosterone

FIGURE 7 | Biosynthetic reactions leading from cholesterol to the steroid
hormones progesterone and testosterone. The chemical transformations in the
left column represent the delta5-pathway and those in the right column the
delta4-pathway. Genes indicated are encoding enzymes involved in the
processes those so far identified by transcriptome analysis during the pregnancy
of mares (Loux et al., 2020). CYP, cytochrome P450; GST, glutathione
transferase; HSD, hydroxysteroid dehydrogenase. The 3-keto intermediates
derived by oxidation of the 3-hydroxy groups of 17a-hydroxypregnenolone and
androstenediol may also be GST substrates, but they have not yet been tested.
Further reactions from progesterone to corticosteroids, and from androstedione
and testosterone to estrogens are not depicted.

CYP17A1 lead to 17a-hydroxypregnenolone and
dehydroepiandrosterone. Finally, 17B-hydroxysteroid
dehydrogenase HSD17B1 can reduce dehydroepiandrosterone to
androstenediol. In all these compounds the C3 hydroxyl group and
the C5-C6 double bond originating in cholesterol are conserved.
This metabolic route is referred to as the delta5-pathway. However,
each of the four products can be oxidized to 3-ketosteroids with a
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concomitant double bond isomerization to give progesterone, 17a-
hydroxyprogesterone,  androstenedione, and  testosterone,
respectively (Figure 7), and the alternative route to the sex
hormones is named the delta4-pathway. The 3-hydroxy
oxidations are catalyzed by NAD'-dependent hydroxysteroid
dehydrogenases of which 3p-hydroxysteroid dehydrogenase 2
(HSD3B2) is the most prevalent in gonads and adrenal gland. A
second isoenzyme (HSD3B1) is abundant in placenta, mammary
gland and prostate. It is also reported that the 17p-hydroxysteroid
dehydrogenases HSD17B1, HSD17B5, and HSD17B7 catalyze the
C3 hydroxy oxidation (Hilborn et al., 2017).

The double-bond isomerization following 3-hydroxy oxidation
in the steroids is conventionally ascribed to an ancillary function of
the dehydrogenase, displaying 3-ketosteroid isomerase activity in
addition to the redox catalysis. The two human 3f-hydroxysteroid
dehydrogenases have been investigated in detail by Thomas and
coworkers (e.g., Thomas et al., 2005), and their studies indicate that
the  3-ketosteroid 5-AD  formed by oxidation of
dehydroepiandrosterone with NAD" as a coenzyme remains as
an intermediate bound to the enzyme prior to its isomerization to
4-AD. The NADH generated in the preceding oxidation appears to
be required for the activation of the isomerase activity of the same
enzyme molecule. The k., values for the isomerase reaction
catalyzed by the human HSD3B1 and HSD3B2 enzyme have
been reported as 50.2 and 81.5min"" (i.e., 0.84 and 1.36s™"). By
contrast, the kg, values of the ketosteroid isomerase activity of
human, equine, and marmoset GST A3-3 are two orders of
magnitude higher, ranging between 204 and 261s™' (Ismail
et al,, 2021).

Our enzymological studies have established 5-PD and 5-
AD as outstanding substrates for the equine and human GST
A3-3 enzymes, and we predict that the corresponding 3-keto
intermediates derived by oxidation of the 3-hydroxy groups of
17a-hydroxypregnenolone and androstenediol will also be
substrates, although they have not yet been tested. As
noted above, 5-cholesten-3-one is not showing any activity
with the mammalian enzymes, presumably due to steric
hindrance by the bulky sidechain (Figure 8).

A recent investigation of the equine transcriptome in
chorioallantois and endometrium at several time points
throughout gestation has established GST A3-3 among the actors
in endocrinology (Loux et al, 2020). Figure 7 shows enzymes
identified in the horse via their transcripts. In tissues, the
ketosteroid isomerase reactions catalyzed by GSTs are strictly
dependent on dehydrogenases such as 3B-hydroxysteroid
dehydrogenase and 17p-hydroxysteroid dehydrogenase for
production of the 3-keto substrates from the corresponding 3-
hydroxysteroid ~precursors, since the GSTs are lacking
dehydrogenase activity. The GSTs appear to supplement the
isomerase activity of the dual function dehydrogenases. The
importance of GST A3-3 is shown by inhibiting the enzyme with
drugs or by RNA interference of GST A3-3 biosynthesis, treatments
which both suppress the hormone production in two steroidogenic
human cell lines (Raffalli-Mathieu et al., 2008). It was also noted that
the promoter region of the GSTA3 gene contains three putative
binding sites for steroidogenic factor 1 (SF-1), which serves as a
master regulator of endocrine functions. SF-1 transduction in

Ketosteroid Isomerase

FIGURE 8| Structure of the efficient ketosteroid isomerase HsaGST A3-

3 in a ternary complex with 4-androsten-3,17-dione (4-AD) and glutathione.
The dimeric protein shows 4-AD bound in the H-site of each subunit in close
proximity to glutathione in the G-site. The substrate 5-AD is assumed to

bind essentially in the same pose as the product 4-AD shown. The structure
indicates that the bulky substituent on C17 prevents 5-cholesten-3-one from
binding as a substrate. (Figure based on the crystal structure PDB ID: 2vcv).

human mesenchymal stem cells induces cell differentiation into
steroidogenic cell lineages. Using this differentiation system SF-1 was
indeed shown to regulate the expression of human alpha class genes
in parallel with HSD3B2 (Matsumura et al., 2013). These results
provide evidence that HsaGSTA3-3, and also HsaGST Al-1, catalyze
steroid isomerization in coordination with HSD3B2 to produce
progesterone and 4-androstenedione from their delta5-precursors
pregnenolone and dehydroepiandrosterone in steroidogenic cells.

Further evidence for the physiological relevance of the GST
isomerase activity derives from the coregulation of
dehydrogenase and GSTA3 gene transcription in the horse
(Loux et al., 2020). In general, animals differ in their patterns
of steroids, receptors, and synthetic routes, but it is
noteworthy that the features of human and equine
endocrinology show many similarities in pregnancy,
parturition, and premature delivery (Conley, 2016). The
discovery that HsaGST A3-3 and EcaGST A3-3 both show
higher ketosteroid isomerase activity than orthologs in other
species investigated is an additional similarity.

Future Prospects

The available data suggest that GSTs have a supportive function,
which can prevent the overproduction of the 3-keto delta5-
steroids formed by hydroxysteroid dehydrogenases and
thereby prevent product inhibition. In spite of data from cell
studies, the quantitative importance of the GST contribution in
living organisms is not known. Most likely, the influence will
change with the activity of the steroidogenic processes.
Conclusive studies in intact organisms have not been reported,
partly in anticipation of a suitable animal model. Rodents such as
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glutathione

glutathione

FIGURE 9 | Superimposed active sites of GSTE14 from D. melanogaster

and HsaGST A3-3. The crystal structures of GSTE14 (PBD ID: 6t2t) and
HsaGST A3-3 (PDB ID: 2vcv) were matched in Chimera (Pettersen et al.,
2004). The aminoacid residues of GSTE14 are rendered in gray sticks

and the bound glutathione colored by element. The ligands glutathione and 4-
androsten-3,17-dione in light blue are the only structures shown from
HsaGST A3-3. Note the similar locations of the reactive sulfur (yellow) of
glutathione near the scissile bonds of the steroid in the two enzymes.

rats and mice do not express a GST with high ketosteroid
isomerase activity. Horse and pig have highly active GSTs, but
are large animals not well suited for relevant experiments.
Humans would not be investigated until animal data have
been obtained. Possibly, the common marmoset could be
considered as a model (Ismail et al., 2021).

Elucidation of the effects at the physiological level may lay the
groundwork for medical applications to numerous conditions
that are dependent on steroid hormones (Hubert et al., 2020).
CRISPR/Cas9 (Ran et al., 2013) and other refined techniques of
molecular genetics could be applied to clarify the roles of discrete
proteins in the network of steroidogenic reactions.

The function of GSTs in steroid metabolism in not limited to
mammalian organisms, but has also been discovered in insects. The
epsilon class GSTE14 in the fruit fly Drosophila melanogaster plays
an essential, but as yet mechanistically undefined, role in ecdysteroid
hormone biosynthesis (Chanut-Delalande et al., 2014; Enya et al.,
2014). Ecdysteroids are formed from dietary cholesterol and are
essential to molting (ecdysis) and formation of the exoskeleton. The
accepted biosynthetic pathway is initiated by 7,8-dehydrogenation
of cholesterol and is terminated by a series of reaction catalyzed by
different cytochrome P450 enzymes leading to ecdysone and 20-
hydroxyecdysone. In 2014 two research groups identified the gene
product of Noppera-bo as GSTE14 in D. melanogaster (Chanut-
Delalande et al., 2014; Enya et al., 2014). Like deficient cytochrome
P450 genes, null alleles of Noppera-bo result in embryonic lethality,
embryonic cuticle abnormalities, and decreased ecdysteroid
concentrations. Numerous other Dipteran and Lepidopteran
insects have been shown to encode an apparently orthologous
GST of the epsilon class (Koiwai et al., 2020). The epsilon class
of GSTs is not present in mammals and the active-site Tyr9 crucial
to the mammalian ketosteroid isomerase activity is replaced by a Ser

Ketosteroid Isomerase

residue, but the insect GST still displays considerable activity in the
double-bond isomerization of 5-AD and 5-PD (Skerlova et al,
2020). A superposition of the crystal structures of GSTE14 and
HsaGST A3-3 shows that the sulfur of glutathione is positioned
adjacent to the reactive atoms in the androstenedione molecule in a
potentially functional pose (Figure 9).

The endogenous substrate of the insect GST is unidentified, and
neither 5-AD and 5-PD are known to occur in insects. The
conservation of the orthologs to GSTE14 in other insects attests to
an essential function, which merits further biochemical investigations.

Concluding Remarks

The soluble GSTs demonstrate admirable versatility as catalysts of
chemical reactions encompassing aromatic and aliphatic
substitution, Michael addition, transacylation, transnitrosylation,
carbamoylation, reduction, and isomerization, and it has been
demonstrated that modest structural modifications can
drastically transmute the substrate selectivity profile (Blikstad
et al, 2008). In fact, single mutations can
significantly alter the profile such that an evolutionary trajectory
can navigate the ambient multidimensional substrate environment
(Zhang et al., 2012). It has been argued that Darwinian enzyme
evolution operates via an ensemble called quasi-species rather than
selecting an individual “best” mutant (Mannervik et al, 2009).
Manifestation of the quasi-species is dependent on the substrate
matrix, implying that a dormant activity, such as steroid
isomerization, will only become overt if the relevant substrate is
present and the reaction provides selective advantage (Kurtovic
et al,, 2008). In general, it has become increasingly apparent that
many proteins are multi-tasking and display “moonlighting”
functions (Jeffery, 2020). The ketosteroid isomerase activity of
GSTs exemplify how detoxication enzymes have acquired novel
functions in the biochemistry of steroids and contributed to the
expanding functional network of glutathione transferases.
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