
Structure and steroid isomerase activity of Drosophila
glutathione transferase E14 essential for ecdysteroid
biosynthesis
Jana �Skerlov�a1 , Helena Lindstr€om1 , Elodie Gonis2, Birgitta Sj€odin1 , Fabrice Neiers2 ,
P�al Stenmark1,3 and Bengt Mannervik1

1 Department of Biochemistry and Biophysics, Stockholm University, Sweden

2 CSGA, Laboratory of Taste and Olfaction, University Bourgogne Franche-Comt�e, Dijon, France

3 Department of Experimental Medical Science, Lund University, Sweden

Correspondence

F. Neiers, CSGA, Laboratory of Taste and

Olfaction, University Bourgogne Franche-

Comt�e, INRA, CNRS, 17 rue Sully, F-21065

Dijon, France

Tel: +33 67 067 8008

E-mail: fabrice.neiers@u-bourgogne.fr

P. Stenmark, Department of Biochemistry

and Biophysics, Stockholm University, Svante

Arrhenius v€ag 16C, SE-10691 Stockholm,

Sweden and Department of Experimental

Medical Science, Lund University, Box 118,

SE-22100 Lund, Sweden

Tel: +46-73 984 1216

E-mail: stenmark@dbb.su.se

B. Mannervik, Department of Biochemistry

and Biophysics, Stockholm University, Svante

Arrhenius v€ag 16C, SE-10691 Stockholm,

Sweden

Tel: +46-70 425 0849

E-mail: bengt.mannervik@dbb.su.se

(Received 18 October 2019, revised 25

November 2019, accepted 11 December

2019)

doi:10.1002/1873-3468.13718

Edited by Stuart Ferguson

[The copyright line for this article was

changed on January 15, 2020 after original

online publication]

Ecdysteroids are critically important for the formation of the insect exoskele-

ton. Cholesterol is a precursor of ecdysone and its active form 20-hydrox-

yecdysone, but some steps in the ecdysteroid biosynthesis pathway remain

unknown. An essential requirement of glutathione (GSH) transferase

GSTE14 in ecdysteroid biosynthesis has been established in Drosophila me-

lanogaster, but its function is entirely unknown. Here, we have determined

the crystal structure of GSTE14 in complex with GSH and investigated the

kinetic properties of GSTE14 with alternative substrates. GSTE14 has high-

ranking steroid double-bond isomerase activity, albeit 50-fold lower than the

most efficient mammalian GSTs. Corresponding steroid isomerizations are

unknown in insects, and their exact physiological role remains to be shown.

Nonetheless, the essential enzyme GSTE14 is here demonstrated to be

catalytically competent and have a steroid-binding site.

Keywords: Drosophila GSTE14; ecdysteroid; glutathione transferase;

Noppera-bo; steroid double-bond isomerization
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CDNB, 1-chloro-2,4-dinitrobenzene; DmGSTE14, Drosophila melanogaster GST epsilon 14; EcaGST, Equus caballus GST; GSH, glutathione;

GST, glutathione transferase; HsaGST, Homo sapiens GST; ITC, isothiocyanate; MPD, 2-methyl-2,4-pentanediol; D4-AD, D4-androstene-3,17-

dione; D5-AD, D5-androstene-3,17-dione; D5-PD, D5-pregnene-3,20-dione.

1FEBS Letters (2020) ª 2019 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0002-9579-4047
https://orcid.org/0000-0002-9579-4047
https://orcid.org/0000-0002-9579-4047
https://orcid.org/0000-0002-0236-1796
https://orcid.org/0000-0002-0236-1796
https://orcid.org/0000-0002-0236-1796
https://orcid.org/0000-0002-6504-3218
https://orcid.org/0000-0002-6504-3218
https://orcid.org/0000-0002-6504-3218
https://orcid.org/0000-0002-8965-4929
https://orcid.org/0000-0002-8965-4929
https://orcid.org/0000-0002-8965-4929
https://orcid.org/0000-0003-4777-3417
https://orcid.org/0000-0003-4777-3417
https://orcid.org/0000-0003-4777-3417
https://orcid.org/0000-0002-6416-064X
https://orcid.org/0000-0002-6416-064X
https://orcid.org/0000-0002-6416-064X
mailto:
mailto:
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1873-3468.13718&domain=pdf&date_stamp=2020-01-09


Steroids play various essential roles in higher forms of

life. Originating from cholesterol, series of enzymatic

reactions lead to steroid hormones in mammals and

insects, as exemplified by sex hormones and ecdysteroids.

Certain members in the family of glutathione trans-

ferases (GSTs), enzymes originally discovered as detoxi-

cation enzymes [1], have been shown to fulfill significant

functions in steroid hormone biosynthesis. In humans

and horse, GST A3-3 catalyzes steroid double-bond iso-

merizations with extraordinary efficiency, preceding the

formation of testosterone and progesterone [2–5]

(Fig. 1). The chemical mechanism of this isomerization

has been described in molecular detail [6]. In

Drosophila melanogaster, ecdysone is secreted from the

ring gland and the fat body and plays a pivotal role in the

development and metamorphosis, as in other insects and

arthropods. Its product 20-hydroxyecdysone (Fig. 1) is

the active form required for molting (ecdysis), which

encompasses shedding of the exoskeleton in transitions

between different larval stages, pupation, and formation

of the imago. Various reactions catalyzed by different

cytochrome P450 enzymes have been uncovered in the

biosynthesis of ecdysteroids [7]. Interestingly, an epsilon-

class GST, GSTE14, has been shown to play an essential

role in ecdysteroid biosynthesis [8] and identified with

the mutant Noppera-bo among the Halloween genes [9].

Specifically, loss of the GSTE14 gene is detrimental to

cuticle formation, it interrupts the formation of exoskele-

ton and prevents ecdysis, but the effect can be rescued by

the administration of 20-hydroxyecdysone. However,

the actual function of GSTE14 remains unknown.

The genome of D. melanogaster has been found to

harbor 42 GST genes [10], and a preliminary

examination of the corresponding GSTome [11] of sol-

uble enzymes has been performed [12]. Based on

sequence similarities, the insect GSTs have been

assigned to six classes: theta, omega, sigma, zeta, delta,

and epsilon. The first four are common to eukaryotes,

whereas the delta and epsilon classes appear specific

for arthropods, including insects. In D. melanogaster,

the delta and epsilon GSTs have 11 and 14 members,

respectively [12,13], accounting for more than half of

the fly GSTome and suggesting that the proteins have

evolved for diverse functions. GSTE14 is the most

divergent member in the epsilon branch of the phylo-

genetic tree [12]. Just a limited number of the D. me-

lanogaster GSTs have been characterized in detail, and

among the epsilon-class enzymes, structural studies of

only GSTE6 and GSTE7 have previously been pub-

lished [14]. Structural information on GSTs has been

reviewed by Ketterman [15] and Wu and Dong [16].

We here report the crystal structure and functional

properties of D. melanogaster GSTE14.

Materials and methods

Cloning, expression, and purification of the

DmGSTE14 protein

DNA encoding the D. melanogaster GSTE14 (DmGSTE14)

protein sequence (NP_610855.1) was codon-optimized for

Escherichia coli expression and designed to include a His6-

tag at the C terminus. The DNA sequence was synthesized

by GENEWIZ (Leipzig, Germany) and subcloned into the

pET22b vector (Novagen, Darmstadt, Germany) between

the NdeI and SacI restriction sites. The resulting plasmid

was used to transform the E. coli BL21 star strain. Isolated

colonies from an LB-ampicillin agar plate (50 mg�L�1

ampicillin) were used to inoculate 50 mL LB-ampicillin cul-

ture (50 mg�L�1 ampicillin) and incubated at 37 °C over-

night. Then, the 50 mL culture was used to inoculate 4 L

LB-ampicillin medium. Protein expression was induced at

OD600nm = 0.6 with 1 mM (final concentration) isopropyl

b-D-1-thiogalactopyranoside, and the bacteria were further

grown for 18 h at 37 °C. Cells were harvested by centrifu-

gation (4000 g, 20 min, 4 °C), resuspended in binding buf-

fer (20 mM sodium phosphate, 0.5 M NaCl, 100 lM DTT,

and 20 mM imidazole, pH 7.4), and disrupted at 4 °C using

sonication (Vibracell; Bioblock, Waltham, MA, USA).

After centrifugation at 20 000 g for 45 min at 4 °C, the

supernatant was loaded onto a 5 mL column containing

Ni2+ Sepharose 6 fast flow resin (GE Healthcare, Chicago,

IL, USA). Following washing with binding buffer,

DmGSTE14 was eluted using 20 mM sodium phosphate,

0.5 M NaCl, 100 lM DTT, and 500 mM imidazole, pH 7.4.

Fractions containing DmGSTE14 were pooled and dialyzed

against 100 mM potassium phosphate buffer, pH 6.4.

Fig. 1. Steroid isomerization reaction catalyzed by GST. D5-AD is

converted into D4-AD (top). Structures of other steroid compounds

discussed in this work, 20-hydroxyecdysone (bottom left) and 17b-

estradiol (bottom right), are also shown here for comparison.
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DmGSTE14 was concentrated using an Amicon ultra-spin

column with a cutoff of 10 kDa (Millipore, Billerica, MA,

USA). Protein purity was confirmed using a Coomassie-

stained 12% SDS/PAGE.

Kinetic measurements

1-chloro-2,4-dinitrobenzene (CDNB) and trans-2-nonenal

were purchased from Sigma-Aldrich (St. Louis, MO, USA);

D5-androstene-3,17-dione (D5-AD) and D5-pregnene-3,20-

dione (D5-PD) from Steraloids Inc. (Newport, RI, USA);

and isothiocyanates (ITCs) from Merck (Kenilworth, NJ,

USA). All substrates except GSH were dissolved in ethanol

or methanol. The final solvent concentration in the reaction

system was kept at a maximum of 5% (v/v).

Specific activities were determined spectrophotometrically

at 30 °C using 1 mM GSH, and all substrates except the

steroids were assayed in 100 mM sodium phosphate buffer,

pH 6.5, containing 2% (v/v) ethanol (solvent for the second

substrate). Glutathionylation of CDNB was monitored at

340 nm (e = 9.6 mM
-1�cm-1); trans-2-nonenal at 225 nm

(e = 19.2 mM
-1�cm-1); allyl-ITC at 274 nm (e = 7.45 mM

-1�
cm-1); benzyl-ITC at 274 nm (e = 9.25 mM

-1�cm-1); butyl-

ITC at 274 nm (e = 7.75 mM
-1�cm-1); hexyl-ITC at 274 nm

(e = 6.55 mM
-1�cm-1); phenethyl-ITC at 274 nm (e =

8.89 mM
-1�cm-1); and propyl-ITC at 274 nm (e = 8.35 mM

-1�
cm-1). The steroid double-bond isomerization of D5-AD

(0.1 mM) and D5-PD (0.01 mM) in 25 mM sodium phos-

phate buffer, pH 8.0, containing 2% (v/v) methanol (ster-

oid solvent), was monitored at 248 nm (e = 16.3 mM
-1�cm-1

for D5-AD; e = 17.0 mM
-1�cm-1 for D5-PD). Protein concen-

tration was determined by means of the Bradford assay

[17].

Steady-state kinetic parameters were determined under

the corresponding assay conditions using variable substrate

concentrations. The Michaelis–Menten equation was fitted

to the data by nonlinear regression, and Vmax values were

transformed into kcat based on the molar concentration of

the dimeric protein.

Crystallization and diffraction data collection

The protein was further purified for crystallization experi-

ments by size-exclusion chromatography in 20 mM HEPES

pH 7.5, 100 mM NaCl, 2 mM tris(2-carboxyethyl)phos-

phine, and 10% glycerol using the column Superdex 200

16/600 and €Akta Prime FPLC system (GE Healthcare Life

Sciences, Uppsala, Sweden) and concentrated to

22 mg�mL-1. The protein was supplemented with 10 mM

glutathione (GSH) and 20 lL of this solution was supple-

mented with 0.4 mg of solid 20-hydroxyecdysone, resulting

in > 10 mM 20-hydroxyecdysone in the final concentration.

The crystals were obtained by vapor diffusion technique at

21 °C in a hanging drop containing 2 lL of protein solu-

tion and 1 lL of reservoir solution derived from the

Morpheus protein crystallization screen [18], containing

0.1 M MOPS/HEPES pH 7.5, 12.5% w/v PEG 1000,

12.5% w/v PEG 3350, and 12.5% v/v MPD. Large cube-

shaped crystals were harvested after 24 h and flash-cooled

without additional cryoprotection. A complete diffraction

data set at 1.3 �A resolution was collected at 100 K at the

beamline i04 of the Diamond Light Source.

The diffraction data were processed using xia2 [19],

DIALS [20], and Aimless [21] from the CCP4 package

[22]. The structure was solved by molecular replacement

using the program Molrep [23] and the structure of epsi-

lon-class GSH S-transferase from Musca domestica [24]

(PDB ID: 3vwx) as a search model. Refinement was per-

formed using Refmac 5.8.0232 [25] in combination with

manual adjustments in Coot [26]. MolProbity server [27]

was used for the evaluation of the final model quality.

The data collection and refinement statistics are listed in

Table 1. All figures representing structures were created

Table 1. Crystal parameters, data collection, and refinement

statistics. Statistics for the highest resolution shell are in

parentheses.

Data collection statistics

Space group P42212

Cell parameters (�A; °) a = 76.2, b = 76.2, c = 100.7;

a = b = c = 90

Number of molecules in AU 1

Wavelength (�A) 0.9795

Resolution range (�A) 53.88–1.30 (1.32–1.30)

Number of unique reflections 73 240 (3424)

Multiplicity 22.4 (8.4)

Completeness (%) 99.8 (96.7)

Rmeas
a 9.4 (9.3)

CC(1/2)
b 100 (76.4)

Mean I/r(I) 18.2 (2.1)

Wilson B (�A2) 9.9

Refinement statistics

Resolution range (�A) 50.38–1.30 (1.33–1.30)

No. of reflections in working set 69 566 (4914)

No. of reflections in test set 3596 (250)

R-value (%)c 15.7 (23.6)

Rfree-value (%)d 16.4 (26.1)

RMSD bond length (�A) 0.012

RMSD angle (°) 1.753

Number of atoms in AU 2307

Number of protein atoms in AU 2041

Mean B value (�A2) 13.1

Residues in Ramachandran

favored regions (%)e
98.6

Residues in Ramachandran

allowed regions (%)e
100

aRmeas defined in Ref. [29]. bPearson’s correlation coefficient deter-

mined on the data set randomly split in half. cR-value = ||Fo| � |Fc||/|Fo|,

where Fo and Fc are the observed and calculated structure factors,

respectively. dRfree-value is equivalent to the R-value but is calculated

for 5% of the reflections chosen at random and omitted from the

refinement process [30]. eAs determined by MolProbity [27].
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using PyMOL [28]. Atomic coordinates and structure fac-

tors were deposited in the PDB under the accession code

6t2t.

Results and Discussion

Preparation of DmGSTE14

The DmGSTE14 protein was obtained in pure form fol-

lowing IMAC and size-exclusion chromatography, as

judged by SDS/PAGE analysis. However, a component

corresponding to the dimer required rigorous reducing

conditions to merge with the monomeric form of

25 kDa. Gel filtration of the purified enzyme demon-

strated that the native DmGSTE14 is dimeric, as

expected for a soluble GST. Figure 2 shows the

DmGSTE14 structure, including the sequence (238

amino acids with a calculated molecular mass of

27 444 Da, including the C-terminal purification His6
tag). Near the middle of the sequence, C106 is suitably

positioned to form an intersubunit disulfide bond, as

judged from the crystallographic analysis (see below). A

corresponding Cys residue is conserved in related

GSTE14 sequences from other insect species in UniProt.

Fig. 2. Dimer of DmGSTE14. Each

enzyme monomer is shown in cartoon

representation in two different shades of

blue. Interface cysteine residues (C106)

are shown as sticks, and active-site

ligands GSH and MPD are in pink and

yellow ball-and-stick representations,

respectively. The primary and secondary

structure is shown below the cartoon

representation with b-sheets indicated by

arrows and a-helices as barrels. Important

residues discussed further in the text,

S14, C106, and D113, are highlighted in

the sequence in blue, yellow, and red,

respectively.
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Crystal structure analysis

We solved the crystal structure of DmGSTE14 in com-

plex with GSH at the resolution of 1.3 �A with one

monomer of the enzyme in the asymmetric unit

(Table 1). Three N-terminal residues (M-S-Q) and the

His6-tag at the C terminus could not be modeled into

the electron density due to disorder. The crystal struc-

ture of DmGSTE14 represents the typical GST fold

with an N-terminal thioredoxin-like a/b-domain and a

C-terminal bundle of a-helices. The overall structure

of the biological form of the enzyme, a dimer gener-

ated by symmetry operation, is shown in Fig. 2. The

large dimer interface (1431 �A2) includes a cysteine resi-

due (C106) that is likely to form a disulfide bond and

further stabilize the dimer assembly.

The G-site of the enzyme, formed by residues S14,

P15, P16, L38, Q43, F44, H55, S56, V57, P58, D69,

S70, H71, C106, and F110, is occupied by GSH. Molec-

ular details of enzyme-GSH hydrogen-bond interactions

are shown in Fig. 3. The conserved active-site residue

S14 interacting with the sulfur of GSH through a sul-

fur-centered hydrogen bond is located close to the

N-terminal end of the a1-helix as noted for other GST

belonging to the serine/cysteine type [31].

A hydrophobic cavity (H-site), located adjacent to

the G-site, is formed by predominantly hydrophobic

residues R13, S14, P15, L38, F39, F110, D113, M117,

S118, V121, T172, L208, and M212 and appears suited

to accommodate hydrophobic substrates. In our crys-

tal structure, the H-site is occupied by 2-methyl-2,4-

pentanediol (MPD) originating from the crystallization

mother liquor and a water molecule (Fig. 4). The only

charged residue in the H-site is aspartate D113, which

forms a water-mediated hydrogen bonding interaction

with MPD. This residue is flexible, and we have mod-

eled it in two different conformations. These structural

features suggest that aspartate D113 is likely to be a

catalytic residue in the steroid isomerase reaction. Dur-

ing the preparation of this manuscript, a structure of

DmGSTE14 in complex with GSH and 17b-estradiol
(PDB ID: 6kep, Fig. 1) was deposited in the PDB. The

superposition of this steroid-bound structure with our

structure (Fig. 4) illustrates that the steroid binds to

the same site as MPD and the hydroxyl oxygen O3 of

the steroid overlays with the water molecule in our

structure and interacts with D113, which is only pre-

sent in a single conformation, facing inwards the H-

cavity. This provides further evidence for the key role

of D113.

A structure similarity search of the Protein Data

Bank using the Dali server [32] identified a number

of homologous structures of insect epsilon-class

GSTs. The closest homologues are a GST from

Drosophila mojavensis (PDB ID: 4hi7, RMSD 1.5 �A

for 214 residues), D. melanogaster GST E7 (PDB ID:

4png [14], RMSD 1.5 �A for 214 residues), a GST from

M. domestica (PDB ID: 3vwx [24], RMSD 1.5 �A for

212 residues), and D. melanogaster GST E6 (PDB ID:

4yh2 [33] and 4pnf [14], RMSD 1.7 �A for 213 resi-

dues). Further homologous GST structures originate

from mosquito species, including epsilon-class GSTs

from Anopheles gambiae (PDB ID: 2il3, 2imi, 2imk

[34], and 4gsn [35]), Anopheles funestus (PDB ID:

3zmk [36]), and Aedes aegypti (PDB ID: 5ft3), with

RMSD values ranging between 1.5 and 1.6 �A (for

211–213 aligned residues). The sequence identity

between DmGSTE14 and its insect structural homo-

logues is between 30% and 34% [32]. The structure of

DmGSTE14 is highly similar to all these homologues

that share the same overall fold. However,

DmGSTE14 has a unique long C-terminal tail, which

is not present in any of the homologues and stretches

in an extended conformation along the enzyme surface

away from the active pocket. Moreover, none of the

structural homologues possess the cysteine residue in

the dimer interface, likely to form an interchain disul-

fide bridge stabilizing the dimer assembly. Instead,

Fig. 3. GSH bound in the G-site of DmGSTE14. GSH is shown as

pink sticks, and residues involved in direct (black dashed lines) or

water-mediated (yellow dashed lines) hydrogen bonds are shown

as blue sticks. Residues S107 and R111 from the second GST

monomer of the dimer, which is participating in GSH binding, are

shown as pale blue sticks.
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they all have a conserved serine residue in this posi-

tion, apart from the GST from M. domestica [24],

which has an alanine residue.

DmGSTE14 also shares structural homology with

mammalian GSTs involved in steroid metabolism [5].

High steroid isomerase activity was originally observed

with human Homo sapiens GST (HsaGST) A3-3 [2].

By contrast, the homologous HsaGST A2-2 has 5000-

fold lower activity, which could be explained by differ-

ent orientations of the steroid substrate D4-AD in the

active site [37]. The overlay of the human enzyme

structures with DmGSTE14 structure shown in Fig. 5

clearly demonstrates that the architecture of their

active sites and the steroid-binding modes are

completely different, despite the similarity of the over-

all fold of the enzymes. The RMSD for the superposi-

tion of DmGSTE14 with both human GST A2-2 and

A3-3 is 3.2 �A (192 aligned residues, sequence identity

21%). The structures of the C-terminal portions are

quite different. In both HsaGST A2-2 and HsaGST

A3-3, the C terminus forms an alpha helix which folds

over and shields the H-site of the active pocket, while

in DmGSTE14 a substantially longer C-terminal tail

does not form a helix and is oriented away from the

active site. In the human GSTs, GSH is bound further

away from the hydrophobic cavity providing more

space for steroid binding. In DmGSTE14, GSH is

bound in close proximity to the hydrophobic pocket

occupied by MPD. The mode of steroid binding to

DmGSTE14, with the steroid plane being roughly par-

allel to the GSH molecule, is therefore quite distinct

from the binding mode of D4-AD to both human

GSTs (Fig. 5).

Enzymatic activities

In order to examine the general enzymatic competence,

a number of well-known GST substrates including

Fig. 4. MPD bound in the H-site of DmGSTE14. The MPD and

GSH molecules are shown as yellow and pink sticks, respectively.

Polar interactions of MPD with the active-site environment are

shown as yellow dashed lines. The H-site residues are shown as

blue sticks, and the whole active-site area is also shown in

transparent surface representation. Residue D113 is highlighted in

orange. Residue D113 from the superposed structure of

DmGSTE14 with GSH and 17b-estradiol (PDB ID: 6kep) is shown

as green sticks, and the steroid molecule is shown as green lines.

Fig. 5. Comparison of DmGSTE14 with

human GST A2-2 and A3-3. DmGSTE14

(blue cartoon) in complex with GSH (pink

sticks) and MPD (yellow sticks) is

superposed with human GST A3-3 (light

gray cartoon, PDB ID: 2vcv [37]) in

complex with GSH and D4-AD (dark gray

sticks), and human GST A2-2 (brown

cartoon, PDB ID: 2vct [37]) in complex

with D4-AD (brown sticks), using the

N-terminal domains. 17b-estradiol from

DmGSTE14 structure (PDB ID: 6kep) is

shown as green sticks.

Table 2. Specific activities of DmGSTE14 in the glutathionylation

of conventional GST substrates. Measurements were made in

triplicate at pH 6.5 using 100 µM electrophilic substrate and 1 mM

GSH.

Substrate Specific activity (µmol�min�1�mg-1)

Allyl-ITC 1.62 � 0.11

Benzyl-ITC 0.05 � 0.03

Butyl-ITC 0.06 � 0.05

Hexyl-ITC 0.09 � 0.20

Phenethyl-ITC 0.16 � 0.09

Propyl-ITC 0.83 � 0.33

Trans-2-nonenal < 0.001

CDNB 20.1 � 0.6
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CDNB, five ITCs, and nonenal were tested. Table 2

shows that CDNB and ITCs give low, but clearly

demonstrable, activities with DmGSTE14. ITCs occur

abundantly in the form of glucosinolates in cruciferous

plants. By contrast, nonenal, which is related to prod-

ucts of lipid peroxidation, did not show any detectable

activity. Steady-state kinetic parameters for selected

substrates are shown in Table 3. These studies demon-

strate that DmGSTE14 indeed is catalytically compe-

tent, even though activities with the naturally

occurring ITC substrates are significantly lower than

the activities of the homologous GSTE6 and GSTE7

[38]. In enzymes catalyzing several alternative

reactions, it is often observed that acquisition of high

activity with a particular substrate is accompanied by

decreased efficiency with alternative substrates [39]. It

can therefore be surmised that DmGSTE14 should be

more active with other substrates.

In view of the importance of DmGSTE14 for ecdys-

teroid metabolism, a surrogate for a so far unknown

reaction with steroids in insects was tested. The most

striking example of a GST-catalyzed reaction involving

a steroid is the positional double-bond isomerization

of the ketosteroids D5-AD and D5-PD, precursors to

the hormones testosterone and progesterone [3]. These

steroids are efficiently isomerized by some mammalian

alpha-class GSTs, particularly by the horse and human

enzymes Equus caballus GST (EcaGST) A3-3 [5] and

HsaGST A3-3 [2]. We therefore tested these steroids as

substrates for DmGSTE14, even if there is no evidence

for these reactions to occur in insects. Table 4

shows the steroid double-bond isomerase activity of

DmGSTE14 assayed with D5-AD and D5-PD. Tables 4

and 5 show that both D5-AD and D5-PD are suitable

substrates for the enzyme. DmGSTE14 is less active

than the most efficient mammalian enzymes, but nev-

ertheless superior to many of the mammalian GSTs.

EcaGST A3-3 is approximately 50 times more catalyti-

cally efficient than DmGSTE14 (Table 5). It should be

noted that among all known enzymes the highest cat-

alytic efficiencies (kcat/Km) are approximately 108 s-1�M-1

and that the isomerase efficiencies of (0.136–
0.16) 9 108 s-1�M-1 for GST A3-3 are just an order of

magnitude below (Table 5). By inference, the 50-fold

lower isomerase efficiency of approximately 0.3 9

106 s-1�M-1 for DmGSTE14 can still be regarded high,

ranking near the geometric mean of representative

kcat/Km values of typical enzymes [40].

The reaction mechanism of HsaGSTA 3-3 catalyzing

the isomerization of D5-AD into D4-AD has been

investigated by computational methods to atomic reso-

lution [6]. GSH in the active site acts as a base, via its

thiolate group, and polarizes the 3-keto group of D5-

AD via a hydrogen bond to the amide nitrogen of its

Table 3. Steady-state parameters for select substrates. KM and

kcat values were calculated by nonlinear regression based on the

Michaelis–Menten model. The KM value for GSH was determined

using the CDNB substrate at saturating concentration (1 mM). The

values for the electrophilic substrates were similarly obtained with

a saturating concentration of GSH. For each substrate

concentration, the value for the nonenzymatic reaction was

subtracted.

Varied substrate

GSH CDNB Allyl-ITC Propyl-ITC

KM (µM) 2400 � 800 95 � 39 14.2 � 4.2 90 � 14

kcat (min-1) 1980 � 210 2490 � 230 108 � 50 85 � 5

Table 4. Steroid isomerase activity of DmGSTE14 compared with

values for mammalian GSTs. Measurements were made in

triplicate at pH 8.0 and 30 °C. Values are given as mean and SD

where available. Data for the mammalian enzymes are from Ref.

[2,5].

Enzyme D5-AD (0.1 mM) D5-PD (0.01 mM)

DmGSTE14 9.68 � 0.86 3.61 � 1.4

EcaGST A3-3 194 � 10 92.2 � 9.5

HsaGST A3-3 197 � 15 37.0 � 2

HsaGST A2-2 0.2 –

HsaGST A1-1 40 3.2 � 0.1

SscGST A2-2 53 � 2 1.9 � 0.1

SscGST A1-1 3.4 � 0.2 0.19 � 0.02

BtaGST A1-1 0.73 � 0.01 0.37 � 0.02

Table 5. Steady-state parameters for the isomerization of the steroid substrates. The concentration of D5-AD was varied between 3 and

100 µM, and D5-PD between 2 and 20 µM with 1 mM GSH in 25 mM Na2HPO4/NaH2PO4, pH 8.0, 30 °C, and 2% methanol. Measurements

were made in triplicate and analyzed by nonlinear regression. The low solubility of D5-PD caused insufficient saturation for calculating kcat

and Km independently. Values are given per homodimer. kcat and Km are given with SE obtained from nonlinear regression analysis. Data for

EcaGST A3-3 are from Ref. [5].

DmGSTE14 EcaGST A3-3

Substrate (mM) kcat (s
�1) Km (µM) kcat/Km (mM

�1�s�1) kcat (s
�1) Km (µM) kcat/Km (mM

�1�s�1)

D5-AD 11.3 � 0.93 40.7 � 7.5 278 � 56 219 � 7.9 13.7 � 1.5 16 000 � 1900

D5-PD 371 � 8.0 13 600 � 2300
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glycine residue. Y9 of the G-site assists in the transfer

of a proton from C4 in D5-AD, via GSH, to C6 in the

steroid nucleus. By contrast, in DmGSTE14 the most

likely catalytic residue is D113, which in a hydropho-

bic environment could be a functional base. In the

bacterial ketosteroid isomerase, which catalyzes the

same reaction, an aspartic acid and a tyrosine residue

form an oxyanion hole accommodating the 3-keto

group of D5-AD and a second aspartate serves as the

base abstracting a proton from C4 [41]. Despite the

high concentration of 20-hydroxyecdysone in the crys-

tallization experiments, we were not able to obtain a

DmGSTE14 structure in complex with this steroid.

Cocrystallization attempts with the enzyme and 10 mM

D4-androstene-3,17-dione (D4-AD) also did not yield a

steroid-bound structure. It is not obvious how D5-AD

or D5-PD binds to DmGSTE14, but judging from the

position of 17b-estradiol in the recently deposited

structure (PDB ID: 6kep), D113 may interact with the

3-keto group of D5-AD. We believe that some other

steroid compounds in the earlier steps of the ecdysone

biosynthesis pathway, rather than 20-hydroxyecdysone,

might be the true physiological ligand of DmGSTE14.

The lack of polar residues in the H-site of the enzyme

likely prevents the binding of 20-hydroxyecdysone,

which contains a higher number of polar modifications

on the sterane core. The more hydrophobic precursor

cholesterol or its products in the early steps of the

ecdysone biosynthetic pathway are more likely to be

accommodated by the H-site of DmGSTE14.

Even though we have demonstrated that GSTE14

from D. melanogaster is catalytically competent and

active with a steroid substrate, the nature of a possible

substrate in the biosynthetic pathway to ecdysteroids

remains obscure. Some GSTs are known as binding

proteins (ligandins) [42], and therefore, in addition to

catalysis, the function of an intracellular steroid carrier

may also be considered a potential role of this enzyme.
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