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Structure of 3(17)a-hydroxysteroid dehydrogenase

(AKR1C21) holoenzyme from an orthorhombic

crystal form: an insight into the bifunctionality of

the enzyme

Mouse 3(17)a-hydroxysteroid dehydrogenase (AKR1C21) is a bifunctional
enzyme that catalyses the oxidoreduction of the 3- and 17-hydroxy/keto groups
of steroid substrates such as oestrogens, androgens and neurosteroids. The
structure of the AKR1C21-NADPH binary complex was determined from an
orthorhombic crystal belonging to space group P2,2,2; at a resolution of 1.8 A.
In order to identify the factors responsible for the bifunctionality of AKR1C21,
three steroid substrates including a 17-keto steroid, a 3-keto steroid and a 3a-
hydroxysteroid were docked into the substrate-binding cavity. Models of the
enzyme—coenzyme—substrate complexes suggest that Lys31, Gly225 and Gly226
are important for ligand recognition and orientation in the active site.

1. Introduction

Hydroxysteroid dehydrogenases (HSDs) play a pivotal role in regu-
lating the activity of potent steroid hormones at the pre-receptor
level. HSDs stereospecifically catalyse the interconversion of active
and inactive steroid substrates through the oxidoreduction of
hydroxyl/keto groups at specific positions on the steroid molecules.
The reductase and oxidase activities of HSDs permit them to function
as molecular switches that regulate the occupancy of steroid hormone
receptors (Bauman ez al., 2004; Penning, 2003). HSDs are divided into
two different protein superfamilies: the short-chain dehydrogenase/
reductase (SDR) and aldo-keto reductase (AKR) superfamilies (Jez
& Penning, 2001; Oppermann et al., 2003). The members of the AKR
superfamily are cytosolic NADPH-dependent oxidoreductases that
metabolize a variety of substrates ranging from aldehydes and
monosaccharides to steroids and prostaglandins (Jez et al., 1997) and
possess an (o/B)g-barrel motif characteristic of triose phosphate
isomerase (TIM) (El-Kabbani et al., 1995; Hoog et al., 1994; Rondeau
et al., 1992; Wilson et al., 1995; Hyndman et al., 2003).

The mammalian HSDs in the AKR superfamily share more than
60% sequence identity and are grouped into the AKR1C subfamily.
In spite of their high sequence identity, these enzymes display varying
ratios of 3-, 17- and 20-keto steroid reductase activity and varying
ratios of 3w-, 176- and 20a-hydroxysteroid dehydrogenase activity
(Penning et al., 2000). The functional plasticity of these enzymes
highlights their ability to regulate steroid hormone action by
controlling receptor occupancy in target tissues. Mouse 3(17)w-
hydroxysteroid dehydrogenase was originally found in the kidney as
one of the multiple forms of dihydrodiol dehydrogenase (Nakagawa
et al., 1989) and was recently identified as a new member (AKR1C21)
of the AKR1C subfamily by cloning its cDNA (Ishikura ez al., 2004;
Bellemare et al., 2005). Like other members of the AKR1C subfamily,
AKRIC21 exhibits functional plasticity and can oxidize/reduce
steroid substrates at positions C3 and C17. However, AKR1C21 is
unique in its ability to produce 17a-hydroxyl derivatives from the
respective 17-keto steroids, as opposed to other HSDs, which can only
reduce the 17-keto steroids to the corresponding 17 8-hydroxysteroids
(Penning et al., 2000; Ishikura et al., 2004).
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Previous studies have shown that AKR1C21 efficiently reduces
androstenedione to epitestosterone (epi-T) through its 17«¢-HSD
activity (Ishikura et al., 2004; Bellemare et al., 2005). Epi-T, an epimer
of testosterone, has been found to accumulate in breast cyst fluid and
the prostate (Bellemare ez al., 2005). Although the exact pathway
leading to the formation of epi-T in the human body is unknown,
administration of androstenedione has been reported to increase
urinary excretion of epi-T, which suggests that androstenedione may
be the source of epi-T (Catlin et al., 2002). AKR1C21 is expressed in
many mouse tissues (Ishikura et al., 2004) and also exhibits high
3a-HSD activity towards various 3-keto steroids, including
21-hydroxy-58-pregnane-3,20-dione (HPD), which is a precursor of
the potent positive modulators of the y-aminobutyric acid type A
(GABA,) receptor (Rupprecht & Holsboer, 1999; Morris et al.,
1999). The stereospecificity and functional plasticity of AKR1C21
raises questions as to how the enzyme selectively recognizes the two
positions on the steroid molecules and whether these substrates differ
in the type of interactions that are formed with residues in the
substrate-binding pocket.

In an attempt to elucidate the molecular determinants of substrate
selectivity for AKR1C21, we studied the crystal structure of the
AKR1C21-NADPH binary complex and modelled physiological
substrates in the active site. In this report, we present a detailed
account of molecular-docking simulations of three steroidal
substrates (5B-pregnane-3a,20c-diol, HPD and androstenedione)
docked into the substrate-binding cavity of AKR1C21 (Fig. 1). Our
models suggest that the 3-keto/3a-hydroxysteroids and the 17-keto
steroids bind differently within the steroid-binding pocket and are
orientated by hydrogen-bonding interactions with residues Lys31,
Gly225 and Gly226 of the steroid-binding pocket.

2. Materials and methods
2.1. Crystallization

Recombinant AKR1C21 was expressed and purified as described
previously (Ishikura er al., 2004; Nakagawa et al., 1989). Crystals of
the AKR1C21-NADPH binary complex were grown using the
hanging-drop vapour-diffusion method (McPherson, 1985) at 295 K
in crystallization buffer containing 0.1 M HEPES pH 7.5, 10%
polyethylene glycol 6000 and 5% 2-methyl-2,4-pentanediol (MPD) as
described previously (El-Kabbani et al., 2005). The final concentra-
tion of protein in the binary complex solution was 18 mg ml ™.
Droplets were prepared by mixing 2 pl of the binary complex solution
(comprising AKR1C21 and NADPH in a 1:3 molar ratio) with an
equal volume of the crystallization buffer. The mixture was placed on
siliconized cover slips and allowed to equilibrate at 295 K against 1 ml
reservoir solution. Crystals with a longest dimension of approxi-
mately 0.3 mm were obtained within a week and were used for X-ray
diffraction analysis.

2.2. Data collection and analysis

The crystals used for X-ray diffraction analysis were directly
soaked in a cryoprotective solution (20% ethylene glycol added to
the mother liquor) and flash-cooled at 100 K. Diffraction data were
collected using a MAR CCD detector on the synchrotron beamline
X06SA at the Swiss Light Source (A = 1.00002 A) Each frame was
recorded with 3s exposure and 0.4° oscillation around ¢. The
detector was set at a distance of 165 mm so that the spots were clearly
resolved. The data were processed using XDS and scaled using the
XSCALE software package (Kabsch, 1993). There were two mono-

mers of AKR1C21 per asymmetric unit, with a calculated solvent
content of 47.38% and a Matthews coefficient of 2.34 A®> Da™".

2.3. Structure solution and refinement

The initial phases of the binary complex were determined by
molecular replacement using AKR1C1 (73% sequence identity) as a
search model with the MOLREP software from the CCP4 program
suite (Collaborative Computational Project, Number 4, 1994; Storoni
et al., 2004). Prior to molecular-replacement calculations, residues
that were non-identical to those in AKR1C21, the ligand (NADP")
and solvent molecules were omitted from the AKR1C1 (PDB code
1mrq) search model (Couture er al, 2003). Refinement was
performed using REFMACS and the difference Fourier maps
(2F, — F. and F, — F.) were visualized in Coot (Murshudov et al.,
1997; Collaborative Computational Project, Number 4, 1994; Emsley
& Cowtan, 2004). The model was refined by simple energy mini-
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Figure 1

Chemical structures of the three steroid molecules that were docked into the active
site of AKR1C21. The C13 and C17 atoms are labelled. H atoms and substituted
groups that are oriented towards the a-side of the steroid molecule are indicated by
broken bonds and those oriented towards the B-side are indicated by solid bonds.
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Table 1
Summary of the data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell (2.0-1.8 A).

Data collection and processing

X-ray source SLS beamline X06SA

Detector MAR CCD
Wavelength (A) 1.00002
Unit-cell parameters (A, °) a=28491,b=284.90, c = 95.83,
a=pF=y=900
Space group P2,2,2,
Diffraction data
Resolution range (A) 50-1.8
Unique reflections 59131
Completeness (%) 91.1 (84.8)
Data redundancy 32 (32)
Ruerge . 6.8 (47.5)
Refinement (12-1.8 A)
Riee (%) 268
Reryst (%) 19.9
Size of Ry set (%) 5.1
Protein residues (dimer) 646
NADPH molecules 2
MPD molecules 2
Water molecules 569
R.m.s. deviations
Bond lengths (A) 0.018
Bond angles (°) 1.873
Ramachandran plot
Residues in favoured regions (%) 92
Residues in disallowed regions (%) 0.3
Estimated coordinate error
Luzzati plot 0.248
B factors (A%
Average for protein (chain A + B) 27.093
NADPH 23.815
MPD 50.499
‘Waters 34.590

mization followed by refinement of isotropic B factors and was
corrected by manually fitting the amino-acid side chains into the
2F, — F. and F, — F, electron-density maps. After several rounds of
manual rebuilding, NADPH, MPD and water molecules were added
to the model and it was further refined to a resolution of 1.8 A.
Structure validation was conducted using PROCHECK (Laskowski
et al., 1993). A summary of the data-collection and refinement
statistics are presented in Table 1.

2.4. Molecular docking and energy minimization

In order to determine the mode of binding for different steroid
substrates, such as 5p-pregnane-3¢,20x-diol, HPD and androstene-
dione, the substrates were manually docked into the active-site
pocket of AKR1C21. Based on the optimal substrate-positioning
criteria reported in previous studies, all three substrates were
modelled into the active site with the S-face exposed to the coenzyme
and the C3/C17 carbonyl/hydroxyl group at an appropriate distance
from the C4 atom of the nicotinamide ring for hydride transfer
(Bennett et al., 1997, Nahoum et al., 2001; Couture et al., 2003). The
reactive hydroxyl/keto groups on the substrates were positioned
within hydrogen-bonding distance of the catalytic residues Tyr55 and
His117. The torsion angles of the residues lining the substrate-binding
cavity, such as Trp227, Tyr224, Phe219, Tyr118 and TyrS5, were
adjusted in order to avoid close contacts with the docked substrates.
NADPH was used as the coenzyme for the reduction of ketosteroids,
whereas NADP* was used for the oxidation of hydroxysteroids. H
atoms, partial charges, atomic potentials and bond orders were
assigned to the substrate—protein complexes using automatic proce-
dures within the InsightII 2.1 package (Biosym Technologies Inc., San
Diego, CA, USA). The protein—substrate complexes were energy-
minimized to reduce steric hindrance using the Discover 2.7 package

(Biosym Technologies Inc., San Diego, CA, USA) on a Linux
workstation. Energy-minimization calculations were performed using
the steepest-descent and conjugate-gradient algorithms down to a
maximum root-mean-square derivative of 41.8 and 0.04 kJ A,
respectively. Energy minimization was carried out using previously
established protocols that had been found to be effective for visua-
lizing the protein-ligand complex in a conformation close to its
lowest energy structure (Darmanin & El-Kabbani, 2000, 2001).
Figures were generated using PyMOL (DeLano Scientific, San
Carlos, CA, USA).

Tyr55

Trp227

His117

NADPH

Figure 2

Difference electron-density map, (F, — F,) corresponding to MPD in the active site
of AKR1C21 calculated at 1.8 A resolution and contoured at the 2.5¢ level. The
residues surrounding the MPD molecule and the coenzyme NADPH are labelled.

Figure 3

A ribbon representation of the AKR1C21 monomer coloured according to
secondary structure (o-helices are shown in cyan, loop regions in orange and
B-sheets in purple). The ligands MPD and NADPH are shown as sticks.
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3. Results and discussion
3.1. Overall structure description of AKR1C21

Fig. 2 shows a representative electron-density map for MPD, which
was bound in the active site of AKR1C21. The backbone dihedral
angles of 92% of the residues are in the favoured regions of the
Ramachandran plot. Only Thr221, which forms a hydrogen bond with
the coenzyme through its main chain, is in the disallowed regions.
Like most other members of the family, AKR1C21 adopts an («/f)g
TIM-barrel motif comprising eight parallel g-sheets each alternating
with an a-helix running antiparallel to the B-sheet (Fig. 3).

A comparison of the AKR1C21-NADPH interactions in the
orthorhombic and the recently reported monoclinic (PDB code 2hej)
crystal forms revealed minor differences in the orientations of the
side chains of Asn167 and Asn280 (Faucher et al, 2006). In the
monoclinic structure Asnl67 OD1 is within hydrogen-bonding
distance of the carbonyl O atom of the nicotinamide ring of the
coenzyme, whereas in the orthorhombic structure Asn167 ND2 forms
a hydrogen bond with the carbonyl O atom of the nicotinamide ring.
Furthermore, in the monoclinic model Asn280 OD1 and ND2 are
within hydrogen-bonding distance of the N7 and amino group on the
adenine ring of NADPH, respectively. In this model, Asn280 ND2
and OD1 form hydrogen bonds with N7 and the amino group of the
adenine ring, respectively.

Interesting observations can be drawn upon comparison of the
orientations of the MPD molecules bound to the monoclinic (Faucher
et al.,2006) and orthorhombic AKR1C21 structures and of the type of
interactions they form with the surrounding residues. Both structures
contain a water molecule present in close proximity to His117, Tyr118
and the coenzyme NADPH. The presence of a water molecule in the
active site is thought to mimic the carbonyl group of the steroid
substrate and has also been observed in the crystal structures of other
members of the AKR family (Jez et al., 1997). In the orthorhombic
structure, the water molecule is within hydrogen-bonding distance of
residues His117, Tyr118 and MPD. In the monoclinic structure no
such interaction is present between MPD, His117 and the water
molecule; instead, the MPD molecule is shown to form a hydrogen
bond to a byproduct of MPD, 1,2-ethanediol (Fig. 4). In addition to
MPD, the monoclinic model also contains five molecules of
1,2-ethanediol and two molecules of 2-mercaptoethanol forming

1,2-Ethanediol l ~o

His117

Figure 4

Superimposed MPD molecules from the orthorhombic model (green) and the
monoclinic model (orange) within the binding cavity of AKR1C21. The active-site
water molecule is shown in blue, MPD, His117, Tyr118 and NADPH from the
orthorhombic model are shown in green and MPD and 1,2-ethanediol from the
monoclinic model are shown in orange. Hydrogen bonds and the distance from C4
of the nicotinamide are represented by dotted lines, with the respective distances
shown.

His117

5p-Pregnane-3a,20a-diol

288 % %,
Gly226

Gly225

()

Androstenedione

Trp227

(©

Figure 5

Models of the three substrates (a) HPD, (b) 5B-pregnane-3e,20c-diol and (c)
androstenedione docked in the active site of AKR1C21. The cofactor NADP(H)
and the active-site residues are labelled. Hydrogen bonds and distances from C4 of
the nicotinamide are represented by dotted lines (purple), with the respective
distances shown in black.
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disulfide bonds with Cys29 from each monomer that are absent in this
model. A disulfide bond between the N-terminal residues Cys5 and
Cys7 present in this model is missing in the monoclinic structure,
together with the five N-terminal residues (Faucher et al., 2006).

3.2. Modelled steroid-binding interactions

AKRI1C21 is a bifunctional 3(17)w-HSD. In order to gain an
understanding of the mode of binding of 3-keto-, 3a-hydroxy- and
17-keto steroid substrates, we manually docked HPD, 58-pregnane-
3a,20c-diol and androstenedione into the active site of AKR1C21.
The enzyme-substrate complexes were energy-minimized to reduce
steric hindrance with other amino-acid residues in the active site. Our
model of the AKR1C21-substrate complex revealed that the steroid
molecule is held in the substrate-binding cavity through contacts
between residues in this cavity and atoms at both ends (the A and D
rings) of the steroid molecule. Details of the individual interactions
are discussed below.

3.3. HPD (3-keto steroid)

AKRI1C21 has been reported to efficiently reduce HPD to
21-hydroxy-58-pregnane-3w-0l-20-one (Ishikura et al, 2004). Our
model suggests that the carbonyl and hydroxyl groups on the D ring
of HPD are within hydrogen-bonding distance of the main-chain
imine (2.8 A) and carbonyl (2.8 A) groups, respectively, of Gly226
(Fig. 5a). In addition, the C3 carbonyl group of the A ring makes
contacts with Tyr55 (2.6 A), His117 (3.3 A) and the C4 atom on the
nicotinamide ring of NADPH (3.9 A) The methyl groups of the
substrate are sandwiched between the aromatic rings of Trp227 and
Tyr224 and stabilized via hydrophobic interactions. Interactions
between the carbonyl and hydroxyl groups on the D ring of HPD and
the main-chain carbonyl and imine groups of residue Gly226 may
play an important role in maintaining the stability of the substrate in
the binding pocket. This is in agreement with the threefold drop in
catalytic efficiency for 58-pregnane-3,20-dione (Ishikura et al., 2004),
which lacks the carbonyl group on the D ring (Fig. 1).

3.4. f-Pregnane-3¢,20a-diol (3a-hydroxysteroid)

The model of 58-pregnane-3«,20a-diol in complex with AKR1C21
(Fig. 5b) revealed a similar mode of binding as that for HPD. The
hydroxyl group on the C20 C atom is within hydrogen-bonding
distance of the main-chain carbonyl group of Gly225 (3.3 A) and the
imine group of Gly226 (2.8 A) The 3a-hydroxyl group on the A ring
of the steroid is hydrogen bonded to His117 (3.1 A) and Tyr55
(2.6 A) The C3 C atom is separated by 3.3 A from the C4 atom on
the nicotinamide ring of the coenzyme. Similar to HPD, the methyl
groups of the steroid substrate are sandwiched between the aromatic
rings of Tyr224 and Trp227. This observation suggests that substrates
that undergo either 3a-dehydrogenase activity or 3-ketosteroid
reductase activity bind to the active site in the same manner and are
stabilized through similar interactions with residues in the substrate-
binding cavity.

3.5. Androstenedione (17-keto steroid)

AKRI1C21 is the only enzyme that has been identified to efficiently
reduce androstenedione to epi-T, with a k.,/K, of 50 min~" um_l
(Ishikura et al., 2004). Our model of the androstenedione-AKR1C21
suggests that androstenedione is oriented with its A and B rings
directed into the active-site cavity at the opposite side of the C and D
rings of 5B-pregnane-3«,20c-diol and HPD (Fig. 5¢). This is likely to
be a consequence of the asymmetric nature of the four rings forming

the frame of the steroid substrate molecules. Owing to the difference
in the orientation of the A and B rings of androstenedione, its C3
carbonyl group was within hydrogen-bonding distance of Lys31
(2.6 A), which is known to play an important role in stabilizing the
substrate in the active site for efficient catalysis, as demonstrated
recently with epi-T (Faucher et al., 2007). Similar to the 3-keto/3a-
hydroxy substrates, the methyl groups of androstenedione are sand-
wiched between the aromatic rings of Tyr224 and Trp227. The C17
carbonyl group on the D ring is within hydrogen-bonding distance of
the catalytic residues His117 (3.3 A) and Tyr55 (2.9 A) and the C17 C
atom was separated by 3.3 A from the C4 atom on the nicotinamide
ring of the coenzyme. These results are consistent with the findings of
a recent study on the crystal structure of the AKR1C21-NADP —epi-
T ternary complex, which identified Lys31 as an important residue for
substrate stability during catalysis (Faucher et al., 2007).

4. Conclusion

The biological importance of the 17w-hydroxysteroid activity of
AKRI1C21 was the impetus for this study since AKR1C21 is the only
member of the AKR1C family that is known to efficiently catalyse
stereospecific reduction of the ketone group at the C17 position of
the steroid molecule. In order to determine the factors that influence
the bifunctionality of AKR1C21, three substrates were docked into
its active site. The results showed that C3 and C17 steroid substrates
were oriented differently in the active site and hence were involved in
hydrogen bonding to different residues lining the substrate-binding
cavity. Our models suggest that Lys31 (as shown for the 17-keto
steroid) and Gly225 and Gly226 (as shown for the 3a-hydroxysteroid
and 3-keto steroid) are the key residues involved in substrate
recognition as well as product release. This is consistent with the
recent findings of a study on the crystal structure of the AKR1C21-
NADP*-epi-T ternary complex, which identified Lys31 as an
important residue for substrate stability during catalysis (Faucher et
al.,2007). Knowledge of the additional residues involved in substrate
binding may be valuable for the design of AKR1C21 inhibitors, which
is important owing to its pivotal role in the intracrine regulation of
hormonal steroids.

The authors wish to thank Armin Wagner and Andre Mitschler for
their assistance during data collection at SLS. This work was
supported by an Australian Research Council Linkage International
Award to OEK and AH. UD is the recipient of a Monash Graduate
School PhD Scholarship.
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