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Abstract

Aldo-Keto Reductases (AKRs) are a major superfamily of monomeric NADPH-dependent carbonyl
oxidoreductases. They are characterized by an (a/B)g-barrel structure, which at its base contains a
conserved catalytic tetrad of Tyr, Lys, His and Asp. Two AKR subfamilies contain other residues
substituted for the catalytic His and perform different functions. First, the steroid 5p-reductase
(AKR1D1), which reduces C=C double bonds instead of carbonyl groups, has a Glu substituted for
His. Second, the Kvp subunits (AKR6A3, AKR6AS5 and AKR6A9) which modulate opening of the
voltage-gated potassium channel (Kv1) by oxidizing NADPH, have an Asn substituted for the His.
Previously, we noted that conserved catalytic residues in AKRs perform similar functions in the
short-chain dehydrogenases (SDRs). With the availability of crystal structures of AKR1D1 and two
SDRs that catalyze double-bond reduction reactions, Digitalis steroid 5B-reductase and 2,4-dienoyl-
CoA reductase, we have compared their active sites to outline the features that govern whether 1,2-
1,4- or 1,6-hydride transfer occurs.
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1. Introduction

Two of the most prominent NAD(P)(H)-dependent oxidoreductases are the short-chain
dehydrogenase reductases (SDRs) and the aldo-keto reductases (AKRS) [1-5]. These two
enzyme superfamilies adopt different protein folds but share common endogenous substrates,
e.g., steroid hormones, prostaglandins, and lipid aldehydes, as well as exogenous substrates
such as xenobiotics, including aldehydes, ketones, and carbonyl containing drugs. Despite the
differing structures of SDRs and AKRs, these enzyme superfamilies share numerous features
of catalytic mechanism. The SDR active site contains a Y XX(S)K motif, while the AKR active
site contains conserved residues D50, Y55, K84, and H117 [4-11]. Superposition of the active
site residues of the SDR 3a(20p)-hydroxysteroid dehydrogenase (HSD) from Streptomyces
hydrogenas [7] and rat 3a-hydroxysteroid dehydrogenase (AKR1C9) [11] shows that the
general positions of the conserved tyrosine and lysine residues are generally similar relative
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to the si and re face of the nicotinamide ring of the cofactor, which donates either the 4-pro-
S or 4-pro-R hydride in the SDR or AKR reactions, respectively (Fig. 1). We also noted that
the Ser in 3a(20B)-HSD and the Ne2 atom of His in AKR1C9 are both within hydrogen bonding
distance of a water molecule that is displaced by the substrate carbonyl, suggesting that these
residues play a facilitatory role in catalysis [7,12]. It is apparent that the two enzyme
superfamilies have convergently evolved to a common catalytic mechanism in which the
tyrosine residue serves as a general acid-base [11]. In the SDRs the pKa of the Tyr is likely
lowered by interaction with the nearby lysine residue, and the conserved Ser donate a hydrogen
bond to the substrate carbonyl group (Fig. 2). In the AKRs, the Tyr acts a general base due to
deprotonation by the lysine, but acts as a general acid by participating in a proton relay with
the conserved His (Fig. 2) [13].

In the AKR superfamily, there are two subfamilies in which the conserved catalytic histidine
residue is substituted [5]. In the AKR1D subfamily, which contains the steroid 5p-reductases,
H117 is substituted by glutamic acid. In the AKR6A family, which contains the B-subunit
Kvp of the potassium channel Kv1, H117 is substituted by asparagine. Recently determined
crystal structures of these AKRs have led to mechanistic proposals concerning the respective
functions of these substituted residues [14]. These proposals are supported by comparisons to
SDRs.

2. Comparison of the steroid double-bond reductases AKR1D1 and
progesterone 5B-reductase

There are two forms of steroid hormone double bond reductases that reduce A*-3-ketosteroids
to the corresponding 5a- and 5B-reduced dihydrosteroids (Fig. 3). The steroid 5a-reductases
are annotated as SRD5 genes and belong to neither the SDRs or the AKRs. In humans both
type 1 and type 2 5a-reductases are found [15]. These enzymes generate steroid products
containing a trans-A/B ring configuration. In contrast, the steroid 5p-reductases catalyze a
reaction that is unique in steroid enzymology since the resultant product contains a cis-A/B
ring configuration and accordingly contains a 90° bend. The cis A/B ring configuration is an
essential characteristic of cardiac glycosides, e.g., digioxin and bile acids and their precursors.
Steroid 5B-reduction is almost impossible to perform using chemical reductants unless a
superacid is used and unless there is a directing group to facilitate the correct facial attack of
the reductant [16-17]. To gain insight on these reactions it is useful to compare the crystal
structure of human 5p-reductase (AKR1D1) with that of the SDR progesterone 5p-reductase
(5B-POR) from Digitalis lanata (foxglove), both of which have been recently reported [14,
18].

AKR1D1 catalyzes the stereospecific reduction of the A*-double bond of circulating steroid
hormones that contain the A%-3-ketosteroid functionality, e.g. the reduction of testosterone,
progesterone and cortisol to yield the corresponding 5B-dihydrosteroid (Fig. 3). The crystal
structures of AKR1D1 reveals the characteristic (a/p)g-barrel fold of AKRs with three large
loops (A, B and C) that form the steroid binding site [14]. The structures of the AKR1D1-
NADP*-cortisone and AKR1D1-NADP™*-progesterone complexes show that the NADP*
cofactor lies across the lip of the barrel with the nicotinamide ring oriented into the active site,
perpendicular to the steroid substrates. Presuming that the binding conformation of NADP* is
similar to that of NADPH, the 4-pro-R hydride would be oriented towards the p-face of the
steroid, adjacent to the reactive C5 atom of the steroid substrate. The position of the catalytic
tetrad supports the proposed role of Y58 as a general acid [14]. Importantly, E120 appears to
be a fully protonated, anti-oriented carboxylic acid based on its intermolecular interactions
presumed to be hydrogen bonds in the enzyme-substrate complexes [14]. The side chain of
E120 is proposed to serve two roles in the mechanism by replacing the histidine residue found
at this position in other AKR enzymes. First, the histidine—glutamate substitution removes
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steric bulk from this portion of the active site and thereby permits the steroid to bind more
deeply in the active site cavity [14]. This creates the optimal reaction trajectory for hydride
transfer to the substrate C5 atom. In addition, both E120 and Y58 donate hydrogen bonds to
the C3-ketone and contribute to a superacidic environment that can stabilize the enolate
intermediate in catalysis, which facilitates hydride transfer (Fig. 4a) [14,19].

5B-POR catalyzes the stereospecific reduction of the A%-double bond of progesterone to form
5B-pregnane-3,20-dione using NADPH as cofactor in cardenolide biosynthesis by Digitalis
(Fig. 5). The crystal structure of the 58-POR-NADP* binary complex reveals that 5-POR
exhibits a characteristic SDR fold with an N-terminal domain consisting of a double Rossmann
fold for cofactor binding and an insertional domain between strands pF and BG of ~100 residues
for substrate binding (Fig. 5b) [18]. Additionally, the N-terminal domain of 53-POR contains
the NFY179YDLED motif with residues separating the catalytic tyrosine and lysine residues
(this is a variation of the YXX(S)K motif). Notably, for the majority of SDRs in which the
YXX(S)K motif is found, the lysine residue assists in the protonation of the tyrosine residue
during catalysis and stabilizes the binding of the cofactor through a hydrogen bond interaction
with the 2'-hydroxyl group of the cofactor ribose group. The side chain of Y179 plays a central
role in the catalytic activity of 5B-POR. In fact, when this residue is mutated to either alanine
or phenylalanine, the enzyme completely loses activity [18]. This suggests that the hydroxyl
group of Y179 in the NFY179YXXED segment plays a similar role in catalysis as the
corresponding tyrosine in the YXX(S)K motif of SDRs [18].

The crystal structure of the 53-POR-NADP™ hinary complex reveals that the side chain of
K147 is found in a similar position to the lysine residue of the YXX(S)K motif in standard
SDRs (Fig. 5a—b) [18]. The terminal amino group of K147 is ~4.4 A from the hydroxyl group
of Y179, which is longer than the hydrogen bond separation of 2.7 A between K87 and Y58
in the crystal structure of AKR1D1 (Fig. 5b). In turn, Y179 donates a hydrogen bond to the 2'-
hydroxy! of the cofactor ribose group in the crystal structure of 53-POR-NADP* binary
complex (Fig. 5b).

The mechanism for the reduction of the double bond in common with other SDRs follows two
steps: first, the 4-pro-S-hydride transfer occurs from the NAD(P)H to the substrate, while in
the second step protonation neutralizes the enolate intermediate. For the majority of SDRs that
catalyze the reduction of a carbonyl bond, the hydrogenation occurs as a 1,2 addition
mechanism. The crystal structure of human 17p-hydroxysteroid dehydrogenase type 1 in
complex with 17p-estradiol and NADP™ reveals that the 017 hydroxyl group of 17p-estradiol
hydrogen bonds with Y155 and S142 (Fig. 5a) [20]. In this way the substrate carbonyl is further
polarized to facilitate the nucleophilic addition of the hydride ion.

Significantly, the carbon-carbon double bond is often part of an o,B-unsaturated ketone, and
the enzymes AKR1D1 and 5B-POR evolved to promote a 1,4 addition mechanism. While
AKR1D1 evolved to have the polarization of the carbon-carbon double bond assisted by the
extra acidic residue E120 [14], Thorn and colleagues observe that the catalytic residue Y179
in 58-POR is shifted by a complete helical turn with respect to common SDRs and it assumes
a geometry that would favor the 1,4 addition [18].

It is also informative to extend the comparison of AKR1D1 to another SDR family member
for which the crystal structure is available, 2,4-dienoyl-CoA reductase [21]. This enzyme
catalyzes the 1,6 addition mechanism for the reduction of trans-2, trans-4-hexadienoyl-CoA
to form trans-3-hexenoyl-CoA, in which a y,6-carbon-carbon double bond is conjugated with
an a,B-unsaturated thioester [21]. Thorn and colleagues note that for this enzyme the catalytic
tyrosine (Y199) is moved to a completely different region to donate a hydrogen bond to the
carbonyl of the substrate (Fig. 5¢) [18,20,21]. The location of the catalytic tyrosine is even
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further removed than that of 58-POR to accommodate the 1,6 addition mechanism of 2,4-
dienoyl-CoA reductase versus the 1,4 addition mechanism of 53-POR (Figs. 4b, 5b—c). In other
words, the further away the carbonyl group is from the reactive double bond of the unsaturated
ketone, the further away the catalytic tyrosine is from the reactive C4-H hydride of NAD(P)
H; in enzymes catalyzing 1,2, 1,4, and 1,6 addition reactions shown in Fig. 5, the catalytic
tyrosine OH---NADP* C4 separation is 5.2 A, 6.0 A, and 7.1 A, respectively.

Finally, we note that the crystal structure of the ternary complex 2,4-dienoyl-CoA reductase-
trans-2, trans-4-hexadienoyl-CoA-NADP* reveals that the carbonyl oxygen of the substrate
accepts a hydrogen bond from general acid Y199 and also N148 [21] (Fig. 5¢). The substitution
of a smaller asparagine side chain for the larger histidine side chain found in AKR enzymes
catalyzing 1,2 addition reactions permits the substrate to bind more deeply in the active site to
accommodate the 1,6-addition reaction.

3. Comparison of AKR1D1 and the Kvf subunit of potassium channel Kv1l

Voltage-gated potassium-selective channels are found in virtually all living organisms and
form transmembrane pores. These pores are found in many cells types and tissues where they
function to regulate electrical signaling and other physiological processes [22—24]. The pores
are formed by the association of two subunits: the voltage-dependent potassium channel (Kv1)
and a B-subunit (Kvp) [25-27]. The crystal structure of the potassium channel associated with
the B-subunit shows that 4 Kv1:Kvp heterodimers assemble to form a heterooctamer with C4
symmetry, and the central ion conducting pore defines the axis of symmetry [28-30].

Three human Kvp proteins (Kvp1-3) have been identified that belong to the AKR6A subfamily,
which also contains the voltage-dependent Shaker potassium channels [5,25]. The Kvp
structures adopt the (a/p)g-barrel fold typical of AKRs despite sharing low amino acid sequence
identity with other members of the AKR superfamily [5,25]. Additionally, three residues of
the catalytic tetrad, Y55, K84, and D50 (numbering scheme based on AKR1C9, rat 30-HSD),
are conserved with respect to other members of the AKR superfamily, but a neutral asparagine
residue (N158) replaces the conserved H117 [5,25]. The imidazole group of H117 plays a
crucial role in substrate binding and catalysis in AKR1C9, where the role of H117 is to facilitate
the protonation of Y55, which serves as the general acid by donating a proton to the steroid
carbonyl [13].

Several crystal structures of the Kvp proteins or the (Kv1:Kvp)4 channel include a bound
NADP*/NADPH cofactor [28-30]. Recently, it has been demonstrated that Kvp is a functional
AKR capable of reducing aromatic aldehydes at the expense of oxidizing NADPH, which is
accompanied by an increase in channel current. An identical effect is seen if H,O, is used to
oxidize the bound NADPH [31,32]. Interestingly, typical AKR1D1 substrates such as cortisone
or AKR1C9 substrates such as 5a-androstane-3a,17p-diol show no activity [33]. Instead,
aldehydes having an aromatic ring with an electron withdrawing group in the para position,
or substrates with carbonyl groups polarized by a,B-unsaturation, are favored. Additionally,
the reduction of 4-oxo-2-noneal produces only 4-oxo-2-nonenol (corresponding to the
reduction of the aldehyde group at C1), while the C=C double bond between C2 and C3, and
the keto group at C4, are not reduced [33]. When the catalytic tyrosine of Kvf3, Y90, is mutated
to phenylalanine, catalytic activity is mostly obliterated [32]. It is not immediately clear why
the residue corresponding to H117 in AKRs is a neutral asparagine in Kvp.

The comparison of the crystal structure of AKRs having different catalytic residues in place
of H117 support the concept that this difference determines the substrate specificity of these
AKRs. Even though the root-mean-square (r.m.s.) deviation between the cytoplasmic 3 subunit
(KvB) in complex with the cofactor NADPH complex (PDB accession code 1EXB [29]) and
the AKR1D1-NADP™*-progesterone complex (PDB accession code 3COT [14]), or the rat
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AKR1C9-NADP*-testosterone complex (PDB accession code 1AFS [12]), is 1.60 A and 1.50
A, respectively, larger variations involving loop segments A, B and C occur (Fig. 6a).
Specifically, loops A (1119-L147) and C (L302-Y326) in AKR1D1 are much longer than the
respective loops A (A157-T165) and C (G356-S361, 6 residues are missing from the X-ray
model) in the Kvp and their role in AKR1D1 is to accommodate substrate binding (Fig. 6). In
contrast, loop B (Y219-L238) of AKR1D1 is less structured than the corresponding region of
Kvp. Comparison of the KvB-NADPH complex and the AKR1C9-NADP*-testosterone
complex yields similar observations. However, a closer inspection of the Kv(} active site reveals
~1 A deeper binding of the NADPH cofactor with respect to the cofactor in AKR1D1 and
AKR1C9. The side chain of N158 in the Kv is coplanar with both the side chain of H117 of
AKR1C9 and the side chain of E120 of AKR1D1. We speculate that N158 in the Kv provides
more room for the optimal positioning of bulky lipid and phospholipid aldehyde substrates.
We note that the conversion of NADPH to NADP* provides a mechanism by which potassium
channel opening is redox-regulated. Lipid and phospholipid aldehydes are formed as products
of lipid peroxidation and oxidative stress. The optimal positioning of these substrates may
contribute to the redox-regulation of channel opening. It is also interesting to note that N167
in rat 30-HSD and the equivalent residue N170 in AKR1D1 is found as R189 in Kvp; the
crystal structure of the KvB-NADPH complex reveals that this residue is very close to the
position of progesterone in the structure of the AKR1D1-NADP*-progesterone complex (Fig.
6) and may contribute to substrate specificity. The recent crystal structure of the ternary
complex KvB-NADPH-cortisone reveals cortisone binding sites on the surface of the protein
in addition to the enzyme active site, where the cortisone molecule is bound backwards with
respect to the productive binding of cortisone and progesterone in the active site of AKR1D1,
and it causes the side chain of R189 to flip (Fig. 6¢) [34]. The crystal structure reveals that the
binding of cortisone to the protein surface has an important role in dissociating the 3 subunits
from the Shaker protein channel [34].
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Fig. 1. Superposition of the active site residues of rat 3a-HSD (AKR1C9) and 3a,20p-HSD [11]
Comparison of AKR and SDR enzymes in which the protein folds differ but the active site
residues superimpose. Active site residues in 3a-HSD (blue) superimposed with those in 3a,
20B-HSD, a member of the SDR superfamily (yellow) [7]. All non-hydrogen atoms in Tyr 55,
Lys 84, His 117, and nicotinamide ribose in the 3a-HSD-NADP™* binary complex and in Ser
139, Tyr 152, Lys 156, and nicotinamide ribose in the 30,20B-HSD-NAD* binary complex are
shown. The water molecule in 3a-HSD that may mimic the carbonyl oxygen in a 3-ketosteroid
substrate is represented by a red sphere. The superposition was based on the nicotinamide ring
position, excluding the carboxamide substituent at the C3 position. The reason for excluding
this substituent was that 3a,20B-HSD transfers the pro-S hydrogen, while 3a-HSD transfers
the pro-R hydrogen, so that although the nicotinamide rings lie in the same plane, they are
flipped 180° relative to one another and the carboxamide groups do not superimpose. This
figure was prepared using MOLSCRIPT. Reproduced with permission from Biochemistry
1996 35, 10702-10711. Copyright 1996 the American Chemical Society.
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Alcohol Oxidation by AKR

R Tyrs5  Lys84

Carbonyl reduction and alcohol oxidation by AKRs and SDRs is evolutionary conserved.
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R

ﬁ A*-3-ketosteroid

SDR AKR

R

034H

S5a-dihydrosteroid 5B-dihydrosteroid

Fig. 3. Reduction of the carbon-carbon double bond at C-5 of a A%-3-ketosteroid to form 5p-
dihydrosteroid as catalyzed by SDR or AKR family members
Steroid rings and selected carbon atoms are labeled according to standard practice.
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Fig. 4. a) Proposed catalytic mechanism for steroid double bond reduction [14]
Reproduced with permission of the American Society of Biochemistry and Molecular Biology.
b) Proposed catalytic mechanism for 2,4-dienoyl-CoA reductase [21].
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Fig. 5. Evolution of SDRs to accommodate different reduction mechanisms

(a) Human 17p-hydroxysteroid dehydrogenase-NADP*-estradiol ternary complex (PDB
accession code 1FDT, [20]) which catalyzes a 1,2-addition (b) 58-POR-NADP* (D. lanata)
binary complex (PDB code 2VV6G [18]) which catalyzes a 1,4-addition, (c) human 2,4-dienoyl-
CoA reductase-NADP™*-2,4-hexadienoyl-CoA ternary complex (PDB code 1W6U, [21]) which
catalyzes a 1,6-addition. The catalytic residues and NADP™ are shown in sticks and are
magenta; the other ligands are yellow. The cofactor binding domain is essentially conserved
among these different enzymes at the N-terminal domain. The insertional domain for binding
of progesterone in 58-POR is indicated in cyan. The position of the catalytic tyrosine is shifted
among these enzymes to accommodate different addition mechanisms. In enzymes catalyzing
1,2, 1,4, and 1,6 addition reactions, the catalytic tyrosine OH---NADP* C4 separation is 5.2
A, 6.0A and 7.1 A, respectively.
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Fig. 6. Comparison of AKRs crystal structures in which the conserved catalytic histidine is
substituted

(a) Least-squares superposition of the AKR1D1-NADP*-progesterone complex (magenta,
PDB code 3COT [14]), the KvB-NADPH complex (light blue, PDB code 1EXB [29]; for
clarity, the Kv1.2 subunit is omitted) and the AKR1C9-NADP*-testosterone complex (green,
PDB code 1AFS [11]). (b) Superposition of selected active site residues, cofactor and ligand
of AKR1D1-NADP*-progesterone complex, KvB-NADPH complex, and AKR1C9-NADP*-
testosterone complex. The side chains of His 117, E120, and N148 from the different enzymes
are coplanar. (c) Superposition of AKR1D1-NADP*-progesterone complex, Kv-NADPH
complex, and KvB-NADPH-cortisone complex (carbon atoms are yellow, PDB code 3EAU
[34]). Cofactor, progesterone, testosterone and catalytic tetrad are color-coded as follow:
oxygen, red; nitrogen, blue; phosphorus, orange.
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