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Abstract

The aldo-keto reductase (AKR) protein superfamily contains > 190 members that fall into 16 

families and are found in all phyla. These enzymes reduce carbonyl substrates such as: sugar 

aldehydes; keto-steroids, keto-prostaglandins, retinals, quinones, and lipid peroxidation 

byproducts. Exceptions include the reduction of steroid double bonds catalyzed by AKR1D 

enzymes (5β-reductases); and the oxidation of proximate carcinogen trans-dihydrodiol polycyclic 

aromatic hydrocarbons; while the (β-subunits of potassium gated ion channels (AKR6 family) 

control Kv channel opening. AKRs are usually 37 kDa monomers, have an (α/β)8-barrel motif, 

display large loops at the back of the barrel which govern substrate specificity, and have a 

conserved cofactor binding domain. AKRs catalyze an ordered bi bi kinetic mechanism in which 

NAD(P)H cofactor binds first and leaves last. In enzymes that favor NADPH, the rate of release of 

NADP+ is governed by a slow isomerization step which places an upper limit on kcat. AKRs retain 

a conserved catalytic tetrad consisting of Tyr55, Asp50, Lys84, and His117 (AKR1C9 

numbering). There is conservation of the catalytic mechanism with short-chain dehydrogenases/

reductases (SDRs) even though they show different protein folds. There are 15 human AKRs of 

these AKR1B1, AKR1C1-1C3, AKR1D1, and AKR1B10 have been implicated in diabetic 

complications, steroid hormone dependent malignancies, bile acid deficiency and defects in 

retinoic acid signaling, respectively. Inhibitor programs exist worldwide to target each of these 

enzymes to treat the aforementioned disorders. Inherited mutations in AKR1C and AKR1D1 

enzymes are implicated in defects in the development of male genitalia and bile acid deficiency, 

respectively, and occur in evolutionary conserved amino acids. The human AKRs have a large 

number of nsSNPs and splice variants, but in many instances functional genomics is lacking. 

AKRs and their variants are now poised to be interrogated using modern genomic and informatics 

approaches to determine their association with human health and disease.
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1. Introduction

The reduction of aldehydes and ketones to primary and secondary alcohols, respectively are 

formal functionalization reactions and are involved in the phase 1 metabolism of 

endogenous compounds and xenobiotics bearing these functional groups. These reactions 

are often catalyzed by proteins that belong to two protein superfamilies, the short-chain 

dehydrogenases (SDRs) and the aldo-keto reductases (AKRs) [1, 2].

AKRs exist in nearly all phyla, they are mainly monomeric soluble proteins (34–37 kDa), 

NAD(P)(H) dependent oxidoreductases [3]. While a search of the genome data bases can 

reveal a large number of in silico sequences that are AKRs, the protein superfamily contains 

190 annotated proteins which fall into 16 families [4]. The enzymes have broad substrate 

specificity and will transform sugar [5] and lipid aldehydes [6, 7], ketosteroids [8], 

ketoprostaglandins [9, 10] , and chemical carcinogens, e.g. nicotine derived nitrosamines 

[11] as well as carcinogen metabolites e.g. polycyclic aromatic hydrocarbon trans-

dihydrodiols [12, 13] and aflatoxin dialdehyde [14]. Each enzyme is characterized by the 

same protein fold, a triose-phosphate isomerase TIM barrel or (α/β)8-barrel with the 

insertion of several additional helices [15, 16] . At the back of the barrel there are three large 

loops that define substrate specificity. There are currently 119 AKR structures and their 

complexes in the PDB (as of August 2014). Sequence alignment and structural comparison 

identifies a common cofactor binding domain which permits pro-R-hydride transfer to the 

acceptor group, and a conserved catalytic tetrad of Tyr, Lys, His, Asp [3].

Sequence alignment also allows the identification of the AKR families and sub-families, 

where related members become grouped based on protein function. In this nomenclature < 

40% sequence identity of an AKR identifies the protein as belonging to a new family. 

Greater than 60% identity between members groups them as members of the same subfamily 

and a numeral identifies the exact protein member [17]. Thus aldehyde reductase is defined 

as AKR1A1. The 16 AKR families include: AKR1 (aldehyde reductases, aldose reductases, 

hydroxysteroid dehydrogenases, and steroid 5β-reductases); AKR2 (manose and xylose 

reductases); AKR3 (yeast AKRs); AKR4 (chalcone and codienone reductases); AKR5 

(gluconic acid reductases); AKR6 (β-subunits of the potassium gated voltage channels); 

AKR7 (aflatoxin dialdehyde and succinic semialdehyde reductases); AKR8 (pyridoxal 

reductases); AKR9 (aryl alcohol dehydrogenases); AKR10 (Streptomyces AKRs); AKR11 

(Bacillus AKRs); AKR12 (Streptomyces sugar aldehyde reductases); AKR13 

(hyperthermophilic bacteria reductases); AKR14 (E. coli reductases), AKR15 

(Mycobacterium reductases) and AKR16 (V. cholera reductases), Figure 1 

(www.med.upenn.edu/akr). This overview will review common features of the enzymatic 

properties of the AKRs and on the role of human AKRs in health and disease.

2. Enzymological Properties

All AKRs catalyze a sequential ordered bi-bi reaction in which cofactor binds first and 

leaves last [18, 19]. This has raised issues relating to the identity of the rate-determining 
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step; is the step cofactor binding and release? substrate binding and product release? or the 

chemical step?

2.1. Cofactor Binding

Examination of cofactor binding shows a conserved cofactor binding arrangement [3]. The 

cofactor is bound in an extended anti-conformation to permit pro-R-hydride transfer. In this 

conformation the nicotinamide head group is held in the correct orientation by pi-stacking 

with Tyr16, and by hydrogen bond interaction between the carboxamide side chain with 

Asn167, Ser166 and Gln190 (AKR1C9 numbering). By contrast the 2’-phosphate of AMP at 

the tail end is held in place by electrostatic or salt linkages with Arg276, and Arg270. The 

pyrophosphate bridge may or may not form salt links which can provide a “safety belt” that 

locks over the cofactor [20, 21]. Examination of cofactor binding can be measured in the 

stopped flow by measuring the quenching of the intrinsic protein fluorescence as the 

cofactor binds. Bi-exponential fitting of the fluorescence transient provides the best fit for 

these data which is interpreted to mean that there is a three step process for cofactor binding, 

Figure 2. The initial formation of a lose complex is followed by two subsequent 

isomerization events. A formal kinetic scheme was proposed for AKR1C9 which consisted 

of 9 enzyme forms and 16 individual microscopic rate constants, whereby the k6 term for 

NADPH release in the oxidation direction and the k13 term for NADP+ release in the 

reduction direction are slow steps [18], Figure 3. The first isomerization step is abolished by 

the R276M mutant in AKR1C9 indicating that cofactor anchoring of the 2’AMP is the event 

being followed [22]. This electrostatic salt link can be disrupted by high salt and thus 

cofactor affinity can be affected by salt or buffer concentration [23].

2. 2. Rate-determination

Multiple-turnover experiments in the stopped-flow for the oxidation of androsterone by 

NADP+ catalyzed by AKR1C9 at pH 7.0 showed formal burst-phase kinetics followed by a 

slow product release phase. These experiments showed that kchem = 24.0 s−1, but that the 

rate of release of NAPH, krNADPH = 0.85 s−1 is identical to kcat. Thus in the oxidation 

direction rate-determination is driven by cofactor release. By contrast multiple-turnover 

experiments for the reduction of 5α-androstane-3,17-dione by NADPH catalyzed by 

AKR1C9 at pH 7.0 gave a kchem = 1.3 s−1 and a rate of release of NADP+, krNADPH = 0.65 

s−1 and a kcat = 0.42 s−1. Thus in the reduction direction chemistry and cofactor release both 

contribute to rate determination [18]. These findings predict that different substrates for 

pluripotent enzymes will have different rate-determining steps.

2.3. Catalytic-Mechanism

The catalytic mechanism was dissected for AKR1C9 using substrates in which kcat is driven 

by kchem, site-directed mutagenesis of the catalytic tetrad and kcat/pH rate profiles. This led 

to the proposal of a “push-pull” mechanism [24], Figure 4. In the reduction direction the 

catalytic Tyr has TyrOH2
+ character. Following hydride transfer to the acceptor carbonyl 

there is protonation of the carbonyl by the Tyr with a proton relay that involves His117 to 

bulk water. In the oxidation direction the catalytic Tyr is deprontonated by Lys84 and the 

phenolate anion then removes a proton from the alcohol with hydride transfer back to the 
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oxidized cofactor. This mechanism requires the enzyme to be diprotic so that microcospic 

reversibility can occur. The mechanism also demonstrates the importance of the 

microenvironment since TyrOH2
+ has a pKb = −2.0 whereas TyrO− has a pKa = + 10.0. An 

NMR study is now required to titrate the catalytic Tyr so that its true pKa can be assigned. A 

similar mechanism was proposed for reduction catalyzed by aldose reductase [25, 26].

The protein folds of SDRs and AKRs are unrelated but we noticed that the residues involved 

in catalysis in the two enzyme superfamilies were similar. In SDRs the catalytic residues are 

Tyr, Asn, Ser, Lys and in AKRs, the residues are Tyr, Asp, His, Lys. This lead us to overlay 

the catalytic residues in the x-ray structures of Streptomyces 3α,20β-hydroxysteroid 

dehydrogenase (a SDR) with those present in AKR1C9 [27]. In conducting this overlay the 

nicotinamide ring of the cofactor was flipped to account for the difference in 

stereochemistry of hydride transfer between the two enzyme superfamilies; where SDRs 

transfer the pro-S-hydrogen. The result of this overlay showed that there was marked 

conservation of the position of these residues in 3-dimensional space such that the Tyr and 

Lys residues in both enzymes were superimposed and the Ser and His residues were aligned, 

Figure 5. We proposed that the catalytic mechanism for both SDRs and AKRs were similar 

and had been conserved through convergent evolution.

AKRs are remarkably flexible and variations on this catalytic mechanism have evolved to 

adapt to different substrates. AKR1D family members are not oxidoreductases but catalyze 

irreversible steroid double-bond reduction by acting as steroid 5β-reductases [28–30]. In this 

reaction the α,β-unsaturated ketones of steroid hormones are reduced at the C5-position to 

produce an A/B cis-ring junction so that the 5β-produced products contain a 90° bend in 

their structure. This reaction is very difficult to perform chemically since reduction of the 

α,β-unsaturated ketone leads to formation of the allylic alcohol. This reaction is facilitated 

by AKR1D1 by substitution of the catalytic His with a Glu (Glu120) [31]. This glutamic 

acid residue assumes an anti-conformation in the AKR1D1 crystal structure which enables 

the carboxylic acid to remain fully protonated so that the residue can enhance acid catalyzed 

enolization of the α.β-unsaturated ketone [28, 32], Figure 6A.

In another variation of this mechanism, a ubiquitous substrate used to assign enzyme activity 

in AKRs is 9,10-phenanthrenequinone. Remarkably, when the catalytic tyrosine of AKR1C9 

was mutated it was found that the Y55F and Y55S mutants retained the kcat of the wild-type 

enzyme showing that the protonation state of the tyrosine was unimportant for this reaction 

and that acid-base catalysis was not required [33]. Wild-type enzyme and the active-site 

mutants Y55F, Y55S, H117A, D50N, K84R, and K84M showed the presence of a new 

titratable group with a pKb = 8.3–9.9. Thus, the group being titrated is not part of the tetrad. 

The retention of quinone reductase activity in this AKR in the absence of Tyr55 with kcat 

versus pH rate profiles and activation energies identical to wild-type enzyme for this 

reaction suggests that quinone reduction occurs via a mechanism that differs from 3-

ketosteroid reduction. In this mechanism, the electron donor (NADPH) and acceptor (o-

quinone) are bound in close proximity, which permits hydride transfer without formal 

protonation of the acceptor carbonyl by Tyr 55. Thus a mechanism was proposed in which 

following hydride transfer to one carbonyl of the o-quinone there was intermolecular 

hydride transfer to yield the catechol which air-oxidizes back to the quinone, Figure 6B.
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2.4. AKRs Function as Reductases in Vivo

Despite the fact that AKRs can catalyze oxidoreduction in vitro they likely function solely 

as reductases in vivo. AKRs display nanomolar affinity for NADP(H) with Kd values in the 

range of 10 – 120 nM but display micromolar affinity for NAD(H) with Kd values between 

100–250 µM [23]. Thus the enzymes at first glance are set up to use the prevailing 

concentrations of NADPH and NAD+ in cells. However, the high affinity for NAD(P)H 

ensures that there is potent product inhibition of NAD+ dependent oxidation reactions [34]. 

Further kinetic analysis shows that the Keq and the Haldane equation indicate that the 

reduction direction is favored [18]. Finally, stable and transiently transfected mammalian 

cell lines show that when AKRs are forced to use the prevailing cofactor concentration in 

cells they catalyze reduction reactions only [34–37]. Thus human AKRs have been 

engineered to act as reductases.

3. Human AKRs and Disease

There are 15 human AKRs see Table 1. These include aldehyde reductase (AKR1A1); 

aldose reductase and aldose-like reductase proteins (AKR1B1, AKR1B10 and AKR1B15); 

the hydroxysteroid dehydrogenases (AKR1C1-AKR1C4); steroid 5β-rductase (AKR1D1); 

1,5-anhydro-D-fructose reductase (AKR1E2); the β-subunits of the potassium voltage gated 

channels (AKR6A3, AKR6A5, and AKR6A9) (which form tetramers); and the dimeric 

aflatoxin aldehyde reductases (AKR7A2 and AKR7A3). These human AKRs are implicated 

in a variety of disease processes and as such selective enzyme inhibitors have been sought 

both as chemical probes and as possible therapeutics. In addition natural mutations in human 

AKRs are also linked with disease, and a number of splice variants are possible.

3.1. AKR-Inhibitors

AKR1B1 (aldose reductase) is targeted therapeuticaly due to its ability to convert high 

circulating concentrations of glucose, observed in diabetics to the hyperosmotic sugar 

sorbitol (the first step in the polyol pathway) [38], Table 2. The enzyme activity has been 

linked to the causation of diabetic complications including cataractogenesis [39], retinopathy 

[40], neuropathy [41] and nephropathy [42] . Specific inhibitors of this enzyme that have 

been used clinically are sorbinil [43], tolrestat [44], epalrestat [45], ranirestat [46, 47], and 

fidarestat [48]. The phenotype of AKR1B1 k/o animals protects against the complications of 

diabetes [49], and suggests that inhibitors would be effective in man. Recent meta-analysis 

of clinical trials of AKR1B1 inhibitors indicate that they are beneficial in diabetic 

cardiovascular autonomic neuropathy [50] while others have indicated that only modest 

improvement in diabetic complications is achieved with epalrestat, ranirestat [46, 47], and 

fidarestat [51] . AKR1B10 has been implicated in regulating retinoic signaling by converting 

all-trans-retinaldehyde to retinol [52, 53] and is highly overexpressed in NSCLC [54] and in 

hepatocarcinogenesis [55] and is considered a tumor marker. Interception of retinoic acid 

signaling could also prevent the differentiation of cancer stem cells. A sterol based inhibitor 

oleanolic acid [56] as well as the nonsteroidal anti-inflammatory drug sulindac [57] are lead 

compounds for inhibitor development for AKR1B10.
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AKR1C1 is the predominant 20-ketosteroid reductase in man and metabolizes progesterone 

to its inactive metabolite 20α-hydroxyprogesterone [8, 37]. Maintenance of circulating 

progesterone levels is essential to prevent pre-term birth and for blunting the estrogenic 

effects in endometriosis and endometrial cancer. Salicylate and salicylate derivatives e.g. 3-

bromo-5-phenylsalicylate and 3-chloro-5-phenylsalicylate are lead inhibitors for this 

enzyme [58].

AKR1C2 is a predominant 3-ketosteroid reductase implicated in the metabolism of 5α-

dihydrotestosterone to produce the inactive androgen 5α-androstan-3α,17β-diol and in the 

metabolism of 5β-dihydroprogesterone to produce allopregnanolone, a neuroactive steroid. 

Inhibitors of AKR1C2 are thus sought to deal with issues of androgen insufficiency. By 

contrast allopregnanolone is an allosteric effector of the GABAa receptor and increases 

chloride conductance at the GABA receptor and lack of this neurosteroid is associated with 

premenstrual syndrome [59]. In this instance an AKR1C2 activator would be beneficial. 

Thus far no small molecules have been identified as AKR1C activators, but compounds that 

could facilitate the binding and release of NADP(H) may fulfil this role.

AKR1C3 is also known as type 5 17β-HSD and prostaglandin (PG) F2α synthase [9, 10]. As 

a 17β-HSD it is involved in the reduction of Δ4-androstene-3,17-dione to testosterone, the 

reduction of 5α-androstane-3,17-dione to 5α-dihydrotestosterone and the reduction of 

estrone to 17β-estradiol [8, 35, 36]. Thus inhibitors for the 17β-HSD reaction are sought for 

advanced prostate cancer and breast cancer where overexpression of the enzyme may 

provide an escape mechanism for other hormone ablative therapies. As a PGF2α synthase 

the enzyme also reduces PGH2 to PGF2α and PGD2 to 11β-PGF2α[9]. Production of these 

ligands for the FP receptor would be pro-proliferative through MAPK signaling [35]. In 

addition, the latter reaction prevents formation of 15-PGJ2 ligands for PPARγ[60]. Inhibitors 

available for AKR1C3 include indomethacin [61] and 6-medroxyprogesterone acetate where 

the latter progestin has been used to target AKR1C3 in the clinic to treat acute myeloid 

leukemia [62, 63]. A large number of AKR1C3 inhibitor programs have been described and 

both GTx therapeutics [64] and Astellas Pharma [65] have lead molecules in preclinical and 

clinical development, respectively.

3. 2. Disease-Based Mutations

A number of diseased based mutations exist in AKRs which demonstrate the importance of 

these enzymes in human health. AKR1D1 or steroid 5β-reductase catalyzes the metabolism 

of steroid hormones that contain an α,β-unsaturated ketone in the A-ring. Many of the 5β-

dihydrosteroids have biological functions and therefore inhibition of this enzyme is 

undesirable. AKR1D1 also catalyzes a crucial step in bile-acid biosynthesis in which the 

planar bile acid precursors are bent at the A/B-ring junction to produce sterols that have 

emulsifying properties. Natural mutations exist in this enzyme and prevent the conversion of 

7α-hydroxycholestenone to bile acid precursors which in turn removes the negative 

feedback inhibition of 7α-hydroxylase (P4507A1), the rate determining enzyme in the bile 

acid biosynthetic pathway [66–70]. As a consequence of these mutations bile-acids are not 

made which are required for the emulsification of fats and the absorption of fat soluble 

vitamins. 7α-Hydroxycholestenone levels rise due to the blockade in the pathway and the 
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removal of feedback inhibition of 7α-hydroxylase, resulting in the production of excess allo-

bile acids which are hepatotoxic. As a result, this deficiency is fatal in the neonate unless 

infants receive dietary supplementation with bile acids. There are seven point mutations 

associated with this disease L106F, P133R, P198L, G223E, D241V, R261C and R266Q 

[66–70]. Mapping of these mutations to the AKR1D1 structure provides no obvious clues as 

to why the enzymes would lack function, since they are not located in the cofactor binding 

site, the steroid binding site, or the active site, Figure 7. Sequence alignment however does 

reveal that these mutated residues occur in highly conserved amino acid residues in the 

AKR1 family [71, 72].

Mutations also exist in AKR1C2/AKR1C4 which are associated with the appearance of 

ambiguous genitalia in new born males [73]. These enzymes play roles in the backdoor 

pathway into 5α-dihydrotestosterone [74]. In this pathway 5α-reduction occurs at the level 

of progesterone to produce 5α-dihydroprogesterone which is then converted to 

allopregnanolone by AKR1C2/AKR1C4. Conversion of this C21 steroid to androsterone is 

then catalyzed by P450 17α-hydroxylase/17,20-lyase, and androsterone is subsequently 

converted to 5α-androstane-3α,17β-diol by AKR1C3. The diol is then converted to 5α-DHT 

by HSD17B6, a SDR [75]. Single and double mutations in AKR1C2 reduce the production 

of allopregnanolone, e.g. H222Q, or I79V plus either H90G or N300T. However, the effect 

is further exacerbated by deletion of the AKR1C4 gene altogether [73]. The mutations in 

AKR1C2 are also in evolutionary conserved amino acids.

AKR6A family members are not considered enzymes but act as β-subunits of the potassium 

gated voltage channels which are essential for channel opening. They contain the conserved 

NADPH binding domain and are tetrameric. As a result of the isomerization steps involved 

in cofactor binding a large number of NADPH-occupancy states can exist in the tetramer 

which may fine tune channel opening. NADP(H) binding appears to be essential: for the 

optimal interaction between Kvalpha and beta subunits; for Kvbeta-induced inactivation of 

Kv currents [76]; and for the differential regulation of Kv currents by oxidized and reduced 

cofactor [77] .These findings suggest that channel opening may be redox-regulated. 

Aberrant redox regulation of channel opening due to AKR6A nsSNP variants could 

contribute to variety of diseases including cardiovascular disease.

AKR7A2 and 7A3 are aflatoxin aldehyde reductases involved in the reduction of aflatoxin 

dialdehyde to the corresponding mono and bis-alcohols. As such this reaction prevents the 

aldehydes from forming Schiff’s bases with lysine residues and can reduce the 

hepatotoxicity of aflatoxin [78]. In addition the AKR7A2 is the major succinic semialdehyde 

reductase in the CNS and is thus involved in GABA metabolism [79]. The product of this 

reaction is γ-hydroxybutyrate (GHP) which is a GABA agonist and can also bind to GHP 

receptors [80]. In succinic semialdehyde dehydrogenase (SSH) deficiency GHP levels will 

increase leading to enhanced inhibitory effects of GABA [81]. SNP variants which lead to a 

loss of succinic semialdehyde reductase activity would protect against SSH deficiency.

3. 3. Single-Nucleotide Polymorphisms

An examination of the NCBI data base leads to the identification of a large number of 

nsSNPs for the human AKRs. To systematically name these SNP variants we recommend a 
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nomenclature that has been used in other gene superfamilies where AKR1C1 (would be the 

individual member); AKR1C1*1 (would be the wild-type allele) which can be followed by a 

letter to indicate that a sub-allele AKR1C1*1A exists but that the resultant single nucleotide 

substitution does not change the protein sequence. AKR1C1*2 (would be a mutant allele 

due to a (nsSNP) and the sub-allelle “A” would again indicate a single nucleotide 

substitution that does not change the sequence of the mutant protein. The numbering and 

lettering of the nsSNP’s and the sub-alleles, respectively is in chronological order of 

discovery.

A subset of the nSNPs were found to be 100% conserved in the AKR1C and 1D subfamilies, 

Table 3. Bioinformatic tools such as SIFT or PolyPhen-2 which have a prediction accuracy 

of 76% indicated that these amino acid substitutions would be harmful or deleterious to 

protein function [82] . To test this prediction we have conducted site-directed mutagenesis 

on AKR1C2 to introduce the relevant nsSNPs into the protein and have found that the 

resultant enzymes to be devoid of enzyme activity (Jin, Chen & Penning, unpublished 

observations). With the onset of personalized genomics, rules will be required to predict the 

function of nsSNPs since there will be too many to analyze by functional genomic 

approaches. Based on the natural mutations in AKRs, bioinformatics and functional analysis 

we predict that nsSNPs in evolutionary conserved amino acids within a protein superfamily 

are deleterious to function.

3. 4. Splice Variants

With the introduction of next generation sequencing techniques, RNAseq experiments have 

detected splice variants of the human AKR transcripts, see Figure 8. To accommodate these 

findings we have expanded the AKR protein nomenclature. We recommend using the 

Ensembl data base transcript number which has a unique consensus coding sequence (CCDS 

number). When the native protein is expressed it is referred to as the regular AKR name 

followed by period and numeral “1” e.g. AKR6A3.1; subsequent protein isoforms are 

numbered in the sequence of discovery e.g. AKR6A3.2 and AKR6A.3.3 [83].

For AKR1B15, a long and short protein form exist, AKR1B15.2 and AKR1B15.1 (which 

are encoded by transcripts AKR1B15-001 and AKR1B15-201) the longer form contains a 

leader sequence, that may dictate subcellular localization. However, evidence that these 

transcripts are translated into these protein isoforms has yet to be obtained. AKR1C2 gives 

rise to three splice variants. Two transcripts AKR1C2-001 and AKR1C2–201 give rise to 

the same full length mature protein of 323 amino acids, however, AKR1C2–203 transcript 

gives rise to a severely truncated protein of 139 amino acids which is predicted to be 

inactive due to the loss of functional domains. AKR1D1 gives rise to three splice variants 

but only one transcript, AKR1D1-002 gives rise to the mature 326 amino-acid protein. The 

other two transcripts would give rise to proteins of 285 amino acids in length 

(AKR1D1-001) and 290 amino acids in length (AKR1D1-006), respectively; the former 

lacks an important part of the steroid binding site and the latter lacks a portion of the C-

terminus, and both would be predicted to be inactive. It is important to emphasize that none 

of the proteins for these AKR1D1 transcripts have yet been detected in cells.
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In contrast to the splice variants described for the AKR1 family, three splice variants of 

AKR6A3 (AKR6A3-001, AKR6A3–004, and AKR6A3-002) have been detected as 

expressed proteins of 401 amino acids in length AKR6A3.1; 408 amino acids in length 

AKR6A3.2; and 419 amino acids in length AKR6A.3; in addition seven splice variants have 

been detected for AKR6A5 which give rise to two different proteins AKR6A5.1 and 

AKR6A5.2 of 367 amino acids and 353 amino acids in length, respectively. How these 

isoforms influence potassium channel will be important to determine.

4. Summary

AKRs are pluripotent enzymes that play a role in phase 1 metabolism of endogenous 

substrates and xenobiotics. Rate-determination is substrate dependent and may be driven by 

cofactor release, the chemical step or by a combination of these events. The catalytic Tyr 

and Glu acid residues conduct chemistry in violation of their pKa values at physiological 

pH. Determination of their pKa values in the protein microenvironment by NMR will be an 

important undertaking to further elucidate the AKR catalytic mechanisms. Isoform specific 

inhibitors of the human enzymes are required to target specific diseases with the 

understanding that off-target effects may occur when these compounds bind to related 

AKRs; a lack of appreciation for the similarity in AKR structure-function could lead to the 

failure of therapeutic leads. Naturally occurring inherited mutations in the AKR1C and 

AKR1D1 genes demonstrate that they cause serious defects in steroid metabolism leading to 

disease and suggests that inherited mutations in other AKRs may account for other disease 

phenotypes. Informatics tools will be required to predict whether nsSNPs in AKRs are 

deleterious to function as we enter into the era of personalized genomics. Importantly some 

AKRs work sequentially within the same metabolic pathway so that the combined effect of 

individual nsSNPs may be magnified. Each human AKR gene can give rise to a number of 

splice variants, where truncations may affect protein function and extensions may determine 

subcellular localization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

AKR aldo-keto reductase

PG prostaglandin

SDR short-chain dehydrogenase reductase

nsSNP non-synonymous single nucleotide polymorphism

SSH succinic semialdehyde dehydrogenase
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Highlights Points

• Aldo-keto reductases (AKRs) are a major superfamily of NAD(P)H-dependent 

oxidoreductases

• They use a conserved catalytic mechanism and rate is often governed by 

cofactor release

• There are 15 human AKRs implicated in health and disease

• Inhibitor programs exist world-wide to develop therapeutics and chemical 

probes for AKRs

• Natural mutations in human AKRs are responsible for disease phenotypes
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Figure 1. 
AKR Superfamily Tree. Dendrogram of AKR families 1–12. The dendrogram was generated 

in ClustalX using a random number generator seed of 111 and 1000 bootstrap trials [4].. 

<40% sequence identity defines proteins from different families and >60% sequence identity 

identifies a sub-family within a family.
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Figure 2. 
Cofactor Binding to AKRs Involves Two Sequential Isomerization Steps. Panel A, shows 

quenching of intrinsic protein (AKR1C9) fluorescence observed with NADP+ fit to a single 

exponential, Panel B shows quenching of intrinsic protein fluorescence observed with 

NADP+ fit to a biexponential. AKR1C9 is 0.25 µM and NADP+ is 2.5 µM. The residuals to 

each fit are shown below the respective panels. Panel C, shows saturation kinetics for both 

the fast and slow phases. (After, Cooper et al., J. Biol. Chem., 2007 282: 33484; Reproduced 

with permission from American Society for Biochemistry and Molecular Biology).

Penning Page 17

Chem Biol Interact. Author manuscript; available in PMC 2016 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Microscopic Rate Constants in the AKR Kinetic Mechanism. The 9 discrete steps in the 

kinetic mechanism and the associated 16 rate constants are shown for AKR1C9. (After, 

Cooper et al., J. Biol. Chem., 2007 282: 33484; Reproduced with permission from American 

Society for Biochemistry and Molecular Biology).
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Figure 4. 
“Push-Pull” Mechanism for Acid-Base Catalysis in AKRs. Left, Reduction of a carbonyl 

requires Tyr55 to act as a general acid facilitated by His117; Right, Oxidation of an alcohol 

requires Tyr 55 to act as a general base facilitated by Lys 84 and Asp 50. Amino acid 

numbering according to AKR1C9.
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Figure 5. 
Conservation of Catalytic Mechanism in SDRs and AKRs. Superimposition of the catalytic 

residues from rat liver 3α-HSD (Y55, H117, K84), AKR1C9 in blue with the catalytic 

residues from Streptomyces 3α,20β-HSD (Y152, S139, K156) an SDR in yellow. The 

nicotinamide ring of the cofactor in the Streptomyces enzyme was inverted to take into 

account that the stereochemistry of hydride transfer is pro-S and not pro-R The red sphere 

indicates the position of a water molecule which assumes the position of the substrate 

carbonyl. Taken from Bennett et al., Biochemistry 1996, 35: 10702, Reproduced with 

permission from the American Chemical Society).
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Figure 6. 
Adaptation of the AKR Catalytic Mechanism for Double Bond and Quinone Reduction. A, 

steroid double-bond reduction by AKR1D1 requires Glu 120 to act as a super-acid; B, o-

quinone reduction by AKR1C9 does not require a general acid and instead intermolecular 

hydride transfer occurs.
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Figure 7. 
Location of Natural Mutations in the AKR1D1 Crystal Structure. (α/β)8-barrel of AKR1D1 

(green); NADP+ cofactor (magenta); steroid substrate (blue); position of 7 inherited 

mutations (black).
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Figure 8. 
Human AKR Splice Variants. Gene structure is shown above the line; coding exons are solid 

boxes; transcripts identified in Ensembl are below the line, left; CCDS, consensus coding 

sequence; rational protein and trivial names are also given (taken from ref. 83).
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Table 1

Human Aldo-Keto Reductases

Gene Protein Chromosomal
Localization

AKR1A1 Aldehyde Reductase 1p33-p32

AKR1B1 Aldose Reductase 7q35

AKR1B10 Aldose Reductase 7q33

AKR1B15 Aldose Reductase 7q33

AKR1C1 3α(20α)-Hydroxysteroid Dehydrogenase (20α-HSD) 10p15-10p14

AKR1C2 Type 3 3α-Hydroxysteroid Dehydrogenase 10p15-10p14

AKR1C3 Type 5 17β-Hydroxysteroid Dehydrogenase; Type 2
3α-Hydroxysteroid Dehydrogenase

10p15-10p14

AKR1C4 Type 1 3α-Hydroxysteroid Dehydrogenase 10p15-10p14

AKR1D1 Steroid 5β-reductase 7q32-7q33

AKR1E2 1,5-Anhydro-D-Fructose Reductase 10p15.2

AKR6A3 Potassium voltage gated channel, β-subunit-1 3q26.1

AKR6A5 Potassium voltage gated channel, β-subunit-2 1p36.3

AKR6A9 Potassium voltage gated channel, β-subunit-3 17p13.1

AKR7A2 Aflatoxin Aldehyde Reductase; succinic semialdehyde
reductase

1p35.1-p36.23

AKR7A3 Aflatoxin Aldehyde Reductase 1p35.1-p36.23
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Table 2

Role of Human AKRs in Health and Disease

AKR Reduction Reaction Associated Disease Selective Inhibitors (C
= used clinically)

AKR1B1 Glucose → Sorbitol (Polyol Pathway) Diabetic complications:
Cataractogenesis;
retinopathy; neuropathy;
nephropathy

Sorbinil (C)
Tolrestat (C)
Epalrestat (C)
Ranirestat (C)
Fidarestat (C)

AKR1B10 all-trans-retinaldehyde → retinol NSCLC
Hepatocarcinogenesis

Oleanolic acid

AKR1C1 Progesterone → 20α-Hydroxypro-
gesterone

Pre-term birth
Endometriosis

Salicylate
3-chloro-
phenylsalicylate

AKR1C2 DHT → 3α-androstanediol
DHP → Allopregnanolone

Androgen insufficiency
Premenstural syndrome

Ursodeoxycholate

AKR1C3 Δ4-androstene-3,17-dione→Test
osterone
5α-androstane-3,17-dione →5α-DHT
Estrone→ 17β-Estradiol
PGH2→ PGF2α

PGD2→11β-PGF2α

Advanced prostate cancer
Breast Cancer
Acute Myeloid Leukemia

Indomethacin
6-Medroxy-
progesterone Acetate
(C)

AKR1D1 Δ4-cholesten-3-ones→5β-chole
stane-3-ones

Bile Acid Deficiency

AKR6A NADPH dependent opening of
voltage gated potassium channels

Aberrant redox regulation of
Kev channels and
cardiovascular disease

AKR7A2 Succinic semialdehyde → γ-hydroxyl-
butyrate

Neuromodulator; succinic
semialdehyde
dehydrogenase deficiency

AKR7A3 Aflatoxin aldehyde → Aflatoxin bis
alcohol

Hepatocarcinogenesis
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