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Agräıments

En primer lloc vull agrair als caps del grup, el Dr. Jaume Farrés i el Dr. Xavier Parés l’oportunitat
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Gràcies per totes les millores informàtiques i trucs que m’has ensenyat! A la Cristina, pel teu
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Functional and structural studies

of AKR1B15 and AKR1B16:

Two novel additions to human and mouse aldo-keto reductase

superfamily

Joan Giménez Dejoz

Abstract

The aldo-keto reductase (AKR) superfamily comprises a large number of monomeric proteins

with cytosolic localization and a molecular weight of about 36 kDa. AKRs have a common evo-

lutionarily conserved protein fold which consists of a (α/β)8 barrel. Most AKRs act by reducing

aldehydes and ketones to their respective alcohols in a NADPH-dependent reaction, with a broad

spectrum of substrates ranging from simple sugars to potentially toxic aldehydes.

This Thesis dissertation is a part of the structural and functional studies performed by our

group on the characterization of AKRs, especially on their contribution in the biosynthesis pathway

of retinoic acid (RA). Our group identified retinaldehyde reductase activity in the AKR family,

and since then it has been involved in the deep functional and structural study of the human

AKR proteins in relation to this important physiological role. We obtained the crystallographic

structure of the highly efficient retinaldehyde reductase AKR1B10, a human enzyme overexpressed

in cancer. A relationship was proposed between high retinaldehyde reductase activity and cancer

development.

The first part of the Thesis is based on the purification and characterization of a novel human

AKR enzyme, AKR1B15, an enzyme sharing 92% sequence identity with AKR1B10. The recom-

binant protein was expressed mostly in the insoluble fraction, showing limited activity when it

was solubilized with detergents. We developed a novel approach in AKRs, using a coexpressing

system with chaperones that was successful in increasing the amount of protein in the soluble

fraction, in monomeric active form. Enzymatic activity was characterized with a broad range

of typical AKR substrates. AKR1B15 shows lower k cat and Km values than those of AKR1B10

with most substrates, with the exception of ketones and α-carbonyls substrates, which resulted in

higher catalytic efficiency. Moreover, AKR1B15 showed superior catalytic efficiency towards the

9-cis-retinaldehyde than AKR1B10, being one of the best 9-cis-retinaldehyde reductases within

the AKR superfamily. Inhibition studies showed that AKR1B15 has a narrower inhibitor selectiv-

ity than AKR1B10 and 1B1, and several known aldose reductase inhibitors (ARI) do not inhibit

this new enzyme. A structural model was build to analyse the distinct substrate-binding site fea-

tures of AKR1B15. The residue changes localised in loops A and C, resulting in a smaller, more
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hydrophobic and more rigid active site in AKR1B15 as compared to the AKR1B10 pocket, which

explains the distinct substrate specificity and narrower inhibitor selectivity of AKR1B15. In addi-

tion, a cellular study on the retinaldehyde reductase activity of the AKR1B15 and 1B10 enzymes

was carried out. Using HEK293T cells as a model and transient transfection, it was observed

that AKR1B10, but not AKR1B15, participates in the reduction of retinaldehyde, which results

in changes in the amount of RA in the cells.

The second part of this work is centered on the study of the relationship between the structural

differences of the binding pockets of AKR1B15 and 1B10 and the distinct function of the two

enzymes. Mutants of AKR1B10 were prepared to mimic the catalytic pocket of AKR1B15, with the

aim of converting one enzyme into the other, and trying to understand the factors that determine

their distinct substrate specificity and inhibitor selectivity. The mutant proteins displayed higher

k cat and Km values than the wild-type enzymes, with features resembling AKR1B15, such as the

activity with ketones, and the ability to efficiently reduce the 9-cis-retinaldehdye isomer.

Finally, the characterization of AKR1B16, a novel mouse enzyme, was performed. Previous

studies determined that AKR1B16 was an active protein expressed in murine tissues. In this

Thesis, we have performed a phylogenetic analysis, and a wide kinetic characterization with a

variety of substrates, including retinaldehyde isomers. The enzyme displayed moderate activity

with all the assayed substrates being poorly active with retinaldehyde. These results indicate that

AKR1B16 is not an orthologous protein of AKR1B10.
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General introduction

1.1 Oxidoreductases

The reversible conversion of alcohols to their respective aldehyde/ketones is performed in nature

mainly by the action of medium-chain dehydrogenase/reductases (MDR), short-chain dehydroge-

nase/reductases (SDR) and the enzymes of study in this Thesis, the aldo-keto reductases (AKR).

These three enzyme superfamilies group a large number of structurally related proteins (1 ).

The members of the MDR superfamily are enzymes formed generally by two or four subunits

of approximately 350 residues. The members of this superfamily can be divided into two large

groups: Zn2+-containing MDRs (including vertebrate alcohol dehydrogenases (ADH), the most

largely investigated); and the Zn2+-lacking MDRs (including quinone oxidoreductases). Each

subunit of these enzymes has two domains, a catalytic domain that binds the Zn atom in the zinc

dependent MDR, and the cofactor binding domain known as Rossmann fold (2 ).

The enzymes of the SDR superfamily constitute one of the largest protein superfamilies known,

with more than 100,000 proteins. They have typically around 250 amino acid residues and can

be monomers, dimers, or tetramers. The typical SDR fold consists in a β-sheet sandwiched be-

tween three α-helices on each side, forming a Rossmann fold. This family is formed by distant

enzymatic groups and includes the alcohol dehydrogenases of Drosophila and the human retinol

dehydrogenases/reductases (3 ).

Table 1.1: General characteristics of the three oxidoreductases superfamilies

MDR SDR AKR

Primary structure 350 aa 250 aa 320 aa

Typical fold Rossmann Rossmann (α/β)8 barrel

Quartenary structure dimer/tetramer monomer/dimer/tetramer monomer

Active site Zn/No Zn Tyr, Lys, Ser, Asn Tyr, Asp, Lys, His

Coenzyme preference NAD NAD(P) NADP

1.2 Aldo-keto reductases: general perspective

Aldo-keto reductases (AKRs) constitute an enzyme superfamily that form a structurally related

group with a common origin, and have been described in all phyla, ranging from vertebrates,

invertebrates, plants, protozoa, fungi and bacteria (4 ). In fact, it was not until 1989 that the term

AKR was first used to define the superfamily (5 ).

The AKRs are monomers with approximately 320 amino acid residues and a molecular weight

of approx. 36 kDa with cytosolic localitzation. Their three dimensional structure consists of a

(α/β)8 barrel, and they are NAD(P)H dependent. Although they have a significant degree of

sequence identity (the members of each family share at least 40% of sequence identity, and the

members of a subfamily share 60% or more sequence identity (1 )), small variations in the loops
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near the C-terminal end and point substitutions in their active-site center confer to these proteins

a great variability in their substrate specificity, being able to reduce carbonyl groups of a high

variety of chemical compounds including aromatic and aliphatic compounds (6, 7 ).

Aldehyde/Ketone+NAD(P )H +H+
AKR
� Alcohol +NAD(P )+

These substrates can be endogenous compounds (carbohydrates, steroids, retinoids, prostaglan-

dins, lipid peroxidation products), some of them with hormone properties and therefore the aldo-

keto reductases can regulate the amount of ligand that may be available for nuclear receptors,

indirectly regulate gene transcription (8 ). AKRs also can use xenobiotic compounds, like several

drugs, pharmaceuticals, foods, carcinogens and pollutants with reactive carbonyl groups, that yield

carbonyl compounds from their in vivo metabolism. For this reason AKRs can be considered as

enzymes of Phase I drug metabolism, because they can inactivate or bioactivate these compounds.

Accordingly, AKRs are implicated in the resistance to chemotherapeutic drugs with a carbonyl

group in their structure. Moreover, most of the AKR genes are regulated by stress (osmotic,

electrophilic or oxidative) and consequently they play a role in the cellular response to stress (9 ).

The AKRs comprise about 120 proteins distributed in 15 enzymatic families (AKR1 - AKR15),

clustered following phylogenetic and sequence identity criteria. Delineation of families occurs

at the 40% amino acid identity level. Members of an AKR family should have ≤40% amino

acid identity with members of any other family. Within a given family, subfamilies may be de-

fined by a ≥60% identity in amino acid sequence between subfamily members (1, 4 ). AKR1 is

the most numerous and studied family, which comprises the subfamilies of aldehyde reductase

(AKR1A), aldose reductase (AR; AKR1B), hydroxysteroid reductase (AKR1C) and ketosteroid

reductase (AKR1D). Although the majority of the AKRs are monomeric enzymes, the members

of the AKR2, AKR6 and AKR7 families are able to form multimers (6, 7 ). Information on the

nomenclature and the existing and potential members of the AKR superfamily can be obtained in:

http://www.med.upenn.edu/akr/.

1.3 Genetic structure of AKR

1.3.1 Genetic structure of the human AKRs

The AKRs are an enzymatic ancient superfamily, already present in procaryotes. They are believed

to be originated from a multifunctional ancestor (now extinct) by divergent evolution, involving

gene duplication and subsequent evolutionary variations in substrate binding and preferences (1,

10 ). In general, the AKR genes consist of an average of 10 exons and have an average length of ∼

17 kb. AKR members belonging to the same family form gene clusters on the same chromosome

and have similar gene structures (6 ). For example, Figure 1.1a, shows the chromosome localization
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of the human AKR1B genes, and in figure 1.1b the position of the human and mouse AKR1B genes

is displayed in their clusters.

(a) AKR1B genes in

chromosome 7.
(b) Locus map of human and mouse AKR1B genes.

Figure 1.1: Position of AKR1B genes in human chromosome and mouse genome. The AKR1B

family forms a cluster on the same chromosome. (a) Localization of human AKR1B genes in

chromosome 7. Modified from (6 ) (b) Loci maps for human chromosome 7q33–35 and mouse

chromosome 6B1 showing the positions of human AKR1B15 and mouse Akr1b16 genes (in red),

which code for the novel enzymes described in this Thesis. Taken from (11 ).

The human genes AKR1B1, AKR1B10 and AKR1B15 are located one near the other in the

chromosome 7q33-35. The AKR1B15 gene makes an alternative use of the first exons of the gene,

leading to two different transcripts and giving rise to two splice variants (12 ).

1.3.2 Homology between human and murine AKR1B genes

The AKR families of rodents differ from those of humans. Although some rodent AKR genes are

directly correlated to human genes, this is not the case for many others. The only unambiguous

orthology in the AKR1B subfamily is between the AKR1B3 (mouse) and 1B4 (rat) and human

aldose reductase (AKR1B1), based on their expression pattern and catalytic activity with glucose

as a substrate. However, neither mouse AKR1B7 or AKR1B8 (or their rats orthologs) are clearly

orthologous to human AKR1B10, according to their tissue distribution and catalytic properties.

Thus, a total of four AKR1B enzymes for mouse and three for human, with distinct tissue distribu-

tion and kinetic properties, have been found. Accordingly, the Akr1b cluster on mouse chromosome

6B1 contains four genes: three previously described and the recently discovered Akr1b16, which

shares 82.9% amino acid identity with AKR1B10. This imposes a limitation on the use of the

knockout technology for studying the physiological function of AKRs. Even in cases where the or-

thologous protein has been established and clearly identified in mouse (as with aldose reductase),
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the presence of different family members that can partly compensate for the loss of function limits

our ability to fully understand their corresponding function in humans (6 ).

1.4 Structural and catalytic properties of AKRs

1.4.1 Structural properties

As mentioned previously, AKRs share a common three dimensional structure with a (α/β)8 barrel

fold, a conserved and compact motive including a pyridine nucleotide binding site. Substrate

binding is mainly achieved through the loops localised in one of the sides of the (α/β)8 barrel. It

is in these loops where most of the variations occur between the different AKRs. Modifications of

the loops alter the binding properties and catalysis without affecting the basic protein structure.

Mainly 3 loops can be distinguished conferring the structurally distinct identity to the different

families and subfamilies of AKR: loop A, residues 112 to 136; loop B, residues 216 to 227; and loop

C, residues 299 to 310 (AKR1B10 numeration).

The substrate-binding pocket is located on the top of the barrel and it is formed by the loops

A, B and C together with residues from the center of the barrel. The cofactor enters from a lateral

side and constitutes the base of the active center. The majority of the AKR enzymes share a

high sequence identity in their cofactor-binding site and in the catalytic center. Structurally, most

AKRs retain a conserved characteristic catalytic tetrad, which consists of Asp44, Tyr49, Lys78

and His111 (AKR1B10 numbering). Regarding the substrate binding site, it is in the loops A and

C where most variations occur between the various AKRs (Figure 1.2). Therefore, the rational

design of selective inhibitors for these enzymes has to take advantage of the differences found in

the sequence of the loops. This feature has been studied in some enzymes of the family, but it still

requires a more extensive study, to avoid cross inhibition because of the high number of AKRs

present in an organism (6 ).

The NADPH binding site is determined mainly by loop B. This loop is larger in the members of

AKR1B than in those of the AKR1C subfamily. In the AKR1B enzymes the larger loop has more

mobility, allowing a series of opened and closed shift movements of the loop over the bound cofactor

(acting as a ”safety belt” over the pyrophosphate bridge). These interactions are not possible in

the AKR1C subfamily due to their shorter loop B. This feature, the binding and release of the

cofactor implying a conformational change in loop B with an opening movement, is responsible

in the AKR1B subfamily of the rate-limiting step of the reaction, cofactor dissociation, while in

AKR1C, with a shorter loop B, the chemical step and the release of the reaction product are more

limiting than cofactor dissociation (14 ).

Regarding the cofactor type, AKR enzymes prefer NADPH over NADH as a reduced cofactor,

as it can be seen from the values of the binding and kinetic constants for the two cofactors (15, 16 ).

The AKRs, like other oxidoreductases, are capable to discriminate between oxidised and reduced
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(a) Lateral view of the (α/β)8 barrel. (b) Top view of the (α/β)8 barrel after rotating 90◦.

Figure 1.2: Crystal structure of AKR1B10 complexed with NADP+ and tolrestat inhibitor. (a)

Lateral view of the (α/β)8 barrel. Cofactor approaches the catalytic site from one side of the

barrel, and inhibitor tolrestat enters the barrel from the upper face. (b) View from the top of

the barrel after rotating 90◦. The catalytic site is located in the center of the barrel. NADP+

is represented in orange and tolrestat in blue. PDB code: 1ZUA (13 ). Structural images were

created using the program PyMOL (www.pymol.org).

cofactor, binding the reduced one with higher affinity (Table 1.2). Some AKRs are able to use

NADH as coenzyme and they even have a k cat value higher for NADH over NADPH. However, as

the cofactor binding is weaker, its Km value for NADH is also increased compared with NADPH,

resulting in a lower catalytic efficiency than for NADPH. This is the case for AKR1C12 and

AKR1B7 (17, 18 ). The structural determinants for the cofactor preference are linked to charged

residues (lysines and arginines) that bind the 2’-phosphate group of NADPH (16, 19, 20 ).

In the metabolically active cells, NADP+ is predominantly found in its reduced form, as

NADPH, whereas its dephosphorylated counterpart, NAD+, is largely present in its oxidized state

(25 ). Therefore most AKR prefer reductive reactions, and reduction is favored over oxidation. The

NADPH/NADP+ ratio is an indication of the synthetic capacity of the cell and is kinetically and

thermodynamically dissociated from the NAD+/NADH ratio, which is mostly regulated by rates

of glycolysis and respiration. The higher NADPH levels, provide a strong driving force for AKRs

to catalyze reduction under a wide range of energetic states of the cell associated with different

levels of respiration, growth, or starvation (6 ).

Until now, it has not been possible to obtain a crystal structure of an AKR1B enzyme bound to

a substrate or a substrate analogous. This has been possible for some AKR1C. The reported studies

are based on the utilization of slow substrates with the oxidized cofactor, facilitating the formation
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Table 1.2: Dissociation constant values for cofactor binding to various AKRs

AKR Buffer Kd NADPH (µM) Kd NADP+ (µM) Reference

AKR1A1 5 mM KPi, pH 7.5 0.13 0.36 (21 )

AKR1B1 5 mM KPi, pH 7.0 0.01 0.006 (22 )

AKR1C2 10 mM KPi, pH 7.0 0.12 0.21 (23 )

AKR6A3 100 mM KPi, pH 7.4 1.8 5.6 (16 )

AKR6A2 200 mM KPi, pH 7.4 0.12 0.36 (24 )

KPi: potassium phosphate buffer

of an abortive ternary complex (complex AKR1C3-NADP prostaglandin D2, PDB 1RY0). In

contrast, many AKR1B-inhibitor structures could be obtained. Hence, the wide research to obtain

new and selective inhibitors for AKR1B1 (known as ARIs, Aldose Reductase Inhibitors) has always

entailed the structural study of AKRs (26 ).

1.4.2 Catalytic properties

The vast majority of AKRs are catalytically active proteins. However, there are some AKR mem-

bers that have a structural function: i) AKR1C10 (or ρ-crystalline), which only has an important

structural function in the bullfrog lens (27 ); ii) Kvβ, member of the AKR6 family, which has

little catalytic activity, is a cytosolic protein that forms a permanent complex with a Kv1 voltage-

dependent potassium channel, being its β-subunit (28, 29 ); and iii) AKR1B10, apart from being a

monomeric and active catalytic enzyme, can be found associated with the acetyl-CoA carboxylase-α

(ACCA) and mediates its ubiquitin-dependent degradation by the proteasome. Thereby, AKR1B10

is critical to cell proliferation and survival through its regulation of ACCA, a rate-limiting enzyme

of de novo fatty acid synthesis (30, 31 ). Other catalytically active AKRs have variable kinetic

features. The members of the AKR1A and AKR1B subfamilies are more efficient acting as reduc-

tases. In contrast, the members of the AKR1C subfamily have similar catalytic efficiency acting

either as reductases or dehydrogenases in vitro (32 ). However, the kinetic mechanism seems to be

similar in all AKRs. In general, AKRs exhibit an ordered bi-bi sequential mechanism, in which

the reduced cofactor first binds to the enzyme, and the limiting step is the release of the oxidized

cofactor (Fig. 1.3) (7, 20 ).

The catalytic mechanism of AKRs involves stereospecific reduction or oxidation reactions that

utilize pyridine nucleotides. The process of reduction by AKRs proceeds in two steps: 1) A hydride

ion is transferred from the pro-R hydrogen of the NADPH nicotinamide ring to the carbonyl carbon

of the substrate, and 2) a proton is added from the solvent to reduce the carbonyl to an alcohol (Fig.

1.4). Oxidation-reduction reactions of AKRs involve general acid-base catalysis, although under

some conditions AKRs can catalyze the oxidation or reduction entirely by an effect of proximity
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Figure 1.3: Sequential ordered bi-bi mechanism to the reversible reaction catalyzed by AKRs.

Reproduced from (9 ).

and orientation (i.e. rat liver AKR1C9) (33 ).

Structurally, most AKRs retain a conserved catalytic tetrad, which consists of Asp44, Tyr49,

His111 and Lys78 (AKR1B10 numbering) (7 ). The pK value of the group involved in acid-base

catalysis was determined and reported to be 6.5 - 7.0 for AKR1B1 and AKR1C (33, 34 ). His111

was first proposed to be the acid-base catalytic group due to the low pK value observed (34 ).

However, later studies by site-directed mutagenesis showed that the mutation of the Tyr49 (or

equivalent residue) to Phe, resulted in the generation of a completely inactive protein (35, 36 ),

whereas the mutation of His111 led to a partial inactive enzyme. Hence, it was suggested that

the acid-base catalytic group in AKRs was Tyr49. Another evidence that supports this hypothesis

is that the Tyr is universally conserved among the AKRs, while His111 is not conserved in all

the families (for example, the AKR6 family). This His seems to have an important role in the

orientation of substrates in the catalytic center. The low pK value of the Tyr49 will be given by

a hydrogen bond net generated by the residues Asp44 and Lys78 (35 ). However, the fact that

mutants with residues other than Tyr (His or Ser) have also some activity (35 ), or that mutants

of the Tyr to Phe still retain some activity with 9,10-phenantrenequinone (36 ) suggests that other

catalytic acid-base mechanisms may be possible, and that a contribution of His111 could not be

discarded.

1.5 Human AKR functions

Until now 14 human AKR have been identified, distributed in the AKR1, AKR6 and AKR7

families. As previously mentioned, they have a broad substrate specificity. However, there are

some features in the human AKRs worth to mention: i) Not all proteins are enzymes, some of

them such as the AKR6 family members, are a structural part of a K+ channel; ii) not all enzymes

have carbonyl reductase activity; for example AKR1D1, reduces a double bond in steroids, and has

the catalytic tetrad altered, with the histidine changed to a glutamic acid; iii) not all the proteins

are monomeric, the AKR6 subfamily forms tetramers and the AKR7 members can be found as

homo or heterodimers (8 ). However, the AKR functionality in general is based on its capacity to

reduce carbonyl groups.

Regarding physiologic functions, first of all AKRs participate in the detoxification of lypidic
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Figure 1.4: Catalytic mechanism of aldo-keto reductases. In complex 1, active-site Tyr-48

(AKR1B1 numbering) is shown to form a hydrogen bond with the substrate carbonyl, result-

ing in the carbonyl polarization and acceleration of the hydride transfer of the pro-R hydrogen

from the nicotinamide ring of NADPH to the substrate carbonyl carbon. The hydrogen-bonding

network provided by Lys-77 and Asp-43 serves to lower the pKa of tyrosine, making the proton

transfer easier. Complex 2 shows a transition state in which the polarization at the carbonyl is

quenched by the proton transferred from the protein tyrosine and a concerted hydride transfer

to the carbonyl carbon. The reduced carbonyl then dissociates from the acid-base catalyst, and

a net charge on the tyrosinate anion is stabilized by the hydrogen bonding network (complex 3).

Reproduced from (6 ).
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aldehydes. Reactive oxygen species (ROS: superoxide anion, hydrogen peroxide and hydroxyl radi-

cal), produced under conditions of oxidative stress, attack polyunsaturated fatty acids (PUFA, i.e.,

arachidonic acid and linoleic acid) to form a series of lipid peroxides that breakdown to yield reac-

tive bifunctional electrophiles, like 4-hydroxy-2-nonenal (HNE). These electrophiles are implicated

in the pathogenesis of atherosclerotic plaques and neurodegenerative disease (Parkinson’s disease

and Alzheimer’s disease) since they can form protein cross-links. HNE and 4-oxo-2-nonenal can

also form highly mutagenic DNA adducts. To limit their potential toxicity, a number of enzyme

systems exist, like alcohol dehydrogenases (ADHs), aldehyde dehydrogenases (ALDHs), glutathion-

S-transferases (GSTs) and AKRs (8, 37 ) (Figure 1.5).

Figure 1.5: AKR isoforms and the detoxification of lipid aldehydes. 13-HPODE: 13-hydroperoxy

octadecadienoic acid. 15-HPETE: 15-hydroperoxyeicosatetraenoic acid. Adapted from (8 ).

Another physiological function of AKRs is the regulation of the ligand availability at the pre-

receptor level for some nuclear receptors. In consequence, they can affect gene transcription.

Thus, human AKRs reduce a large variety of important lipophilic effectors, e.g., ketosteroids,

ketoprostaglandins and retinals, and can thereby regulate the biological response generated by the

interaction between ligand and receptor. In some cases they favor the formation of ligand, and in

others they prevent it, resulting in activation or inhibition of the hormonal response (Table 1.3)

(8 ).

One last relevant function of AKRs as enzymes of phase I drug metabolism is on the metabolism

of xenobiotic compounds, among them some environmental pollutants, pharmaceutical drugs, car-

cinogens and reactive aldehydes (Figure 1.6). Basically, AKRs are implicated in the metabolism of

three classes of chemical carcinogens: activation of polycyclic aromatic hydrocarbons (PAH), and

deactivation of aflatoxin and nicotine derived nitrosamino-ketones, mainly 4-(methylnitrosamino)-
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Table 1.3: Regulation of nuclear receptors (NR) by human AKRs (8 ).

Aldo-keto reductase Reduction reaction Nuclear receptor

AKR1A1 BP-7,8-diol → BP-7,8-dione AhRa

AKR1B10 all-trans-retinal → all-trans-retinol RARa

AKR1C1 Progesterone → 20α-OH-progesterone PRa

AKR1C1 5α-DHT → 3β-androstanediol ERβ

AKR1C2 5α-DHT → 3α-androstanediol ARa

AKR1C3 Adione → testosterone AR

AKR1C3 Estrone → 17β-estradiol ERα

AKR1C3 Progesterone → 20α-OH-progesterone PR

AKR1C3 9-cis-retinal → 9-cis-retinol RXR

AKR1C3 DOC → 20α-DOC MRa, OR

AKR1C3 PGD2 → 9α,11β-PGF2 PPARγ

AKR1C1-4 BP-7,8-diol → BP-7,8-dione AhRa

AKR1D1 Progesterone → 5β-pregnane-3,20-dione hPXR, hCAR

aPositive in trans-activation assays

Abreviatures: AhR, aryl hydrocarbon receptor; AR, androgen receptor; BP, benzo[a]

pyrene; CAR, constitutive androstane receptor; DHT, dihydrotestosterone; ER, estrogen

response element; MR, mineralocorticoid receptor; NR, nuclear receptors; OR, orphan

receptors; PPARγ, peroxisome proliferator-activated receptors γ; PR, progesterone

receptor; PXR, pregnane X-activated receptor. Modified from (8 ).

1-(3-pyridyl)-1-butanone (NNK). Aflatoxin is a hepatocarcinogen, while PAH and NNK are com-

pounds found in the tobacco smoke that are involved in lung cancer (8, 9 ).

1.6 Human AKR1B subfamily

1.6.1 AKR1B1

The biological function of AKR1B1, also named as human aldose reductase (AR), is still poorly

known nowadays. However, its potential role on the development of secondary complications in

diabetic patients has made it so far the most studied member among all the AKRs (38 ). Along

with sorbitol dehydrogenase (SDH), it is responsible for the polyol pathway. This name is given to

the metabolic pathway that generates fructose from glucose. Under normal glycemic conditions,

only a small fraction of glucose is metabolized through the polyol pathway, as the majority is phos-

phorylated by hexokinase, and the resulting product, glucose-6-phosphate, is utilized as a substrate

for glycolysis or pentose phosphate metabolism. However, in response to chronic hyperglycemia,
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Figure 1.6: Role of human AKR in the metabolim of xenobiotic compounds, in the PAH-

activation and NNK metabolism. BP, benzo[a]pyrene; NNAL, 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanol. Adapted from (8 ).
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glucose flux through the polyol pathway is markedly increased (39 ). AKR1B1 enzymatically trans-

forms cytosolic glucose into sorbitol, a molecule that poorly penetrates cell membranes and is slowly

metabolized, by SDH to fructose, as the rate-limiting step. Both sorbitol and fructose, the final

product of this pathway, are highly osmotic compounds that generate an increase in the osmotic

pressure, which subsequently induces the expression of AKR1B1. Transcriptional regulation of

AKR1B1 gene expression appears to involve complex mechanisms that use multiple cis-acting

elements and trans-acting factors. Importantly, in its promoter region three osmotic response el-

ements (ORE) can be found. Also, AKR1B1 expression is enhanced by oxidative substances such

as hydrogen peroxide, nitric oxide (NO), oxidized low-density lipoprotein, and advanced glycation

end-products (AGEs). Thus, AKR1B1 can be designated as an oxidative stress-inducible protein

(40, 41 ). Therefore, the induction of AKR1B1 expression increases the flux through the polyol

pathway in a positive feedback leading to osmotic stress in the cell (in the kidney the osmoregula-

tion is a critical feature, and the enzyme is implicated in the urine concentration (39 )), and results

in secondary complications of diabetes such as eye diseases, including cataract and retinopathy, in-

creased risk of painful neuropathy, heart disease, nephropathy and kidney failure (6, 42 ). All these

data and the success of preclinical studies with ARI led to the named “Osmothic Hypothesis”(Fig.

1.7).

Figure 1.7: Role of AKR1B1 in the osmotic hyphotesis. AKR1B1 expression is regulated by an

osmotic response element, and both sorbitol and fructose contribute to increase osmotic pressure

in the cell. This creates a positive feedback where the osmotic pressure increases and might cause

secondary complications. Modified from (43 ).

The participation of AKR1B1 in the polyol pathway is widely accepted under hyperglycemic

conditions. However, due its catalytic constants with glucose (Km = 76 mM and k cat = 97 min−1

(44 )), it is thought that under normal glycemic conditions the flux of this pathway its very limited.

Also, AKR1B1 has a broad expression pattern and can be found in many tissues like heart, blood

vessels, skeletal muscle, brain, and mainly in adrenal gland. This suggests that can it be implicated

in other processes as well.
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The highly hydrophobic character of the AKR1B1 substrate-binding pocket does not seem very

suitable for the reduction of sugars. Indeed, AKR1B1 has a broad substrate specificity and can

reduce a wide range of substrates. The enzyme catalyzes the reduction of many substrates of phys-

iological significance, including AGE precursors, isocorticosteroids, lipid peroxidation products,

such as HNE and oxidized phospholipids, and glutathione conjugates of unsaturated aldehydes

and environmental pollutants (e.g., acrolein and its glutathione conjugate) (6, 9 ).

A unique feature of AKR1B1 is its sensitivity to oxidation. Cys298 is a residue localised in the

active-site pocket. The oxidation of this residue accelerates catalysis and prevents binding of ARIs.

This is due to a decrease in the affinity of the enzyme for NADPH, facilitating the dissociation

of the NADP+. Because NADP+ release is rate limiting in AKR1B1 catalysis, an increase in the

NADP+ releasing rate elevates the k cat value. Several studies suggest that oxidation of Cys298 is

a physiological process, and that represents a mode of redox regulation. These studies also show

that Cys298 could be glutathiolated and nitrosylated (6 ).

Different works have demonstrated that AKR1B1 may participate in cellular signaling path-

ways by regulation of several factors like PKC, NFκB and others (in the promoter region of the

AKR1B1 gene, phorbol ester responsive element (AP-1) and an antioxidant response element,

ARE, have been found), through a protein kinase cascade (PLC/PKC/PI3K/MAPK) activation.

These activated factors result in the transcription of various inflammation-related genes, which

cause cell proliferation, dysplasia and cancer. The mechanism is still unknown, but it has been

suggested that it could be through the product of a reaction catalyzed by the enzyme. Other

studies have proposed other roles for the enzyme, especially functions related to the control of

cellular proliferation (45 ). AKR1B1 is also related to atherosclerosis and restenosis because it is

involved in abnormal vascular smooth muscle cell (VSMC) proliferation (46 ).

Recently, in vivo studies showed that administration of AKR1B1 small interfering RNA (siRNA)

to nude mice bearing SW480 human colon adenocarcinoma cells completely arrested tumor pro-

gression (47 ), therefore ARIs would have an antitumoral effect. This new pathological implication,

the relationship of AKR1B1 with cancer, had been shown previously in hepatoma (48 ) and it would

be performed through its detoxification capacity of cytotoxic carbonyls, hence helping the tumoral

cells to achieve an immortal state. Also, it has been observed that in the ischemic heart, stimulation

of endogenous NO production increased AKR1B1 activity, whereas inhibition of NO synthesis pre-

vented its activation. Taken together, these observations support that AKR1B1 activation during

ischemia is due to NO-mediated oxidation of AR cysteines to sulfenic acid. Therefore, this regula-

tion could have an important role in cell proliferation, inflammation and apoptosis (49 ). Recently,

a study found a novel role for AKR1B1 as a specific derepressor of nuclear receptors. They point

that AKR1B1 interacts with nuclear corepressors that specifically regulate hystone deacetylase 3

(HDAC3), a chromatine-modifying enzyme, decreasing its ability to regulate HDAC3 levels. The

consequence is the induction of PPARγ target genes that mediate accumulation of lipids, and the

derepression of RAR (retinoic acid receptor) target genes, altering retinoid metabolism (50 ).
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Figure 1.8: The metabolic flux hypothesis emphasizes the pathogenic importance in diabetic tissue

of the rate of substrate flux through the AKR1B1 polyol pathway. The rate of substrate flux is

directly linked to the turnover of the respective coenzyme systems that provide key links with the

generation of oxidative stress. If oxidant production exceeds oxidant defense capacity, oxidative

stress results. Abbreviations: GSH, reduced glutathione; GSSG, oxidized glutathione; RH, reduced

cellular molecule; Rox, oxidized form of RH; GR, glutathione reductase; pyr, pyruvate; ffa, fatty

acid; PKCβ, protein kinase C beta; X, xanthine; HX, hypoxanthine; XO, xanthine oxidase; PM,

plasma membrane; Me++, metal ion; AGEs, advanced glycation endproducts; RAGE, receptor for

AGEs; gly-Alb., glycated albumin. Reproduced from (38 ).

Driven by the osmotic hypothesis, and with positive preclinical results on prototype ARIs, re-

searchers worldwide have targeted diabetic neuropathy with ARIs for four decades. However, most

double-blind placebo-controlled ARI diabetic neuropathy trial outcomes have been disappointing.

These results and the knowledge of new functions and substrates of AKR1B1 have led to reconsider

this hypothesis (38 ). An alternative mechanism appeared, related to the oxidative stress linked

to the redox imbalance on cofactor regeneration, the “metabolic flux hypothesis”(Fig. 1.8) (51,

52 ). This is especially relevant in the nervous cells of retina where the cellular damage produced

by oxidative stress, in conjunction with neovascularization, could lead to diabetic retinopathy and,

eventually, cause blindness. Cell damage could also affect other types of neurons, thus sorbitol

accumulation could be one of the causes of sensitivity loss in the limbs of diabetic patients.

AKR1B1 inhibitors

The role of AKR1B1 in pathological conditions (diabetes, atherosclerosis, cancer, etc.) has un-

doubtedly raised a great interest. Therefore many compounds had been developed as inhibitors of

AKR1B1 (ARIs; Aldose Reductase Inhibitors) with the purpose to use them to treat the patholo-
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gies in which AKR1B1 is involved. Currently, three types of ARIs can be distinguished (Figure

1.9):

• Cyclic imides, such as fidarestat (Figure 1.9a)

• Derivates from cyclic imides with a carboxylic acid, like tolrestat (Figure 1.9b)

• Piridazinones, a new class of inhibitors, represented by the ARI-809 (Figure 1.9c), that

includes the compounds without either a ciclic imide nor a carboxylic acid in their structure.

(a) Fidarestat (b) Tolrestat (c) ARI-809

Figure 1.9: Molecular structure of the three ARIs types.

A large number of AKR1B1 inhibitors have been developed in the recent years, but very few

of them showed sufficient therapeutic efficacy in clinical trials. However, some inhibitors like

tolrestat were commercialized for some time (epalrestat has been approved for pharmaceutical use

in Japan, and is the only ARI commercially available to date). Most of the drug candidates failed

because of their poor pharmacokinetic properties and/or unacceptable side effects, mainly due to

their toxicity and unspecific in vivo action (53, 54 ). Nonetheless, it is still common the use of

tolrestat as a classic representative of ARI in the study of AKRB1. A recent study suggests the

implication of AKR1B1, through its ability to synthesise PGF2α, during adipocyte differentiation

(AKR1B1 steadily increases during adipogenesis) and for the regulation of white adipose tissue

(WAT) metabolism, suggesting that ARI could have an obesogenic potential (55 ).

At the time of intensive development of ARIs, AKR1B1 was the only AKR1B member known

in humans. Therefore, ARI selectivity in vitro was determined comparing their inhibitory potency

towards AKR1B1 and AKR1A1. However, as we now know, there are other AKR1B enzymes, such

AKR1B10 and AKR1B15. With the discovery of AKR1B10, a possibility arises that many ARIs

designed to inhibit AKR1B1 could also cross inhibit AKR1B10 (and AKR1B15). It is thought

that the inhibition of AKR1B10 is the origin of some the off-target and undesirable side effects of

ARIs observed in clinical trials in vivo (6 ). Our group has pioneered this approach, performing

comparative studies of tolrestat inhibition between AKR1B1 and AKR1B10 (13, 44, 56 ).
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1.6.2 AKR1B10

This enzyme, initially named aldose reductase-like (AR-L) or human small intestine reductase

(HSI-reductase), was first identified simultaneously by two groups in 1998 (57, 58 ). Whereas

AKR1B1 has a ubiquitous tissue distribution, AKR1B10 is manly expressed in the small intestine,

colon, liver, thymus (57 ) and adrenal gland (58 ).

AKR1B1 and AKR1B10 share 71% of sequence identity, and its substrate specificity and sen-

sitivity to inhibitors are similar. However they present some kinetic differences, thus glucose can

be reduced by AKR1B1, but not by AKR1B10 (44 ). In addition, AKR1B10 exhibits a higher

optimal pH, and kcat values for some substrates between 3- and 6-fold higher (methylglyoxal, 2-,3-,

and 4-nitrobenzaldehydes and diacetyl) (57 ). This suggests that cofactor dissociation (therefore

the opening and closing of the loop B) is faster than in AKR1B1. The enzyme displayed values of

catalytic efficiency 100-fold greater than those of AKR1B1 for all-trans-retinaldehyde (56 ) and for

some ketones, including pharmaceutical drugs like daunorubicin and dolasetron (59 ). Moreover,

it has been observed that AKR1B10 also presents a high catalytic activity for long-chain aliphatic

alcohols, specially farnesal and geranylgeranial (60 ). The first three dimensional crystal structure,

the ternary complex AKR1B10-NADP-tolrestat, was obtained by our group (PDB: 1ZUA), and

published in 2007 (13 ). At present, there are 13 available structures in the protein data bank.

Recently, it has been reported that AKR1B10 may have a no-catalytic function. It seems that

it can bind ACCA and block its ubiquitination and further proteasomal degradation. In fact, in

breast tumor epithelial cells, the use of siRNA depletes AKR1B10 protein levels, leading to an

increase in ACCA degradation. As a consequence, there is 50% reduction in the synthesis of lipids

and fatty acids (30 ). In further studies this new function was confirmed in cell lines of colon and

lung cancer. Moreover, the decrease of the lipid synthesis due to the treatment with AKR1B10

siRNA leads to apoptosis mediated by caspases and to elevation of the oxidative stress. This

elevation also results from an increase of lipid peroxides since AKR1B10 is able to reduce them in

vitro (37 ) and in vivo (31 ). Therefore, AKR1B10 could indirectly promote the synthesis of lipids,

stimulating the cell survival and proliferation (31 ) (Fig. 1.10).

AKR1B10 and cancer

Since its early identification, AKR1B10 has been associated with various tumors, mainly human

hepatocellular carcinoma (HCC) (57 ). Cao et al. (57 ) confirmed that about 54% of HCCs con-

tained high levels of AKR1B10 mRNA, indicating that many HCCs over-express the AKR1B10

gene. Other authors have corroborated these results (61, 62 ). The data of a recent study (63 ) sug-

gested the involvement of AKR1B10 up-regulation in the early stages of hepatitis B virus (HBV)

related hepatocarcinogenesis. The study showed that HBV infected patients with <15% expression

of AKR1B10 have low risk of developing HCC, and its up-regulation is a significant risk factor for

HCC development, being a novel predictive marker for this cancer. Moreover, upregulated 1B10
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Figure 1.10: Role of AKR1B10 in lipid metabolism and cell survival. ACCA is degraded through

the ubiquitination/proteasome pathway. AKR1B10 blocks ubiquitin-dependent degradation of the

ACCA and thus regulates lipid synthesis, mitochondrial function, oxidative status and lipid per-

oxidation; AKR1B10 also reduces carbonyls to less toxic alcohol forms, blocking their cytotoxicity.

Through these two independent pathways, AKR1B10 promotes cell survival (31 ).

has been detected in patients with chronic hepatitis C and steatohepatitis (63 ). AKR1B10 was

linked with colon, liver, pancreatic cancers, among others (64 –67 ). Additionally, AKR1B10 levels

were found to be over-expressed in patients with non-small cell lung carcinoma (NSCLC), especially

in case of tobacco consumption, even in pre-cancerous states (68 ). Particularly, it has been found

elevated in 84% of the NSCLC cases and in the 29% of adenocarcinoma cases. This suggests the

participation of AKR1B10 in the carcinogenesis process of NSCLC. It has been proposed that the

increase of the retinaldehyde reductase activity by AKR1B10 over expression could be behind, the

development of NSCLC by depleting the retinoic acid (RA) levels, a well-known differentiating and

antiproliferating agent (69 ) (Fig. 1.11). An alteration of the retinol/retinaldehyde interconversion,

by changing the AKR1B10 enzymatic levels, may result in disturbances in gene control and cell

proliferation. Thus, the up-regulation of retinaldehyde reductase activity of AKR1B10 found in

cancer could be linked to the depletion of RA levels and subsequent loss of cell differentiation and

cancer development. In addition, cell dedifferentiation produced by RA depletion could lead to

cancer stem cell formation (70 ). As stem cells have a low replication rate, traditional chemother-

apeutics will not affect these cells significantly, therefore this tumor will remain in a latent state.

This could produce a tumor recurrence because after tumor cells are killed by chemotherapy, can-

cer stem cells could still regenerate them, and thus the elimination of stem cells is a priority. A

possible way is restoring RA signaling by suppressing AKR1B10 activity.

This hypothesis has been reinforced by the appearance of new data. It has been observed that

the expression of AKR1B10 is induced by tobacco smoke toxic compounds, such as benzo[a]pyrenes,
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Figure 1.11: Potencial role of AKR1B10 in the cellular signaling of retinoic acid and its relation

with cancer. An overexpression of AKR1B10 would decrease the amount of retinoic acid that could

be formed, promoting metaplasia. RALDH: retinaldehyde deshidrogenase. Reproduced from (71 ).

that act through antioxidant response elements, like Nrf2, and response elements to dioxins local-

ized in the AKR1B10 promoter (72 ). An independent study found that the AKR1B10 promoter

has different response elements, putatively oncogenic related to tumor suppression, including bind-

ing sites for c-Ets-1, C/EBP, AP-1 and p53 (in contrast with AKR1B1, no ORE has been found)

(73 ).

The previous work is in accordance with another study, in which AKR1B10 expression was

knocked down through siRNA, producing a decrease in cell growth rate and a suppression of DNA

synthesis in colorectal cancer cells (HCT8), and supporting a critical role of the enzyme in cancer

(74 ). Additionally, it has been observed that AKR1B10 catalyzes the reduction of compounds

present in the tobacco smoke, such as acrolein, cronotonaldehyde (74 ), NNK (59 ), PAHs (75 ), thus

protecting cells from oxidative stress. Moreover, the higher catalytic efficiency of AKR1B10 in vitro

for all-trans-retinaldehyde reduction compared to PAH trans-dihydrodiol metabolism suggests that

AKR1B10 may play a greater role in lung carcinogenesis through dysregulation of RA homeostasis

than through oxidation of PAH trans-dihydrodiol (75 ). Another role of AKR1B10 could be the

detoxification of products derived from ROS action. It is well known that the high metabolic rate in

tumor cells produces large amounts of ROS that could not be detoxified by normal methods, such

as glutathione. Accumulation of ROS and their products covalently modify cellular structures of

cells, such as DNA, proteins and lipids, that could lead to cell death. Overexpression of AKR1B10

could help detoxifying these derivatives, helping cells to survive (Figure 1.12).

AKRs can metabolize xenobiotic compounds as phase I-drug metabolizing enzymes. Substrate

specificity differs between each member of the superfamily, thus a great amount of environmental
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Figure 1.12: Relationship of AKR1 enzymes with carcinogenesis at different levels. Reactive oxy-

gen species (ROS), generated by tobacco smoke, trigger the expression of some AKR1 enzymes

(steps 1, 2, 3). Subsequently, activity of AKR1 enzymes with retinaldehyde provokes retinoic acid

(RA) deprivation blocking its differentiating effect (steps 4’ and 5’), and favoring cell proliferation.

Besides, AKR1 enzymes participate in the detoxification of lipid peroxidation aldehydes and can

also metabolize various antitumoral agents bearing a carbonyl group (step 4). Through these ac-

tivities, the enzymes promote cell survival and chemotherapeutic drug resistance (step 5). Overall,

induction of AKR1 enzymes fosters tumorigenesis (steps 6 and 6’). Reproduced from (76 ).

pollutants, drugs, carcinogens and other molecules can be bioactivated or detoxified by the AKR

superfamily (9, 54, 77 ). AKR1B10 has been related with chemoresistance against daunorrubicin,

doxorubicin and their derivatives, and it is known to be overexpressed in cell lines with resistance

to some chemoterapheutic agents such trichostatin, cyclophosphamide and methrotrexate (all of

them without carbonyl groups) (78 –80 ), and mitomycine and doxorubicin (with a carbonyl group)

(81 ). For example, the product of the reduction of doxorubicin, doxorubicinol, is a million fold less

toxic than its precursor but it is more cardiotoxic. Thus, the overexpression of AKR1B10 in some

tissues could lead to tumor resistance and adverse effects, while AKR1B10 non-overexpressing

tissues will suffer the toxic effects of chemotherapy (82, 83 ). Combined therapy using AKR1B10

inhibitors along with anticancer agents could be a new therapeutic option.

As mentioned above, AKR1B10 participates in regulating cellular fatty acid synthesis, lipid

and isoprenoid metabolism. All these metabolic processes contribute to carcinogenesis as they are

involved in protein prenylation, cell proliferation and apoptosis. Farnesol, the reduced product of

AKR1B10 from farnesal, is phosphorylated into farnesyl pyrophosphate, which is the intermediate

of cholesterol synthesis involved in protein prenylation. Some proteins, like G proteins, have to
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be prenylated in order to perform their function. Higher prenylation levels could lead to higher

activity of these proteins, which most of them are involved in cell proliferation. On the other

hand, we already mentioned that AKR1B10 was found to be involved in acetyl-CoA metabolism,

interacting with ACCA and protecting it from degradation. This could enhance lipid synthesis

and promote cell survival (Fig. 1.13) (31, 66 ).

Figure 1.13: The proposed interactive role of AKR1B10 in carbonyl, farnesyl and lipid metabolism

as in maintaining the homeostasis of retinol to retinaldehyde that is involved in cellular apoptosis,

protein prenylation, cell proliferation and differentiation and cell survival. The overexpression of

AKR1B10 could imbalance many metabolic pathways and lead to neoplasia. Reproduced from

(66 ).

AKR1B10 inhibitors

The important functions described for AKR1B10 and its similar structure with AKR1B1 have

made necessary to perform a comparative study of the ARI effects. As mentioned in the section

“AKR1B1 inhibitors” it is possible that some of the ARIs off-target and undesired actions, in the

diabetes treatment, would be due to its lack of selectivity and its cross interaction/inhibition with

AKR1B10 (and maybe with AKR1B15). A large amount of studies have been published recently

regarding this aspect (52, 54, 60, 84 –94 ). Interesting results are the identification of selective

steroid-type inhibitors for AKR1B10 (60 ), and the identification of the most potent inhibitor so

far for AKR1B10, bisdesmethoxycurcumin, 85-fold more specific for AKR1B10 than for AKR1B1
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(86 ). Other representative potent inhibitors are a caffeic acid phenethyl ester (CAPE) derivative

(IC50 = 80 nM), present in the honeybee propolis products, and the novel designed CAPE-based

inhibitors, the best one with an IC50 value of 2.6 nM (93 ). Moreover, compounds derivated from

chromene-3-carboxamide have a high inhibitory potency for AKR1B10 (IC50 = 40 nM), but with

a low selectivity (AKR1B1 is also strongly inhibited) (84 ), and natural substance derivatives,

such as butein isolated from the total extract of the tree bark of Rhus verniciflua, showed an

IC50 value of 1.5 µM (95 ). Inhibitor screening using in silico techniques and computer-aided

ligand docking, identified the ligand 9-methyl-2,3,7-trihydroxy-6-fluorone, that showed an IC50

value of 0.4 µM with a 4-fold selectivity towards AKR1B10 relative to AKR1B1 (96 ). Non-

steroidal antiinflammatory drugs such N-phenylanthranilic acids, diclofenac and glycyrrhetic acid

inhibit AKR1B10 in a competitive mode, with high selectivity towards AKR1B10 as compared to

AKR1B1 (85 ). However, it has to be mentioned that some of the inhibitors mentioned before,

although being selective towards AKR1B10 as compared to AKR1B1, they are not too selective

regarding the AKR1C enzymes (6, 97 ). Finally, some of these publications report the inhibition of

AKR1B10 with ARIs designed for AKR1B1. In general, ARIs have lower inhibitory potency with

AKR1B10, although its selectivity is rather diverse (60, 84, 85, 98 ).

1.6.3 AKR1B15

Recently, a novel gene was identified in the human AKR1B genetic cluster, along with AKR1B1

and AKR1B10 in chromosome 7. This third cluster gene, AKR1B15, has been predicted in the

last decade as a result of high-throughput sequencing and annotation projects. Weber et al. (12 )

predicted by in silico and then confirmed by PCR that the AKR1B15 gene undergoes alternative

splicing, giving rise to two protein isoforms in vivo, designated as AKR1B15.1 and AKR1B15.2.

The former, AKR1B15.1 (henceforth referred as AKR1B15 for brevity), is a 316 amino acid enzyme

that displays 92% and 67% sequence identity with AKR1B10 and AKR1B1, respectively. In the

other hand, AKR1B15.2 is a 344 amino-acid protein that has a longer N-terminus. This isoform

does not exhibit enzymatic activity or nucleotide binding. Its high homology with AKR1B10

suggests that AKR1B15 is a result of a recent duplication event (11, 12 ). AKR1B15 has been

demonstrated to be a functional gene with low expression restricted to adipose tissue, skeletal

muscle, thymus, thyroid gland, and reproductive tissues (ovary, placenta, prostate, and testis).

Interestingly, it has been localised in the mitochondrial fraction, however AKR1B15.2 isoform has a

cytosolic localization. This is surprising feature, since most of the other human AKRs are cytosolic

enzymes. Similarly to AKR1B10, the AKR1B15 gene was found to be up-regulated in the airway

epithelium by smoking (99 ) and by exposure to sulforaphane, a known activator of the antioxidant

response (100 ). Interest in the AKR1B15 gene has risen lately because some allelic variants

have been linked to a mitochondrial oxidative phosphorylation disease (101 ), somatic missense

mutations in serous ovarian carcinoma (102 ), upregulated in a result of T. cruzi infection, the

etiological agent of Chagas disease, in the absence of thromboxane signaling (103 ) and increased
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longevity (104 ) .

1.6.4 AKR1B enzymes from other species

Some murine AKR1B enzymes had been studied in the search of enzyme homologous to the human

AKR1B members. Thus, in mouse, besides AKR1B3 (aldose reductase, active with glucose) (105 ),

mouse vas deferens protein (MVDP or AKR1B7 (106 )) and the fibroblast-growth factor 1-regulated

protein (FR-1 or AKR1B8 (107 )) had been characterized. AKR1B8 shows the highest sequence

identity to AKR1B10 (82%), is mainly expressed in the colon and small bowel with a low level in

the stomach, liver, and brain, similar to the human AKR1B10 expression. AKR1B8 also displayed

a similar enzymatic activity and kinetics to AKR1B10, but with low catalytic efficiency towards

all-trans-retinaldehyde (108 ), a higher Km value for d,l-glyceraldehyde and a null activity with

glucose (109 ). Importantly, similar to human AKR1B10, mouse AKR1B8 associates with murine

ACCA and mediates fatty acid synthesis in colon cancer cells. Taken together, the data suggest

that murine AKR1B8 could be the true ortholog of human AKR1B10, but this is still controversial.

AKR1B7 has a low enzymatic activity and a limited tissue distribution, mainly localised in the

adrenal gland, the only tissue where it is abundant (18 ), while other organs, including kidney,

show poor expression of this enzyme. AKR1B7 is selectively expressed in renin-producing cells,

but AKR1B7 appears not to be important for the regulation of renin secretion in vivo both at

organ and cellular levels (110 ), and seems to be regulated by cAMP within the renin cells (111 ).

Although AKR1B1 is the most structurally related human AKR to AKR1B7, AKR1B7 is unable

to catalyze the conversion of glucose to sorbitol (18 ). Another study suggests a possible role of

AKR1B7 in the detoxification of acrolein in the sperm surface (112 ).

According to in silico studies, a new murine Akr1b gene, 2310005E10Rik, hereafter referred as

Akr1b16, has been found. It has an open reading frame sharing 82-84% amino acid identity with

AKR1B10, and it has been suggested to be its mouse ortholog (11 ). The tandem arrangement of

the murine gens suggests that these genes arose from an ancestral genetic duplication event.

There are also four different AKR1B members in rat, identified through proteomic studies

(113 ). AKR1B4, active with glucose (114 ), is the orthologous protein of AKR1B1. On other hand,

AKR1B13 and AKR1B14 are orthologs to the mouse enzymes AKR1B8 and AKR1B7, respectively,

with almost identical catalytic properties (115 ). The last AKR1B member is AKR1B17, which

shows more than 88% overall amino acid sequence identity with AKR1B13, 1B14 and 1B16. It

presents the peculiarity that is activated by hydrophobic carboxylic acids (116 ).

There are other AKR1B proteins of interest. In the CHO hamster cell line, the CHO reductase

(AKR1B9) has been characterized, with kinetic characteristics similar to AKR1B10, but with the

distinct feature that can use ketones as substrates (117 ); chicken AKR1B12 is an enzyme with a

unique capacity for oxidation ethanol and to reduce retinoids, discovered and characterized by our

group (118 ).

The lack of uniformity in the AKR forms present in the different species, despite their se-
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quence similarity, imposes a limitation on the use of the knockout technology for the study of the

physiological function of the AKRs. Even in cases where the orthologous protein has been clearly

established and described (e.g. mouse aldose reductase AKR1B3), the presence of different family

members may partially compensate the loss of function and that could limit the ability to fully

understand the corresponding function in humans. This issue explains why, only four knockout

models had been described so far for AKRs, and only one for the AKR1B subfamily (119 ). The

study of the three-dimensional structure of this protein group has been focused mostly as a model

to examine how subtle changes in the amino acid sequence could have effects on the catalysis and

the binding of ARIs (120 ).

1.7 Retinoids

The term “retinoid”is used to refer to a wide range of compounds derived from vitamin A (retinol),

were they natural or synthetic, with or without biological activity. However, the vitamin A desig-

nation refers only to the compounds that have the biological activity of retinol. Thus, vitamin A

participate in many essential biological processes such as development of fetal and adult tissues,

cell proliferation and differentiation or the visual cycle (acting as a chromophore).

1.7.1 Chemical structure of retinoids

All-trans-retinol, a primary alcohol of Mr 286, is the compound from which other retinoids orig-

inate. Their basic structure is divided into three domains: an end with a cyclohexene ring or

β-ionone, an aliphatic chain with four conjugated double bonds, and a polar group which may

show different oxidation states: alcohol, aldehyde or acid (resulting in retinol, retinaldehyde or

RA, respectively, Fig. 1.14). The different configuration of the double bonds of the aliphatic chain

leads to the formation of isomers, being the all-trans, 9-cis, 11-cis and 13-cis-retinoids the most

frequent (121 ). Retinoids are hydrophobic and unstable compounds, that are easily oxidised in

the presence of oxygen, and are degraded by light, which yields to isomerization of double bonds.

For this reason they have to be manipulated under inert atmosphere and red or dim light.

Tween-80 (polyethylene glycol sorbitan monooleate) is a non-ionic, non-denaturalizing deter-

gent. It has been used during much time in preparing retinoid solutions, with the aim to facilitate

their solubilisation and increase their stability. This detergent has been widely employed in the

enzymatic activity assay with retinoids. However, it has been demonstrated that the presence of

this compound has a strong influence on the kinetic constants of ADH with retinoids. Tween-80

produces an inhibitory effect, displaying a competitive pattern (122 ).
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Figure 1.14: Chemical structure of retinoids, showing the carbon numbering, and the nature of its

polar group (R), that leads to different retinoids.

1.7.2 Vitamin A absorption, transport and metabolism

Vitamin A needs to the incorporated through the diet, either as retinyl esters or retinol from

animal sources, or as provitamin A carotenoids from fruits and vegetables, mainly as β-carotene.

Retinol is taken up directly by mucosa endothelial cells. However, retinyl esters are unable to enter

the intestinal mucosa and have to be hydrolysed by a luminal retinyl ester hydrolase to yield free

retinol. Retinyl esters can be also hydrolysed in the intestinal lumen by non specific pancreatic

enzymes. Regarding β-carotene, it can be directly absorbed by passive diffusion or through facili-

tated transport into the cells. In the enterocyte, β-carotene can be cleaved into two molecules of

all-trans-retinaldehyde by the enzyme β-carotene-15,15’-monooxygenase 1 (BCO1) (Fig. 1.16). In

addition, intact β-carotene can accumulate in blood and tissues. Inside the enterocyte, all-trans-

retinaldehyde is then reduced by one or more retinaldehyde reductases to retinol, which can bind

to cellular retinol-binding protein type-2 (CRBP2) (Fig. 1.15). Then it undergoes sterification

with long-chain fatty acids through the action of lecithin:retinol acyltransferase (LRAT). CRBP2

plays a primary role in the regulation of retinol absorption in the enterocytes and its intracellular

metabolism, preventing its free access to cytosol oxidoreductases (123 ). Retinyl esters are then

incorporated into chylomicrons and transported to the liver parenchymal cells where are captured

by specific receptors and transferred to stellate cells for storage, which constitutes 50-80% of the

body retinol in the form of retinyl esters.

When required in the peripheral tissues, retinyl esters are hydrolyzed to retinol by retinyl ester

hydrolase (REH). Retinol associates with the retinol binding protein (RBP) in hepatocytes and

then it is secreted from the liver into the lymphatic system for uptake into general circulation

and to be transported in the blood. Previous to its secretion, the retinol-RBP complex is in

turn complexed with the thyroxine-binding protein transthyretin (TTR) to reduce its glomerular

filtration (Fig. 1.15). The retinol bound to RBP enters the cell through a multidomain membrane

protein, the cell-surface receptor stimulated by retinoic acid 6 (STRA6), which mediates the cellular

vitamin A uptake and facilitates its transport across cell membrane. There is no high resolution

structure for STRA6, but simulations predict that it contains nine transmembrane segments, with

a short N-terminal tail that faces the extracellular space and a long C-termirnal tail in the cytosol.
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STRA6 is a cellular receptor for RBP, and their interaction is highly specific (124 –126 ). STRA6

mechanism for retinol uptake is different from all other cellulars uptake mechanisms. It is not

a primary active transport, since STRA6 has no ATP binding domain. A remaining possibility

is a channel/facilitated transport, which depends on the electrochemical gradient of free ligand.

However, the substrate for STRA6 is not free but bound to RBP. LRAT stimulates STRA6 activity,

and CRBP1, but no CRBP2, is loaded with retinol by STRA6, and it affects its function. There

are numerous hypotheses on the mechanism of STRA6-mediated cellular vitamin A uptake from

RBP (125, 127, 128 ). Almost all the retinol that enters the cells is recycled to the plasma (over

90%), thus, only a small fraction is sterified for its storage, or it is activated to RA, or catabolised

to inactive compounds (Fig. 1.16) (76, 121, 129 –132 )).

Figure 1.15: Structures and functions of different mammalian extra and intracellular retinol-

binding proteins. RBP4, also known as RBP, binds all-trans-retinol, and is the major binding

protein in the circulation. RBP-4 is found complexed with transthyretin (TTR) to reduce its

glomerular filtration (RBP4-TTR). The STRA6 receptor mediates the uptake of retinol and its

transport through the membrane. CRBP1 and 2 are major cellular retinol binding proteins, and

bind all-trans-retinol and all-trans-retinaldehyde in cells. Synthesized retinoic acid binds to cellu-

lar retinoic acid binding protein (CRABP) and is transported to the cell nucleus. Modified from

(124 ), protein structures were obtained from the Protein Data Bank.

1.7.3 Biosynthesis of all-trans-retinoic acid from retinol

Retinoids are transported and stored mainly in the form of retinol and retinyl esters, respectively.

However, RA represents the actual form of the vitamin A with the most potent biological activity.
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Retinoic acid biosynthesis

RA is formed from retinol, and its biosynthesis requires of two oxidative steps: the first is the

reversible oxidation of retinol to retinaldehyde, and it is generally considered to be rate-limiting

(133, 134 ). The second step is the oxidation of retinaldehyde to RA. Both steps are regulated, but it

is the reversible oxidation of retinol to retinaldehyde that exhibits more control by a wide variety of

enzymes, including members of the three oxidoreductases superfamilies: the microsomal SDRs, the

cytosolic ADHs from MDRs and the AKRs (Fig. 1.16). The direction of the oxidoreducion reaction

is determined by the availability of substrates and cofactors (131 ). AKRs are NADPH-dependent

enzymes, and work in the reductive direction, whereas ADH, NAD+-dependent enzymes, mostly

work in the oxidative direction. The SDR family has examples of both specificities, allowing them

to work in either direction of the pathway. The irreversible oxidation of retinaldehyde to RA

involves the action of aldehyde dehydrogenases (ALDHs or RALDHs) and the cytochrome P450

(Fig. 1.16).

Our group has compared the catalytic constants with retinoids of members of the three enzyme

superfamilies, determined with the same methodology (solubilitzation of retinoids with BSA and

detection with HPLC) for the first time (56 ). Moreover, the specific role of AKRs has been re-

cently reviewed by our group (76 ), comparing the different methodologies for the determination

of the kinetic constants for retinoids. Briefly, the Km value of the majority of AKR is around 1

µM, comparable to that of the members of other superfamilies, pointing that the three enzyme

superfamilies are able to participate in the interconversion of retinol/retinaldehyde under physio-

logical conditions. It is likely that these enzymes use only free retinods instead of retinoid bound

to CRBP, which would have a function in retinoid storage. Considering that retinaldehyde is the

immediate precursor for RA, the active hormone, and that high levels of retinaldehyde and RA

can be toxic for the cell, it is not surprising that the levels of retinaldehyde are tightly controlled

by a large number of enzymes that catalyze its oxidation and reduction (56, 131, 135 ).

Alcohol dehydrogenases

ADH1, ADH2 and ADH4 oxidise different retinoid isomers in vitro in the presence of NAD+. The

most active ADH with retinoids is ADH4. The spatiotemporal expression pattern of ADH1 and

ADH4, and their co-localization with the onset of RA signaling in the embrionary development

of mouse, suggest an active role of these enzymes in the synthesis of RA (136, 137 ). This co-

localization is also found in adult mouse tissues and in several epithelial cell populations that

may require RA for differentiation, including epidermis, stomach and esophageal mucosa, adrenal

cortex (137 ) and male reproductive tract (138 ). In the other hand, genetic studies with knock-

out mice had demonstrated the participation in vivo of ADH1, ADH3 and ADH4 in the RA

synthesis pathway (139 –141 ). These works seem to demonstrate that the role of ADH1 in retinoid

metabolism, specially in liver, is to provide protection against vitamin A toxicity, while ADH4 has

a role in RA signaling in target tissues. Thus, in addition to the co-localization of ADH4 and the
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RA synthesis mentioned above, it as been observed a decrease in the fetal survival rate in knock-out

mice, when subjected to vitamin A deficiency during pregnancy (142, 143 ), compared to wild-type

mice.

The ADH3 form, also named glutathione-dependent formaldehyde dehydrogenase, has been

also related with retinol metabolism because knock-out mice have a lower body weight, but it is

recovered when they are supplemented with vitamin A in the diet (140 ). It has been demonstrated

that the in vitro enzymatic activity of ADH3 is 1400-fold lower than that of ADH1 and 4000 times

lower than that displayed by ADH4 with all-trans-retinol. However, the ubiquitous expression

of ADH3 in tissues, in contrast to other ADH, could confer a special role to this enzyme in the

metabolism of retinoids (140 ).

Regarding ADH2, although it is active with retinol, only represents 2% of the retinol dehy-

drogenase activity of the liver. Furthermore, it exhibits important kinetic differences with other

species, and probably does no have an evolutionarily conserved function as a retinol dehydrogenase

(144, 145 ).

Short-chain dehydrogenases/reductases

The retinol dehydrogenases/reductases of the SDR superfamily are microsomal enzymes that are

able to oxidise retinol (NAD+-dependent forms) and reduce retinaldehyde (NADP+-dependent

forms). Among the first group, some human retinol dehydrogenases have been described: RoDH4

(SDR9C8) (in parenthesis the new nomenclature, gene based, is provided (146 )), RoDH-like 3α-

HSD (SDR9C4), RDH5 (SDR9C5) and RDH10 (SDR16C4), all of them with extra-ocular expres-

sion. Among the NADP(H)-dependent forms, some proteins have been described with expression

restricted to the eye (prRDH (SDR28C2)), while other are expressed in multiple tissues: RDH11

(SDR71C), retSDR1 (SDR16C1) in eye and liver, and RDH12 (SDR7C2), which is the most ef-

ficient retinaldehyde reductase among the SDR and AKR enzymes. SDRs have Km values for

retinoids similar to the physiological concentrations of these compounds. However, there are some

doubts about their function in vivo because the retinol dehydrogenases display also activity with

steroids, rising the question whether they can contribute to both retinoid and steroid metabolism,

and whether their contribution can be dependent on their cell-specific context (131 ). The role

of these proteins in mammalian all-trans-RA biosynthesis and homeostasis remains to be fully

investigated, but some works with cell lines point to a possible important role for some of these

enzymes [11cRDH (SDR9C5), RDH12 (SDR7C2), RDHE2 (SDR16C6), and especially for RDH10

(SDR16C4)] in the RA metabolism (134, 147 –150 ). Mouse RDH10 (SDR16C10) is essential for

RA biosynthesis in the embryonic development (131, 151 ) and the inactivation of its gene results

in embryonic lethality or severe malformations due to insufficient production of RA (131, 151,

152 ). RDH10 is highly conserved (99-100% amino acid sequence identity) between mouse, bovine

and human, and studies in frog suggest that its ortholog is also essential for embryonic devel-

opment (150 ). In vitro studies determined that human RDH10 recognises all-trans, 11-cis and
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9-cis-retinol isomers as substrates and strongly prefers NAD+ as a cofactor (134 ). These data

points out that RDH10 is the major retinol dehydrogenase responsible for RA biosynthesis during

embryonic development (131, 151, 153 ).

Aldo-keto reductases

The retinoid oxidoreductase activity was traditionally assigned to members of the MDR and SDR

superfamilies. However, our group proved that members of the AKR superfamily were also active

with retinoids. This activity was found for the first time in a new AKR, chicken AKR1B12,

that was active towards different retinaldehyde and retinol isomers (118 ), and later in the human

AKR1B1 and AKR1B10 (13, 44, 56 ). Regarding the AKR1C superfamily, some groups described

the retinaldehyde reductase activity with the bovine enzyme prostaglandin F synthase (AKR1C7)

(154 ) and rat AKR1C15 (155 ). The initial work by our group with members of the AKR1B

subfamily in the metabolism and modulation of the RA pathway led us to further investigate the

role of other human AKR enzymes. Thus, we characterized the kinetics of AKR1Cs (AKR1C1,

1C3 and 1C4) active with retinol and retinaldehyde and their possible contribution in this pathway

(156 ). The studies showed low Km values with both all-trans- and 9-cis-retinaldehyde, in the same

range as those of AKR1Bs, SDRs and ADHs. The catalytic efficiency values were in general low,

similar to those of aldose reductase (AKR1B1), with the exception of AKR1C3 with the 9-cis

isomer of retinaldehyde, with a comparable efficiency to some SDR enzymes (156 ).

All the AKRs that display activity with retinoids have a clear preference for reduction, as

it has been observed with other AKR substrates (6 ). The high efficiency of AKR1B10 to reduce

retinaldehyde has been proposed as a possible mechanism involved in the development of non-small

cell lung cancer (NSCLC), where AKR1B10 is found overexpressed (Figure 1.11) (71, 75 ), and also

as a protein that could act at pre-receptor level, regulating the amount of RA available for RAR

and RXR receptors (Table 1.3, Figs. 1.11 and 1.16 (8, 13, 69 )).

Oxidation of retinaldehyde

The irreversible NAD+-dependent oxidation of all-trans-retinaldehyde to RA may occur through

the action of members of two different enzymatic families: the family of the ALDHs or RALDHs

and the family of the cytochrome P-450. There are different ALDHs with retinaldehyde dehydro-

genase activity, but ALDH1A2 is the enzyme that displays the greatest catalytic efficiency (157 ).

Cytochrome P-450A1 is the enzyme that showed the greatest in vitro activity in this family, but

it displayed a Km values of 12 mM with retinaldehyde, suggesting that it has a low physiological

significance.

1.7.4 Retinoic acid

Once RA is formed within the cell, it is mainly bound to the cellular retinoic acid binding proteins

(CRABP) and transported to the nucleus (Fig. 1.16). RA regulates gene expression mainly through
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the activation of two nuclear receptor subfamilies, RARs and RXRs, both with their respective

subtypes α, β and γ. Both subfamilies belong to the receptor family of the steroidal and thyroid

hormones, and of the vitamin D. RARs are activated by all-trans- and 9-cis-RA, and RXRs are

activated by the 9-cis isomer exclusively. Once the receptor has bound RA, it forms a dimer and

it becomes active. Whereas RAR only can form homodimers or heterodimers with another RA

receptor (RAR-RAR or RAR-RXR), RXR are able to dimerise with a variety of nuclear receptors:

thyroid hormone receptors (RXR-TR), vitamin D receptors (RXR-DR) and orphan receptors.

When the receptor has heterodimerized it bounds to retinoic acid response elements (RAREs or

RXREs) located in the promoters of a variety of genes in the DNA. Ligand binding induces a

conformational change in the RAR/RXR heterodimers which promotes gene transcription. The

RA responsive genes are numerous (reported more than 500) and includes the RARβ gene itself.

In this way, the binding of RARs or RXRs to a given RARE element as homo or heterodimers,

and their complex interaction, can lead to significant differences in the expression of their target

genes in various tissues (158 –160 ).

A proof of the complexity and diversity of genes under the control of RA is that RA activates

peroxisome proliferator-activated receptorsβ/δ (PPARβ/δ), leading to enhanced mitosis and cell

proliferation in keratinocytes (161 ). Thus, RA could inhibit cell growth, as in cancer cells, by

binding to RAR, and stimulate, in keratinocytes, cell proliferation with antiapoptotic actions

binding through PPARβ/δ (162 ). Moreover, Tan et al. (163 ) found that a fatty acid binding

protein (FABP5) was responsible to transport RA to the nucleus and bind PPARβ/δ. Thus, a

mechanism was proposed, where RA is transported from the cytosol to the nucleus by two different

mechanisms. The activation of RAR occurs when RA is delivered to RAR by cytosolic CRABP

and the activation of PPARβ/δ occurs when RA is delivered to PPARβ/δ by FABP5. Therefore,

the ratio between the two binding proteins determine which nuclear receptor would be activated.

Cells with a high FABP5/CRABP ratio, such as keratinocytes, PPARβ/δ would be active and

may lead to cell proliferation, whereas cells with high CRABP/FABP5 ratio RAR would become

active and lead to growth inhibition (162, 164, 165 ).

The first step of the metabolic route of RA biosynthesis, the reversible oxidation of retinaldehyde

to retinol, stands for the limiting step of the proces rate. Traditionally, the depicted enzymes able to

perform this reaction belong to the ADH and the SDR families. The discovery by our group (118 ),

that members of the AKR superfamily could act also in this metabolic step, has just reinforced

the thought that this is a vital process for the cell and that it is strictly regulated (135 ). The

balance between synthesis and catabolism allows a precise control of the RA levels in cells and

tissues. The catabolism and inactivation of RA to more oxidised compounds like 4-hydroxy-RA

or the 4-oxo-RA is performed mainly by enzymes of the CYP26 family, and it is initiated by the

hydroxylation at position C4 or C18 of the β-ionone ring of RA (Fig. 1.16) (76, 160, 166 ).
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The following chapters of this Thesis dissertation have been written as independent sections,

each one with its own introduction and discussion, since they are intended to be the basis for

further independent publications.
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Figure 1.16: Proposed mechanism for retinoic acid synthesis and retinoid storage. Cellular uptake of retinol, carried by retinol-binding protein (RBP)

complexed with thyroxine-binding protein transthyretin (TTR), of β-carotene and retinoic acid is indicated. In the target tissues, STRA6, a cell-surface

receptor for RBP, facilitates retinol entry. Inside the cell, retinol or retinaldehyde may bind cellular retinol-binding protein (CRBP) and be sterified by

LRAT for storage. Retinoic acid may bind cellular retinoic acid-binding protein (CRABP) or fatty acid binding protein (FABP5) in keratinocytes. The

reversible interconversion of retinol and retinaldehyde, is catalyzed by members of the ADH, SDR and AKR enzyme families. The cofactor preferences of

the enzymes involved are indicated. The second and irreversible step of the pathway, the oxidation of retinaldehyde to retinoic acid, is catalyzed by aldehyde

dehydrogenases (ALDH) and cytochrome P450. Modified from (167 ).
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1. Functional and structural studies on AKR1B15.

In humans, at least 15 AKR members have been identified so far. The most recently described

member is the aldo-keto reductase 1B15 (AKR1B15) enzyme which shares 92% amino acid sequence

identity with AKR1B10. While AKR1B10 is a well characterized enzyme with high retinaldehyde

reductase activity, involved in the development of several cancer types, the enzymatic activity and

physiological role of AKR1B15 are still poorly known. The first objective of this thesis has been

the purification of AKR1B15 and characterization of its substrate specificity, kinetics, inhibitor

selectivity and structural features compared to the highly similar AKR1B10.

Partial objectives:

1. To perform the heterologous expression and purification of AKR1B15.

2. To determine of the kinetics constants of AKR1B15 for typical AKR substrates such as

aldehydes and ketones.

3. To carry out the kinetic analysis of the retinaldehyde reductase activity of AKR1B15.

4. To perform the analysis of the inhibition of AKR1B15 with ARIs.

5. To compare the substrate-binding site of AKR1B15 with that of AKR1B10 and determine

distinct features that could be related witht its activity and inhibition kinetics.

6. To improve the HPLC methodology to determine the levels of different retinoids in cells.

7. To determine the effect of the expression of AKR1B10 and AKR1B15 on the levels of retinoic

acid in living cells.
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2. AKR1B10 mutants.

AKR1B10 and AKR1B15 are clearly enzymes with different kinetic features and distinguishable

structural properties. The aim of this study is to identify the amino acid residues that may explain

the distinct properties, supported by site-directed mutagenesis studies.

Partial objectives:

1. To identify the main structural differences that give AKR1B10 and AKR1B15 their distinct

kinetic characteristics.

2. To perform an analysis of the relevant residues of the active-site pocket and a rational design

of AKR1B10 mutant enzymes resembling AKR1B15, by site-directed mutagenesis.

3. To determine the kinetic features and inhibition selectivity of the mutant enzymes to elucidate

the importance of the substituted residues in the active-site pocket.
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3. Characterization of AKR1B16, a new mouse AKR

Rodents are widely used models in laboratory for in vivo research and for understanding the

physiological function of genes and proteins. However in most cases there is no direct correlation

between human and murine AKR genes and proteins. A new AKR1B member was identified in

mouse, AKR1B16, and the aim of this work is to characterize its functional features to understand

its role in mouse, and to determine its structural and functional homology with human AKR.

Partial objectives:

1. To compare an analyse the AKR1B16 sequence, evolutionary position and structure within

the AKR1B subfamily.

2. To purify and determine the kinetic characteristics of AKR1B16 with aldehydes and ketones.

3. To investigate the retinaldehyde reductase activity of AKR1B16.

4. To compare the AKR1B16 features with those of other murine and human AKR1Bs to

determine its orthology.
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Chapter 2

Functional and structural studies

on AKR1B15

Part of these results appeared in the following publications:

Joan Giménez-Dejoz, Michal H. Kolar, Francesc X. Ruiz, Isidro Crespo, Alexandra Cousido-

Siah, Alberto Podjarny, Oleg A. Barski, Jindrich Fanfrlk, Xavier Parés, Jaume Farrés and Sergio

Porté. Substrate Specificity, Inhibitor Selectivity and Structure-Function Relation-

ships of Aldo-Keto Reductase 1B15: A Novel Human Retinaldehyde Reductase. PLoS

ONE 10, e0134506.
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2.1 Introduction

Members of the aldo-keto reductase (AKR) superfamily share an (α/β)8 barrel fold and are mostly

monomeric (∼ 35 kDa) NAD(P)H-dependent enzymes catalyzing the reduction of a wide variety of

endogenous carbonyl compounds such as carbohydrates, lipid aldehydes, prostaglandins, steroids

and retinoids (6, 7, 9 ). Several AKR enzymes act in phase-I drug metabolism by transforming some

xenobiotics, are induced by nuclear factor erythroid 2-related factor 2 (Nrf2) under oxidative stress,

and are involved in cancer chemoresistance (69, 86 ). In the human genome, fifteen AKR genes

have been described which belong to three different gene families (AKR1, AKR6 and AKR7 ). The

AKR1B subfamily gene cluster, located in chromosome 7q33-35, includes the AKR1B1, AKR1B10

and AKR1B15 genes. A syntenic gene cluster with four loci has been described in rodent species,

although gene orthologs can only be unambiguously assigned for AKR1B1 (11, 168 ).

The most studied enzyme of the AKR1B subfamily is AKR1B1 or aldose reductase, which

reduces glucose to sorbitol under hyperglycemia and has been involved in the secondary complica-

tions of diabetic disease (38 ). Another member, AKR1B10, is normally expressed in adrenal gland

and small intestine, and induced in several types of cancer, such as non-small cell lung carcinoma

and hepatoma (69 ). Both enzymes have been proposed as promising oncogenic targets (51, 169 )

and for this reason, along with the role of AKR1B1 in diabetic disease, they have been the subject

of many studies in the search of selective and potent inhibitors (52, 84, 93, 170 –172 ). Unlike other

members of the subfamily, AKR1B10 is highly active in the reduction of all-trans-retinaldehyde

(168 ). The third gene in the AKR1B cluster, AKR1B15, has been predicted in the last decade

as a result of high-throughput sequencing and annotation projects, i.e. human genome. Recently,

AKR1B15 has been demonstrated to be a functional gene with low expression restricted to pla-

centa, testes and adipose tissues. The AKR1B15 gene undergoes alternative splicing giving rise

to two protein isoforms, designated as AKR1B15.1 and AKR1B15.2. The former is a 316-amino

acid protein encoded by AKR1B15-201 mRNA (Ensembl database) and showing 92% amino acid

sequence identity with AKR1B10, whereas AKR1B15.2 (AKR1B15-001, Ensembl) has a longer

N-terminus not homologous to other AKRs, and does not exhibit enzymatic activity or nucleotide

binding (12 ). AKR1B15.1 (henceforth referred to as AKR1B15 for brevity) is localized in the mito-

chondrial fraction and the recombinant protein was purified and characterized, showing limited in

vitro activity with steroids and acetoacetyl-CoA (12 ). Previously, AKR1B15 had been expressed

in the insoluble fraction of mammalian cells, showing low activity with D,L-glyceraldehyde and 4-

nitrobenzaldehyde (11 ). Similarly to AKR1B10, the AKR1B15 gene was found to be up-regulated

in the airway epithelium by smoking (99 ) and by exposure to sulforaphane, a known activator

of the antioxidant response (100 ). Interest in the AKR1B15 gene has risen lately because some

allelic variants have been linked to a mitochondrial oxidative phosphorylation disease (101 ), serous

ovarian carcinoma (102 ) and increased longevity (104 ).

With the aim of further characterizing the enzymatic function of AKR1B15, we have improved
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the purification procedure, and have performed enzyme kinetics of the purified recombinant pro-

tein with retinaldehyde isomers and other typical carbonyl substrates of AKR1B10. We have

also conducted a screening against potential inhibitors using compounds previously described for

AKR1B1 or AKR1B10. Finally, based on the crystallographic structure of the AKR1B10 complex

with NADP+ and tolrestat, we have constructed a model of the AKR1B15 active-site pocket.

2.2 Experimental procedures

2.2.1 Bacterial strains, plasmids and reagents

E. coli BL21(DE3) strain was obtained from Novagen, while plasmids pBB540 and pBB542 (con-

taining the chaperone-coding genes grpE, clpB and dnaK, dnaJ, groESL, respectively), were a kind

gift from Dr. A. de Marco (173 ). The pET-28a vector containing the cDNA coding for isoform 1 of

AKR1B15 (UniProt ID: C9JRZ8-2) had been described by Salabei et al. (11 ). pIRES-AKR1B15

was a gift from Dr. Barski. Tolrestat and sorbinil were generously provided by Prof. T.G.

Flynn and Pfizer, respectively, whereas JF0064 (2,2’,3,3’,5,5’,6,6’-octafluoro-4,4’-biphenyldiol) was

obtained from Sigma-Aldrich. Trans-2-hexenal and 4-hydroxy-2-nonenal were commercially ob-

tained from Cayman Chemical. All other reagents, including substrates, were purchased from

Sigma-Aldrich unless otherwise indicated.

2.2.2 Protein expression and purification

E. coli BL21(DE3) strain transformed with pET-28a/AKR1B15 was grown in 1 L of 2xYT medium

in the presence of 33 µg/mL kanamycin, while E. coli BL21(DE3) containing pBB540, pBB542

and pET-28a/AKR1B15 was grown in 6 L of M9 minimal medium supplemented with 0.4% glucose

as a carbon source, in the presence of 34 µg/mL chloramphenicol, 50 µg/mL spectinomycin and

33 µg/mL kanamycin. Protein expression was then induced by the addition of 1 mM IPTG

(Apollo Scientific) and cells were further incubated for 4 h at 22◦C. Cells were then pelleted and

resuspended in ice-cold TBI buffer (150 mM NaCl, 10 mM Tris-HCl, 5 mM imidazole, pH 8.0)

containing 1% (v/v) Triton X-100. In the case of the non-chaperone-expressing E. coli BL21(DE3)

strain, the TBI buffer also contained 1% (w/v) sarkosyl. The protein was purified using a His-Trap

HP nickel-charged chelating Sepharose Fast Flow (GE Healthcare) 5 mL column using an AKTA

FPLC purification system. The column was washed with TBI buffer and the enzyme was eluted

stepwise with 5, 60, 100 and 500 mM imidazole in TBI buffer. The enzyme fraction eluted with

100 mM imidazole was loaded onto a PD-10 column (Millipore), which removed imidazole and

changed the buffer to storage buffer (200 mM potassium phosphate, pH 7.4, 5 mM EDTA, 5 mM

DTT). Finally, the protein was purified through gel filtration chromatography using a Superdex

75 10/300 GL column (GE Healthcare) equilibrated with the storage buffer. In the case of the

protein expressed in the E. coli BL21 (DE3) strain, in the absence of chaperones, the TBI and
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storage buffers contained 0.1% (w/v) sarkosyl throughout the purification procedure. AKR1B10

and AKR1B1 were expressed and purified as described previously (13 ).

2.2.3 Fluorometric and spectrophotometric assays

NADPH binding was analyzed by quenching of Trp intrinsic fluorescence of 0.5 µM protein, using a

Cary Eclipse (Varian) fluorimeter, in 20 mM sodium phosphate, pH 7.0, at 25◦C in a final volume

of 1 mL. The excitation wavelength was 290 nm and the emission wavelength was monitored at

340 nm. AKR1B10 was used as a control. The dissociation constant (KD) values were calculated

by nonlinear fitting of experimental data, using Grafit 5.0 (Eritacus Software), to the Morrison

equation:

∆F = ∆Fmax ·
[E] + [NADPH] +KD −

√
([E] + [NADPH] +KD)2 − 4 · [E] · [NADPH]

2 · [E]

The activity towards aldehydes, with the exception of retinaldehydes, was analyzed spectropho-

tometrically using a Cary 400 Bio UV-Visible Spectrophotometer (Varian) following the decrease

in the absorbance of the cofactor NADPH at 340 nm (ε340=6,220 M−1·cm−1) or at 365 nm in

the case of cinnamaldehyde (ε365=3,510 M−1·cm−1)(174 ). Activities were determined in 100 mM

sodium phosphate, pH 7.0, at 25◦C using 0.2 mM NADPH in 0.2-cm path length cuvettes, with

freshly prepared substrate solutions. One unit of activity is defined as the amount of enzyme

required to transform 1 µmol of substrate per min at 25◦C. Standard activities were measured

before each kinetic experiment by using 10, 60 and 0.6 mM of d,l-glyceraldehyde as a substrate

for AKR1B15, AKR1B10 and AKR1B1, respectively.

2.2.4 HPLC enzymatic activity assay

Activity assays with retinoids were carried out using an HPLC-based methodology (56 ). Briefly,

retinaldehyde isomers were solubilized using glass tubes by a 10-min sonication at molar ratio

1:1 with fatty acid-free bovine serum albumin in 90 mM potassium phosphate, 40 mM potassium

chloride, pH 7.4. The actual amount of solubilized retinoid was determined based on the corre-

sponding molar absorption coefficient in aqueous solutions at the appropriate wavelength: (ε400=

29,500 M−1·cm−1 for all-trans-retinaldehyde and ε367 = 26,700 M−1·cm−1 for 9-cis-retinaldehyde

(56 ). For retinol isomers, which were used as standards of the reaction product, their concentra-

tion was determined in hexane using ε325 = 51,770 M−1·cm−1 for all-trans- retinol (175 ) and ε325

= 43,765 M−1·cm−1 for 9-cis-retinol (176 ). The reactions were started by the addition of cofactor

and carried out for 15 min at 37◦C in a final volume of 0.5 mL. With the aim to measure the

steady-state enzymatic activity, the concentration of enzyme was kept from 25- to 100-fold lower

than that of the substrate for all the enzymatic assays. The reactions were stopped by the addition
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of 1 mL of cold methanol and after two rounds of extraction with hexane, retinoids were analyzed

by HPLC (see below).

2.2.5 Determination of kinetic constants and inhibition screening

The IC50 activity assays were carried out based on the quantification of the NADPH consumption

that takes place when the enzyme catalyzes the conversion of glyceraldehyde into glycerol. The

assays were performed at 25◦C in a 100 mM sodium phosphate buffer (pH 7.0), with the protein

amount reaching the Vmax, and 0.2 mM NADPH. The final reaction volume was 600 µL per

reaction. All compounds were dissolved in dimethyl sulfoxide, and the corresponding solution was

added to the cell to be assayed in a final concentration of 2% (v/v) DMSO and incubated for 5

min at 25◦C prior to the addition of the substrate. The reaction was initiated by the addition

of 6 mM d,l-glyceraldehyde, and the decrease in optical density at 340 nm was monitored for at

least 3 min at 25◦C in a UV-visible spectrophotometer (Cary 400 Bio (Varian)). The IC50 value

was determined as the compound concentration that inhibits the enzymatic activity by 50%. IC50

was calculated using the Grafit program (version 5.0; Erithacus Software) and the values were

determined as the mean of three experiments ± the standard error. Standard error values were

less than 20% of the mean values.

2.2.6 Homology model and conformational ensembles

The structural model of apo-AKR1B15 was obtained from the AKR1B10 ternary complex crystal-

lographic structure (PDB ID: 1ZUA), used as a template for homology modeling, by running the

SCWRL program (177 ). Because of the high sequence identity (92%) between the two proteins,

the approach that keeps invariant the conformation of the conserved residues was adopted. The

flexibility features of both AKR1B10 and AKR1B15 were studied by means of computer simula-

tions.

The hydrogen atoms were added to the structural model of AKR1B15 as well as to the

AKR1B10 crystal by the pdb2gmx tool of the GROMACS program package (178 ). The apo as well

as holo forms of both structures were studied as follows: the all-atom models were energy minimized

employing the Amber99sb-ildn force field (179, 180 ) for the protein, parameters of Holmberg et al.

(181 ) for the cofactor, and Generalized-Born implicit solvent model with parameters of Hawkins et

al. (182 ). The minimized structures were used as the input for the tCONCOORD algorithm(183 ),

which generates a set of independent conformations based on geometrical constraints (184 ). It was

designed to accurately capture the protein flexibility and the validity of the resulting conforma-

tional ensembles has been proven on a variety of proteins, including also AKR1B1 (183 ). By

means of tCONCOORD, we generated and analyzed the ensembles of 2500 conformations, which

were subsequently used to calculate root mean square fluctuations (RMSF) of backbone atoms.

The energy minimized geometries (i.e. the starting ones for conformational sampling) were

evaluated employing PROCHECK (185 ) and Verify 3D (186 ), which allow checking their stereo-
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chemical quality and calculating the percentage of conformations in favored regions obtained from

the Ramachandran plots.

2.2.7 AKR1B15 ternary complexes

Geometries of the ternary complexes were derived from the homology model of holo-AKR1B15,

which was built by superimposition of the apo form and holo-AKR1B10 (PDB ID: 1ZUA), in-

cluding the cofactor coordinates into apo-AKR1B15. Considering that all-trans-retinaldehyde and

9-cis-retinaldehyde are substrates, the distance between the oxygen of retinaldehyde and the cat-

alytic residues (i.e. His111 and Tyr49) should be less than 3 Å for productive catalysis to occur.

Under this assumption, the substrates were manually docked into the active site of holo-AKR1B15.

Inhibitors were automatically docked using AutoDock 4.0 (187 ). The inhibitor JF0064 coordinates

were obtained from the PDB (PDB ID 4ICC). The target geometry was extracted from the energy

minimized all-trans-retinaldehyde complex (see below). For docking, the target was kept rigid,

while all the torsional bonds in JF0064, except for the conjugated double bonds, were free to

move. The docking parameters were the same as described previously (89 ).

The hydrogen atoms were added to the ternary complex and the complex was energy minimized

by adopting the PM6-D3H4 method (188 ) combined with the COSMO solvent model (189 ). The

residues, with at least one atom within 5 Å from any atom of the cofactor, substrate or inhibitor,

were allowed to move and the rest was kept frozen but included in the Hamiltonian calculation.

The PM6-D3H4 method, which has been developed to accurately describe non-covalent interactions

in biomolecules, represents a well-established computational tool (190 ) and recently it has been

used in the study of the inhibition of AKR1B1 (191 ). The final pdb files of holo-AKR1B15 and

the ternary complexes were validated with the QMEAN server (192 ), with the flag “ignoring the

agreement term”, recommended for proteins known to have the correct fold. The volume of the

active-site pocket was measured by using the POVME algorithm (193 ), whereas PyMOL (v.1.3

Schrodinger) was used for figure drawing.

2.2.8 Cell culture and transfection

HEK-293T were selected because they are well characterized in terms of retinoid metabolism

(194, 195 ). Cells were grown on 24-well plates in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco BRL). Incubation was performed

at 37◦C in a humidified atmosphere containing 5% CO2 / 95% air. AKR1B15 was cloned into a

mammalian expression vector: pIRES-hrGFP-1α (Agilent technologies). For transfection, HEK-

293T cells were plated and, after 24 h, transfected with Lipofectamine 2000 (Invitrogen) according

to the manufacturer’s instructions. After 4 h, fresh medium was added and cells were incubated

overnight. For flow cytometry analysis, cells were trypsinized and pelled by centrifugation, and

resuspended in PBS with 1% propidium iodide (Sigma), to allow the visualization of cell death.
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Cells were treated for the indicated time with 10 µM all-trans-retinaldehyde from a stock solution

in ethanol, never exceeding 0.5% (v/v) ethanol in the culture media.

2.2.9 Western-blot analysis

The cells were obtained from a confluent culture by using the standard method of trypsiniza-

tion. After neutralizing trypsin, the cell pellet was washed two times in Phosphate Buffered Saline

(PBS). Finally, the pellet was frozen at -20◦C to facilitate cell lysis. Then, cells were thawed and

broken with RIPA Buffer (Tris-HCl, pH 8.0, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1%

SDS, 10 mM sodium orthovanadate, 1 mM PMSF). 20 µg of cell extract and 200 ng recombinant

purified AKR1B10 and AKR1B15 used and controls were loaded onto an SDS-PAGE and separa-

tion was performed at 150 V for 90 min. Then, proteins were transferred for 1 h at 100 V onto a

PVDF (polyvinylidene difluoride) membrane (Millipore). Once transfer was completed, the mem-

brane non-specific interaction sites were blocked with 5% skimmed milk solution in 0.1% Tween

20-Tris buffered saline (TTBS) for 90 min. The membrane was incubated for 90 min with rabbit

primary polyclonal antibody specific against the AKR1B10 C-terminal sequence QSSHLEDYPF-

DAEY kindly provided by Dr. Flynn (dilution 1:2000 in 2.5% skimmed milk solution, 0.1% TTBS).

Afterwards, the membrane was incubated for 90 min with goat peroxidase-conjugated secondary

polyclonal antibody against rabbit antibody constant fraction (Bio-Rad), (diluted 1:5000 in 2.5%

skimmed milk solution, 0.1% TTBS). The membrane was stained by a chemiluminescent method

with luminol and hydrogen peroxide. A digital camera (Bio-Rad) was used to measure band inten-

sities. Finally, the membrane was stripped of antibody and all the process was repeated to detect

β–actin, for normalization of protein loading.

2.2.10 Extraction of retinoids from cell culture

Cells were treated overnight (18 h) with 10 µM all-trans-retinaldehyde from a stock solution in

ethanol, never exceeding 0.5% (v/v) ethanol in the culture media. After incubation, media and

cells were collected separately. Media were collected in glass tubes and cells were rinsed twice with

ice-cold phosphate buffer saline (PBS) and harvested by brief trypsinization and centrifugation.

Cell pellets were homogenized in 0.5 mL of ice-cold PBS, transferred to glass test tubes and stored

frozen at -80◦C. To complete cell lysis, the thawed cell suspensions were sonicated in an ice-bath.

Media aliquots (500 µL) and cell homogenates were added to a disposable glass tube. To perform

retinoid extraction, 100 µL of 2.5 M ammonium acetate, pH 4, was added in order to acidify the

aqueous phase and facilitate the retinoic acid recovery (196 ), then 1 mL of cold methanol was

added and samples were vortex mixed. The samples were extracted twice with 4 mL of hexane.

The aqueous phase was removed and hexane was evaporated under a N2 stream.
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2.2.11 HPLC analysis

Retinoids were analyzed by HPLC as previously described (56 ). Briefly, retinoids were dissolved

in 200 µL hexane and injected onto a Nova Pak Silica column (4 µm, 3.9 x 150 mm) (Waters) in

hexane:methyl-tert-butyl ether (96:4, v/v) mobile phase, at a flow rate of 2 mL/min using a Waters

Alliance 2695 HPLC instrument. Elution was monitored at 370 nm for all-trans-retinaldehyde,

325 nm for all-trans-retinol and retinyl palmitate, 350 nm for all-trans-retinoic acid and 9,13-

cis-retinoic acid, using a Waters 2996 photodiode array detector. Quantification of retinoids was

performed by interpolating HPLC peak areas into a calibration curve. All retinoid manipulations

were performed under dim or red light to prevent photoisomerization.

2.3 Results

2.3.1 Expression and purification of recombinant human AKR1B15

AKR1B15 overexpression screening

We attempted the expression and purification of recombinant AKR1B15 using different E.coli

strains and procedures since it had been reported that AKR1B15 protein appeared to be mostly

present in the insoluble fraction of cell lysates (11 ). First, with the aim to perform an optimization

of the expression conditions to increase the amount of soluble protein, a small scale expression step

with E.coli BL21 strain transformed with pET-28a(+)-AKR1B15 with different temperature and

expression time conditions was tested for screening before scaling-up production. E.coli BL21 were

incubated at 28◦C until an OD600 of 0.6 had been reached, protein expression was then induced

by IPTG, and cells were grown at 28◦C or 22◦C. To analyse the protein expression aliquots were

collected at 4 hours and overnight (O/N) after the induction. The results obtained from the

electrophoretic analysis of the overexpression procedure of AKR1B15 at 4 hours are shown in

figure 2.1.

The presence of a major protein band in the insoluble fraction indicates that the protein had

formed inclusion bodies. Only in E.coli grown at 22◦C and 28◦C in the 4 hours samples (Fig. 2.1),

a little increase in the protein solubility (red mark) was detected. The electrophoretic analysis of

the expression O/N did not reveal any change in the solubility of the protein (not shown). The

generation of inclusion bodies is common in over-expression processes due to the saturation of the

cellular protein folding machinery. We attempted the scaling up of the purification conditions seen

in the overexpression screening in which AKR1B15 seemed to be present in the soluble fraction

in low quantity (induction of the protein at 22◦C, expression time 4h). Remarkably we were

able to purify AKR1B15 from soluble fractions, although in a very low amount and with several

contaminant proteins. However, these samples displayed no enzymatic activity in vitro using

NADPH as a cofactor and typical aldo-keto reductases substrates like D,L-glyceraldehyde or p-
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Figure 2.1: SDS-PAGE analysis of AKR1B15 expression at different temperatures in total, soluble

and insoluble fractions. The gel analysis shows that AKR1B15 was predominantly associated with

the insoluble fraction of BL21(DE3) cell lysates, and just a little amount is present in the soluble

fraction (red mark). Lanes: A, AKR1B15 expressed at 22◦C; B, protein expressed at 28◦C; A’,

control not induced by IPTG at 22◦C; B’, control not induced at 28◦C.

nitrobenzaldehyde. Therefore, with the aim to obtain active recombinant protein we used new

purification protocols to try to purify AKR1B15 from inclusion bodies (11, 197, 198 ).

Purification of AKR1B15 with N -lauroylsarcosinate

After many unsuccessful attempts to obtain soluble AKR1B15 (i.e. using different expression plas-

mids, detergents and protocols), we tried the procedure based on the use of the anionic detergent

sarkosyl (sodium N -lauroylsarcosinate) previoulsy reported by Salabei et al. (11 ). AKR1B15 was

expressed as a recombinant protein fused to an N-terminal His tag and affinity purified from the

insoluble fraction of E.coli lysates incubated with sarkosyl to solubilise the protein from the inclu-

sion bodies. In our hands and in the presence of sarkosyl, the amount of soluble protein and the

final yield were acceptable (see figure 2.2) and were the highest obtained of the several different pu-

rification and expression methodologies used. However, it required that a minimal concentration of

sarkosyl (0.001%, w/v) was necessary to avoid protein precipitation. Sarkosyl had been described

as an enzyme inhibitor (197 ). Previous data on enzymatic activity, using protein extracts from

human COS7 cells transfected with AKR1B15, suggested that AKR1B15 would exhibit very weak

activity towards some aldehydes (i.e. glyceraldehyde and 4-nitrobenzaldehyde) common substrates

for AKR. In our analysis the AKR1B15 enzymatic activity was found to be NADPH dependent

(i.e. the enzymatic activity using 0.2 mM NADH was less than 5% of that with NADPH), as it

has been described for most AKR. The low Km value of AKR1B15 for NADPH (5 µM), within

the same range as those of AKR1B1 and AKR1B10 (13, 199 ), suggested that the protein was

properly folded despite the presence of detergent. Kinetic activities using a high concentration
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of this enzyme (17 µM), in the presence of sarkosyl, showed that the recombinant enzyme was

also active towards typical aldehyde substrates, although with extremely low activity (data not

shown), precluding the determination of kinetic constants. Interestingly, AKR1B15 displayed a

significant enzymatic activity towards all-trans-retinaldehyde, and was the only one that resem-

bled the AKR1B10 specificity. The enzymatic activity towards retinaldehyde substrates could be

determined thanks to a HPLC based method, which is more sensitive and it allowed perform-

ing enzymatic assay with less sarkosyl concentration than the spectrophotometric assay (0.001%

instead of 0.033% (w/v)). It was also confirmed that sarkosyl inhibited AKR1B15 following a

non-competitive model (data not shown) and also was a potent inhibitor of AKR1B10, a well

characterized enzyme protein with which AKR1B15 shares a 92% of sequence identity. The IC50

value of sarkosyl inhibiting AKR1B10 using d,l-glyceraldehyde as substrate was 36 µM. It has to

be noted that this concentration of sarkosyl was within the range of sarkosyl present in the protein

samples in the purification purification procedure of AKR1B15.

Despite the high yield in protein solubilization by sarkosyl, it should be noticed that an im-

portant fraction of pure AKR1B15 was found in aggregated form, and only a small fraction of

AKR1B15 was found to be in a monomeric form despite its solubilization with sarkosyl (Fig. 2.4

grey line). AKRs are mostly monomeric soluble enzymes (6, 7, 9 ), for this reason we thought that

the very low activity found with the purified enzyme in the initial kinetic characterization was

because most of AKR1B15 was in the form of inactive aggregates, not properly folded, and that

only a small fraction of the protein was active as a soluble monomer. Therefore, it was necessary

to perform an additional gel filtration chromatography to separate the active protein monomer

from the inactive high-molecular aggregate. We were able to obtain the monomeric form of the

AKR1B15 protein in a very low quantity, and kinetic studies of its activity and stability were

conducted. The HPLC based methodology was used due to its high sensitivity compared to the

spectrophotometric method, and all-trans-retinaldehyde was chosen as a substrate because it was

the only with which AKR1B15 had displayed a significant activity. We found that the monomeric

form of AKR1B15 was active with all-trans-retinaldehyde and stable over time up to 2 hours in a

reaction at 37◦C (Fig. 2.3).

Purification of AKR1B15 co-expressed with chaperones

To try to enhance the proportion of recombinant protein in the soluble form we used of solubility

enhancer β-glycine in hyperosmothic medium. It is thought that the osmothic effect caused by

sorbitol and the protective effect of glycine betaine enhanced the proper folding of proteins (200 ).

However, despite of the attempts inducing of AKR1B15 protein under osmotic stress in the presence

of glycine betaine and sorbitol, we did not find differences in the soluble amount of protein present

in the samples compared with the controls expressed either without an hyperosmothic medium and
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(a) (b)

Figure 2.2: Expression and purification of recombinant human AKR1B15. (a) SDS-PAGE analysis

of protein expression. AKR1B15 was predominantly associated with the insoluble fraction of

BL21(DE3) cell lysates. Treatment with 1% (w/v) sarkosyl (Sk) provided a much higher amount

of AKR1B15 in the soluble fraction. In the case of BL21(DE3) pBB540 pBB542 cells, a protein

band which is highlighted with a red oval was identified as human AKR1B15 by Peptide Mass

Fingerprinting. Lanes: C, control for the soluble fraction not induced by IPTG; S, soluble fraction

and I, insoluble fraction. (b) Protein purification analysis. Purification fractions eluted from the

nickel affinity column chromatography using 100 mM imidazole. Lanes: 1, Protein eluted from

the soluble fraction of BL21(DE3) + Sk; and 2, Protein eluted from the soluble fraction of BL21

(DE3) pBB540 pBB542.

glycine betaine. Moreover, all-trans-retinaldehyde activities performed by HPLC of crude extracts

did not shown an increase of activity of the induced samples with the glicyne betaine, evidencing

that the methodology was not helpful for increasing the soluble amount of the monomeric active

form of the enzyme (data not shown). As an alternative procedure for expression, an E.coli

BL21(DE3) strain co-expressing three chaperone systems (DnaK-DnaJ-GrpE, ClpB and GroEL-

GroES) (173, 201 ) was used.

We tried the co-expression of AKR1B15 with different combination of chaperone systems and

media. The major enhance in its solubility was found when the protein was co-expressed in E.coli

BL21(DE3) strain with three chaperone systems together and minimal medium (data not shown).

Under these conditions, AKR1B15 was still found to be mainly associated with the insoluble

fraction, but the amount of soluble protein recovered increased significantly (Fig. 2.1). Activities

with all-trans-retinaldehyde carried during 1h hour, analysed by HPLC, of the soluble protein
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Figure 2.3: Plot of all-trans-retinaldehyde reductase activity of AKR1B15 (pmols of produced all-

trans-retinol) at different reaction times using 10 µM of substrate. The progress curve was linear

up to 100 min displaying that the AKR1B15 enzyme was stable at 37◦C.

fraction of AKR1B15 co-expressed with chaperones, showed an increase of activity compared with

controls without the chaperone systems (data not shown). Peptide mass fingerprint analysis of the

isolated band from the soluble protein fraction separated by SDS-PAGE (Fig. 2.2a) identified the

isolated band as being human AKR1B15. The enzyme was purified with a final yield of 1 mg protein

per liter of culture, when using minimal medium. By analyzing the purified protein on SDS-PAGE

(see figure 2.2b), the major band corresponded to a 37-kDa protein with minor contaminating

protein bands. Analysis by gel filtration chromatography showed a molecular weight of 37 kDa

for the purified protein, suggesting that AKR1B15 was obtained as a monomer (Fig. 2.4). In

contrast, the soluble fraction purified with sarkosyl was in an aggregated high-molecular weight

inactive form, with a major peak of 132 kDa. Fluorescence analysis of cofactor binding allowed

to measure the KD value for NADPH (113 ± 9 nM, Fig. 2.5). This value value was in the same

range as that of AKR1B10 (KD = 92 ± 35 nM).

2.3.2 Enzymatic activity and inhibition studies

AKR1B15 was active with d,l-glyceraldehyde, which was used as a substrate in the standard assay.

The enzyme reduced 200 mM glucose with a much lower rate (12 mU/mg) than that exhibited by

AKR1B1 (500 mU/mg), precluding the determination of kinetic constants. In contrast, AKR1B15

displayed a catalytic activity comparable or higher than that of AKR1B1 and AKR1B10 with

a variety of physiological or model aldehydes and ketones of various classes. Among the com-

pounds assayed, medium-chain (i.e. ≥ 6-carbon) aliphatic and aromatic carbonyl compounds were

excellent substrates, with Km values in the low micromolar range. It has to be noted that the

k cat values of the all substrates assayed were similar, in the same range, including the activity

displayed with retinoids. Importantly, AKR1B15 was also active towards retinaldehyde isomers

(Table 2), which along with acrolein, trans-2-hexenal, 4-hydroxy-2-nonenal and farnesal may con-

stitute physiological substrates for this enzyme. The 9-cis isomer of retinaldehyde was the best
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Chapter 2. Functional and structural studies on AKR1B15

Figure 2.4: Elution profile from the Superdex 75 10/300 GL size-exclusion column chromatography.

AKR1B15 purified from soluble fraction of BL21(DE3) + Sk and from soluble fraction of BL21

(DE3) pBB540 pBB542 are shown in grey and black lines, respectively. Major peaks eluting at 7.9

and 11.4 mL correspond to aggregated (132 kDa) and monomer (37 kDa) protein, respectively.

Figure 2.5: Quenching of AKR1B15 and AKR1B10 fluorescence upon binding of NADPH. Change

of the protein fluorescence intensity (in percentage) upon addition of cofactor is shown. All proteins

were used at a concentration of 0.5 µM in 20 mM sodium phosphate, pH 7.0, at 25◦C. Graph

symbols: AKR1B15 (diamonds), AKR1B10 (open squares).

substrate based on the catalytic efficiency (kcat/Km) due to a very low Km value (160 nM) (see

2.2), which could be determined by the use of an HPLC-based method providing higher sensitivity
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than the spectrophotometric assay. Regarding cofactor specificity, AKR1B15 was confirmed to be

NADPH dependent (i.e. the enzymatic activity using 0.2 mM NADH was less than 5% of that

with NADPH), as reported in (12 ), and described for most AKRs. The Km value of AKR1B15

for NADPH (5 µM) is within the same range as those of AKR1B1 and AKR1B10 (table 2.1).

Table 2.2: Kinetic constants with retinaldehyde isomers

Substrate and parameter AKR1B15 AKR1B10a AKR1B1a

All-trans-retinaldehyde

Km (µM) 1 ± 0.3 0.6 ± 0.1 1.1 ± 0.1

k cat (min−1) 5.4 ± 0.5 27 ± 1 0.9 ± 0.1

k cat/Km (mM−1·min−1) 5,300 ± 1,700 45,000 ± 7,600 1,300 ± 160

9-cis-retinaldehyde

Km (µM) 0.16 ± 0.03 0.7 ± 0.1 0.4 ± 0.1

k cat (min−1) 3.8 ± 0.2 0.9 ± 0.1 0.7 ± 0.2

k cat/Km (mM−1·min−1) 25,600 ± 5,300 1,300 ± 190 1,500 ± 170

Enzymatic activity was measured by using the HPLC-based method.
aData from (13 ).

Table 2.3: Inhibitory effect of different compounds on enzymatic activity.

IC50 (µM)

Inhibitor AKR1B15 AKR1B10 AKR1B1

Tolrestat >100 0.006a 0.01b

Sorbinil >100 9.6c 0.55c

JF0064 0.034 ± 0.005 1.0d 0.3d

Epalrestat >50 0.33e 0.021e

Oleanolic acid >100 0.09c 124c

Sulindac >100 2.69e 0.36e

Lithocholic acid 16.3 ± 7.6 0.12e 7.2e

UVI2008 0.85 ± 0.096 6.1f >70f

The enzymatic activity assay was performed by using d,l-glyceraldehy-

de as substrate. aData from (43 ), b(22 ), c(92 ), d(52 ), e(85 ), f (89 ).

Eight AKR inhibitors were tested against AKR1B15 using d,l-glyceraldehyde as substrate (see

table 2.3). Among these inhibitors, there are six of the carboxylic acid type (tolrestat, epalrestat,

oleanolic acid, sulindac (a cyclooxygenases (COX) inhibitor, investigated as chemotherapeutic

drug for treatment of colon and other cancers), lithocholic acid and the synthetic aromatic retinoid

UVI2008, a RARβ/γ agonist (203 )) (see Figures 2.6; 2.6a, 2.6d, 2.6e, 2.6f and 2.6g 2.6h), one of

cyclic imide type (sorbinil, Figure 2.6b) and one non-classical aldose reductase inhibitor or ARI

(JF0064, which has been recently described by Cousido-Siah et al. (52 ), see Figure 2.6c). Tolrestat,

JF0064 and sulindac are potent inhibitors of AKR1B1 as well as of AKR1B10 (with IC50 <10 µM

for both enzymes). Sorbinil and epalrestat are more selective against AKR1B1 (88, 98 ), while
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UVI2008, oleanolic and lithocholic acid are more selective against AKR1B10 (92 ). For AKR1B15,

JF0064 and UVI2008 showed a significant inhibition (IC50 = 0.034 ± 0.005 µM for JF0064, and

0.85 ± 0.096 µM for UVI2008, Table 3), much stronger than for AKR1B1 and AKR1B10 (52,

89 ). The steroid lithocholic acid was found to be an inhibitor of AKR1B15, in agreement with the

reported observation that certain steroids are good substrates for this enzyme (12 ).

(a) Tolrestat.
(b) Sorbinil. (c) JF0064.

(d) Epalrestat. (e) Oleanolic Acid.
(f) Sulindac.

(g) Lithocolic acid. (h) UVI2008.

Figure 2.6: Molecular structure of the assayed inhibitors.

2.3.3 Structural model of AKR1B15

With the aim to compare the substrate-binding site of AKR1B15 with that of AKR1B10, and

upon unsuccessful attempts of protein crystallization, a 3D homology model of AKR1B15 was built

(Fig. 2.7). The SCWRL server was chosen, as it is designed specifically for predicting sidechain

conformations, provided a fixed backbone usually obtained from an experimental structure. In

practical terms, this is the case of AKR1B15, given its 92% sequence identity with AKR1B10.

Model quality was checked by PROCHECK analyses, indicating that most residues are in the

preferred regions (94.8%), whereas residues in allowed regions and outliers are 3.5 and 1.6%,

respectively. The compatibility of the atomic model (3D) was checked with its own amino acid

sequence (1D) using Verify 3D analysis. This analysis shows that there is no region with negative
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scores, which would otherwise indicate potential problems. In addition, the analysis using the

QMEAN server indicates the reliability of the model, with a QMEAN score of 0.67 out of 1, and

with all the Z-scores being consistent with the good quality of the structure. Thus it may be

concluded that this model is suitable for structural studies.

Figure 2.7: Model of AKR1B15 structure. Side view of the (α/β)8 barrel complexed the NADP+.
In red, the divergent residues between AKR1B15 and AKR1B10. The catalytic site is located in
the center of the barrel.

2.3.4 Model analysis

Regarding the cofactor-binding site, AKR1B15 shares with AKR1B10 all residues, except for

Arg22, Met265 and His269 (Fig. 2.8). The change of Lys22 in AKR1B10 to Arg in AKR1B15

may prevent its interaction with the pyrophosphate bridge of NADP+ but, due to the mobility

of the Arg side chain in solution, its interaction with the cofactor cannot be excluded. Met265

and His269 keep interactions with the same groups of NADP+ that involve Val265 and Arg269

in AKR1B10 (i.e. a hydrogen bond between the N atom of Met265 and the 2’-phosphate group,

a second hydrogen bond between the Nε of His269 and the 2’-phosphate group, and a stacking

interaction of His269 with the adenine ring). Interestingly, a His residue at position 269 and its

interactions have also been described in the rat AKR1B14 X-ray structure (204 ). The salt bridge

between the side-chain of Asp217 and Lys263, acting as a safety belt in cofactor binding, and the

stacking interaction of Tyr210 side chain with the nicotinamide ring are also conserved. This is

consistent with the AKR1B15 cofactor preference for NADPH, with a low Km value.

On the other hand, the active site displays high divergence between AKR1B15 and AKR1B10.

The residue differences between the two proteins are concentrated in loops A and C which, along
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(a) (b)

Figure 2.8: Comparison of the cofactor-binding site between the AKR1B15 model (a) and the
AKR1B10 crystal structure (b). Interactions of Met265 and His269 with NADP+ in AKR1B15
are similar to those of Val265 and Arg269 in AKR1B10 (black dotted lines). His269 forms a π-
stacking interaction with the adenine ring of the cofactor. The substitution of Lys22 by Arg in
AKR1B15 prevents its interaction with the pyrophosphate bridge of NADP+. The salt bridge
between Asp217 and Lys263 (red dotted line), acting as a safety belt in the coenzyme binding,
and the π-stacking interaction of Tyr210 with the cofactor nicotinamide ring are conserved in both
AKRs. Carbon atoms of the cofactor are shown in green, whereas those of the enzyme are colored
grey.

with loop B, give shape to the active-site pocket (Fig. 2.7). Thus, the catalytic residues (Asp44,

Tyr49, Lys78 and His111) and those in loop B are strictly conserved. In contrast, Ser118, Leu122,

Ala131, and Gly133 (in loop A), together with Cys299, Asn300, Val301, Leu302, Gln303, Ser304,

and Tyr310 (in loop C) of AKR1B10 are substituted by Thr118, Phe122, Met131, Ser133, Phe299,

Asp300, Phe301, Lys302, Glu303, Phe304 and Phe310, in AKR1B15. Noteworthy, residues Phe299,

Phe301, Glu303 and Phe304, along with Phe48 (Val48 in AKR1B10), participate in the AKR1B15

active-site pocket, which is thus significantly smaller (60 Å3 for AKR1B15 versus 279 Å3 for

AKR1B10) and more hydrophobic, compared to the AKR1B10 pocket (Fig. 2.9). Some of these

substitutions might not only have a consequence on the shape, volume and hydrophobicity of

the active site, but also on the flexibility of the polypeptide chain, which is most relevant in the

loop regions. The analysis of conformational ensembles indicates that AKR1B15 would display

less flexible loops A and C than AKR1B10 (Fig 2.10a). A detailed analysis of the AKR1B15

model shows van der Waals interactions between residues from these loops and residues from

other protein regions (i.e. Trp21 - Phe299 loopC, Phe48 - Phe116 loopA, Phe48 - Phe123 loopA,

Phe48 - Phe301 loopA, Trp112 loopA - Phe301 loopC, Phe116 loopA - Phe304 loopC, Phe123 loopA

- Phe304 loopC, Met131 loopA - Phe304 loopC and Met131 loopA - Leu307 loopC ). Such interac-

tions result in a hydrophobic cluster (Fig. 2.10), which likely contributes to the lower flexibility of

the AKR1B15 active site.
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(a) AKR1B15. (b) AKR1B10.

Figure 2.9: Active site pockets of AKR1B15 (a) and AKR1B10 (b). The AKR1B15 specific residues
are displayed in magenta. NADP+ cofactor is colored in orange. The surface contour of pockets
is shown in grey and orange for (a) AKR1B15 and (b) AKR1B10, respectively.

(a) RMSF. (b) AKR1B15 loops A and C.

Figure 2.10: (a) The local conformational changes in holo forms of AKR1B15 (red line) and
AKR1B10 (blue line) derived from computer simulations, as indicated by root mean square fluc-
tuations (RMSF) of backbone atoms. The residues of loops A, B and C are highlighted by grey
background. The difference in RMSF between the two enzymes is displayed as a black line in
the top. (b) AKR1B15 loops A and C indicating potential contacts between different residues are
shown as sticks, which may explain the low flexibility of the protein in this region.

2.3.5 Docking of substrates and the inhibitor JF0064

As it has been described above, AKR1B15 is active towards retinoids, and thus the binding mode

of all-trans- and 9-cis-retinaldehyde was analyzed. The obtained models were also analyzed with

the QMEAN server and displayed similar scores (0.68/1 and 0.69/1, respectively) as the AKR1B15
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holoenzyme model. The analysis showed that both substrates could be placed with their carbonyl

groups at catalytic distance from the hydroxyl group of Tyr49, the Nε of His111, and the cofactor

C4 atom (2.9, 2.9, and 3.2 Å, respectively). The two molecules would be positioned in a similar

manner into a narrow and hydrophobic pocket, establishing contacts with Trp21, Phe48, Phe123,

Trp220, and Phe301 (all-trans-retinaldehyde), and Phe48, Trp220, Phe299, and Phe301 (9-cis-

retinaldehyde) (Fig. 2.11). A slight rearrangement of loop A and loop C (Fig 2.11) could allow

the establishment of a hydrogen-bond or an electrostatic interaction between Lys125 and Glu303

(Fig. 2.12a).

Figure 2.11: Molecular docking of retinoids to the active-site pocket of AKR1B15. Residues
implicated in binding of retinoids are displayed in grey sticks. All-trans- and 9-cis-retinaldehyde
are shown in blue and purple, respectively. The residues found in the most external part of all-
trans-retinaldehyde binding channel in AKR1B10 are highlighted in yellow. NADPH is shown in
orange.

The particular AKR1B15 topology brings the cyclohexene ring of all-trans and 9-cis- retinalde-

hyde further away from loops A and C than in AKR1B10 (Fig. 2.11, 2.12a and 2.12b). Thus these

substrates do not interact with the residues that have been described as important for all-trans-

retinaldehyde binding in AKR1B10, and which are in the most external part of the AKR1B10

pocket (13 ). Notably, some of these residues are not interacting with the retinoid substrates in

AKR1B15, i.e. Lys125 and Met131 (Ala in AKR1B10) from loop A, Glu303 (Gln in AKR1B10)

and Phe304 (Ser in AKR1B10) from loop C. In AKR1B10, all-trans- retinaldehyde binding re-

quires a rearrangement of Lys125, not necessary for 9-cis-retinaldehyde, explaining the higher k cat

value towards the former substrate (69 ). In the case of AKR1B15, Lys125 is not involved in the
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binding of either substrate, being consistent with similar k cat values. The hydrophobic pocket

in the external region of the active site of the enzyme, where part of the polyene chain and the

cyclohexene ring of the substrate bind, corresponds to the protein region which shows more rigidity

in comparison to AKR1B10 (Fig. 2.10a). Furthermore, this rigidity, likely due to the presence of

the bulky Phe residues (Phe48, Phe299, Phe301 and Phe304), would make difficult the opening

of the so-called “specificity pocket” (Fig. 2.12a and 2.12b), which has been described for ARI

binding in AKR1B10 and AKR1B1 and which usually accommodates the hydrophobic moiety of

inhibitors (92, 205 ). This feature could have important functional consequences. For instance, it

could explain the different substrate specificity and inhibitor selectivity of AKR1B15, since flexi-

bility has been well established in connection with the active-site accessibility, and substrate and

ligand binding (206 ).

(a) AKR1B15 pocket side view. (b) AKR1B10 pocket side view.

Figure 2.12: Side view of the surface contour of the active-site pocket, depicted in grey and orange
for AKR1B15 and AKR1B10, respectively, to show the inhibitor “specificity pocket”. A thick grey
curved line indicates the “specificity pocket” in AKR1B10. As it is shown, this pocket may not be
opened in AKR1B15, likely due to the presence of bulky Phe residues.

The compound JF0064 is the only ARI found, with the exception of UVI2008, to significantly

inhibit AKR1B15, probably due to the reduced volume of the active-site cleft and to the difficulty

in opening the “specificity pocket”. In order to analyze JF0064 binding, a docking simulation along

with energy minimization was performed. The model was again validated by using the QMEAN

server and displayed a similar, though slightly better score than the rest of the AKR1B15 mod-

els (0.72/1). The Z-score (which is tending from negative digits to 0 when approximating to
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experimentally determined structures) of the AKR1B15-NADP+-JF0064 model (-0.92) is com-

paratively improved with respect to the AKR1B15 holoenzyme model (-1.64). All-trans- and

9-cis-retinaldehyde complexes show intermediate values of -1.51 and -1.35, respectively.

The conformation of the AKR1B15-NADP+-JF0064 complex corresponding to the energy min-

imum is displayed in figure 2.13a. Binding would occur through van der Waals interactions with a

large number of hydrophobic residues, and by establishing hydrogen bonds with catalytic residues

(Tyr49 and His111) and Glu303. As it has been described above for substrates, the binding of the

inhibitor also induced the same rearrangement of loop A and loop C, allowing for the interaction

between Lys125 and Glu303. The other tested compounds did not inhibit AKR1B15 likely because

of steric hindrance (e.g. Phe301 and Phe48 may clash against sorbinil, and Phe304, along with the

fact that the “specificity pocket” could not be opened, may prevent tolrestat from binding) (Fig.

2.12b and 2.13b).

(a) JF0064 docking. (b) Tolrestat and sorbinil docking.

Figure 2.13: Molecular docking of inhibitors to the active site pocket of AKR1B15. (a) The
inhibitor JF0064 (PDB ID 4ICC) bound to AKR1B15 is displayed as sticks with C atoms in
magenta, while residues interacting with the inhibitor are shown as sticks with C atoms in grey.
(b) Steric hindrance preventing tolrestat (in blue) and sorbinil (in orange) from binding to the
active site of AKR1B15. For this analysis, the AKR1B15 structure model was superimposed with
tolrestat and sorbinil found in AKR1B10 crystallographic structures (PDB: 1ZUA and 4GA8,
respectively). NADP+ is colored in orange.

2.3.6 Modification of the HPLC methodology for retinoid analysis in
cells

In order to understand the possible physiological role of AKR1B15, and to analyse the role of

this protein in RA metabolism, we investigated whether AKR1B15 expression could decrease both

retinaldehyde and RA levels in vivo, as we have previously demonstrated for AKR1B1, 1B10, 1C1,
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1C3 and 1C4 (69, 156 ). This would support a similar role for AKR1B15 in pre-receptor regulation

of the RAR and RXR nuclear receptors. HPLC has become the method of choice for the analysis

of retinoids: The characteristic UV absorption spectra of the various retinoids allow the use of

diode-array detection for the identification of resolved retinoids. However, the use of HPLC in

the quantification of a broad range of biologically important retinoids in a single run, within a

reasonable amount of time, presents some difficulties. It is necessary an analytically robust assay

which has to combine the requirements of sensitivity, specificity and resolution to separate the

different isomers and analytes of retinoids endogenously present in cells (196, 207 ). Moreover, the

endogenous abundance of various retinoids is quite diverse. Thus, retinyl ester levels could be in

the high micromolar range in contrast to RA levels that could be six orders of magnitude lower,

in the nanomolar level (196, 208, 209 ). The HPLC/UV-based methodology used by our group

for the analysis and characterization of enzymatic reactions of different enzymes with retinoids

in vitro (13, 56, 69, 89, 156, 168, 176, 210 ), has been extensively tested and used, showing that

the extraction efficiency for both retinaldehyde and retinol is robust and excellent. However,

in the cellular experiments with retinoids in which we wanted to analyse their metabolism, this

methodology was not efficient enough in the extraction of all the retinoid metabolites, particularly

of RA. The calculated extraction efficiency for retinoic acid was could be 15% (Fig. 2.14 lane (a)).

At this point, we tried various methodologies using different extraction solvents (hexane:dioxa-

ne:isopropanol (50:5:1) (211, 212 ), ethyl acetate (213 ), ethanol with ammonium acetate (pH 4.5),

n-hexane with ethyl acetate (9:1) (214 ), ethanol and hexane (215 ) and a two-step acid-base ex-

traction (196 )), to improve the efficiency of the RA extraction. From the evaluated methods, the

two-step acid base extraction was the most efficient to recover multiple retinoids from cell media,

with an efficiency near 100% (Fig. 2.14 lane (b)). The basification step recovers nonpolar retinoids

(retinol and retinyl esters), and the acidification step with hydrochloric acid facilitates the recover

of RA and other polar retinoids (196, 208, 209, 216 ).

We applied this methodology for the recovery of retinoids from cells and cell media, with good

results. However, after a few runs we encountered unexpected problems with the silica column,

and anomalous and atypical peaks appeared. We concluded that the column became damaged and

we realized that this was a result of the methodology used. The U.V. spectra of these anomalous

peaks did not correspond to any retinoid standard. Moreover, the retention time of the retinoid

peaks was different from its standard value, and even we observed a decrease in the absorbance

of the all-trans-retinol peak followed by the appearance of an anomalous peak. It is known that

retinoids are labile to strong acids, particularly in anhydrous conditions (217, 218 ). In view of

these results, we tried another approach based on the acidification protocol by Kane et al. (216 )

with minor modifications. Rather than using a strong acid like hydrochloric acid, we performed

only one extraction step with a mild acidification of the media with ammonium acetate, pH 4.5

(214, 216 ). This new methodology highly improved the RA extraction efficiency (Fig. 2.14 lane
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Figure 2.14: Extraction efficiency of retinoic acid from cell media using different extraction in-
organic solvents. Lanes; (a), extraction with methanol + hexane, the classical method for the
extraction of retinal and retinol from in vitro enzymatic reactions; (b), two-step acid-base extrac-
tion; (c), hexane; (d), extraction protocol used by Yamakoshi et al. (214 ); (e), ethanol + hexane;
(f), ethyl acetate; (g) hexane:dioxane:isoprophanol (50:5:1); (h), acidification of the media with
ammonium acetate (pH 4.5) + methanol + hexane.

h) without damaging the silica column neither affecting the extraction and elution of the other

retinoids.

2.3.7 Analysis of AKR1B15 activity in living cells

pIRES-AKR1B15, pCMV-AKR1B10 and a control empty vector pCMV-HA were transfected into

HEK293T cells and incubated with all-trans-retinaldehyde. Analysis of the retinoid content was

carried out in triplicates for 24 h after transfection. pIRES is a dicistronic expression vector that

allows the co-expression of the tag protein hrGFP in the same transcript as the gene of interest,

and permits to monitor the transfection efficiency with a flow cytometer taking advantage of

the hrGFP fluorescence. After screening some transfection procedures, the maximum transfection

efficiency for pIRES-AKR1B15 was aproximately 48% (Fig. 2.15a). Immunoblotting using an anti-

AKR1B10 antibody showed in general a lower transfection level for AKR1B15 than for AKR1B10

(Fig. 2.15b).

The levels of RA present in the culture media of cells transfected with AKR1B10 were signifi-

cantly lower (∼ 2 fold lower) than those of the control cells without transfection plasmid, the cells

transfected with an empty plasmid and the ones overexpressing AKR1B15 (Fig. 2.16a). More-

over, the decrease of RA was accompanied by an increase in all-trans-retinol level in AKR1B10-

transfected cells as compared with mock and AKR1B15-transfected cells. Similar results were
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(a) (b)

Figure 2.15: Transfection of HEK293T cells with pCMV-AKR1B10 and pIRES-AKR1B15. (a),
Flow cytometry analysis of transfected cells with pIRES-AKR1B15. Q1; population of dead cells
(propidium iodide positive); Q2, transfected dead cells (double positive); Q3, untransfected cells;
Q4, GFP-positive transfected cells. (b), Western Blot analysis of transfected cells with pCMV-
AKR1B10 (lane A, bottom) and pIRES-AKR1B15 (lane B, bottom). Analysis with anti-β-actin
antibody was used as a loading control, lanes A and B, top.

obtained regarding the intracellular levels of retinoids, with the AKR1B10-transfected cells show-

ing elevated levels of retinol and retinyl esters (results no shown). However no RA could be observed

in the cells and the only observable levels of all-trans-retinaldehyde were found in the AKR1B10-

transfected cells. No difference in the retinoid content could be observed between AKR1B15-

transfected and control cells.

2.4 Discussion

2.4.1 Expression and purification of recombinant human AKR1B15

We have found that AKR1B15 appears to be an enzyme with distinct and unique properties

despite its high sequence identity with AKR1B10. The first of the distinct features is its high

tendency to aggregation and deposition in inclusion bodies when expressed in bacterial cells. We

attempted the expression and purification of recombinant AKR1B15 using different E.coli strains

and procedures since it had been reported that AKR1B15 protein appeared to be mostly present

in the insoluble fraction of cell lysates (11 ). The generation of inclusion bodies is common in over-

expression processes due to the saturation of the cellular protein folding machinery. Factors that

lead to recombinant protein aggregation are not only host-specific but also target protein specific,

thereby no universal remedy for inclusion body formation is available, and finding the optimal

conditions for every protein it is difficult and a variety of conditions had to be tested. To enhance

the solubility we also studied the effects of several factors shown to improve the protein solubility:
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(a) Retinoic acid biosynthesis in AKR1B10-transfected cell media.

(b) Retinol levels in HEK293T cells.

Figure 2.16: Effects of AKR retinaldehyde reductase activity on the production of RA and retinol
in HEK293T cells. Retinoid HEK293T cells were transfected with pCMV-HA/pCMV-AKR1B10
vector (AKR1B10) or pIRES-AKR1B15 (AKR1B15) vector and treated with 10 µM of all-trans-
retinaldehyde for 24 h. Retinoid metabolites were analyzed by normal phase HPLC. (a), Decrease
in the all-trans-RA production found in the culture medium of the HEK293T AKR1B10-transfected
cells. (b), Increase in the level of all-trans-retinol in AKR1B10-transfected cells as compared with
the non-transfected cells and the pCMV-HA/pIRES-AKR1B15 transfected cells.

reducing the expression level, using different bacteria strains, using various growth culture media

(LB, Terrific broth, minimal medium) and expression temperatures in different combinations (219 –

222 ). Detailed analysis of all samples was carried out but the different conditions and combination

of them did not shown differences in AKR1B15 solubility (data not shown).

The localization of AKR1B15 in a insoluble fraction of the human cell could explain the diffi-

culties in producing recombinant protein from the soluble fraction of E.coli. We used an anionic

detergent, as sarkosyl, to disgregate the inclusion bodies and recover the soluble protein, and the fi-

nal yield of protein was acceptable. However, the detergent failed to properly solubilize AKR1B15,

and mostly high molecular weight inactive aggregates were obtained, with only a small fraction in

a monomeric soluble form, responsible for the low enzymatic activities observed. The majority of
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AKRs are soluble monomeric enzymes (6, 7, 9 ) and AKR1B15, which shares a 92% of sequence

identity with AKR1B10 (only 27 amino acid substitutions), a well characterized monomeric and

soluble enzyme, did not present transmembrane domains in its sequence. However, Weber et al.

(12 ) found that AKR1B15 it localized in the mitochondria and the iPSORT algorithm predicted

a localization signal to mitochondria in its sequence. The use of gel filtration chromatography and

the HPLC-based activities with retinoids showed that the only fraction responsible of the activity

was the protein in the monomeric form (see 2.4 and 2.5).

After confirmation that only the soluble fraction showed activity, we tried to enhance the

solubility of AKR1B15 with alternative procedures. Bacteria, in front a hyperosmotic stress,

tend to synthetize and accumulate small organic compounds like polyols, sugars, amino acids and

betaines. These osmolytes equilibrate the osmotic pressure in the salt-stressed cells. Glycine

betaine is one of the most widespread osmolytes, and can be used in bacterial expression systems

to increase the yield of soluble proteins, disrupt protein aggregation and promote protein refolding.

Glycine betaine interacts differently with the highly exposed protein backbone that with the folded

protein surface, raising the free energy of the denatured state and hence shifting the equilibrium in

favor of the native state. Thus, it is thought that the osmophobic effect influences renaturation in

a manner complementary to the usual forces involved in protein folding (200, 222 –226 ). However

no positive effect was observed.

As an alternative procedure, the use of chaperones was attempted. Chaperones are proteins

that support the folding of newly synthetised proteins to its native state and provide a control

system that refolds misfolded proteins and prevents their aggregation into nonfunctional nonactive

structures. It is thought that in the host bacterial cells the aggregate formation and the protein

misfolding of the recombinant proteins are due to the limitations in the chaperone system capacity

(201, 220, 227 ). It is well documented that the use of chaperone co-expression systems has a

positive effect on the yield of soluble recombinant protein recovered from bacteria, but the efficiency

of the chaperone combination is highly dependent of the soluble target protein and its features and

interactions with chaperones while folding. Therefore, there is no universal system that can be

applied as a successful approach in the use of chaperone systems. This strategy is facilitated by

the possibility of employing a number of plasmid systems that encode different chaperones and

co-produce the chaperones along with the heterologous protein (227, 228 ). With this methodology

we were able to purify an acceptable amount of soluble AKR1B15. Gel filtration chromatography

confirmed that the protein was in a monomeric form with a molecular weight of approximately

37 kD. The analysis of the NADPH binding and the determination of its dissociation constant

using fluorometric titrations for AKR1B15 and AKR1B10 supported that AKR1B15 was properly

folded. It was no possible for us to determine a dissociation constant with the AKR1B15 samples

previously purified with the detergent sarkosyl. Moreover, it has to be noted that, despite the

results of the dissociation constant are similar to those obtained by Weber et al., the maximal

degree of fluorescence quenching reached by these authors was 26%, in contrast to more than 60%
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in our case, very similar to the fluorescence pattern obtained with AKR1B10. This difference

suggests that their protein sample was a mixture of proper monomeric active protein and inactive

aggregates. These results indicate that, like other AKRs, AKR1B15 binds NADPH with high

affinity.

2.4.2 AKR1B15 enzymatic activity

It has been recently reported that AKR1B15 catalyzes the reduction of acetoacetyl-CoA and the

carbonyl group at C17 position of sex steroids (12 ). Additional results, obtained by using pro-

tein extracts from transfected human COS-7 cells, indicated that AKR1B15 exhibited very weak

activity towards d,l-glyceraldehyde and 4-nitrobenzaldehyde (11 ), which are typical substrates

of AKR enzymes. Our current analysis shows that the purified recombinant enzyme has broad

substrate specificity and displays a significant enzymatic activity towards aliphatic and aromatic

aldehydes and ketones (Table 2.1). The comparison between AKR1B15 and the other human

AKR1B enzymes reveals some relevant distinct kinetic features. In particular, ketones and α-

dicarbonyl compounds were good substrates for AKR1B15, showing higher activity and lower Km

values than AKR1B10 and AKR1B1. The β-dicarbonyl compound, 2,4-pentanedione, was also

reduced by AKR1B15, consistent with the reported activity with acetoacetyl-CoA, which also has

two carbonyl groups in a β-position (12 ). With other substrates, AKR1B15 exhibited lower Km

values than AKR1B10, suggesting that AKR1B15 could play a role in aldehyde detoxification and

lipid peroxidation, similar to what has been suggested for other AKR1B enzymes (37, 229, 230 ).

Among the several manifestations of oxidative damage to biological molecules, lipid peroxidation

products seem to be especially harmful (231, 232 ). They are formed when the polyunsaturated

fatty acyl groups of membrane phospholipids are modified by ROS (Radical Oxygen Species), and

a self-propagating chain of free radical reactions produces these electrophilic compounds, that are

highly reactive (232 ). It has to be noted that mitochondria are an important source of ROS in

mammalian cells. These derived products of lipid peroxidation interact with cellular nucleophiles

and form covalently modified protein and DNA adducts, being cytotoxic (233 ). Documented evi-

dence has indicated that carbonyl-derived DNA modifications result in mutagenesis, carcinogenesis

and other age-related diseases (234, 235 ). The major aldehyde products of lipid peroxidation are

crotonaldehyde, malondialdehyde (MDA), acrolein and 4-hydroxy-2-nonenal (HNE)(236 ).

AKR1B15, a reportedly mitochondrial enzyme (12 ), is active towards some of these physio-

logical substrates, i.e. acrolein and HNE, two of the most reactive and important mediators of

free-radical damage, well documented in mitochondria. Moreover, cellular HNE is reported to be

at a level of 0.1 to 3.0 µM range (236 ), and cellular acrolein is at 0.5 µM (237 ), concentrations

in which AKR1B15 could be active, especially HNE with a 2.2 µM Km. HNE can specifically

uncouple mitochondria by interacting with uncoupling proteins (UCP1, 2 or 3). Structurally re-

lated compounds, such as trans-2-nonenal, trans-2-nonenoic acid, retinoic acid, all-trans-retinal

and other molecules containing the reactive 2-alkenal group have the same effect (232, 238 –240 ),
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suggesting that the alkenal group of these compounds reacts with protein in the mitochondria caus-

ing uncoupling. It is still unknown the physiological role of AKR1B15, but its activity towards

these compounds and its mitochondrial localization could make it possible for this protein to reg-

ulate the availability of these molecules, participating in protection against the oxidative damage

and aging (232, 238, 239 ). Interestingly, some allelic variants of AKR1B15 had been related to an

increase in longevity (104 ) and to a mitochondrial oxidative phosphorilation disease (101 ).

AKR1B15 resembles AKR1B10 in having high activity with retinoids, in contrast to AKR1B1

(Table 2.2). A distinct feature of AKR1B15 is that it shows similar k cat values towards all as-

sayed substrates, including retinoids, suggesting a common rate-limiting step for all substrates. In

comparison, the k cat values of AKR1B1 with both retinaldehyde isomers and AKR1B10 with the

9-cis isomer are significantly lower than those for other substrates. This decrease in k cat values

had been previously interpreted as a change in the rate-limiting step (from cofactor dissociation

to a slower step) of AKR1B1 and AKR1B10 reactions with these retinoids (13 ). This seems not

to be the case for AKR1B15. Finally, the higher specificity of AKR1B15 for the 9-cis isomer is

unique for the human AKR1Bs, and it matches those of AKR1C3 (156 ), which, like AKR1B15,

has bulky Phe residues at positions 299 and 304 in its active site. The same residues are found in

chicken AKR, also highly active with 9-cis-retinal (118 ).

2.4.3 AKR1B15 studies in cells

AKR1B10-transfected cells, but not AKR1B15, displayed AKR retinaldehyde reductase activity,

converting all-trans-retinaldehyde to retinol and decreasing the levels of RA biosynthesis (Fig.

2.16). It has been postulated that AKR1B10 induction in cancer could affect cell differentiation

through modulation of the RA biosynthetic pathway (71, 241 ). Our data clearly support pre-

vious results (69 ) using and indirect reporter assay, which indicated that AKR1B10 may exert,

through their retinaldehyde reductase activity, a pre-receptor regulation of RAR and RXR nuclear

receptors, by changing the flow of RA biosynthesis. Similar results have been reported: i) monkey

kidney COS-1 cells, when transiently expressing AKR1B10, doubled their capacity for all-trans-

retinaldehyde reduction (13 ), and ii) the overexpression of AKR1B10 in human airway epithelial

16HBE cells treated with retinaldehyde also increased retinol production (242 ). Moreover, a recent

study shows that AKR1B10 is overexpressed in keloid disease (a cutaneous tumour of unknown

pathogenesis), and that its overexpression in normal skin keratinocytes affects retinoid metabolism,

mimicking the retinoid expression pattern seen in the tumoral cells. Moreover, AKR1B10 overex-

pression in normal keratinocytes reduces RA receptor transactivation, in accordance with previous

studies (13, 69, 243 ). Accordingly, this report confirms that overexpression of AKR1B10 influences

RA biosynthesis pathway, provoking a diminution of its levels, which could lead to an increased

cancer risk in target tissues.

AKR1B15 transfected cells did not display any changes in the retinoids level as compared to the

control empty plasmid pCMV-HA. AKR1B15 exhibits retinaldehyde reductase activity in vitro,
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but AKR1B10 is more efficient in reducing all-trans-retinaldehyde (Table 2.2). In the other hand

AKR1B15 is an efficient 9-cis-retinaldehyde reductase, mainly for its low Km value at nanomolar

range, and with a modest k cat, similar to that it has with all-trans-retinaldehyde. Similarly to our

results with retinaldehyde, AKR1B15 was not able to reduce progesterone nor corticosteroids, and

only activity with androgens and estrogens was observed when expressed in mammalian cells (12 ).

Moreover, other cellular experiments indicated that AKR1B15 displayed low activity with typical

AKR substrates, like d,l-glyceraldehyde and p-nitrobenzaldehyde (11 ), both of them active in

in vitro assays (Table 2.1). One possibility could be that the activity of AKR1B15 is difficult to

detect because of its specific localization in mitochondria, in the matrix or strongly associated with

the outer membrane (12 ). Eukaryotic cell metabolism is compartmentalized in different organelles

(244 ), and there is evidence that retinoid and carotenoid metabolism could be compartmentalized,

avoiding competition of different enzymes for their substrates (245 ). Since AKR1B15 is a mi-

tochondrial enzyme, its accessibility to added all-trans-retinaldehyde could be more limited than

for the cytosolic AKR1B10. Another possibility to explain the low AKR1B15 activity in cells

could be the modest transfection efficiency observed, around 50%, which together with its lower

kinetic efficiency with all-trans-retinaldehyde, made the differences in RA quantification below the

observable detection limit. Finally, it can not be discarded that even if the protein is expressed in

mammalian cells, it may be in part not correctly folded or aggregated, similarly to what is observed

when expressed in bacterial systems, only remaining active a minimal fraction.

2.4.4 Physiological significance

The k cat/Km value of AKR1B15 for 9-cis-retinaldehyde (25,600 mM−1·min−1) is the highest among

all the substrates checked so far, including the steroids and 3-keto-acyl-CoAs analyzed by Weber

et al. (12 ), although these authors used different conditions for enzyme purification and kinetic

studies. This is reminiscent of what has been observed for other members of the AKR superfamily,

such as AKR1C3, which displays a high k cat/Km value for 9-cis-retinaldehyde, and it is also

active with steroids, as AKR1B15 (156 ). Observations of this dual substrate specificity have

been also made for SDR members (131 ). Thus, it is conceivable that AKR1B15 and some of

these enzymes have a multifunctional role in the pre-receptor regulation of hormonal signaling

pathways. 9-cis-retinoic acid does not have widespread distribution in tissues (in contrast to all-

trans-retinoic acid) (246 ), and until date 9-cis-retinoic acid has only been detected by a validated

LC-MS/MS methodology in pancreas, mainly localized into β-cells of the islets of Langerhans

(247 ), and data indicate that it can be involved in glucose-stimulated insulin secretion acting

as a pancreas-specific autacoid (local hormone) (246, 247 ). 9-cis-retinoic acid has the ability to

activate both RAR and RXR, with much higher affinity for RXR than all-trans-retinoic acid (248 ).

Moreover, some studies suggest that RXR-9-cis retinoic acid complex induces RXRα translocation

into mitochondria and increases the levels of mtDNA transcription and translation (249 ). Thus,

the AKR1B15 specificity for the 9-cis isomer may suggest a major role in the control of RAR
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and RXR mediated signaling. Regarding the reported localization of AKR1B15 in mitochondria,

there is increasing evidence of retinoid metabolism in different subcellular compartments (76,

210 ). Retinoids and their aldehyde metabolites can be generated by the asymmetric cleavage

of carotenoids such xanthophylls or β-carotene by β-carotene-9’,10’-dioxygenase (BCO2), which

is associated with the inner mitochondrial membrane (245 ). Therefore, a putative physiological

role of AKR1B15 in retinoid metabolism is compatible with its mitochondrial localization. The

presence in mitochondria of other retinaldehyde reductases, such as RDH13 (210 ), gives further

support to this notion. In addition, RDH10, an enzyme involved in retinoic acid synthesis, shifts

between mitochondria associated membranes and lipid droplets during retinyl ester biosynthesis,

similarly to cellular retinol-binding protein type 1 (250 ). Retinol has also been pinpointed as a

modulator of energy homeostasis in mitochondria by regulating oxidative phosphorylation (251,

252 ). As above suggested, an important role of AKR1B15 in metabolizing lipid peroxidation

products and alkenals in mitochondria is also likely (240, 253 ).

To summarise, despite its high sequence identity with AKR1B10, AKR1B15 appears to be

an enzyme with a unique substrate specificity and narrower inhibitor selectivity. AKR1B15 dis-

plays distinct kinetic features with ketones, α-dicarbonyl compounds and is among the best 9-

cis-retinaldehyde reductases within the AKR superfamily. Some of the most potent inhibitors of

AKR1B1 and AKR1B10 did not inhibit AKR1B15. Amino acid substitutions clustered in residues

located in loops A and C result in a smaller, more hydrophobic and more rigid active-site pocket

of AKR1B15 as compared to that of AKR1B10. The structural model of AKR1B15 provides a

powerful tool for the virtual screening of substrates and inhibitors for this enzyme. The distinct

topology of the AKR1B15 fold should facilitate the design of more selective inhibitors, as it has

been shown for other enzyme pairs with high sequence similarity (254, 255 ). Finally, the finding

of all-trans- and 9-cis-retinaldehyde as substrates for AKR1B15 adds further complexity to the

enzymatic pathways of retinoid transformations and their cross-talk with other hormonal signal-

ing pathways, such as that of steroids. This opens a research line to elucidate the physiological

contribution of this novel human retinaldehyde reductase.
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3.1 Introduction

Aldo-keto reductases (AKRs) are NAD(P)H-dependent enzymes that catalyze the reduction of car-

bonyl compounds, including several physiological substrates, such as lipid peroxidation products,

steroids, catecholamines, prostaglandins and retinoids. Structurally, the crystallographic studies

show that AKRs adopt a (α/β)8 barrel fold characterized by a deep hydrophobic active-site located

within the carboxyl-terminal face of the central β-barrel, near the C-terminal end. In all charac-

terized enzymes of the superfamily, NADP(H) binds first in a pocket generated by the C-terminal

end of the β-sheet, at the base of the active-site cavity, and helps to form the site, which has a

conserved catalytic tetrad (Asp44, Tyr49, Lys78 and His111; using AKR1B10 residue numbering).

This site interacts with the nicotinamide ring of the cofactor through a hydrogen-bonding net-

work. The optimal substrate positioning for a specific activity is dictated by the configuration of

the residues forming the substrate-binding cavity. The distinct substrate specificity and inhibitor

selectivity of AKRs are given mainly by residue differences located in the external and variable

loops surrounding the active site, which have considerable plasticity (6, 9, 118, 256, 257 ).

AKR1B10 (aldose reductase-like protein) reduces a variety of aromatic and aliphatic aldehydes,

dicarbonyl compounds (57, 59, 60 ) and cytotoxic aldehydes (acrolein and 4-hydroxy-2-nonenal)

(77 ), and has high catalytic efficiency with retinals (13, 44 ). It is up-regulated in hepatocellular

carcinomas (57, 62 ), and its elevated expression promotes proliferation of cancer cells. AKR1B10

has been also reported to be overexpressed in other tumors such as hepatocellular carcinoma (an

alteration of its expression seems to occur even in pre-neoplastic conditions) and cholangiocarci-

nomas (258, 259 ), pancreatic carcinoma (66 ), smokers non-small cell lung carcinomas (68, 260 ),

breast cancer (169 ), oesophageal cancer (261 ) and uterine carcinomas (262 ).

The most recently described member of the aldo-keto reductases 1B family is AKR1B15. Its

gene was predicted in a locus (tcag7.1260) within the same gene cluster as human AKR1B1 and

AKR1B10, in chromosome 7. AKR1B15 displays 92% amino acid sequence identity with AKR1B10

(11 ). The high homology with AKR1B10 suggests that they are a result of a recent duplication

event. Recent studies have demonstrated that AKR1B15 is an active gene, which product is

expressed in vivo and with a mitochondrial localization (12 ). Despite its high sequence identity

with AKR1B10, AKR1B15 shows a unique and broad substrate specificity. Particularly, ketones are

good substrates for AKR1B15 in contrast to the low activity displayed by AKR1B10. Importantly,

AKR1B15 was also active towards retinaldehyde isomers, specially 9-cis-retinaldehyde, which is

the best substrate for this enzyme (263 ), being one of the most active AKRs for this isomer. The

structural model showed that its active-site pocket is smaller and more hydrophobic as compared

to that of AKR1B10 (263 ). Recently, the AKR1B15 gene was included in a list of genes linked to

human oxidative phosphorylation (OXPHOS) disease (101 ). Another study points to AKR1B15 as

one of the new genes validated with a somatic missense mutations in the serous ovarian carcinoma

(102 ).
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Although sharing a high sequence identity, AKR1B10 and AKR1B15 are clearly enzymes with

distinct kinetic features and structural properties (12, 263 ). The sequence alignment and the

structural data suggest a strong implication of residues located in loop C in the catalytic features

of AKR1B15. Thus, this loop (together with loop A) are the sites where the majority of residue

changes are located between AKR1B10 and AKR1B15. For that purpose we designed two mutants

of AKR1B10 to substitute the most divergent residues of the active-site pocket of AKR1B10. The

purpose is to mimic the binding-site pocket of AKR1B15, with lower accessible volume and more

rigidity, to understand how minimal residue changes between two very similar proteins can provoke

the change in their properties.

In the present work, we have investigated, by means of site-directed mutagenesis, steady-

state kinetics and computer modeling, the contribution of the adjacent residues Cys299, Asn300,

Val301, Leu302, Gln303, Ser304, located in the loop C of AKR1B15, to the catalytic activity and

substrate specificity of the enzyme, creating a mutant enzyme from AKR1B10 (AKR1B10mut)

incorporating these specific changes. In addition, we studied the participation of an additional

residue change in the substrate-binding pocket (Val48 to Phe48), also involved in the reduction of

volume and increased rigidity of the AKR1B15 binding pocket, by preparing the mutant enzyme

AKR1B10mF48.

3.2 Experimental procedures

3.2.1 Site-directed mutagenesis

The AKR1B10 cDNA cloned into the bacterial expression vector pET-15b was used as the parental

DNA for mutagenesis. Human AKR1B10 was mutated using the QuickChange Lightning Site-

Directed Mutagenesis Kit (Agilent Technologies). For this purpose the following primers were used:

for AKR1B10mut; mutation of segment of six consecutive residues (eight nucleotides to change six

residues) AKR1B10 forward primer (5’- GAAACTGGAGGGCCTTTGACTTTAAGGAATTCTCT

CATTTGGAAGAC- 3’) and AKR1B10 reverse primer (5’- GTCTTCCAAATGAGAGAATTCCTT

AAAGTCAAAGGCCCTCCAGTTTC- 3’). For the additional mutation of AKR1B10mut48F: for-

ward primer (5’-CATTGACTGTGCCTATTTCTATCAGAATGAACATG-3’) and reverse primer

forward primer (5’ -CATGTTCATTCTGATAGAAATAGGCACAGTCAATG-3’). The underlined

regions correspond to the mutated nucleotides. The PCR steps were: 1) DNA polymerase acti-

vation (95◦C for 2 min), 2) denaturing (95◦C for 20 seconds), 3) annealing (55◦C for 10s) and 4)

extension (68◦C for 3 min 40s). Steps 2-4 were repeated for 18 cycles. PCR product was digested

with DpnI restriction enzyme (provided by the manufacturer) to eliminate the parental super-

coiled dsDNA. The resulting constructs (pET-15b-AKR1B10mut and pET-AKR1B10mF48) were

cloned into an E.coli strain BL21(DE3) pLysS (Novagen) expression strain using the transforma-

tion protocol indicated by the manufacturer. Before expression, all mutated DNA were completely

sequenced to ensure that unwanted mutations were absent.
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3.2.2 Alignment of DNA sequences, generation of the AKR1B10 mutant
models and analysis of the binding pockets

AKR1B10 and AKR1B15 sequences were gathered from UniProt data bank and analysis was

performed using the ESPript 3.0 server (264 ). AKR1B10 crystallographic structure (13 ) (PDB

code: 1ZUA) and the apo-structural model of AKR1B15 (263 ) were used to compare the active-site

volume of AKR1B10, AKR1B15 and AKR1B10 mutants. The model structure of AKR1B10mut

and AKR1B10mF48 models were generated using the Swiss-Model server. The volume of the

active-site pocket was measured by using the POVME algorithm (193 ), whereas PyMOL was used

for figure drawing.

3.2.3 Expression and purification of AKR1B enzymes

AKR1B10mut and AKR1B10mF48 were expressed and purified from pET-15b vector. The pET-

15b constructs allow the expression of proteins with an N-terminal fused histidine tag under the

control of phage T7 RNA polymerase promoter and operon lac. In the host strain used, E.coli

BL21(DE3) pLysS, the expression of phage T7 RNA polymerase is also under the control of the

operon lac promoter. Hence, the constitutive expression of the operon lac repressor (Lac I), con-

tained in both the E.coli genome and the expression vector, assures the expression of the pro-

tein only in the presence of an inducer such as IPTG. For protein expression, transformed E.coli

BL21(DE3) pLysS strains were grown in 1L of 2xYT medium in the presence of the appropriate

antibiotics and was incubated at 28◦C until an OD600 of 0.6 had been reached. Protein expression

was then induced by the addition of 1mM IPTG and cells were grown O/N at 22◦C. AKR1B10

mutant enzymes were purified as described previously for AKR1B10 (56 ). Briefly, the purification

was performed by affinity chromatography on a nickel-charged chelating Sepharose Fast Flow 5-mL

column (His Trap column, GE Healthcare), which specifically binds the protein due to the His tag,

using an AKTA FPLC (GE Healthcare) purification system. Then, protein was eluted by applying

an increasing step-wise concentration (5, 60, 100, 250 mM) of imidazole in 50 mM Tris/HCl and

0.5 M NaCl, pH 8. The imidazole present in the eluted protein fractions was removed through

a PD-10 column (gel filtration-desalting column, GE Healthcare). Proteins including the His tag

were stored frozen in 100 mM sodium phosphate, pH 7.

3.2.4 HPLC enzymatic activity assay

Activity assays with retinoids were carried out using an HPLC-based methodology (56 ). Briefly,

retinaldehyde isomers were solubilized using glass tubes by a 10-min sonication at molar ratio 1:1

with fatty acid-free bovine serum albumin in 90 mM potassium phosphate, 40 mM potassium chlo-

ride, pH 7.4. The actual amount of solubilized retinoid was determined based on the corresponding

molar absorption coefficient in aqueous solutions at the appropriate wavelength: (ε400 = 29,500

M−1·cm−1 for all-trans-retinaldehyde and ε367 = 26,700 M−1·cm−1 for 9-cis-retinaldehyde (56 ).

For retinol isomers, which were used as standards of the reaction product, their concentration was
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determined in hexane using ε325 = 51,770 M−1· cm−1 for all-trans-retinol (175 ) and ε325 = 43,765

M−1· cm−1 for 9-cis-retinol (176 ). The reactions were started by the addition of cofactor and

carried out for 15 min at 37◦C in a final volume of 0.5 mL. To measure the steady-state enzymatic

activity, the concentration of enzyme was kept from 25- to 100-fold lower than that of the substrate

for all the enzymatic assays. The reactions were stopped by the addition of 1 mL of cold methanol

and after two rounds of extraction with hexane, retinoids were analyzed by HPLC.

3.2.5 HPLC analysis

Retinoids were analyzed by HPLC as previously described (56 ). Briefly, retinoids were dissolved

in 200 µL hexane and injected onto a Nova Pak Silica column (4 µm, 3.9 x 150 mm) (Waters) in

hexane:methyl-tert-butyl ether (96:4 v/v) mobile phase, at a flow rate of 2 mL/min using a Waters

Alliance 2695 HPLC instrument. Elution was monitored at 370 nm for all-trans-retinaldehyde, 325

nm for all-trans-retinol, 350 nm for all-trans-retinoic acid and 9-cis-retinoic acid using a Waters

2996 photodiode array detector. Quantification of retinoids was performed by interpolating HPLC

peak areas into a calibration curve. All retinoid manipulations were performed under dim or red

light to prevent photoisomerization.

3.2.6 Spectrophotometric assays

Activity under standard conditions was measured spectrophotometrically to follow the purifica-

tion procedure and to check enzyme concentration before each kinetic experiment. Standard

activities were measured using 60 mM of d,l-glyceraldehyde as a substrate for AKR1B10 and

AKR1B10mF48 and 100 mM for AKR1B10mut. The activity towards aldehydes, with the ex-

ception of retinaldehydes, was analyzed spectrophotometrically following the decrease in the ab-

sorbance of the cofactor NADPH at 340 nm (ε340 = 6,220 M−1·cm−1) or at 365 nm in the case of

cinnamaldehyde (ε365 = 3,510 M−1·cm−1)(174 ). Activities were determined in 100 mM sodium

phosphate, pH 7.0, at 25◦C using 0.2 mM NADPH in 0.2-cm path length cuvettes, with freshly

prepared substrate solutions. One unit of activity is defined as the amount of enzyme required to

transform 1 µmol of substrate per min at 25◦C.

3.2.7 Determination of kinetic constants and inhibition screening

All compounds tested as inhibitors were dissolved in DMSO and assayed in a final concentration of

0.1% (v/v) DMSO using d,l-glyceraldehyde as a substrate at 100mM or 60mM for AKR1B10mut

and AKR1B10mF48, respectively. Kinetic constants and IC50 (compound concentration that in-

hibits enzymatic activity by 50%) values were calculated by fitting the initial rates to the appro-

priate equation using Grafit 5.0 (Eritacus Software) and values were given as the mean ± standard

error of three experiments. Standard error values were less than 20% of the mean values.
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3.3 Results

3.3.1 Comparison of the structures and catalytic pockets of AKR1B10
and AKR1B15

The small number of substitutions in the active-site of AKR1B15 as compared with AKR1B10

(mainly due to the presence of four Phe residues: Phe299, Phe301, Phe304 and Phe48) may result

in a two very distinct enzymes with unique kinetic features. In order to study the effect of these

residues in the catalytic properties of this enzymes, we designed two different AKR1B10 mutants,

trying to mimic the AKR1B15 active-site. First, by looking at the protein alignment of AKR1B10

and AKR1B15 (Fig. 3.1), we can identify some characteristic features. The catalytic tetrad (Asp44,

Tyr49, Lys78 and His111) is strictly conserved and also the majority of the residues are located in

loop B. The main differences regarding the active-site pocket are found in loops A and C. Loop A

includes four changes (Thr118, Phe122, Met131, Ser133, in AKR1B15, to Ser118, Leu122, Ala131,

and Gly133, in AKR1B10), and loop C has seven changes (Phe299, Asp300, Phe301, Lys302,

Glu303, Phe304 and Phe310, in AKR1B15, changing to Cys299, Asn300, Val301, Leu302, Gln303,

Ser304, and Tyr310, in AKR1B10), which may participate in the shape and flexibility of the active

site pocket. In our study, we focused on a segment of residues found at the loop C end, specifically a

six consecutive residue (residues 299 to 304) segment of AKR1B15, which is located in the external

part of active-site pocket.

Figure 3.1: Alignment of the amino acid sequences of AKR1B10 and AKR1B15. Amino acids
of the catalytic tetrad (Asp44, Tyr49, Lys78 and His111) are highlighted in red. The proline at
position 24 of AKR1B10, which has been claimed to be responsible for its cytosolic localization
(12 ), is colored in blue. The serine at position 8 of AKR1B15, which is mutated in a phenotype
with a mitochondrial disease (101 ), is colored in green. The mutated residues, corresponding to
AKR1B15, introduced in AKR1B10 are highlighted in yellow.
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Comparing the AKR1B10 crystallographic structure (PDB code 1ZUA) and the AKR1B15

computer model (263 ), together with the POVME algorithm volume analysis of the substrate-

binding pockets, we noticed that the residues 299 to 304 may have a major implication in the volume

differences between the two binding pockets (see Figures 2.9 and 2.13b). Therefore, to compare the

substrate-binding site of the enzymes, the contour of the pocket of AKR1B10 incorporating the

AKR1B15 residues of loop C (Phe299, Asp300, Phe301, Lys302, Glu303, Phe304) was calculated

with the POVME algorithm. Our data showed that the volume of the active-site pocket was

drastically reduced, from 279 Å3 in AKR1B10 to 158 Å3 in the AKR1B10mut, being more similar

to the calculated volume of the AKR1B15 active site (60 Å3). However, when superimposing the

AKR1B15 and AKR1B10mut models, it can be seen that there is an additional Phe in AKR1B15

(Phe48 instead of Val48 in AKR1B10) that conforms a lateral wall of the pocket, decreasing its

volume. Phe48 clashes into the calculated volume sphere, indicating that Phe48 is occupying a

space in the binding site of AKR1B15, and playing a role in the volume reduction (Fig. 3.2).

(a) AKR1B10mut model pocket volume (b) Pocket volume of AKR1B15

Figure 3.2: Comparison of the active-site pocket model of (a) AKR1B10mut with the mutated
residues 299 to 304, and (b) AKR1B15. NADP+ cofactor is displayed in orange. The surface
contour of pockets are shown in green for the AKR1B10mut and blue for AKR1B15. The Val48
and Phe48 residues in AKR1B10mut and AKR1B15, respectively, implicated in the volume change,
are displayed in magenta. The AKR1B10mut enzyme showed a reduction of the pocket volume
as compared to AKR1B10 (see Fig. 2.9), but the Val48 change to Phe48 in AKR1B15 has an
additional role in the reduction of the pocket volume.

3.3.2 Site-directed mutagenesis

AKR1B10 mutants were prepared to investigate the participation of the residues involved in the

volume differences, in the remarkable kinetic differences between AKR1B10 and AKR1B15. First,
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we mutated six consecutive residues in AKR1B10, that were replaced by their counterparts in

AKR1B15: Cys299, Asn300, Val301, Leu302, Gln303 and Ser304 of AKR1B10 were substituted by

Phe299, Asp300, Phe301, Lys302, Glu303 and Phe304 found in AKR1B15. This newly engineered

mutant enzyme, henceforth called AKR1B10mut, was generated by mutating eight nucleotide

positions in order to change the six amino acid residues, in a single mutagenesis step. In addition,

we substituted the Val48 present in AKR1B10mut into a Phe48, as in the AKR1B15 pocket,

with the aim of making the AKR1B10mut active-site more similar to the AKR1B15 pocket. This

new enzyme, henceforth called AKR1B10mF48, incorporates the previous six mutations with the

additional Phe48 change. The two mutant enzymes were purified in soluble form, by a similar

procedure as that for the wild-type AKR1B10, and with an expression level of ≈ 10 - 15 mg/liter

of culture. This argues in favor that the residues changed are not responsible for the insolubility

of AKR1B15.

3.3.3 Steady-state kinetics of AKR1B10 mutant enzymes with typical
AKR substrates

A kinetic characterization of the enzymes was performed using some typical AKR substrates and

NADPH as a cofactor (Table 3.1). The steady-state kinetic constants of the AKR1B10mut en-

zyme show that all the compounds tested were substrates, with k cat/Km values similar to those

previously reported for AKR1B10 and AKR1B15, displaying enzymatic activity towards aliphatic

and aromatic aldehydes. However, the mutant enzyme presents both higher Km and k cat values

than those for AKR1B10 and AKR1B15. The substrate with the highest catalytic efficiency for

AKR1B10mut was hexanal, showing a ∼10-fold increase in the k cat/Km value compared to the

wild-type AKR1B10 and AKR1B15 enzymes. The mutant enzyme shows the highest Km value for

d,l-glyceraldehyde among the human AKR1Bs enzymes. Importantly, the AKR1B10mut enzyme

displays a significant activity with ketones, a distinct feature of AKR1B15 (263 ) in comparison with

AKR1B10. This suggests that the six mutated residues (299 to 304) contribute to the specificity

of AKR1B15 towards these substrates.

To explore the kinetic effect of the decrease of the accessible volume of the substrate binding

pocket, produced by Phe48, we studied the kinetics of the AKR1B10mF48 mutant enzyme, which

makes AKR1B10 more similar to AKR1B15. In general, AKR1B10mF48 displays similar or lower

k cat values for the assayed substrates as compared to AKR1B10mut. Regarding Km values, the

mutant presents in general lower values than the AKR1B10mut enzyme, making it more similar to

AKR1B15 than to AKR1B10mut, but without reaching the low Km values characteristics of the

wild-type enzyme, like in the case for hexanal. However, the enzyme still exhibits higher catalytic

efficiency for all the assayed substrates compared to the two wild-type enzymes. Interestingly, it

has the highest catalytic efficiency with aromatic aldehydes among the human AKR1Bs enzymes,

mostly because it exhibits a Km value similar to that showed by AKR1B10, but with an increased

k cat value.
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Interestingly, both mutated enzymes exhibit activity towards ketones, an AKR1B15 feature.

However, AKR1B10mF48 Km values with short-chain ketone substrates were more elevated than

the values observed with the AKR1B10mut. Hence, in this regard, it is less similar to AKR1B15

than AKR1B10mut although AKR1B10mF48 shows a catalytic site more similar to AKR1B15.

Intriguingly, AKR1B10mF48 presents an inhibition of its activity caused by high concentrations of

substrate (substrate inhibition). Specifically, this phenomenon was observed with two substrates:

citral and cinnamaldehyde, and it is a feature not observed either in the AKR1B10mut or in the

wild-type enzymes.

3.3.4 Enzymatic activity with retinoids

AKR1B10mut displays activity with both trans and 9-cis-retinaldehyde isomers, showing for both

of them higher k cat and Km values than AKR1B10 and AKR1B15 (except for the AKR1B10 k cat

value with all-trans-retinaldehyde, Table 3.2). Regarding its activity with all-trans-retinaldehyde,

the Km value compared to that of AKR1B10 is 10-fold higher (0.6 µM towards AKR1B10 and

6.3 µM for AKR1B10mut), and its k cat value is slightly reduced. As a result of this the cat-

alytic efficiency dropped sharply from 45,000 mM−1·min−1 in AKR1B10 to 2,500 mM−1·min−1 in

AKR1B10mut. Moreover, the mutations could not make the mutant enzyme more efficient towards

9-cis-retinaldehyde, as it should be expected if the mutant were more similar to AKR1B15. This

is because its Km with this isomer increased from 0.16 µM for AKR1B15 to 5 µM for the mutant.

Furthermore, although the AKR1B10mut displays activity with retinoids, its k cat values are lower

for retinoid substrates than those for the rest.

Similarly to what occurs with the AKR1B10mut, AKR1B10mF48 is also active toward retinoids,

with high Km and k cat values. Importantly, the latter mutant enzyme displays the highest k cat

value for all-trans-retinaldehyde among all human AKRs (75.4 min−1), but its elevated Km, ∼10-

fold higher than that displayed for AKR1B10, results in a drop of its catalytic efficiency com-

pared to wild-type AKR1B10 (45,000 mM−1·min−1 vs. 9,180 mM−1·min−1 for AKR1B10 and

AKR1B10mF48, respectively). Regarding the activity with 9-cis-retinaldehyde, AKR1B10mF48

displays a higher catalytic efficiency for this substrate than AKR1B10mut and AKR1B10 wild

type, therefore showing more resemblance with AKR1B15.

3.3.5 Determination of the selectivity of various inhibitors for AKR1B10

mutants

We performed a screening assay of AKR1B10mut and AKR1B10mF48 with various inhibitors

belonging to different classes (Table 3.3). The selectivity of the inhibitors towards the mutants

would give a estimation of the resemblances of their enzyme pockets with those of the wild-type

proteins. Regarding the AKR1B10mut, all compounds except sorbinil showed an inhibitory effect,

with more selectivity towards the mutant enzyme than for AKR1B15, but with less inhibition than

for AKR1B10. The most potent inhibitors towards AKR1B10mut were tolrestat (a carboxylic type
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inhibitor) and JF0064 (a non-classical ARI), with IC50 values of 0.25 and 0.75 µM, respectively.

Tolrestat is one of the most potent inhibitors for AKR1B10 and JF0064 is the most potent inhibitor

for AKR1B15. However, in AKR1B10mut they do not show the same inhibitory potency, being ≈

100 fold less potent. The other inhibitors also have reduced potency with this mutant enzyme.

On the other hand, AKR1B10mF48 was only significantly inhibited by JF0064 (IC50 = 0.12

µM) and epalrestat (IC50 = 17.1 µM). Interestingly, only these two compounds were capable of

having an inhibitory effect with AKR1B15 (263 ). All other compounds were not able to decrease

the activity of the mutant enzyme (only sulindac showed a minimal inhibitory effect), while they

are inhibitors of AKR1B10mut and AKR1B10. In this aspect, AKR1B10mF48 is more similar to

AKR1B15 than to AKR1B10.

Table 3.3: IC50 values of tested inhibitors with wild-type and mutant AKR1B10 and AKR1B15.

IC50 (µM)

Inhibitor AKR1B10mut AKR1B10mF48 AKR1B15 AKR1B10

Tolrestat 0.25 NI NIa 0.006b

JF0064 0.75 0.12 0.0034a 1.0e

Epalrestat 2.6 17.1 >50a 0.33d

Sorbinil NI NI NIa 9.6c

Oleanolic acid 3.9 NI NIa 0.09c

Sulindac 5.4 >50 NIa 0.35d

NI, no inhibition or IC50 value higher than 100 µM.

aData from (263 ), b(43 ), c(92 ), d(84 ), e(60 ).

3.4 Discussion

AKR1B10 is unique within the AKR1B family in that it displays a high catalytic efficiency with

all-trans-retinaldehyde. On the other hand, AKR1B15 showed a high k cat/Km value towards 9-cis-

retinaldehyde, similar to that of AKR1C3 (168 ). Although AKR1B10 and AKR1B15 have a high

amino acid sequence identity (92%), their active-site pocket is the most divergent part between

the two proteins, as it can be seen in the sequence alignment (Figure 3.1). Interestingly, out of

the 27 residue substitutions of AKR1B15, with regard to AKR1B10, six are changes to a Phe

residue, a bulkier hydrophobic amino acid. Specifically, in loop C, we find that Cys299, Val301,

Ser304 and Tyr310 are replaced by four Phe residues in AKR1B15, in addition to the Val48Phe

and Leu122Phe changes. The introduction of these voluminous residues is crucial for the volume

reduction of the catalytic-site pocket of AKR1B15 (263 ), contributing to its shape and flexibility.

Due to its hydrophobicity, Phe is commonly found buried in proteins, where it can interact through

its phenyl ring with other aromatic systems adding stability to the folded protein structure.

The calculated volume of the AKR1B0mut was 158 Å3, an intermediate value between those of
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AKR1B10 and AKR1B15, mainly as the result of the incorporation of three Phe residues located

in loop C. It has to be noted that the volume of a binding site pocket has great pharmacological

significance, because it is an important structural feature for recognising the pharmacophores and

it is used in SAR (Structure-Activity Relationship) studies. For example, when the volume of

a catalytic pocket site is known, potential ligands and inhibitors that are too large to fit within

that volume can be eliminated in the lead-generation process, prior to virtual or high-throughput

screening. Additionally, when multiple structures of the same protein are available, the variation

in their binding pocket size and shape can be useful to understand the protein dynamics (193 ).

Interestingly, the k cat values of AKR1B10mut and AKR1B10mF48 increased for most of the

substrates as compared to wild-type enzymes. This indicates that the rate limiting, the slower

step in the catalytic mechanism, presumably the release of the oxidised cofactor is faster in the

mutants.

AKR1B10mut displays activity with retinoids, but its k cat values are lower for retinoids than

for the rest of substrates, resulting in catalytic efficiencies intermediate between the two wild-type

enzymes, similar to those showed by AKR1B1. This low k cat suggests a change in the limiting step

of the catalyzed reaction with retinoids. Overall, the results show that the AKR1B10mut has lost

the high catalytic efficiency towards all-trans-retinaldehyde but without gaining the specificity for

the 9-cis-retinaldehy, a characteristic property of AKR1B15. Regarding to AKR1B10mF48 activity

with retinoids, an interesting feature is that it showed similar catalytic constant values to those

displayed with other substrates, indicating that possibly there is no change in the limiting step of

the reaction for this mutant, similar to AKR1B15, and in contrast with what occurs in AKR1B10,

AKR1B1 and AKR1B10mut. Thereby, in this feature AKR1B10mF48 mimics AKR1B15, since the

enzyme has also similar turnover values for all the examined substrates, although the k cat values

of the mutant enzyme are much higher. In addition, the mutant has high catalytic efficiency with

9-cis-retinaldehyde, although with a Km value much higher than that displayed by AKR1B15.

Overall, it can be concluded that the catalytic features are not conserved in the mutated

enzymes, and that the introduced mutations may have induced a change or rearrangement of the

entire structure or the loop region of the enzyme, or the active-site pocket. This results in high

k cat values for all substrates. Additional residue differences between AKR1B10 and AKR1B15

might be important for their distinct features. However, both mutant enzymes achieve some of the

kinetic features of AKR1B15, being the activity toward ketones the most important one, but fail

in reaching the high specificity observed for 9-cis-retinaldehyde that is distinctive of AKR1B15.

AKR1B10mF48 displayed another important property of AKR1B15, which is that there is no great

change in k cat values between retinoids and the other substrates. This suggests that the limiting

step is the same for all substrates in the two enzymes.

The inhibitor screening with both AKR1B10 mutant enzymes reported valuable information to

understand the structural basis of the distinct inhibitory properties of AKR1B15. Both mutants

enzymes showed very different inhibitor selectivity for some of the most potent inhibitors known
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for AKR1B10. An interesting observation is the effect of DMSO on the activity and stability

of the enzymes. AKR1B10, with 1% DMSO, displayed 89% activity compared with the same

activity without DSMO, while the values for the remaining enzymes were AKR1B10mut ≈ 25.8%,

AKR1B10mF48 ≈ 24% and AKR1B15 ≈ 23%. This shows that the wild-type AKR1B15 and the

AKR1B10 mutants seem to be less stable than AKR1B10 in the presence of organic solvents, and

that the substitutions performed are related for this lower stability. For this reason, the inhibition

screening for these three enzymes was carried at a lower concentration of DMSO (0.1%) to avoid

the inactivation of the enzyme. The AKR1B10mut was inhibited by all the tested inhibitors except

by sorbinil, but in general all the inhibitors were less potent than against AKR1B10. The only

inhibitor that increased its inhibitory effect for the mutant enzymes was the non-classical aldose

reductase inhibitor JF0064, the only that significantly inhibits AKR1B15. The hydrophobic pocket

formed by voluminous Phe residues (Phe48, Phe 299, Phe301 and Phe304) in the external region of

the active site of AKR1B15, shows more rigidity in comparison to that of AKR1B10. This feature

could be responsible in AKR1B15 for the difficulty in opening the specificity pocket, described

for ARI binding to AKR1B10 and AKR1B1, as the region that holds the hydrophobic moiety of

inhibitors, and the low inhibition profile of AKR1B15 (92, 205, 263 ). AKR1B10mut contains some

of these bulky residues and this may explain why some compounds are not as powerful inhibitors

for this enzyme as for AKR1B10.

The similarity towards AKR1B15 increased when AKR1B10mF48 was examined. With this

enzyme, the only inhibitors that display an inhibitory effect were JF0064 and epalrestat (Table

3.3), and like in the case of AKR1B15, tolrestat, sorbinil, oleanolic acid and sulindac were not

able to inhibit the enzyme. Additionally, JF0064 was by far the most potent inhibitor, increasing

its inhibitory potency as compared to that for AKR1B10mut, inhibiting AKR1B10mutF48 at

nanomolar concentration level, although with lower potency than against wild-type enzyme. This

suggests that the residue 48 is important for the inhibitory effect, and it seems that the Phe at

this position adds further steric hindrance for the binding of these compounds to the AKR1B10

active site.

Recently, it has been proposed that the protein function may involve multiple conformations,

and flexibility may be closely linked to protein function, including enzyme catalysis (266 –268 ).

Most proteins, and hence enzymes, are relatively large and flexible molecules due to the non-

covalent nature of their folded 3D structure (269 ). Enzyme catalysis involves binding of substrates,

chemical transformation, and release of products, being a dynamic process that often involves

conformational transitions (267 ). In enzymes, substrate binding can lead to the repositioning of

catalytic groups, and this flexibility and dynamic process may help substrate fitting and facilitate

the catalysis, reflecting the functional importance of flexible regions (270 ). Moreover, the binding

and release of ligands is often accompanied by conformational changes, from subtle or minimal to

important ones, and these conformational changes may be rate-limiting in the reaction scheme.

Some of these changes include motions of backbone and side-chain atoms that may be required
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for molecular recognition of substrate, to exclude water or for repositioning of catalytic residues,

and large-scale conformational rearrangements may be required to achieve the active form of the

enzyme, or in each step of the catalytic cycle. (267 –269, 271 ). Also, the enzymatic activity

is known to require a precise balance between flexibility and stability (272 ). Protein dynamics

is also critical for ligand or inhibitor binding, and that flexibility is key to ligand recognition.

All these considerations have made some authors suggest that it is difficult to predict the ligand

binding based on structural information alone, because protein flexibility may lead to unexpected

ligand-binding orientations or sites (266, 269 ). In E.coli dihydrofolate reductase (DHFR), for

example, it has been reported that changes in the active-site volume, brought about by changing

a residue of the catalytic pocket, modifies the hydride transfer donor-acceptor distance, affecting

its catalytic efficiency (268 ). Similar effects of active site volume variations have been proposed

for other enzymes (273 –276 ). Moreover, it has also been reported that changes remote from the

active-site of the HIV-1 protease are shown to alter the dynamics of the whole enzyme, and modify

its substrate turnover and inhibitor binding by modulating enzyme activity (270 ). A closer and

more related example is the case of AKR1D1 or steroid 5β-reductase. AKR1D1 catalyzes a crucial

step in bile-acid biosynthesis to produce sterols that have emulsifying properties. There are seven

point mutations associated with this disease in AKR1D1, but the mapping of these mutations to

the AKR1D1 structure provides no obvious evidence as to why the enzymes have no function, since

they are not located in the cofactor or the steroid binding site, or in the active site. It was pointed

that these mutants were less stable (277 –279 ).

Taken together, these experimental results and theoretical considerations may explain the differ-

ences observed between AKR1B10 and AKR1B15, and can also shed some light on the unexpected

increase in the turnover rate (k cat) value and catalytic efficiency (kcat/Km) observed in the mutant

enzymes. For example, in AKR1B10, the highest mobility, as derived from the thermal B factors,

corresponds to a region from Lys-125 to Ala-131 included in the loop A, which contributes to the

upper lid of the active-site pocket (13 ). The six consecutive changed residues in the mutant enzyme

can somewhat affect the global flexibility and dynamics of the whole enzyme, as indicated by the

important effect in the AKR1B10 kinetics. The additional Phe48 mutation provokes also changes

in the kinetic features of the enzyme, especially in the binding of the inhibitors, and in the rate-

limiting step (all substrates had a very similar turnover rate, unlike AKR1B10 and AKR1B10mut,

that display a drop in their k cat values with retinoids). However, we were not fully successful in

making AKR1B15 from a mutated AKR1B10, since kinetic properties were only partially repro-

duced. This indicates that additional residues between the two enzymes, not mutated here, 21 for

AKR1B10mut and 20 for AKR1B10mF48, although not involved in the active site, may have an

effect in the dynamics and flexibility of the protein, affecting the conformational changes needed

for the correct substrate recognition, repositioning of catalytic groups and other dynamic features.

It could not be discarded the contribution of the residue at position 122, Leu in AKR1B10 and Phe

in AKR1B15. This residue is not directly involved in the binding pocket, since it is located in the
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external part of the loop A, relatively exposed to solvent. However, the hydrophobic character of

Phe limits its exposure to the solvent, thus it could be positioned more buried within the protein to

avoid its exposure, facilitating a possible stacking interaction with Phe48. This shift would affect

the flexibility and positioning of the residues of the loop, and could alter the general dynamics of

the enzyme.
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4.1 Introduction

There are three AKR families in mammals, AKR1, AKR6 and AKR7 (9 ). AKR6 family members

are structural proteins related to the regulation of the voltage-gated potassium channels, being

their β subunits (29 ). AKR1B7 are involved in the reduction of the toxin aflatoxin produced by

the fungus Aspergillus flavus (280 ). AKR1 is the largest family of AKRs, comprising the AKR1A

(aldehyde reductase), AKR1B (aldose reductase), AKR1C (hydroxysteroid reductase), AKR1D

(ketosteroid reductase) and AKR1E subfamilies.

The AKR1C, 1D, and 1E subfamilies are important key enzymes in the metabolism of hor-

mones, including androgens, estrogens, and progesterone, as well as prostaglandins (281 ). The

AKR1C subfamily has been studied as drug target for its role in the detoxification of xenobiotics

and its selective metabolism of steroid hormones. The AKR1B family is responsible for the re-

duction of toxic aldehydes generated during lipid peroxidation and steroidogenesis, and also has

prostaglandine F2α synthase activity (282 ).

Rats and mice are model animals widely use in laboratory research for the study in vivo of

numerous diseases and unravel the physiological function of genes and proteins. Some rodent gens

are directly correlated to human genes, however, regarding the AKRs, this is not the case. This

difference between human and rodent AKR, in general without clearly orthologous genes, impedes

the use of transgenic and knockout animals as a model for the study of the physiological role of

these enzymes in humans (6 ). However, although their orthology is not clear, genetic studies had

grouped the human and rodent genes in the same clusters. In addition, the human and rodent

AKR1B proteins differ in their kinetic constants for common carbonyl substrates and activity with

prostaglandins (60, 282 –284 ). It is interesting that human AKR1B1 protein is an homologue of

mouse AKR1B3, whereas AKR1B10 is not homologous to either mouse AKR1B7 or AKR1B8. A

widely accepted group of ortholeg proteins is the aldose reductase cluster, with comprises AKR1B1

(human), AKR1B13 (mouse) and AKR1B4 (rat) (Fig. 4.2) (168 ).

The AKR1B genes in these species are clustered in a very similar way, including additional

flanking genes, in different chromosomes. In human these genes are located in chromosome 7q33-

35, in mouse are found in chromosome 6 and in chromosome 4 in rat. The direction of transcription

is conserved for all the AKR1B genes although they are not located in the same chromosome, and

all them comprise 10 exons. All have high sequence homology and synteny, and the physical co-

localization of genetic loci and conservation of blocks indicate that the AKR1B genes existed before

the divergence of rodents and primates, and they may have arisen from a single gene by tandem

gene duplication in a recent event (285 ). There are three human genes: AKR1B1, AKR1B10

and AKR1B15, while four genes are found in each murine species. In mouse: Akr1b3 (aldose

reductase), Akr1b7 (previously named mouse vas deferens protein, MVDP), Akr1b8 (previously

named mouse fibroblast growth factor regulated protein (FR-1)), and the gene whose protein is

studied in this Thesis, Akr1b16. In rat: Akr1b4, Akr1b13 (previously named Akr1b8 ), Akr1b14
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(previously Akr1b7 ) and Akr1b17 (previously Akr1b10 ).

In the present work we aim to characterize the function of the novel mouse gene Akr1b16.

Previous studies determined that Akr1b16 was ubiquitously expressed in tissues, with the highest

levels found in spleen, lung and heart, and lower levels in liver, kidney and brain, but no presence

was found in testes (11 ). However, these studies were not able to perform an enzymatic character-

ization of AKR1B16, since it was found expressed in the insoluble fraction of cell lysates, although

its localization was cytosolic when expressed in mammalian systems. Here we expressed an active

protein and performed a kinetic characterization to investigate whether it could be the ortholog of

the human AKR1B10. The finding of an AKR1B10 ortholog will enable the use of transgenic and

mouse knockout technologies to study its physiological function.

4.1.1 AKR1B3, mouse aldose reductase

Akr1b3 was first isolated from a mouse kidney library from Gui and collaborators in 1995 and

identified as a homologue of human aldose reductase (AKR1B1). It was found to be abundant in

testis, skeletal muscle and kidney, less abundant in the ovary, vas deferens, retina and brain, and it

was hardly detectable in the liver (105 ). However, a recent study determined that Akr1b3 mRNA

was 20-fold more prevalent in brain than in other tissues (281 ). The akr1b3 gene is located in

the chromosome 6, is approximately 14.2 kb in size, and the genomic organization is conserved

among the human, rat and rabbit aldose reductase genes (286 ). AKR1B3 has been widely studied

in in vivo models due to the crucial role of AKR1B1 in the development of diabetic complications.

AKR1B3, being the orthologue in mouse, given the possibility to perform in vivo and knockout

studies. In humans, the higher level of AKR1B1 expression is associated with toxicity. However,

it has been noted that hyperglycemic mice are resistant to sugar-induced cataract, and levels of

aldose reductase activity and sorbitol are significantly lower in mice than in rats or humans (286 ).

Moreover, similar pharmacological effects of toxicity are not observed in mice unless they express

a human AKR1B1 transgene. This is thought to be because mice have lower levels of AKR1B3

expression, probably insufficient to generate toxic byproducts (287 ).

Akr1b3 gene is regulated through its promoter. It has regulation by the transcription factor

Nrf2 in the AP1 site located in 5’-flaking region of the gene. Nrf2 is known to be involved in the

transcriptional regulation of detoxification enzymes (40 ). Another major transcriptional control

element involved in the up-regulation of AKR1B1 promoter activity under hypertonic conditions

is TonE (tonicity response element) (286 ). It is known that AKR1B family members (AKR1B3,

AKR1B7, and AKR1B8) also possess prostaglandin F2α synthase activity (282 ) and a recent

study (55 ) has found that Akr1b3 was expressed in preadipocytes and it has been identified as the

prostaglandine F2α synthase (PGFS) that works in adipocytes, acting in the regulation of white

adipose tissue (WAT). However, it was found that the Akr1b3 ablation in mice had no impact on

adipose tissues, whereas loss of Akr1b7 induced an expansion of fat (55 ). Moreover, it has been

suggested that the prostaglandine F2α produced by AKR1B3 suppresses adipocyte differentiation
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in early stages of adipogenesis (288 ).

Enzymatically, AKR1B3 acts as an aldose reductase, showing similar Km values for glucose

(82 mM (105 )) and catalytic efficiency for d,l-glyceraldehyde that human AKR1B1, and exhibits

low activity with retinaldehyde (168 ). Another study also points to the similarity of AKR1B3

and AKR1B1 through its PGFS activity, being more selective than other AKRs such as AKR1B7,

AKR1C3 and AKR5A2, and suggests that the tertiary structure of the catalytic pocket, for binding

PGF2α is similar in AKR1B3 and AKR1B1 and different from that of other members of the AKR

family (289 ).

4.1.2 AKR1B7, mouse vas deferens protein (MVDP)

AKR1B7 was first discovered and isolated by Pailouc and collaborators from the mouse vas def-

erens, a part of the male reproductive system (106 ). They found that the protein was androgen

dependent, the castration of the animals decreased the amount of Akr1b7 mRNA after 30 days,

and the androgen administration restores the previously observed levels of protein (106 ). Other

studies have shown that Akr1b7 mRNA was highly expressed in the small intestine, with similar

amounts in duodenum, jejunum, and ileum. There was also Akr1b7 mRNA in kidney, but in

much lower amount than the levels found in the small intestine (281 ) and adipose tissue (290 ). It

was found Akr1b7 mRNA in female reproductive system after stimulation by luteinizing hormone

(LH) or human chorionic gonadotropin (hCG), but restricted to theca and stromal cells (291 ).

Other studies point that AKR1B7 is androgen dependent in the vas deferens. No differences in its

expression have been found between male and female in non-sexual tissues (292 ).

Regarding the functions of AKR1B7, it is thought to be important for metabolizing 3-keto bile

acids to 3β-hydroxy bile acids, that are toxic to cultured cells, and it is also able to reduce iso-

caproaldehyde and 4-HNE (18 ). Thus, one of the major functions of AKR1B7 is to detoxify lipid

peroxidation products. This is supported by the fact that the Akr1b7 gene promoter has response

elements to xenobiotics receptors (293 ) and farnesoid X receptors (FXR) (284 ), that activate its

expression and induce AKR1B7 to detoxify lipid peroxidation products and bile acids. In addition,

it is an important factor in the differentiation process leading to fully mature adipocytes, being

associated with a higher ratio of preadipocytes vs. adipocytes. The cells that express AKR1B7 did

not contain lipid droplets, and the expression level of AKR1B7 was very low in mature adipocytes

(290 ). Moreover, and as said before, the ablation of this gene in mice produces an expansion

of fat (55, 294 ), having an antiadipogenic action when is overexpressed in 3T3-L1 preadipocytes

(290 ). Therefore, it is thought that AKR1B7 can regulate white adipose tissue (WAT) devel-

opment through two PGF2α related mechanisms: the inhibition of adipogenesis and lipogenesis

(294 ). Moreover, another work with an AKR1B7 mutant mice studied the role of AKR1B7 in

the female reproductive physiology, particularly in the ovulatory process, but no differences were

observed either in the reproductive function, suggesting that AKR1B7 has a dispensable role in

the ovaric function, or in female fertility. The authors point that the reason could be the existance
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of compensatory mechanisms such as AKR1B8 or gluthatione-S-transferases (291 ). Another study

suggests that Akr1b7 and the renin gene are coexpressed and regulated by the same factors and

therefore AKR1B7 can be considered a renin marker, because allows the identification of those

cells that were programmed to express renin, although its function in these cells remains unknown

(111 ).

4.1.3 AKR1B8, fibroblast-dependent growth factor 1 (FR-1)

AKR1B8 was first identified by Donohue and collaborators when searching for genes inducible

by fibroblast growth factor (FGF)-1 in mouse fibroblast cell culture (107 ). Tissue distribution

studies reported that AKR1B8 is mainly expressed in the colon and small bowel, and in lower

level in stomach, liver and brain (108 ). In another report, AKR1B8 was found expressed in equal

amounts in heart, liver, spleen, colon, testis and lung, and also in brain and kidney but with lower

expression (11 ). In contrast, another study found the highest mRNA levels located in testes and

stomach (281 ).

Regarding its catalytic activity, AKR1B8 is capable of reducing aromatic and aliphatic alde-

hydes, but it has little activity with glucose, suggesting that the enzyme probably does not have

a role in its metabolism in vivo (109 ). Futhermore, it has the ability to reduce highly reactive

products produced during lipid peroxidation of polyunsatured fatty acids and phospholipid alde-

hydes. Compared to AKR1B7, it is more efficient in the reduction of short chain aldehydes and it

seems to be the most efficient 4-HNE reductase in mouse tissues (109, 295 ). AKR1B8 was shown

to associate with the lipogenic acetyl-CoA carboxylase α (ACCA) in murine colon cancer cells.

This fact and its capacity of reducing carbonyls derived from a broad range of structural classes

including both aromatic and aliphatic aldehydes, have made some groups suggest that AKR1B8

is the mouse ortholog of human AKR1B10 (82.3% sequence identity), although it does not display

high retinaldehyde reductase activity (108 ).

4.2 Experimental procedures

4.2.1 Expression and purification of AKR1B16

E. coli BL21(DE3) containing pBB540, pBB542 and pET-28a/Akr1b16 was grown in 4 L of M9

minimal medium supplemented with 0.4% glucose as a carbon source, in the presence of 34 µg/mL

chloramphenicol, 50 µg/mL spectinomycin and 33 µg/mL kanamycin. Protein expression was then

induced by the addition of 1 mM IPTG (Apollo Scientific) and cells were further incubated for

4 h at 22◦C. Cells were pelleted and resuspended in ice-cold TBI buffer (150 mM NaCl, 10 mM

Tris-HCl, 5 mM imidazole, pH 8.0). The protein was purified using a His-Trap HP nickel-charged

chelating Sepharose Fast Flow (GE Healthcare) 5 mL column using an AKTA FPLC purification

system. The column was washed with TBI buffer and the enzyme was eluted stepwise with 5, 60,

100 and 500 mM imidazole in TBI buffer. The enzyme fraction eluted with 100 mM imidazole
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was loaded onto a PD-10 column (Millipore), which removed imidazole and changed the buffer to

storage buffer (200 mM potassium phosphate, pH 7.4, 5 mM EDTA, 5 mM DTT).

4.2.2 Spectrophotometric assays

AKR1B16 activity under standard conditions was measured spectrophotometrically to follow the

purification steps and to check enzyme concentration before each kinetic experiment. Standard

activities were measured by using 10 mM d,l-glyceraldehyde as a substrate. The activity towards

aldehydes, with the exception of retinaldehydes, was analyzed following the decrease in the ab-

sorbance of the cofactor NADPH at 340 nm (ε340 = 6,220 M−1·cm−1) or at 365 nm in the case of

cinnamaldehyde (ε365 = 3,510 M−1·cm−1)(174 ). Activities were determined in 100 mM sodium

phosphate, pH 7.0, at 25◦C using 0.2 mM NADPH in 0.2-cm path length cuvettes, with freshly

prepared substrate solutions. One unit of activity is defined as the amount of enzyme required to

transform 1 µmol of substrate per min at 25◦C.

4.2.3 Determination of kinetic constants and inhibition screening

All compounds tested as inhibitors were dissolved in DMSO and assayed in a final concentration

of 0.1% (v/v) DMSO using 10 mM of d,l-glyceraldehyde as a substrate. Kinetic constant and

IC50 (compound concentration that inhibits enzymatic activity by 50%) values were calculated by

fitting the initial rates to the appropriate equation using Grafit 5.0 (Eritacus Software) and values

were given as the mean ± standard error of three experiments. Standard error values were lower

than 20% of the mean values.

4.2.4 HPLC enzymatic activity assay

Activity assays with retinoids were carried out using an HPLC-based methodology (56 ). Briefly,

retinaldehyde isomers were solubilized using glass tubes by a 10-min sonication at molar ratio 1:1

with fatty acid-free bovine serum albumin in 90 mM potassium phosphate, 40 mM potassium chlo-

ride, pH 7.4. The actual amount of solubilized retinoid was determined based on the corresponding

molar absorption coefficient in aqueous solutions at the appropriate wavelength: (ε400 = 29,500

M−1·cm−1 for all-trans-retinaldehyde and ε367 = 26,700 M−1·cm−1 for 9-cis-retinaldehyde (56 ).

For retinol isomers, which were used as standards of the reaction product, their concentration was

determined in hexane using ε325 = 51,770 M−1·cm−1 for all-trans- retinol (175 ) and ε325 = 43,765

M−1·cm−1 for 9-cis-retinol (176 ). The reactions were started by the addition of cofactor and car-

ried out for 15 min at 37◦C in a final volume of 0.5 mL. With the aim to measure the steady-state

enzymatic activity, the concentration of enzyme was kept from 25- to 100-fold lower than that of

the substrate for all the enzymatic assays. The reactions were stopped by the addition of 1 mL of

cold methanol and after two rounds of extraction with hexane, retinoids were analyzed by HPLC.
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4.2.5 HPLC analysis

Retinoids were analyzed by HPLC as previously described (56 ). Briefly, retinoids were dissolved

in 200 µL of hexane and injected onto a Nova Pak Silica column (4 µm, 3.9 x 150 mm) (Waters) in

hexane:methyl-tert-butyl ether (96:4, v/v) mobile phase, at a flow rate of 2 mL/min using a Waters

Alliance 2695 HPLC instrument. Elution was monitored at 370 nm for all-trans-retinaldehyde and

at 325 nm for all-trans-retinol using a Waters 2996 photodiode array detector. Quantification of

retinoids was performed by interpolating HPLC peak areas into a calibration curve. All retinoid

manipulations were performed under dim or red light to prevent photoisomerization.

4.2.6 Alignment of DNA sequences and generation of an AKR1B16

model

AKR1B human and murine sequences were gathered at UniProt data bank and analysis was

performed using the ESPript 3.0 server (264 ). The AKR1B16 model was build using automated

protein structure homology modelling server, the SWISS-MODEL (296, 297 ). The volume of the

active-site pocket was measured by using the POVME algorithm (193 ), whereas PyMOL was used

for figure drawing.

4.3 Results

4.3.1 Sequence alignment

The amino acid sequences of human and murine AKR1B members are aligned in Figure 4.1, with

the loops A and C, where the majority of differences of the substrate binding site are located, and

loop B, which mainly determines the coenzyme binding site. The characteristic catalityc tetrade

of the family (Asp44, Tyr49, Lys78 and His111) is conserved among all the proteins. As said

before, it can be observed that the zone of the alignment where the majority of residue changes

are located is in loop A and mainly in loop C. In the other hand, loop B is far more conserved

because it is there where the residues interacting with NADP are located. The three loops have

many identical residues, principally those forming the secondary structures in α-helix, β-sheet and

β-turns (Fig. 4.1). Notably, a zone where a wide difference in the amino acid sequence can be found

is between residues 80 to 100, which form a α-helix and a turn, close to the catalytic conserved

residue Lys78. As noted by Ruiz et al.(168 ), all the murine proteins of similar aldose reductase

type share a common Leu125 (AKR1B1, AKR1B3 and AKR1B4), while all the other enzymes

(with the exception of AKR1B16 and AKR1B17 that have a threonine) share a common residue

Lys125, that appeared to be an important determinant for all-trans-retinaldehyde specificity, at

least in AKR1B10 (13 ). A similar substitution pattern also occurs with the residues Leu5, Asn9,

Thr11, Leu16, Thr29, Val57, Leu63, Val67, His84, Thr114, Asp135, Thr141, Ile157, Ile170, Val182,

Arg233, Pro253, Leu258, Gln275 and Lys308, in which the human and murine aldose reductase

proteins (see phylogenetic tree in figure 4.2) have identical residues.
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Figure 4.1: Alignment of human and murine AKR1B amino acid sequences. The conserved cat-

alytic tetrad (Asp44, Tyr49, Lys78 and His111) is highlighted in red. Loops A, B and C are colored

in blue. Important residues for the binding of cofactor are displayed in green. Secondary structure

elements, obtained from AKR1B10 crystal structure (PDB 1ZUA), are shown above the sequence:

α-helices are displayed as squiggles, β-strands are rendered as arrows and strict α and β turns are

displayed as TT (264 ).
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Table 4.1: Percentage of amino acid identity between human and murine AKR1B sequences.
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67.4 76.9 80.4 80.4 68.0 79.1 76.9 80.1 AKR1B15

69.3 69.0 69.6 96.8 68.7 67.4 69.0 AKR1B3

M
o
u

se82.3 84.8 69.0 85.1 86.7 85.4 AKR1B7

82.6 69.0 90.2 83.5 84.5 AKR1B8

69.6 86.4 84.8 92.4 AKR1B16

68.7 67.4 69.0 AKR1B4

R
a
t

87.3 92.1 AKR1B13

88.3 AKR1B14

4.3.2 Phylogenetic tree analysis

All the mammalian and murine proteins of the AKR1B family are closely related, with sequences

that show 67.4 to 96.8% of amino acid identity as shown in Table 4.1. AKR1B16 displays a high

degree of identity with all the human AKR1B members, but specially with AKR1B10 (82.9%).

However, the highest sequence identity between human and mice AKR1Bs is displayed by AKR1B1

and AKR1B3 with a 85.4%. It is thought that these are ortholeg proteins (105 ), with similar tissue

distribution and typically enzymatic characteristics of aldose reductase. Indeed, in the phyloge-

netic tree they are located in the aldose reductase cluster (figure 4.2), together with AKR1B4.

Remarkably, rat AKR1B4 and mouse AKR1B3 display the highest identity between members of

the AKR1B subfamily, (96.8%). Interestingly, the second proteins in identity between mouse and

human are AKR1B10 and the recently discovered AKR1B16 (82.9%), although they are not clus-

tered together in the phylogenetic tree. In fact, the protein with the most resemblant sequence

to mouse AKR1B16 is rat AKR1B17 (92.4%) which are very close in the cluster formed by the

AKR1B7 type proteins. As pointed by Ruiz and collaborators (168 ), the AKR1B proteins can be

grouped in 4 different clusters based on the phylogenetic analyses, and our results agree with this

grouping. Thus the aldose reductase type proteins are clustered together (AKR1B3, AKR1B4 and

AKR1B1), and they seem clearly orthologous proteins based on their enzymatic activity with glu-

cose, although they have different expression patterns (109, 168, 295 ); the AKR1B8 cluster formed

by rat AKR1B13, mouse 1B8 and Chinese hamster 1B9, being closely related; the AKR1B7 type

cluster, where the rat proteins AKR1B7, 1B14 together with mouse 1B17 and the new mouse

AKR1B16 are localised. Finally, the human AKR1B10 and AKR1B15 join together in a distinct

cluster with only the rabbit AKR1B19 protein localised near them. It is interesting that both
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AKR1B15 and AKR1B19 had showed significant hydroxysteroid dehydrogenase (HSD) activity,

(12, 298 ), but not AKR1B10 that only exhibits low 20α-HSD activity (60 ).

Figure 4.2: Unrooted phylogenetic tree of the all known proteins of the AKR1B family. Different

clusters are indicated by shaded ovals. Non labeled proteins are human proteins. Labels; rat (Ra-

tus norvegicus), mouse (Mus musculus), chicken (Gallus gallus), rabbit (Oryctolagus cuniculus),

Chinese hamster (Cricetulus griseus), bovine (Bos taurus) and wild boar (Sus scrofa). Data was

obtained from different databases, for multiple alignment, and TreeDyn to build a radial dendro-

gram, from the site (http://www.phylogeny.fr). Chicken AKR1B12 was used as an out-group.

Based on (168 )

4.3.3 Analysis of the AKR1B16 structural model

A model of the AKR1B16 protein was built with the aim to analyse the catalytic site of AKR1B16

and to compare its structure with other AKR (Fig. 4.3). The model was built using the SWISS-

MODEL server, and automated system for modelling the 3D structure of a protein from its amino

acid sequence using homology modelling techniques. The program gives an automated model

quality estimation to select the most suitable templates, based on the QMEAN potential (296,

297 ). For the building of the AKR1B16 model the program selected the crystallographic structure

of the rat enzyme AKR1B14 (PDB 3qkz.2.A) with a sequence identity of 84.8%. Additionally, it

has to be noticed that this template is an AKR1B14 mutant, in which the His269 had been mutated

to Arg (H269R). In the alignment of the human and murine sequences (Fig 4.1), it can bee seen

that all AKRs (with the exception of AKR1B15 and AKR1B14) have the NADPH binding site

residues conserved with an arginine at position 269. Thus, the mutant AKR1B14 His269Arg is well
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fitted to be used as a template for the model, because AKR1B16 also has an Arg at thus position.

The global and per-residue model quality was assessed using the QMEAN scoring function. The

analysis indicates the reliability of the model, with a QMEAN4 score of -0.73, and with all the

Z-scores being consistent with the good quality of the structure (297 ).

Figure 4.3: Model of AKR1B16 structure with the pocket volume representation. Cartoon side

view of the (α/β)8 barrel structure of the AKR1B16 model colored in blue complexed with NADP+

(depicted in orange sticks), showing the surface contour of the active-site pocket in red. The surface

of the protein is represented in transparent grey.

Like other AKR1B proteins, the model displays the classical (α/β)8 barrel fold structure of

the subfamily, with the least conserved residues located in three loop regions lining the active site

pocket. NADPH binds to the cofactor binding site with the amino acids of loop B (together with

others, see figure 4.1 colored in green) involved in the binding of the cofactor, providing positively

charged residues that interact with the 2’-phosphate group and thus determining the coenzyme

preference over NADH (20 ). The salt bridge between Asp217 and Lys263, that interact across

the coenzyme binding cleft through a hydrogen bond, making the “safety belt”in the coenzyme

binding, and the π-stacking interaction of Tyr210 with the cofactor nicotinamide ring are conserved

in AKR1B16, as in AKR1B1 and AKR1B10.

Using the POVME algorithm we determined the binding site volume and shape for AKR1B16.

AKR1B16 has a catalytic pocket volume slightly superior than that of AKR1B10, with 402 Å3

and a more rounded shape. The binding site is limited for the global shape of the protein. Thus,

AKR1B16 and 1B10 pockets have a similar depth, and their global shape varies in accordance to

the more external residues located in the plastic loops that surround the active site (Fig 4.3).
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4.3.4 Purification of AKR1B16 co-expressed with chaperones

Similarly as what Salabei et al. (11 ) previously reported, and in a similar fashion as what we

observed for AKR1B15, when AKR1B16 was expressed in bacterial systems it formed inclusion

bodies in the insoluble fraction of cell lysates (data not shown). Thus, we used the same successful

procedure used to obtain monomeric and soluble AKR1B15 (263 ), the coexpression of AKR1B16

in E.coli BL21(DE3) strain together with three chaperone systems (DnaK-DnaJ-GrpE, ClpB and

GroEL-GroES) (173, 201, 263 ). Under these conditions, AKR1B16 was still mostly expressed in

the insoluble form, but the amount of soluble protein increased significantly, and the enzyme could

be purified in soluble monomeric form with a final yield of ≈ 2 mg per liter of culture.

4.3.5 Enzymatic activity

As expected from the cofactor preference of the enzymatic family and the conserved residues in

the cofactor binding site, AKR1B16 is an active protein with specificity for NADPH. No NADH

dependent reductase activity was observed. The Km value for NADPH was similar to that reported

for other members of this family (Km 0.5 µM) (116, 199, 263, 283, 299 ). We tested AKR1B16

activity with reported AKR substrates (Table 4.2). The enzyme reduced aliphatic and aromatic

aldehydes, with a moderate or low activity for all the assayed compounds with k cat values around

5 min−1. Regarding the activity with d,l-glyceraldehyde, AKR1B16 shows Km and k cat values of

280 µM and 4.3 min−1, respectively. This value is in accordance to that exhibited by other murine

AKRs of the AKR1B7 cluster type (AKR1B7, 1B14 and 1B17) that display lower activity (168 )

towards this substrate than other AKRs, that show values of ∼ 30 min−1. The best substrate for

the enzyme was the aromatic pyridine-3-aldehyde, with Km value in the low µM range. Impor-

tantly, AKR1B16 did not show reductase activity towards D-glucose, a distinct feature of aldose

reductase type enzymes. The enzyme however reduced farnesal and acrolein, but did not display

appreciable activity towards citral (Table 4.2). Interestingly, a good substrate for human AKR1Bs

as benzaldehyde, is a poor substrate for AKR1B16, and also for other murine enzymes, with ≈ 10

fold difference in catalytic efficiency. The other tested compounds, such as ketones, showed low or

no activity (Table 4.4).

The retinaldehyde reductase activity of AKR1B16 was analysed with the HPLC methodology

used previously for other proteins of the same family (168 ). It displays low activity with both

all-trans and 9-cis-retinaldehyde, resembling more to the catalytic efficiency of AKR1B1 than to

AKR1B10 or AKR1B15 (Table 4.6). In fact, AKR1B16 catalytic efficiency (∼ 55.5 mM−1· min−1)

for all-trans-retinaldehyde is even lower than that presented by AKR1B1 (∼ 1,300 mM−1· min−1)

(Table 4.6). AKR1B16 has a similarly low catalytic efficiency towards all-trans-retinaldehyde as

other murine AKR1Bs because of the low k cat (<1 min−1) exhibited by all members of the murine

subfamily (Table 4.5).
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Table 4.2: Kinetic characterization of AKR1B16 with typical AKR substrates.

AKR1B16

Substrate Km k cat k cat/Km

(µM) (min−1) (mM−1·min−1)

Aromatic aldehydes

Pyridine-3-aldehyde 3.1 5 1,630

Benzaldehyde 16.5 4.4 270

Cinnamaldehyde 16.6 4.9 293

Alkanals

d,l-glyceraldehyde 280 4.3 15.6

Hexanal 4.9 5.5 1,100

Alkenals

Acrolein 24.6 2.8 114.3

Trans-2-hexenal 55.2 3.9 71

Citral - LA -

Farnesal 27.9 1.1 41.1

Ketones

2-butanone - LA -

3-buten-2-one - NA -

3-nonen-2-one - LA -

2-cyclohexen-1-one - LA -

α-Dicarbonyls

2,3-butanodione 145 5.8 40.2

2,3-Hexanedione 8 5 636

β-Dicarbonyls

2,4-acetylacetone - LA -

3,5-heptanedione 1,400 1 0.74

Cofactor

NADPH 0.5

Activity measured spectrophotometrically. For the kinetic

parameter of NADPH, 10 mM d,l-glyceraldehyde was used.

LA, low activity (<10 mU/mg); NA, no activity.

4.3.6 Inhibitor selectivity against AKR1B16

Inhibitors were assayed to obtain the IC50 values for d,l-glyceraldehyde reduction catalyzed by

AKR1B16. Table 4.3 lists the IC50 values of typical ARI obtained for AKR1B16 and human

AKR1B proteins. The best AKR1B16 inhibitor found was the classical ARI tolrestat, known as

one of the most potent inhibitors for AKR1B10 and AKR1B1, with a potency at nanomolar level.

However, it showed lower inhibition potency towards AKR1B16, with a IC50 value of 3 µM. The

recently described non-classical ARI JF0064 also displayed less potency towards AKR1B16 than

for all other human AKRs, with a IC50 value of 7.8 µM. The other 4 inhibitors tested, sorbinil,

epalrestat, oleanolic acid and sulindac, did not display significant inhibition.
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Table 4.3: AKR1B16 inhibition compared with human AKR1B enzymes

IC50 (µM)

Inhibitor AKR1B16 AKR1B10 AKR1B1 AKR1B15

Tolrestat 2.99 ± 0.17 0.006a 0.01b >100

Sorbinil >100 9.6c 0.55c >100

JF0064 7.8 ± 1.3 1.0d 0.3d 0.034

Epalrestat NI 0.33e 0.021e >50

Oleanolic acid NI 0.09c 124c >100

Sulindac NI 0.35e 0.21e >100

The enzymatic activity assay with inhibitors was performed by using

d,l-glyceraldehyde as a substrate. NI; no inhibition. aData from (43 ),

b(22 ), c(92 ), d(52 ) and e(85 ).

4.4 Discussion

Recently, mouse AKR1B16 (sharing 83% and 80% amino acid sequence identity with AKR1B10

and 1B15, respectively) was expressed in the insoluble fraction of bacterial cell lysates (11 ), but no

enzymatic activity could be measured. In this Thesis we have expressed and purified AKR1B16 as

an active soluble protein in E. coli using three chaperone systems, DnaK-DnaJ-GrpE, ClpB and

GroEL-GroES. A homology-based computer model of AKR1B16 was built and allowed to estimate

the volume of its active-site pocket, which was much wider (402 Å3) than those of AKR1B10 (279

Å3) and AKR1B15 (60 Å3). The kinetic characterization with typical AKR substrates showed

that AKR1B16 is able to reduced aliphatic and aromatic carbonyl compounds, using NADPH as

a cofactor, with moderate or low activity (k cat values around 5 min−1), being 3-pyridine-aldehyde

the best susbtrate for this enzyme.

In the present study, we expressed a recombinant active form of AKR1B16 for the first time,

a novel murine AKR1B protein, and characterized it in terms of its enzymatic properties and in-

hibition selectivity. Previous studies used the solubilization with detergents to purify this protein

from the insoluble fraction when expressed in bacterial systems, but no measurable activity was

reported (11 ). As possible explanation, they pointed out that AKR1B16 could have very low

activity, similar to that displayed by AKR1B7, in comparison with other AKRs. Here we have pu-

rified the enzyme with the chaperone methodology obtaining enough soluble protein for a detailed

kinetic analysis.

AKR1B16 and AKR1B7 are positioned together in the “AKR1B7 type”cluster and we here

demonstrate that in general they have similar kinetic properties (Fig. 4.2) (168 ). Thus, both

proteins present modest catalytic constants towards all the assayed substrates, between 1 and 10

min−1, including all-trans and 9-cis-retinaldehyde.

The highest degree of sequence similarity of AKR1B16 is with the rat protein AKR1B17, with
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a 92.1% identity. Both proteins displayed almost identical catalytic efficiencies with substrates

such as pyridine-3-aldehyde, benzaldehyde, acrolein, trans-2-hexenal, hexanal, farnesal and 2,3-

butanedione. Thereby, the kinetic characterization seems to agree with the phylogenetic analysis

that localised very close together both proteins. In contrast, AKR1B10 is far more active with

all substrates, sometimes more than 40 fold (such as with farnesal or benzaldehyde). Importantly,

AKR1B16 does not exhibit enzymatic activity in the reduction of glucose, indicating that it is not

an aldose reductase type enzyme.

AKR1B16 resembles the other murine AKR1B proteins and displays low retinaldehyde reduc-

tase activity (168 ). This fact, together with the aforementioned kinetic activities, and phylogenetic

analysis, seem to indicate that AKR1B10 has not a ortholeg protein neither in mouse or rat. This

point out that the human AKR1B10 protein is unique in this distinct trait, the high retinaldehyde

reductase catalytic efficiency. In fact, all the murine proteins display a low efficiency with this

substrate, pointing that this characteristic is not evolutionary conserved in mammalian AKR1B

family. The phylogenetic tree shows that AKR1B10 and AKR1B15 do not have evolutionary close

proteins in other species, and form a differentiated cluster by their own, with the rabbit AKR1B19

protein being the closest one. AKR1B19 is able to reduce retinaldehyde, but with low catalytic

efficiency (350 mM−1·min−1)(298 ).

Murine proteins are also inhibited by ARIs, but there are few studies regarding their inhibition,

and these studies differ in the methodology used and sometimes in the results reported. Among

the six inhibitors tested, AKR1B16 was only inhibited by tolrestat and JF0064, and with 10-fold

less potency than with human AKR1Bs. The volume pocket analysis indicates that AKR1B16

has a wider binding-site (402 Å3) than AKR1B10 (279 Å3) and AKR1B15 (60 Å3), and with very

different residues implicated in the shape of the pocket. Knowing the different cross-selectivity

displayed by inhibitors towards very similar proteins such as AKR1B1, 1B10 (and 1B15) (52, 54,

60, 84 –94, 263 ), it is likely that the classical ARIs would inhibit the murine AKR1Bs with different

specificity, mainly because of the high plasticity and residue differences present in loops A and C.

The higher volume shown by the AKR1B16 pocket may also indicate that the enzyme is able to

accommodate larger inhibitors.

The mouse protein AKR1B7 is not efficiently inhibited by tolrestat, with 81% of remaining

activity at 10 µM, and at 1 µM sorbinil it displayed 100% activity (18 ). This is in accordance with

the results reported by Kabututu and collaborators (282 ) that found Ki values of 9.2 mM and 18

mM for tolrestat and sorbinil respectively for the inhibition of the prostaglandin F2α synthase

activity of AKR1B7. The same study found a much stronger inhibition of these compounds

(Ki of 0.26 µM and 0.89 µM respectively) for AKR1B3. This is in accordance with the protein

sequence identity displayed, since AKR1B16 is more similar to AKR1B17 than to AKR1B3, and it

is clustered as a “AKR1B7 type”protein (Fig. 4.2), although we found some inhibition of AKR1B16

by tolrestat (Table 4.3). In the same cluster we can find the closest protein in terms of sequence

identity to AKR1B16, the rat protein AKR1B17. This protein displays IC50 values for tolrestat

122



Chapter 4. Characterization of AKR1B16, a new mouse AKR

and sulindac of 7.0 and 40 µM respectively (116 ). Our data are in agreement with these values,

as the AKR1B16 is not inhibited by sulindac, and point out that both are very similar proteins.

In comparison with the human enzymes, therefore unlike AKR1B10 or 1B15, which display high

activity with retinaldehyde, the activity of AKR1B16 with either all-trans or 9-cis-retinaldehyde

was much lower, but similar to the activities displayed by other murine AKR1Bs (168 ). In addition,

AKR1B16 have different inhibitor selectivity that AKR1B10 and AKR1B1, and that it is not

inhibited by some of the classical ARIs. These results, together with the phylogenetic analysis,

suggest that AKR1B16 has no counterpartin the human system and therefore is not the true

ortholog of AKR1B10 or 1B15.
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At the start of this work, only two members of the AKR1B subfamily were known in human

and three in mice. However, two novel gene loci, human AKR1B15 and mouse Akr1b16, were

predicted to exist within the AKR1B clusters. AKR1B15 is localized in the same cluster as the

other two AKR1B human genes, aldose reductase (AKR1B1 ) and AKR1B10. The novel gene

product, AKR1B15, has a high degree of amino acid sequence identity with AKR1B10 (92%),

which goes down with AKR1B1 (67%). Mouse AKR1B16 is also higly identical to AKR1B10

(83% sequence identity), and thus, they could possibly be orthologous proteins. It is assumed that

AKR1B15 has recently appeared by a gene duplication event of AKR1B10. In fact, there is a

AKR1B15 -like gene in closely related species, such as Pan troglodytes, Pongo abelii, Pan paniscus

and Gorilla gorilla, with more than 96% sequence identity with the human gene. A recent study

reported that these two newly predicted genes, AKR1B15 and Akr1b16, were functional since they

were expressed in human and mouse tissues respectively, but, when expressed in bacterial systems,

both enzymes showed no activity at all and were found to precipitate into inclusion bodies (11 ).

In this context, this work started with the main purpose of characterizing these two novel proteins:

human AKR1B15 and mouse AKR1B16. Thus, their corresponding cDNA was transformed into

different bacterial strains in order to express and purify the recombinant proteins.

The expression of the recombinant AKR1B15 was approached by applying various strategies

and detergents in an attempt to avoid its precipitation into the insoluble fraction of bacterial cell

lysates. Since all the conventional systems were unsuccessful, we employed a different methodol-

ogy, a novel approach in the field of AKRs. It consisted of the coexpression of AKR1B15 with

various chaperone systems, at low temperature, to increase the amount of protein in the soluble

fraction. Molecular chaperones tipically assist newly synthesized proteins to fold into their native

states, shield exposed hydrophobic patches of non-native proteins to prevent their aggregation, thus

avoiding nonproductive hydrophobic interactions and helping them acquire their correct tertiary

conformation (300 ). Furthermore, it has been demonstrated that their coexpression with other

proteins is capable of increasing the amount of soluble target recombinant protein, which is oth-

erwise produced mostly in inclusion bodies (301 –303 ). However, the coexpression of chaperones

might have some side effects by slowing bacterial growth and decreasing protein yield (304 ). This

methodology was used for the first time to increase the solubility in E. coli of ribulose bisphos-

phate carboxylase (Rubisco) (305 ). Since then, many other proteins as diverse as human PP2A

methyltransferase (306 ), human 11β-hydroxylase (307 ), human cytochrome P450 3A7 (CYP3A7)

(308 ), Pseudomonas putida F61 nicotinoprotein formaldehyde dismutase (NDF) (309 ) and many

other examples can be found (reviewed in (310 )). Using this approach, we were able to obtain a

sufficient amount of soluble AKR1B15 to perform a detailed characterization.

Despite being very similar to AKR1B10, an enzyme extensively studied by our group (13, 69,

89 ), AKR1B15 displays unique features. The kinetic characterization with aliphatic and aromatic

aldehydes and ketones showed that it has a significant enzymatic activity. Remarkably, it exhibits

substantial activity towards ketones (and also α-dicarbonyl compounds), a unique characteristic
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within the human AKR1B proteins (Table 2.1). AKR1B15 is also active towards some other

physiological substrates, such as acrolein and HNE, products of lipid peroxidation, and therefore

this enzyme could play a similar role to AKR1B1 and AKR1B10 in lipid peroxidation and aldehyde

detoxification in the cell (37 ). Additionally, its mitochondrial localization (12 ) could regulate the

availability of molecules containing a 2-alkenal group (such as HNE), produced by ROS originated

during oxidative phosphorylation, protecting against senescence (232, 239, 240 ).

In recent years AKRs have revealed as enzymes able to catalyze the oxidation and reduction of

retinoids. This activity was well characterized in some members of the AKR1B subfamily (human

AKR1B1 and 1B10 (13 ), chicken AKR1B12 (118 ), and rat (AKR1B4, AKR1B13, AKR1B14 and

AKR1B17) and mouse proteins (AKR1B3, AKR1B7 and AKR1B8) (60, 116, 168, 299 )) and also

in members of the AKR1C subfamily (human AKR1C1-AKR1C4 (156 )). In this regard, two novel

members of the AKR1B subfamily have been characterized here, human AKR1B15 and mouse

AKR1B16.

Previous studies conducted by our group (13 ) demonstrated that AKR1B10 has a high catalytic

efficiency (k cat/Km) with all-trans-retinaldehyde, a unique characteristic in the human AKRs,

comparable to the retinaldehyde reductases of the SDR superfamily. In the present work, we

examined the activity of AKR1B15 and reported that it exhibits a high catalytic efficiency for 9-cis-

retinaldehyde isomer (25,600 mM−1·min−1), only comparable to AKR1C3 (32,000 mM−1·min−1).

Interestingly, both enzymes share two Phe residues in the loop C, Phe299 and Phe304 (AKR1B15

numbering), being the only residues conserved within the loop. The elevated catalytic efficiency

of AKR1B15 for this retinaldehyde isomer is determined mainly by its low Km value, in the low

nanomolar range. Thereby, AKR1B15 and AKR1B10 are the AKR1B enzymes with the best

retinaldehyde reductase activity, but with remarkable distinct isomer specificity. AKR1B15 is the

most efficient AKR with 9-cis-retinaldehyde, whereas AKR1B10 is the best all-trans-retinaldehyde

reductase. However, since cellular concentration of the all-trans isomer is much higher than that

of the 9-cis, both enzymes may physiologically act as all-trans-retinaldehyde reductases.

The different localization of AKR1B15 (mitochondria) and AKR1B10 (cytosol) would ensure

that they function would not overlap. Thus, each enzyme may have a distinct role in the pre-

receptor regulation of hormonal signaling pathways. In addition, there is increasing evidence

that different subcellular compartments, including mitochondria, would participate in retinoid

metabolism. In this regard, there are evidence of compartmentalisation in the metabolism of

carotenoids (76 ). In mammals, there are two carotenoid cleavage enzymes that display differ-

ent cellular localization and substrate preferences. BCO1 cleaves provitamin A carotenoids at

the C15,C15’ double bond in a symmetric cleavage, it localizes in cytoplasm and mutations in

patients, together with knock out studies in mice, indicate that BCO1 is critical for vitamin A

production and homeostasis, being the major β-carotene metabolizing enzyme in mice (245, 311,

312 ). In contrast, BCO2 catalyzes the asymmetric cleavage of provitamin and non provitamin A

carotenoids, at C9,C10’ double bond, it is associated to the mitochondrial membrane and it does
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not seem to influence vitamin A dependent processes (130, 245, 312, 313 ). However, it is thought

that BCO2 may be important for the cleavage of asymmetric carotenoids, such as xanthophylls

or β-cryptoxanthin (312 ). The products resulting from BCO2 action are aldehydes of different

length, including retinaldehyde. AKR1B15 may play a role in the mitochondrial reduction of these

aldehydes to retinol and other isoprenoid alcohols.

AKR1B1 is, and had been, an extensively studied enzyme as a therapeutic target, given its

important participation in the metabolic hyperglycemic disequilibrium that leads to secondary

complications of diabetes. The limited success in the therapeutic use of inhibitors (ARI) can be

attributed to its lack of selectivity for AKR1B1, thought to be the cause of side effects of the

inhibitors. Thus, there is a possible cross-inhibition of ARI with AKR1B10, that can be an unspe-

cific target. Recently, AKR1B10 has gained relevance as a therapeutic target because it is found

overexpressed in different cancer types (51, 64 –67 ) and is associated with chemoresistance, thus

its selective inhibitors may be used as anti-tumor agents (86 ). AKR1B15, as being a very similar

enzyme to AKR1B10 and to AKR1B1, could also be an unspecific target of the inhibitors against

both enzymes. Here we showed that some classical ARIs that inhibit AKR1B1 and AKR1B10,

are not capable to inhibit AKR1B15. The only tested compound able to inhibit AKR1B15 was

JF0064, a non-classical ARI that can also inhibit AKR1B1 and AKR1B10 (52 ). Thus, in general,

inhibitors of AKR1B10 and AKR1B1, that may be used for therapeutic purposes, could not show

cross-inhibition with AKR1B15.

Despite the high sequence identity between, AKR1B10 and AKR1B15, we can say that the

binding of the inhibitors to the specificity pocket of AKR1B15 exhibits different features, and

this is due to subtle changes in the amino acid residues involved that influence the binding of the

inhibitor by altering the size, shape and nature of the pocket. Nowadays, 17 AKR1B10 crystallo-

graphic structures, complexed with various inhibitors, have been deposited in the PDB. However,

not a single AKR1B15 structure has been solved, and our attempts to crystallize the protein

were unsuccessful. Thus, the construction of a molecular model, based on the 3D coordinates

of AKR1B10, was useful to identify the differences in the active-site pockets between the two

enzymes. Compared to AKR1B10, 1B15 has a more hydrophobic, rigid (Fig. 2.10a) and smaller

pocket, mainly due to the bulky Phe residues in the AKR1B15 pocket (Phe48, Phe299, Phe301 and

Phe304) (Figure 2.12). This smaller volume would make difficult to fit the inhibitors because of

steric hindrance, except for JF0064. This compound may specifically interact with the AKR1B15

pocket due to its small volume and hydrophobic nature, with two symmetrical phenol rings present

in its structure. Thus, it is predicted that one of the rings points towards the catalytic center of

the enzyme making multiple interactions with residues of the inner part of the pocket, while the

other phenol ring points towards the solvent, making hydrogen bonds with residues in loops B and

C. Thus, no other tested inhibitor is small enough to fit nicely in the pocket nor is able to establish

appropriate interactions with both inner residues and external loops of the AKR1B15 pocket.

Our group showed that AKR1B10 is an active retinaldehyde reductase in cells, and that its
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activity can be inhibited by tolrestat. By a trans-activation assay, it was demonstrated that,

when the enzyme is overexpressed in cells, it is able to decrease the synthesis of RA available

for RAR and RXR receptors (13, 69 ). The cellular experiments performed here with AKR1B15

and AKR1B10 show that AKR1B10 could alter the retinoid metabolic pathway. Applying an

improved methodology for the quantification of retinoids, we observed that AKR1B10 could revert

the oxidation of retinol to retinaldehyde, and consequently limiting the global flux of the pathway,

reducing the level of available RA (Fig. 2.16). This result supports the hypothesis that in vivo

AKR1B10 overexpression, as in cancer, can alter the metabolic flux of the RA synthesis pathway

(69, 71, 241 ), and the decreased RA levels would affect processes such as cellular proliferation

and differentiation. We could not demonstrate that AKR1B15 changes the RA levels in cells,

although it has to be noted that this enzyme is less efficient in reducing all-trans-retinaldehyde

than AKR1B10.

To examine how the small structural differences between AKR1B10 and AKR1B15 yield to

significantly different kinetic features, we constructed mutant AKR1B10 enzymes mimicking the

active site pocket of AKR1B15. A sequence alignment showed that the region of major divergence

between enzymes was localized in the loop C, and contained three Phe substitutions, that greatly

contributed to the volume, flexibility and shape of the pocket. A corresponding segment of six

residues was substituted in AKR1B10 (AKR1B10mut). An additional mutant, with a change in

the binding-pocket residue (Val48Phe) was also performed (AKR1B10mF48).

Both mutated enzymes could be purified from the soluble fraction of bacterial cells, its solubility

not being affected by the mutations introduced. In this regard, Weber et al. (12 ) suggested that

the low solubility of AKR1B15 could be explained by the different amino acid composition at the

N-terminal segment of the enzyme, positions 22 and 24, that were not modified in the mutants. The

mutated enzymes presented, in general, higher k cat values for the substrates assayed, indicating a

faster rate-limiting step, likely the release of NADP+, although no residue directly implicated in

the cofactor binding was changed. Importantly, the mutant enzymes acquired the catalytic activity

of AKR1B15 towards ketones, demonstrating that the mutated residues in loop C are implicated

in this substrate specificity.

When the mutant enzymes were examined for their activity with retinoids, both AKR1B10mut

and AKR1B10mF48 had lost the high catalytic efficiency towards all-trans-retinaldehyde of AKR1B10

wild type. However, AKR1B10mF48 gained selectivity towards the 9-cis-retinaldehyde isomer and

displayed a catalytic efficiency for this substrate similar to that of wild-type AKR1B15, albeit

both its Km and k cat are higher. The inhibition studies also suggest that AKR1B10mF48 is more

similar to AKR1B15 than the AKR1B10mut enzyme, as it presents an almost identical pattern

of inhibitor selectivity. This suggests that the mutations reduced the accessible volume and in-

creased its hydrophobicity, making the pocket of AKR1B10mF48 more similar to that of wild-type

AKR1B15 than to that of AKR1B10.

In conclusion, AKR1B10mF48 resembles AKR1B15 in several features (inhibition, overall sub-
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strate specificity) but other AKR1B15 characteristics (low solubility, activity with retinoids) were

not attained. Although the mutated residues are important for AKR1B15 properties, other sub-

stitutions (20 residue differences between AKR1B10mF48 and AKR1B15) may also be essential to

explain the remarkable differences between these two closely related enzymes.

Finally, we have also characterized a novel mouse enzyme from the AKR1B subfamily, that

was predicted at the same time as AKR1B15 (11 ). Its gene is located in the same gene cluster

than other mice AKR1B genes and displays a high degree of amino acid sequence identity with rat

AKR1B17 (92.4%) (116 ), and with human AKR1B10 (82.9%). Here we performed a phylogenetic

and kinetic studies, along with a structural model and inhibition selectivity screening. The results

displayed that AKR1B16 belongs to the mouse AKR1B7 type proteins (168 ). The in silico model

indicates that the novel enzyme exhibits the structure typical of the family, with conserved residues

in the NADPH binding site. The volume of the catalytic pocket is larger than those of AKR1B10

and AKR1B15 (263 ). Moreover, AKR1B16 displays moderate activity with the assayed substrates,

similar to AKR1B17 (116 ), and does not have significant activity with glucose. It is not related,

therefore, to the aldose reductase type proteins. The retinaldehyde reductase activity of AKR1B16

is poor, very much alike to all murine AKRs. In this respect, this work has determined that

AKR1B16 is not a functional orthologous protein of the highly active AKR1B10.

In summary, this Thesis has characterized two novel additions to the AKR superfamily, human

AKR1B15 and mouse AKR1B16. Both proteins exhibits activity with a broad range substrates, be-

ing retinoids some of them. Despite its high sequence identity with AKR1B10, AKR1B15 presents

distinct kinetic and inhibitory features resulting from a few structural changes. By site-directed

mutagenesis, we have identified several residues involved in the specific AKR1B15 characteristics.

The significant retinaldehyde reductase activity of AKR1B15 represents a novel addition to the

multiple enzymes involved in the RA biosynthesis and signaling. Finally, with the AKR1B16 study,

we complete the characterization of the mouse AKR1B subfamily, adding some evidence on the

functional differences between the murine and the human AKR1B systems.
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1. Human AKR1B15, a novel member of the aldo-keto reductase superfamily was recombinantly

expressed, purified and characterized.

2. AKR1B15 was coexpressed with chaperones in order to increase the amount of protein in the

soluble fraction and to obtain a monomeric active form.

3. AKR1B15 displays a unique substrate specificity and narrower inhibitor selectivity, despite

the fact that shares a high sequence identity (92%) with AKR1B10.

4. AKR1B15 actively uses ketones and α-dicarbonyl compounds as substrates, showing higher

k cat and lower Km values than other human AKRs.

5. AKR1B15 exhibits retinaldehyde reductase activity and it is among the best 9-cis-retinaldehyde

reductases within the AKR superfamily.

6. AKR1B15 displays similar k cat values for all the assayed substrates, including retinoids,

suggesting a common rate-limiting step.

7. Most potent inhibitors of AKR1B1 and AKR1B10 fail to inhibit AKR1B15.

8. A computer model of AKR1B15 structure indicates that amino acid substitutions, clustered

in residues located in loops A and C, result in a smaller, more hydrophobic and more rigid

active-site pocket as compared to that of AKR1B10.

9. The finding of all-trans- and 9-cis-retinaldehyde as substrates for AKR1B15 suggests a role

of the enzyme in retinoid metabolism in mitochondria, where it is located.

10. A novel HPLC-based methodology was developed that enable the separation and quantifica-

tion of the major retinoids species in a single run, from cell extracts, with a good extraction

efficiency.

11. The overexpression of AKR1B10, but not AKR1B15, in transfected HEK293T cells leads to

a decrease of all-trans-retinoic acid levels and an increase of the intracellular retinol levels,

thus affecting the regulation of the retinoic acid pathway at the prereceptor level.

12. Two mutants of AKR1B10 (AKR1B10mut and AKR1B10mF48) were prepared with substi-

tutions that resemble AKR1B15 active site. They displayed generally higher Km and k cat

values for all the substrates in comparison to AKR1B10, but conserving similar catalytic

efficiency.

13. Both mutants resemble AKR1B15 in that they showed activity with ketones, suggesting that

important residues for this activity are adjacent residues Phe299, Asp300, Phe301, Lys302,

Glu303 and Phe304.
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14. Inhibitors tested against the AKR1B10 mutants show lower selectivity for the mutant en-

zymes than for wilt-type AKR1B10. The additional Phe48 mutation produce an enzyme that

displays higher similarity with AKR1B15 than AKR1B10 regarding the inhibitory selectivity.

15. The mutant enzyme AKR1B10mF48 resembles more closely AKR1B15, in important kinetic

features, such as the increased catalytic efficiency for 9-cis-retinaldehyde, similar k cat val-

ues for all the substrates assayed and comparable selectivity for different AKR inhibitors.

Therefore, the residues substituted are relevant for the distinct kinetics of AKR1B15.

16. AKR1B16, a mouse protein sharing high sequence identity (83%) with AKR1B10, was re-

combinantly coexpressed with chaperones to increase the amount of soluble protein.

17. AKR1B16 displays similar kinetic properties as those of AKR1B7. It does not show any ac-

tivity with glucose and has modest catalytic efficiency with all-trans- and 9-cis-retinaldehyde.

It exhibits different inhibitor selectivity as compared to the human AKR1B enzymes, being

tolrestat the most potent inhibitor.

18. The constructed molecular model of AKR1B16 structure shows a spherical and wider active-

site than that of AKR1B10, where different residues conform the shape and external part of

the pocket.

19. Phylogenetic, kinetic and inhibitor selectivity analyse make difficult to assign any of the

human AKR1B enzymes as being the true orthologue of AKR1B16.
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and Farrés, J. (2015). Structural analysis of sulindac as an inhibitor of aldose reductase

and AKR1B10. Chemico-Biological Interactions 234, 290–296.
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Abstract
Human aldo-keto reductase 1B15 (AKR1B15) is a newly discovered enzyme which shares

92% amino acid sequence identity with AKR1B10. While AKR1B10 is a well characterized

enzyme with high retinaldehyde reductase activity, involved in the development of several

cancer types, the enzymatic activity and physiological role of AKR1B15 are still poorly

known. Here, the purified recombinant enzyme has been subjected to substrate specificity

characterization, kinetic analysis and inhibitor screening, combined with structural model-

ing. AKR1B15 is active towards a variety of carbonyl substrates, including retinoids, with

lower kcat and Km values than AKR1B10. In contrast to AKR1B10, which strongly prefers all-

trans-retinaldehyde, AKR1B15 exhibits superior catalytic efficiency with 9-cis-retinalde-
hyde, the best substrate found for this enzyme. With ketone and dicarbonyl substrates,

AKR1B15 also shows higher catalytic activity than AKR1B10. Several typical AKR inhibitors

do not significantly affect AKR1B15 activity. Amino acid substitutions clustered in loops A

and C result in a smaller, more hydrophobic and more rigid active site in AKR1B15 com-

pared with the AKR1B10 pocket, consistent with distinct substrate specificity and narrower

inhibitor selectivity for AKR1B15.

Introduction
Members of the aldo-keto reductase (AKR) superfamily share an (α/β)8 barrel fold and are
mostly monomeric (~35 kDa) NAD(P)H-dependent enzymes catalyzing the reduction of a
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wide variety of endogenous carbonyl compounds such as carbohydrates, lipid aldehydes, pros-
taglandins, steroids and retinoids [1,2]. Several AKR enzymes act in phase-I drug metabolism
by transforming some xenobiotics, are induced by nuclear factor erythroid 2-related factor 2
(Nrf2) under oxidative stress, and are involved in cancer chemoresistance [3,4]. In the human
genome, fifteen AKR genes have been described which belong to three different gene families
(AKR1, AKR6 and AKR7). The AKR1B subfamily gene cluster, located in chromosome 7q33-
35, includes the AKR1B1, AKR1B10 and AKR1B15 genes. A syntenic gene cluster with four loci
has been described in rodent species, although gene orthologs can only be unambiguously
assigned for AKR1B1 [5,6].

The most studied enzyme of the AKR1B subfamily is AKR1B1 or aldose reductase, which
reduces glucose to sorbitol under hyperglycemia and has been involved in the secondary com-
plications of diabetic disease [7]. Another member, AKR1B10, is normally expressed in adrenal
gland and small intestine, and induced in several types of cancer, such as non-small cell lung
carcinoma and hepatoma [3]. Both enzymes have been proposed as promising oncogenic tar-
gets [8,9] and for this reason, along with the role of AKR1B1 in diabetic disease, they have been
the subject of many studies in the search of selective and potent inhibitors [10–15]. Unlike
other members of the subfamily, AKR1B10 is highly active in the reduction of all-trans-retinal-
dehyde [5]. The third gene in the AKR1B cluster, AKR1B15, has been predicted in the last
decade as a result of high-throughput sequencing and annotation projects, i.e. human genome.
Recently, AKR1B15 has been demonstrated to be a functional gene with low expression
restricted to placenta, testes and adipose tissues. The AKR1B15 gene undergoes alternative
splicing giving rise to two protein isoforms, designated as AKR1B15.1 and AKR1B15.2. The
former is a 316-amino acid protein encoded by AKR1B15-201 mRNA (Ensembl database) and
showing 92% amino acid sequence identity with AKR1B10, whereas AKR1B15.2 (AKR1B15-
001, Ensembl) has a longer N-terminus not homologous to other AKRs, and does not exhibit
enzymatic activity or nucleotide binding [16]. AKR1B15.1 (henceforth referred to in this man-
uscript as AKR1B15 for brevity) is localized in the mitochondrial fraction and the recombinant
protein was purified and characterized, showing limited in vitro activity with steroids and acet-
oacetyl-CoA [16]. Previously, AKR1B15.1 had been expressed in the insoluble fraction of
mammalian cells, showing low activity with D,L-glyceraldehyde and 4-nitrobenzaldehyde [6].
Similarly to AKR1B10, the AKR1B15 gene was found to be up-regulated in the airway epithe-
lium by smoking [17] and by exposure to sulforaphane, a known activator of the antioxidant
response [18]. Interest in the AKR1B15 gene has risen lately because some allelic variants have
been linked to a mitochondrial oxidative phosphorylation disease [19], serous ovarian carci-
noma [20] and increased longevity [21].

With the aim of further characterizing the enzymatic function of AKR1B15, we have per-
formed enzyme kinetics of the purified recombinant protein with retinaldehyde isomers and
other typical carbonyl substrates of AKR1B10. We have also conducted a screening against
potential inhibitors using compounds previously described for AKR1B1 or AKR1B10. Finally,
based on the crystallographic structure of the AKR1B10 complex with NADP+ and tolrestat,
we have constructed a model of the AKR1B15 active-site pocket.

Materials and Methods

Bacterial strains, plasmids and reagents
E. coli BL21(DE3) strain was obtained from Novagen, while plasmids pBB540 and pBB542
(containing the chaperone-coding genes grpE, clpB and dnaK, dnaJ, groESL, respectively), were
a kind gift from Dr. A. de Marco [22]. The pET-28a vector containing the cDNA coding for
isoform 2 of AKR1B15 (UniProt ID: C9JRZ8-2) had been described by Salabei et al. [6].
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Tolrestat and sorbinil were generously provided by Prof. T.G. Flynn and Pfizer, respectively,
whereas JF0064 (2,2’,3,3’,5,5’,6,6’-octafluoro-4,4’-biphenyldiol) was obtained from Sigma-
Aldrich. Trans-2-hexenal and 4-hydroxy-2-nonenal were commercially obtained from Cay-
man Chemical. All other reagents, including substrates, were purchased from Sigma-Aldrich
unless otherwise indicated.

Protein expression and purification
E. coli BL21(DE3) strain transformed with pET-28a/AKR1B15 was grown in 1 L of 2xYT
medium in the presence of 33 μg/mL kanamycin, while E. coli BL21(DE3) containing pBB540,
pBB542 and pET-28a/AKR1B15 was grown in 6 L of M9 minimal medium supplemented with
20% glucose as a carbon source, in the presence of 34 μg/mL chloramphenicol, 50 μg/mL spec-
tinomycin and 33 μg/mL kanamycin. Protein expression was then induced by the addition of 1
mM IPTG (Apollo Scientific) and cells were further incubated for 4 h at 22°C. Cells were then
pelleted and resuspended in ice-cold TBI buffer (150 mMNaCl, 10 mM Tris-HCl, 5 mM imid-
azole, pH 8.0) containing 1% (v/v) Triton X-100. In the case of the non-chaperone-expressing
E. coli BL21(DE3) strain, the TBI buffer also contained 1% (w/v) sarkosyl. The protein was
purified using a His-Trap HP nickel-charged chelating Sepharose Fast Flow (GE Healthcare)
5-mL column using an AKTA FPLC purification system. The column was washed with TBI
buffer and the enzyme was eluted stepwise with 5, 60, 100 and 500 mM imidazole in TBI buffer.
The enzyme fraction eluted with 100 mM imidazole was loaded onto a PD-10 column (Milli-
pore), which removed imidazole and changed the buffer to storage buffer (200 mM potassium
phosphate, pH 7.4, 5 mM EDTA, 5 mMDTT). Finally, the protein monomer was purified
through gel filtration chromatography using a Superdex 75 10/300 GL column (GE Healthcare)
equilibrated with the storage buffer. In the case of the protein expressed in the E. coli BL21
(DE3) strain, in the absence of chaperones, the TBI and storage buffers contained 0.1% (w/v)
sarkosyl throughout the purification procedure. AKR1B10 and AKR1B1 were expressed and
purified as described previously [23].

Fluorimetric and spectrophotometric assays
NADPH binding was analyzed by quenching of Trp intrinsic fluorescence of 0.5 μM protein,
using a Cary Eclipse (Varian) fluorimeter, in 20 mM sodium phosphate, pH 7.0, at 25°C in a
final volume of 1 mL. The excitation wavelength was 290 nm and the emission wavelength was
monitored at 340 nm. AKR1B10 was used as a control. The dissociation constant (KD) values
were calculated by nonlinear fitting of experimental data, using Grafit 5.0 (Eritacus Software),
to the Morrison equation:

DF ¼ DFmax �
½E� þ ½NADPH� þ KD �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½E� þ ½NADPH� þ KDÞ2 � 4 � ½E� � ½NADPH�

q

2 � ½E�

The activity towards aldehydes, with the exception of retinaldehydes, was analyzed spectro-
photometrically following the decrease in the absorbance of the cofactor NADPH at 340 nm
(ε340 = 6,220 M−1�cm−1) or at 365 nm in the case of cinnamaldehyde (ε365 = 3,510 M−1�cm−1)
[24]. Activities were determined in 100 mM sodium phosphate, pH 7.0, at 25°C, using 0.2 mM
NADPH in 0.2-cm path length cuvettes, with freshly prepared substrate solutions. One unit of
activity is defined as the amount of enzyme required to transform 1 μmol of substrate per min
at 25°C.
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HPLC enzymatic activity assay
Activity assays with retinoids were carried out using an HPLC-based methodology [25]. Briefly,
retinaldehyde isomers were solubilized using glass tubes by a 10-min sonication at molar ratio
1:1 with fatty acid-free bovine serum albumin in 90 mM potassium phosphate, 40 mM potas-
sium chloride, pH 7.4. The actual amount of solubilized retinoid was determined based on the
corresponding molar absorption coefficient in aqueous solutions at the appropriate wave-
length: ε400 = 29,500 M−1�cm−1 for all-trans-retinaldehyde and ε367 = 26,700 M−1�cm−1 for 9-
cis-retinaldehyde [25]. For retinol isomers, which were used as standards of the reaction prod-
uct, their concentration was determined in hexane using ε325 = 51,770 M−1�cm−1 for all-trans-
retinol [26] and ε325 = 43,765 M−1�cm−1 for 9-cis-retinol [27]. The reactions were started by
the addition of cofactor and carried out for 15 min at 37°C in a final volume of 0.5 mL. With
the aim to measure the steady-state enzymatic activity, the concentration of enzyme was kept
from 25- to 100-fold lower than that of the substrate for all the enzymatic assays. The reactions
were stopped by the addition of 1 mL of cold methanol and after two rounds of extraction with
hexane, retinoids were analyzed by HPLC as previously described [25]. All retinoid manipula-
tions were performed under dim light.

Determination of kinetic constants and inhibition screening
All compounds tested as inhibitors were dissolved in DMSO and assayed in a final concentra-
tion of 0.1% (v/v) DMSO using 6 mM D,L-glyceraldehyde as a substrate. Kinetic constant and
IC50 (compound concentration that inhibits enzymatic activity by 50%) values were calculated
by fitting the initial rates to the appropriate equation using Grafit 5.0 (Eritacus Software) and
values were given as the mean ± standard error of three experiments. Standard error values
were less than 20% of the mean values.

Homology model and conformational ensembles
The structural model of apo-AKR1B15 was obtained from the AKR1B10 ternary complex crys-
tallographic structure (PDB ID: 1ZUA), used as a template for homology modeling, by run-
ning the SCWRL program [28]. Because of the high sequence identity (92%) between the two
proteins, the approach that keeps invariant the conformation of the conserved residues was
adopted. The flexibility features of both AKR1B10 and AKR1B15 were studied by means of
computer simulations.

The hydrogen atoms were added to the structural model of AKR1B15 as well as to the
AKR1B10 crystal by the pdb2gmx tool of the GROMACS program package [29]. The apo as
well as holo forms of both structures were studied as follows: the all-atom models were energy
minimized employing the Amber99sb-ildn force field [30,31] for the protein, parameters of
Holmberg et al. [32] for the cofactor, and Generalized-Born implicit solvent model with
parameters of Hawkins et al. [33]. The minimized structures were used as the input for the
tCONCOORD algorithm [34], which generates a set of independent conformations based on
geometrical constraints [35]. It was designed to accurately capture the protein flexibility and
the validity of the resulting conformational ensembles has been proven on a variety of proteins,
including also AKR1B1 [34]. By means of tCONCOORD, we generated and analyzed the
ensembles of 2500 conformations, which were subsequently used to calculate root mean square
fluctuations (RMSF) of backbone atoms.

The energy minimized geometries (i.e. the starting ones for conformational sampling) were
evaluated employing PROCHECK [36] and Verify 3D [37], which allow checking their stereo-
chemical quality and calculating the percentage of conformations in favored regions obtained
from the Ramachandran plots.
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AKR1B15 ternary complexes
Geometries of the ternary complexes were derived from the homology model of holo-
AKR1B15, which was built by superimposition of the apo form and holo-AKR1B10 (PDB ID:
1ZUA), including the cofactor coordinates into apo-AKR1B15. Considering that all-trans-reti-
naldehyde and 9-cis-retinaldehyde are substrates, the distance between the oxygen of retinalde-
hyde and the catalytic residues (i.e. His111 and Tyr49) should be less than 3 Å for productive
catalysis to occur. Under this assumption, the substrates were manually docked into the active
site of holo-AKR1B15. Inhibitors were automatically docked using AutoDock 4.0 [38]. The
inhibitor JF0064 coordinates were obtained from the PDB (PDB ID 4ICC). The target geome-
try was extracted from the energy minimized all-trans-retinaldehyde complex (see below). For
docking, the target was kept rigid, while all the torsional bonds in JF0064, except for the conju-
gated double bonds, were free to move. The docking parameters were the same as described
previously [39].

The hydrogen atoms were added to the ternary complex and the complex was energy mini-
mized by adopting the PM6-D3H4 method [40] combined with the COSMO solvent model
[41]. The residues, with at least one atom within 5 Å from any atom of the cofactor, substrate
or inhibitor, were allowed to move and the rest was kept frozen but included in the Hamilto-
nian calculation. The PM6-D3H4 method, which has been developed to accurately describe
non-covalent interactions in biomolecules, represents a well-established computational tool
[42] and recently it has been used in the study of the inhibition of AKR1B1 [43]. The final pdb
files of holo-AKR1B15 and the ternary complexes were validated with the QMEAN server [44],
with the flag “ignoring the agreement terms”, recommended for proteins known to have the
correct fold. The volume of the active-site pocket was measured by using the POVME algo-
rithm [45], whereas PyMOL (v.1.3; Schrödinger) was used for figure drawing.

Results and Discussion

Expression and purification of recombinant human AKR1B15
We attempted the expression and purification of recombinant AKR1B15 using different E. coli
strains and procedures. In all cases, the protein appeared to be mostly present in the insoluble
fraction of cell lysates. Previously, Salabei et al. [6] had described a successful procedure based
on the use of the anionic detergent sarkosyl (sodium N-lauroylsarcosinate). In our hands and
in the presence of sarkosyl, the amount of soluble protein and the final yield were acceptable
(Fig 1A and 1B). However, AKR1B15 was mainly associated with higher molecular weight
aggregates (Fig 1C), which were found to be enzymatically inactive. Only a small fraction of
AKR1B15 was found to be in an active monomeric form. A minimal concentration of sarkosyl
(0.001%, w/v) was necessary to avoid protein precipitation. Sarkosyl had been described as an
enzyme inhibitor [46], and was confirmed that it inhibited AKR1B15 following a non-competi-
tive model (data not shown). As an alternative procedure for expression, an E. coli BL21(DE3)
strain co-expressing three chaperone systems (DnaK-DnaJ-GrpE, ClpB and GroEL-GroES)
[22] was used. Under these conditions, AKR1B15 was still found to be mainly associated with
the insoluble fraction, but the amount of soluble protein recovered increased significantly (Fig
1A). Peptide mass fingerprint analysis of the soluble protein fraction separated by SDS-PAGE
identified the isolated band as being human AKR1B15 (data not shown). The enzyme was puri-
fied with a final yield of 1 mg protein per liter of culture, when using minimal medium. Analy-
sis by gel filtration chromatography showed a molecular weight of 37 kDa for the purified
protein, suggesting that AKR1B15 was obtained as a monomer (Fig 1C). By analyzing the puri-
fied protein on SDS-PAGE (Fig 1B, lane 2), the major band corresponded to the 37-kDa
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Fig 1. Expression and purification of recombinant human AKR1B15. (A) SDS-PAGE analysis of protein expression, showing that AKR1B15 was
predominantly associated with the insoluble fraction of BL21(DE3) cell lysates. Treatment with 1% (w/v) sarkosyl (Sk) provided a much higher amount of
AKR1B15 in the soluble fraction. In the case of BL21(DE3) pBB540 pBB542 cells, a protein band which is highlighted with a red oval was identified as human
AKR1B15 by Peptide Mass Fingerprinting. Lanes: C, control for the soluble fraction not induced by IPTG; S, soluble fraction; and I, insoluble fraction. (B)
SDS-PAGE analysis of protein purification, showing fractions eluted from the nickel affinity column chromatography using 100 mM imidazole. Lanes: 1,
Protein eluted from the soluble fraction of BL21(DE3) + Sk; and 2, Protein eluted from the soluble fraction of BL21 (DE3) pBB540 pBB542. (C) Elution profile
from the Superdex 75 10/300 GL column chromatography. AKR1B15 purified from soluble fraction of BL21(DE3) + Sk and from soluble fraction of BL21
(DE3) pBB540 pBB542 are shown in grey and black lines, respectively. Major peaks eluting at 7.9 and 11.4 mL correspond to aggregated (132 kDa) and
monomer (37 kDa) protein, respectively.

doi:10.1371/journal.pone.0134506.g001
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enzyme, with some minor contaminating protein bands. Fluorescence analysis of cofactor
binding allowed us to determine the KD value for NADPH (113 ± 9 nM, Fig 2). The determined
KD value was in the same range with that of AKR1B10 (KD = 92 ± 35 nM).

Enzymatic activity and inhibition studies
It has been recently reported that AKR1B15 catalyzes the reduction of acetoacetyl-CoA and the
carbonyl group at C17 position of sex steroids [16]. Additional results, obtained by using pro-
tein extracts from transfected human COS-7 cells, indicated that AKR1B15 exhibited very
weak activity towards D,L-glyceraldehyde and 4-nitrobenzaldehyde [6], which are typical sub-
strates of AKR enzymes. Our current analysis shows that the purified recombinant enzyme has
broad substrate specificity and displays a significant enzymatic activity towards aliphatic and
aromatic aldehydes and ketones (Table 1). AKR1B15 was active with D,L-glyceraldehyde, which
was used as a substrate in the standard assay. The enzyme reduced 200 mM glucose with a
much lower rate (12 mU/mg) than that exhibited by AKR1B1 (500 mU/mg), precluding the
determination of kinetic constants. In contrast, AKR1B15 displayed a catalytic activity compa-
rable or higher than that of AKR1B1 and AKR1B10 with a variety of physiological or model
aldehydes and ketones of various classes. Among the compounds assayed, medium-chain (i.e.
� 6-carbon) aliphatic and aromatic carbonyl compounds were excellent substrates, with Km

values in the low micromolar range. Importantly, AKR1B15 was also active towards retinalde-
hyde isomers (Table 2), which along with acrolein, trans-2-hexenal, 4-hydroxy-2-nonenal and
farnesal may constitute physiological substrates for this enzyme. The 9-cis isomer of retinalde-
hyde was the best substrate based on the catalytic efficiency (kcat/Km) due to a very low Km

value (160 nM) (Table 2), which could be determined by the use of an HPLC-based method
providing higher sensitivity than the spectrophotometric assay. Regarding cofactor specificity,
AKR1B15 was confirmed to be NADPH dependent (i.e. the enzymatic activity using 0.2 mM
NADH was less than 5% of that with NADPH), as reported in [16], and described for most
AKRs. The Km value of AKR1B15 for NADPH (5 μM) is within the same range as those of
AKR1B1 and AKR1B10 (Table 1).

The comparison between AKR1B15 and the other human AKR1B enzymes reveals some
relevant distinct kinetic features (Table 1). In particular, ketones and α-dicarbonyl compounds
were good substrates for AKR1B15, showing higher activity and lower Km values than
AKR1B10 and AKR1B1. The β-dicarbonyl compound, 2,4-pentanedione, was also reduced by
AKR1B15, consistent with the reported activity with acetoacetyl-CoA, which also has two car-
bonyl groups in a β-position [16]. For other substrates, AKR1B15 exhibited lower Km values
than AKR1B10, suggesting that AKR1B15 could play a role in aldehyde detoxification, similar
to what has been suggested for other AKR1B enzymes [47]. AKR1B15 resembles AKR1B10 in
having high activity with retinoids, in contrast to AKR1B1 (Table 2). A distinct feature of
AKR1B15 is that it keeps similar kcat values towards all assayed substrates, including retinoids,
suggesting a common rate-limiting step. In comparison, the kcat values of AKR1B1 with both
retinaldehyde isomers and AKR1B10 with the 9-cis isomer are significantly lower than those
for other substrates. This decrease in kcat values had been interpreted before as a change in the
rate-limiting step (from cofactor dissociation to a slower step) of AKR1B1 and AKR1B10 reac-
tions with these retinoids [23]. This seems not to be the case for AKR1B15. Finally, the higher
specificity of AKR1B15 for the 9-cis isomer is unique for the human AKR1Bs, and it matches
those of AKR1C3 [48], which like AKR1B15 also has bulky Phe residues at positions 299 and
304 in its active site, and chicken AKR [49].

Seven AKR inhibitors were tested against AKR1B15 using D,L-glyceraldehyde as substrate
(Table 3). Among these inhibitors, there are five of the carboxylic acid type (tolrestat,
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epalrestat, oleanolic acid, sulindac and lithocholic acid), one of cyclic imide type (sorbinil) and
one non-classical aldose reductase inhibitor or ARI (JF0064, which has been recently described
by Cousido-Siah et al [15], Fig 3). Tolrestat, JF0064 and sulindac are potent inhibitors of
AKR1B1 as well as of AKR1B10 (with IC50<10 μM for both enzymes). Sorbinil and epalrestat
are more selective against AKR1B1 [50,51], while oleanolic and lithocholic acid are more selec-
tive against AKR1B10 [52]. For AKR1B15, only JF0064 showed a significant inhibition (IC50 =
0.034 ± 0.005 μM, Table 3), much stronger than for AKR1B1 and AKR1B10 [15]. The steroid
lithocholic acid was found to be an inhibitor of AKR1B15, in agreement with the reported
observation that certain steroids are good substrates for this enzyme [16].

Structural model of AKR1B15
With the aim to compare the substrate-binding site of AKR1B15 with that of AKR1B10, and
upon unsuccessful attempts of protein crystallization, a 3D homology model of AKR1B15 was
built (Fig 4A). The SCWRL server was chosen, as it is designed specifically for predicting side-
chain conformations, provided a fixed backbone usually obtained from an experimental struc-
ture. In practical terms, this is the case of AKR1B15, given its 92% sequence identity with
AKR1B10. Model quality was checked by PROCHECK analyses, indicating that most residues
are in the preferred regions (94.8%), whereas residues in allowed regions and outliers are 3.5
and 1.6%, respectively. The compatibility of the atomic model (3D) was checked with its own
amino acid sequence (1D) using Verify 3D analysis. This analysis shows that there is no region
with negative scores, which would otherwise indicate potential problems. In addition, the anal-
ysis using the QMEAN server indicates the reliability of the model, with a QMEAN score of
0.67 out of 1, and with all the Z-scores being consistent with the good quality of the structure.
Thus it may be concluded that this model is suitable for structural studies.

Model analysis
Regarding the cofactor-binding site, AKR1B15 shares with AKR1B10 all residues, except for
Arg22, Met265 and His269 (Fig 5). The change of Lys22 in AKR1B10 to Arg in AKR1B15 may
prevent its interaction with the pyrophosphate bridge of NADP+ but, due to the mobility of the
Arg side chain in solution, its interaction with the cofactor cannot be excluded. Met265 and
His269 keep interactions with the same groups of NADP+ that involve Val265 and Arg269 in

Fig 2. Quenching of AKR1B15 and AKR1B10 fluorescence upon binding of NADPH.Change of the
protein fluorescence intensity (in percentage) upon addition of cofactor is shown. All proteins were used at a
concentration of 0.5 μM in 20 mM sodium phosphate, pH 7.0, at 25°C. Graph symbols: AKR1B15
(diamonds), AKR1B10 (open squares).

doi:10.1371/journal.pone.0134506.g002
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AKR1B10 (i.e. a hydrogen bond between the N atom of Met265 and the 20-phosphate group, a
second hydrogen bond between the Nε of His269 and the 20-phosphate group, and a stacking
interaction of His269 with the adenine ring). Interestingly, a His residue at position 269 and its
interactions have also been described in the rat AKR1B14 X-ray structure [53]. The salt bridge
between the side-chain of Asp217 and Lys263, acting as a safety belt in cofactor binding, and
the stacking interaction of Tyr210 side chain with the nicotinamide ring are also conserved.

Table 1. Kinetic constants of AKR1B15, AKR1B10 and AKR1B1 with aldehydes and ketones.

Substrate AKR1B15 AKR1B10 AKR1B1

Km

(μM)
kcat
(min−1)

kcat/Km

(mM−1�min−1)
Km

(μM)
kcat
(min−1)

kcat/Km

(mM−1�min−1)
Km

(μM)
kcat
(min−1)

kcat/Km

(mM−1�min−1)

Carbohydrate
aldehydes

D,L-glyceraldehyde 880 10.7 12.4 6,000a 35a 6a 50a 31a 660a

Aromatic aldehydes

pyridine-3-aldehyde 2.9 9 3,150 13b 150b 12,000b 10b 61b 6,100b

benzaldehyde <1* 12.1 >12,100 9.7b 104b 11,000b 21b 91b 4,300b

cinnamaldehyde <1* 13.3 >13,300 34.7 240 6,900 31 29 950

Alkanals

hexanal 3.1 7.3 2,300 112b 142b 1,300b 5b 28b 5,600b

Alkenals

acrolein 36 8.8 240 110c 116c 1,070c 884c 11c 12c

trans-2-hexenal 5 11.3 2,200 28b 49b 1,700b 9b 16b 1,800b

4-hydroxy-
2-nonenal

2.2 5.2 2,500 31c 121c 3,900c 716c 50c 70c

citral 1.5 5.5 3,700 4.5 35 7,400 35 68 1,750

farnesal <1* 4.8 >4,800 2.3b 30b 13,000b 37b 27b 700b

Ketones

2-butanone 780 10.5 13.5 LA LA

3-buten-2-one 21.3 8.2 380 LA LA

3-nonen-2-one 1.7 6.76 4,000 LA LA

2-cyclohexen-1-one 365 4.41 12.1 LA LA

α-Dicarbonyls

2,3-butanedione <1* 10.6 >10,600 540d 260d 480d 110d 23d 210d

2,3-hexanedione <1* 9.5 >9,500 51b 79b 1,500b 17b 49b 2,900b

β-Dicarbonyls

2,4-pentanedione 40 2.2 55 58,900 8.6 0.15 8,100 16.7 2.2

3,5-heptanedione 1,300 5.3 3.9 >50,000 - - 12,000 26 2.2

Cofactor

NADPH 5.7 10 2.9e

Enzymatic activity was measured spectrophotometrically. For the determination of the kinetic parameters for NADPH, 3 and 60 mM D,L-glyceraldehyde

was used with AKR1B15 and AKR1B10, respectively. LA, low activity (� 10 mU/mg) was detected at saturating concentration of substrate for AKR1B15;

ND, not determined.

*Because of very low Km value, data are only approximate.
aData from [23].
bData from [66].
cData from [67].
dData from [68].
eData from [69].

doi:10.1371/journal.pone.0134506.t001
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This is consistent with the AKR1B15 cofactor preference for NADP(H) and the low Km value
of AKR1B15 for NADPH.

On the other hand, the active site displays high divergence between AKR1B15 and
AKR1B10. The residue differences between the two proteins are concentrated in loops A and C
which, along with loop B, give shape to the active-site pocket (Fig 4A). Thus, the catalytic resi-
dues (Asp44, Tyr49, Lys78 and His111) and those in loop B are strictly conserved. In contrast,
Ser118, Leu122, Ala131, and Gly133 (in loop A), together with Cys299, Asn300, Val301,
Leu302, Gln303, Ser304, and Tyr310 (in loop C) of AKR1B10 are substituted by Thr118,
Phe122, Met131, Ser133, Phe299, Asp300, Phe301, Lys302, Glu303, Phe304 and Phe310, in
AKR1B15. Noteworthy, residues Phe299, Phe301, Glu303 and Phe304, along with Phe48
(Val48 in AKR1B10), participate in the AKR1B15 active-site pocket, which is thus significantly
smaller (60 Å3 for AKR1B15 versus 279 Å3 for AKR1B10) and more hydrophobic, compared to
the AKR1B10 pocket (Fig 4B and 4C). Some of these substitutions might not only have a conse-
quence on the shape, volume and hydrophobicity of the active site, but also on the flexibility of
the polypeptide chain, which is most relevant in the loop regions. The analysis of

Table 2. Kinetic constants with retinaldehyde isomers.

Substrate and parameter AKR1B15 AKR1B10a AKR1B1a

All-trans-retinaldehyde

Km (μM) 1 ± 0.3 0.6 ± 0.1 1.1 ± 0.1

kcat (min−1) 5.4 ± 0.5 27 ± 1 0.9 ± 0.1

kcat/Km (mM−1�min−1) 5,300 ± 1,700 45,000 ± 7,600 1,300 ± 160

9-cis-retinaldehyde

Km (μM) 0.16 ± 0.03 0.7 ± 0.1 0.4 ± 0.1

kcat (min−1) 3.8 ± 0.2 0.9 ± 0.1 0.7 ± 0.2

kcat/Km (mM−1�min−1) 25,600 ± 5,300 1,300 ± 190 1,500 ± 170

Enzymatic activity was measured by using the HPLC-based method.
aData from [23]

doi:10.1371/journal.pone.0134506.t002

Table 3. Inhibitory effect of different compounds on enzymatic activity.

IC50 (μM)

Inhibitor AKR1B15 AKR1B10 AKR1B1

Tolrestat > 100 0.006 0.01a

Sorbinil > 100 9.6b 0.55b

JF0064 0.034 ± 0.005 1.0d 0.3d

Epalrestat > 50 0.33c 0.021c

Oleanolic acid > 100 0.09b 124b

Sulindac >100 0.35c 0.21c

Lithocholic acid 16.3 ± 7.6 0.12d 7.2d

The enzymatic activity assay with inhibitors was performed by using D,L-glyceraldehyde as a substrate. JF0064: 2,2’,3,3’,5,5’,6,6’-octafluoro-4,4’-

biphenyldiol
aData from [70].
bData from [52].
cData from [71].
dData from [66]

doi:10.1371/journal.pone.0134506.t003
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conformational ensembles indicates that AKR1B15 would display less flexible loops A and C
than AKR1B10 (Fig 4D). A detailed analysis of the AKR1B15 model shows van der Waals
interactions between residues from these loops and residues from other protein regions (i.e.
Trp21-Phe299_loopC, Phe48-Phe116_loopA, Phe48-Phe123_loopA, Phe48-Phe301_loopA,
Trp112_loopA-Phe301_loopC, Phe116_loopA-Phe304_loopC, Phe123_loopA-Phe304_loopC,
Met131_loopA-Phe304_loopC and Met131_loopA-Leu307_loopC). Such interactions result in a
hydrophobic cluster (Fig 4E), which likely contributes to the lower flexibility of the AKR1B15
active site.

Docking of substrates and the inhibitor JF0064
As it has been described above, AKR1B15 is active towards retinoids, and thus the binding
mode of all-trans- and 9-cis-retinaldehyde was analyzed. The obtained models were also

Fig 3. Molecular structure of compound JF0064, 2,2’,3,3’,5,5’,6,6’-octafluoro-4,4’-biphenyldiol.

doi:10.1371/journal.pone.0134506.g003

Retinaldehyde Reductase Activity of Human AKR1B15

PLOSONE | DOI:10.1371/journal.pone.0134506 July 29, 2015 11 / 19



analyzed with the QMEAN server and displayed similar scores (0.68/1 and 0.69/1, respectively)
as the AKR1B15 holoenzyme model. The analysis showed that both substrates could be placed
with their carbonyl groups at catalytic distance from the hydroxyl group of Tyr49, the Nε of
His111, and the cofactor C4 atom (2.9, 2.9, and 3.2 Å, respectively). The two molecules would
be positioned in a similar manner into a narrow and hydrophobic pocket, establishing contacts
with Trp21, Phe48, Phe123, Trp220, and Phe301 (all-trans-retinaldehyde), and Phe48, Trp220,
Phe299, and Phe301 (9-cis-retinaldehyde) (Fig 6A). A slight rearrangement of loop A and loop

Fig 4. Model of AKR1B15 structure. (A) Side view of the (α/β)8 barrel. In red, the divergent residues between AKR1B15 and AKR1B10. (B) and (C) Active-
site pockets of AKR1B15 and AKR1B10, respectively. The AKR1B15-specific residues are displayed in magenta. NADP+ cofactor is colored in orange. The
surface contour of pockets is shown in grey and orange for AKR1B15 and AKR1B10, respectively. (D) The local conformational changes in holo forms of
AKR1B15 (red line) and AKR1B10 (blue line) derived from computer simulations, as indicated by root mean square fluctuations (RMSF) of backbone atoms.
The residues of loops A, B and C are highlighted by grey background. The difference in RMSF between the two enzymes is displayed as a black line in the
top. (E) AKR1B15 loops A and C indicating potential contacts between different residues are shown as sticks, which may explain the low flexibility of the
protein in this region. Figures have been drawn using PyMOL.

doi:10.1371/journal.pone.0134506.g004
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C (Fig 6A) could allow the establishment of a hydrogen-bond or an electrostatic interaction
between Lys125 and Glu303 (Fig 6B).

The particular AKR1B15 topology brings the cyclohexene ring of all-trans and 9-cis-retinal-
dehyde further away from loops A and C than in AKR1B10 (Fig 6A, 6B and 6C). Thus these
substrates do not interact with the residues that have been described as important for all-trans-
retinaldehyde binding in AKR1B10, and which are in the most external part of the AKR1B10
pocket [23]. Notably, some of these residues are not interacting with the retinoid substrates in
AKR1B15, i.e. Lys125 and Met131 (Ala in AKR1B10) from loop A, Glu303 (Gln in AKR1B10)
and Phe304 (Ser in AKR1B10) from loop C. In AKR1B10, all-trans-retinaldehyde binding
requires a rearrangement of Lys125, not necessary for 9-cis-retinaldehyde, explaining the
higher kcat value towards the former substrate [3]. In the case of AKR1B15, Lys125 is not
involved in the binding of either substrate, being consistent with similar kcat values. The hydro-
phobic pocket in the external region of the active site of the enzyme, where part of the polyene
chain and the cyclohexene ring of the substrate bind, corresponds to the protein region which
shows more rigidity in comparison to AKR1B10 (Fig 4D). Furthermore, this rigidity, likely due
to the presence of the bulky Phe residues (Phe48, Phe299, Phe301 and Phe304), would make
difficult the opening of the so-called “specificity pocket” (Fig 6B and 6C), which has been
described for ARI binding in AKR1B10 and AKR1B1 and which usually accommodates the
hydrophobic moiety of inhibitors [52,54]. This feature could have important functional conse-
quences. For instance, it could explain the different substrate specificity and inhibitor selectiv-
ity of AKR1B15, since flexibility has been well established in connection with the active-site
accessibility, and substrate and ligand binding [55].

The compound JF0064 is the only ARI found to significantly inhibit AKR1B15, probably
due to the reduced volume of the active-site cleft and to the difficulty in opening the “specificity
pocket”. In order to analyze JF0064 binding, a docking simulation along with energy

Fig 5. Comparison of the cofactor-binding site between the AKR1B15model (A) and the AKR1B10 crystal structure (B). Interactions of Met265 and
His269 with NADP+ in AKR1B15 are similar to those of Val265 and Arg269 in AKR1B10 (black dotted lines). His269 forms a π-stacking interaction with the
adenine ring of the cofactor. The substitution of Lys22 by Arg in AKR1B15 prevents its interaction with the pyrophosphate bridge of NADP+. The salt bridge
between Asp217 and Lys263 (red dotted line), acting as a safety belt in the coenzyme binding, and the π-stacking interaction of Tyr210 with the cofactor
nicotinamide ring are conserved between the two AKRs. Carbon atoms of the cofactor are shown in green, whereas those of the enzyme are colored grey.
Figures have been drawn using PyMOL.

doi:10.1371/journal.pone.0134506.g005
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minimization was performed. The model was again validated by using the QMEAN server and
displayed a similar, though slightly better score than the rest of the AKR1B15 models (0.72/1).
The Z-score (which is tending from negative digits to 0 when approximating to experimentally
determined structures) of the AKR1B15-NADP+-JF0064 model (−0.92) is comparatively

Fig 6. Molecular docking of substrates or inhibitors to the active-site pocket of AKR1B15. (A) Residues implicated in binding all-trans- and 9-cis-
retinaldehyde are displayed in light and dark grey sticks; while the substrates are shown in light and dark blue, respectively. The residues found in the most
external part of all-trans-retinaldehyde binding channel in AKR1B10 are highlighted in yellow. The energy minimized apo-conformation is displayed in
magenta cartoon. (B) and (C) Side view of the surface contour of the active-site pocket, depicted in grey and orange for AKR1B15 and AKR1B10,
respectively, to show the inhibitor “specificity pocket”. A thick grey curved line indicates the “specificity pocket” in AKR1B10. As it is shown, this pocket may
not be opened in AKR1B15, likely due to the presence of bulky Phe residues. (D) The inhibitor JF0064 (PDB ID 4ICC) bound to AKR1B15 is displayed as
sticks with C atoms in magenta, while residues interacting with the inhibitor are shown as sticks with C atoms in grey. (E) Steric hindrance preventing tolrestat
(in blue) and sorbinil (in orange) from binding to the active site of AKR1B15. For this analysis, the AKR1B15 structure model was superimposed with the
AKR1B10 crystallographic structures with tolrestat (PDB ID 1ZUA) and sorbinil (PDB ID 4GA8). NADP+ is colored in orange. Figures have been drawn using
PyMOL.

doi:10.1371/journal.pone.0134506.g006
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improved with respect to the AKR1B15 holoenzyme model (−1.64). All-trans- and 9-cis-reti-
naldehyde complexes show intermediate values of −1.51 and −1.35, respectively.

The conformation of the AKR1B15-NADP+-JF0064 complex corresponding to the energy
minimum is displayed in Fig 6D. Binding would occur through van der Waals interactions
with a large number of hydrophobic residues, and by establishing hydrogen bonds with cata-
lytic residues (Tyr49 and His111) and Glu303. As it has been described above for substrates,
the binding of the inhibitor also induced the same rearrangement of loop A and loop C, allow-
ing for the interaction between Lys125 and Glu303. The other tested compounds did not
inhibit AKR1B15 likely because of steric hindrance (e.g. Phe301 and Phe48 may clash against
sorbinil, and Phe304, along with the fact that the “specificity pocket” could not be opened, may
prevent tolrestat from binding) (Fig 6C and 6E).

Physiological significance
The kcat/Km value of AKR1B15 for 9-cis-retinaldehyde (25,600 mM−1�min−1) is the highest
among all the substrates checked so far, including the steroids and 3-keto-acyl-CoAs analyzed
by Weber et al. [16], although these authors used different conditions for enzyme purification
and kinetic studies. This is reminiscent of what has been observed for other members of the
AKR superfamily, such as AKR1C3, which displays a high kcat/Km value for 9-cis-retinalde-
hyde but it is also active against steroids and prostaglandins [48]. Observations of dual sub-
strate specificity have also been made for members of the short-chain dehydrogenase/reductase
superfamily [56]. Thus, it is conceivable that AKR1B15 and some of these enzymes have a mul-
tifunctional role in the pre-receptor regulation of hormonal signaling pathways. The AKR1B15
specificity for the 9-cis isomer may suggest a major role in the control of RAR and RXR medi-
ated signaling, but we cannot exclude other physiological functions. Regarding the reported
localization of AKR1B15 in mitochondria, there is increasing evidence that retinoid metabo-
lism takes place in different subcellular compartments [57,58], mitochondria being one of
them. Carotenoids and their aldehyde metabolites can be generated by the asymmetric cleavage
of β-carotene by β-carotene-9’,10’-oxygenase (BCO2), which is associated with the inner mito-
chondrial membrane [59]. Therefore, a putative physiological role of AKR1B15 in retinoid
metabolism is compatible with its mitochondrial localization. The presence in mitochondria of
other retinaldehyde reductases, such as RDH13 [57], gives further support to this notion. In
addition, RDH10, an enzyme involved in retinoic acid synthesis, shifts between mitochondria
associated membranes and lipid droplets during retinyl ester biosynthesis, similarly to cellular
retinol-binding protein type 1 [60]. Retinol has also been pinpointed as a modulator of energy
homeostasis in mitochondria by regulating oxidative phosphorylation [61]. An additional role
of AKR1B15 in metabolizing lipid peroxidation products and alkenals in mitochondria cannot
be ruled out [62,63].

Conclusions
Despite its high sequence identity with AKR1B10, AKR1B15 appears to be an enzyme with a
unique substrate specificity and narrower inhibitor selectivity. AKR1B15 displays distinct
kinetic features with ketones, α-dicarbonyl compounds and is among the best 9-cis-retinalde-
hyde reductases within the AKR superfamily. Some of the most potent inhibitors of AKR1B1
and AKR1B10 did not inhibit AKR1B15. Amino acid substitutions clustered in residues located
in loops A and C result in a smaller, more hydrophobic and more rigid active-site pocket of
AKR1B15 as compared to that of AKR1B10. The structural model of AKR1B15 provides a
powerful tool for the virtual screening of substrates and inhibitors for this enzyme. The distinct
topology of the AKR1B15 fold should facilitate the design of more selective inhibitors, as it has
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been shown for other enzyme pairs with high sequence similarity [64,65]. Finally, the finding
of all-trans- and 9-cis-retinaldehyde as substrates for AKR1B15 adds further complexity to the
enzymatic pathways of retinoid transformations and their cross-talk with other hormonal sig-
naling pathways, such as that of steroids. This opens a research line to elucidate the physiologi-
cal contribution of this novel human retinaldehyde reductase.
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