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a b s t r a c t

NADP(H)-dependent cytosolic aldo–keto reductases (AKR) are mostly monomeric enzymes which fold
into a typical (�/�)8-barrel structure. Substrate specificity and inhibitor selectivity are determined by
interaction with residues located in three highly variable loops (A, B, and C). Based on sequence iden-
tity, AKR have been grouped into families, namely AKR1–AKR15, containing multiple subfamilies. Two
human enzymes from the AKR1B subfamily (AKR1B1 and AKR1B10) are of special interest. AKR1B1 (aldose
reductase) is related to secondary diabetic complications, while AKR1B10 is induced in cancer cells and
is highly active with all-trans-retinaldehyde. Residues interacting with all-trans-retinaldehyde and dif-
fering between AKR1B1 and AKR1B10 are Leu125Lys and Val131Ala (loop A), Leu301Val, Ser303Gln,
and Cys304Ser (loop C). Recently, we demonstrated the importance of Lys125 as a determinant of
AKR1B10 specificity for retinoids. Residues 301 and 304 are also involved in interactions with sub-
strates or inhibitors, and thus we checked their contribution to retinoid specificity. We also extended our
study with retinoids to rodent members of the AKR1B subfamily: AKR1B3 (aldose reductase), AKR1B7
(mouse vas deferens protein), AKR1B8 (fibroblast-growth factor 1-regulated protein), and AKR1B9 (Chi-
nese hamster ovary reductase), which were tested against all-trans isomers of retinaldehyde and retinol.

−1
All enzymes were active with retinaldehyde, but with kcat values (0.02–0.52 min ) much lower than
that of AKR1B10 (27 min−1). None of the enzymes showed oxidizing activity with retinol. Since these
enzymes (except AKR1B3) have Lys125, other residues should account for retinaldehyde specificity. Here,
by using site-directed mutagenesis and molecular modeling, we further delineate the contribution of
residues 301 and 304. We demonstrate that besides Lys125, Ser304 is a major structural determinant for

ecifi
all-trans-retinaldehyde sp

. Introduction

Aldo–keto reductases (AKR) are monomeric NAD(P)H-
ependent enzymes which fold into a typical (�/�)8-barrel
tructure. They catalyze the reduction of carbonyl compounds
sing a variety of physiological substrates, including lipids,
teroids, catecholamines, prostaglandins and retinoids [1]. Based
n cluster analysis, AKR enzymes have been grouped into fifteen

ifferent families, having less than 40% amino acid identity with
ny other family, while subfamilies may be defined by higher
han 60% identity in amino acid sequence among subfamily
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members [2,3]. AKR1B subfamily includes human members 1B1
and 1B10 which have been widely studied. 1B1 (aldose reductase)
is upregulated in hyperglycemia, reduces glucose to sorbitol and
was consistently related with secondary diabetic complications
[4]. 1B10 (aldose reductase-like or small intestine reductase) is
highly active with all-trans-retinaldehyde [5], a crucial molecule
in the retinoic acid synthesis pathway, and induced in different
types of cancer [6–11]. Recently a novel human member, 1B15,
never found at protein level, was predicted from genomic analysis
[12,13]. The murine AKR1B subfamily has three well-characterized
members: 1B3 (aldose reductase) [14], 1B7 (androgen-dependent
vas deferens protein, MVDP) [15], and 1B8 (fibroblast-dependent
growth factor 1, FR-1) [16]. While 1B3 is highly similar to 1B1

in terms of tissue distribution and kinetic properties, 1B7 and
1B8 present distinct patterns [12]. Much less is known about
the rat enzymes and only some information is available for 1B4
[17]. Also characterized is 1B9, an inducible form expressed in

dx.doi.org/10.1016/j.cbi.2011.02.007
http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:jaume.farres@uab.es
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hinese hamster ovary cells [18]. While sequence identity between
embers of the AKR1B subfamily belonging to different species is

igh (70–84%), it remains to be investigated whether the retinoid
pecificity of 1B10 is shared by other members of this subfamily.

Previously we characterized the three-dimensional structure of
ternary complex of 1B10 with cofactor and inhibitor tolrestat and
rovided the basis for its high all-trans-retinaldehyde reductase
ctivity [9,19]. Important differences were observed between the
ubstrate-binding pockets of 1B1 and 1B10, which were predicted
y molecular dynamics simulations and confirmed by site-directed
utagenesis. The structural features making 1B10 highly efficient

or all-trans-retinaldehyde were localized in the external part of
he substrate-binding site, including position 125.

Here we performed computer search to identify novel func-
ional genes from the AKR1B subfamily and report kinetic studies
n rodent members of the AKR1B subfamily (1B3, 1B7, 1B8, and
B9) with retinoids. Moreover, we further studied the structural
eterminants of high all-trans-retinaldehyde reductase activity of
uman 1B10 by site-directed mutagenesis and molecular dynamics
f the retinoid-binding site. Results clearly show that residue 304,
n addition to residue 125, is critical for efficient retinoid catalysis.

. Materials and methods

.1. Sequence and phylogenetic analyses of the AKR1B subfamily

Homology between AKR1B genes was analyzed using Homolo-
ene (http://www.ncbi.nlm.nih.gov/homologene). In addition, the
niGene database was checked to identify mRNA and EST of the
ewly identified open reading frames. Phylogeny analysis was per-

ormed as reported [20]. Multiple amino acid sequence alignments
ere performed using the Clustal W program [21].

.2. Site-directed mutagenesis

K125L, V301A, V301L, V301F, V301N and S304C single mutants
ere obtained using the wild-type AKR1B10 cDNA cloned into
ET30-Xa/LIC as a template. Based on the QuickchangeTM Site-
irected Mutagenesis Kit method (Stratagene), we designed two
rimers for each mutation as follows:

AKR1B10 mutant Primer Sequence

K125L Forward 5′-GGATGACCTTTTCCC
Reverse 5′-ATTACCTTTATCATCT

V301A Forward 5′-CCTGTAACGCGTTGC
Reverse 5′-GATTGCAACGCGTTA

V301L Forward 5′-GCCTGTAACCTGTTG
Reverse 5′-ATTGCAACAGGTTAC

V301F Forward 5′-GGGCCTGTAACTTCT
Reverse 5′-GAGGATTGCAAGAA

V301N Forward 5′-GGGCCTGTAACAACT
Reverse 5′-GAGGATTGCAAGTTG

S304C Forward 5′-TGTAACGTGTTGCAA
Reverse 5′-GTCTTCCAAATGAGA

Mutated nucleotides are highlighted in bold and italics.
125L/S304C double mutant was prepared with pET30-Xa/LIC-
KR1B10 S304C as a template, by using the primers for K125L
utation. All reactions were performed in a DNA thermal cycler

MJ Research) with Pfu Turbo DNA Polymerase (Stratagene). PCR
roducts were incubated with DpnI at 37 ◦C for 60 min. This treat-

ent ensured the digestion of the dam-methylated parental strand.

he resulting nicked-circular mutagenic strands were transformed
nto Escherichia coli BL21. DNA sequences were verified to ensure
hat unwanted mutations were absent.
teractions 191 (2011) 199–205

Amino acid positions

ATGATAAAGGTAATGCC-3′ 120–131
GGAAAAGGTCATCCCCAG-3′ 118–130
TC-3′ 298–305

CC-3′ 297–304
C-3′ 298–304

CC-3′ 297–303
TCCTCTC-3′ 297–306

AGGCCCTC-3′ 297–305
ATCCTCTC-3′ 297–306
AGGCCCTC-3′ 297–305
TCATTTGGAAGACTATC-3′ 299–310

TGCAACACGTTACAGGCC-3′ 298–309

2.3. Cloning, expression and purification of AKR1B enzymes

1B3 and 1B8 were cloned, expressed and purified as described
previously [22]. 1B7 cDNA sequence was obtained from the Mam-
malian Gene Collection (MGC) clones provided by LGC Promochem
(MGC:107658 IMAGE:6775941). 1B1, 1B7, 1B9, 1B10 and all 1B10
mutants were cloned, expressed and purified as described pre-
viously [5,19]. Briefly, E. coli BL21 strain transformed with the
plasmid pET16b (or pET30-Xa/LIC for 1B7 and the mutants), encod-
ing each protein with an N-terminal His10 tag (His6 tag for the
mutants), was grown in 2 × YT medium at 23 ◦C for 8 h. Protein
expression was induced by the addition of 1 mM isopropyl-1-
thio-�-d-galactopyranoside (IPTG, Sigma–Aldrich). Proteins were
purified using a nickel-charged chelating Sepharose® Fast Flow
resin (GE Healthcare). The enzymes were eluted by a 0.06–1.0 M
imidazole (Sigma–Aldrich) gradient in 50 mM Tris–HCl, 100 mM
NaCl, pH 8.0. Fractions containing AKR were collected and dialyzed
twice against 10 mM sodium phosphate, 1 mM EDTA, pH 8.0.

2.4. Enzyme kinetics

Standard activities were measured prior to each kinetic experi-
ment by using d,l-glyceraldehyde as a substrate [23]. Activity with
retinoids was performed as reported [5,19]. Kinetic constants were
expressed as the mean ± SEM of at least three independent deter-
minations.

2.5. Molecular dynamics simulations

The initial structures for the simulations were obtained from
docking of the substrate into the binding cavity, as described [19].
The Cornell et al. force-field [24], as implemented in AMBER 7.0 pro-
gram [25], was used. All-trans-retinaldehyde and the cofactor were
parameterized by using the antechamber module of AMBER. The
system was equilibrated in several steps. First, all water molecules
and counterions were relaxed with a gradient minimizer, and then
the whole system was equilibrated. Next, the system was equili-
brated at 100 K (50 ps), 200 K (25 ps), and 300 K (25 ps), coupling
a bath to achieve the desired temperature. The simulations were
continued for 4–10 ns, depending on the protein mutant, at con-
stant pressure and temperature. The average structure, during the
last nanosecond was taken for analysis.

3. Results and discussion

3.1. In silico analysis of human and rodent AKR1B genes and gene
products
Fig. 1 depicts the genome organization of the AKR1B gene clus-
ter in human, mouse and rat species. Human AKR1B genes are
tandemly arrayed on chromosome 7q33–35, indicating that they

http://www.ncbi.nlm.nih.gov/homologene
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Rat, chromosome 4

1b7 1b81b10 1b4

Mouse, chromosome 6

1b7 2310005E10Rik 1b8 1b3

Human, chromosome7

1B11B101B15

Fig. 1. Genomic organization of human and rodent AKR1B genes in syntenic regions.
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Fig. 2. Unrooted phylogenetic tree of AKR1B proteins. Different clusters are
indicated by shaded ovals. Data were obtained by using PhyML, for mul-
rrows indicate relative gene size and the direction of transcription.
dapted from HomoloGene database at National Center for Biotechnology Informa-

ion (http://www.ncbi.nlm.nih.gov/homologene).

ikely originated from ancient duplication events [12,13]. Syntenic
egions in mouse and rat genomes, also including additional flank-
ng genes, are found in chromosomes 6 and 4, respectively. Human
enome includes three paralogous genes (namely 1B1, 1B10 and
B15), while four genes are found in each murine (1b3, 1b7, 1b8, and
310005E10Rik) and rat (1b4, 1b7, 1b8, and 1b10) genomes. Some of
hem are known functional genes, while others are predicted on the
asis of sequence homology and exon–intron structure. Each gene
onsists of 10 exons. The direction of transcription is conserved for
ll the AKR1B genes among the three species. Transcription occurs
rom the opposite strand in 1B1, 1b3 and 1b4 genes, suggesting an
ncient inversion event which likely predated the 1B10/1B15 dupli-
ation in view of the percentage of sequence identity, as mentioned
elow.

Table 1 lists AKR1B genes and their corresponding gene
roducts, with the currently accepted nomenclatures accord-

ng to the NCBI and AKR (http://www.med.upenn.edu/akr)
omepages. The gene product of locus tcag7.1260, also
nown as LOC441282, was recently named AKR1B15 (http://
ww.genenames.org/data/hgnc data.php?match=AKR1B15), after
aving evidence that it is a functional gene. The encoded protein
howed 92% and 67% amino acid identity with 1B10 and 1B1,
espectively. This would suggest a very recent duplicatory event
etween 1B10 and 1B15 genes and a closely related biological
unction. A RIKEN cDNA 2310005E10 gene from mouse and Akr1b10
ene from rat (both cDNAs were found in EST libraries) have also
een included and, while a definitive classification is pending,
e propose the corresponding proteins to be named AKR1B16

nd AKR1B17 (currently known as rat AKR1B10 [26]), respec-
ively, while awaiting for the designation assignment by the AKR
omepage.

Based on sequence identities and multiple alignments, an
nrooted phylogenetic tree was constructed, using chicken 1B12
s an outgroup (Fig. 2). Analysis shows twelve proteins from
uman and rodents grouped in at least four different clusters
hich are labeled after representative enzymes from each group,
amely, aldose reductase, small intestine reductase, AKR1B7 type
nd AKR1B8 type. As expected, all aldose reductases appear in a
ingle cluster, well differentiated from the remaining AKR1B mem-
ers. Chinese hamster 1B9 and rat 1B13 cluster with mouse 1B8 and
hus they could be considered orthologous proteins. Rat 1B14 clus-
ers together with mouse 1B7, and rat 1B17 clusters with mouse
B16, suggesting that they are pairwise orthologous.

On the basis of genomic structure, sequence identity, phyloge-

etic analysis and enzymatic activity with glucose [14,27], human
B1, mouse 1b3 and rat 1b4 are clearly orthologous genes coding
or aldose reductase, although differences exist in the level and
attern of expression, and activity between these species [22,28].
tiple alignment, and TreeDyn to build a radial dendrogram, from the site
(http://www.phylogeny.fr/phylo cgi/express.cgi). Chicken AKR1B12 was used as an
outgroup.

In contrast, human 1B10 gene orthologs cannot be unambigously
assigned at this time. Based on sequence identity, tissue distribu-
tion and catalytic properties of their gene products [29], neither
1b7 nor 1b8 seems to be the true ortholog of the 1B10 gene. Mouse
1B7 protein has very low enzymatic activity and limited tissue dis-
tribution (mostly present in adrenal gland) [30,31]. Mouse 1B8 has
very similar catalytic properties to human 1B1 and it is induced by
fibroblast growth factor while 1B10 is not; however, in contrast to
1B1, 1B8 has a higher Km for d,l-glyceraldehyde and lacks activ-
ity with glucose [28]. While awaiting enzymatic characterization,
1B15 orthologs cannot be unambiguosly assigned either.

We also performed a multiple alignment of amino acid
sequences from AKR1B enzymes, including only residues within
variable loops A, B and C, which are highly variable regions pro-
viding substrate specificity (Fig. 3). Taking into account important
residues for retinaldehyde binding in 1B10 [19], we then looked
at non-conserved residues between aldose reductases and 1B10.
The following substitutions were observed: K/L125 and A/V131 in
loop A, and V/L301, Q/S303 and S/C304 in loop C (Figs. 3 and 4). It
is noteworthy that Lys125, not present in aldose reductases, was
shared by many other AKR1B members. Val301 was only found in
1B10 and chicken 1B12. The role of residues 125 and 301 in retinoid
specificity was examined in a previous work [19], and the presence
of Lys125 appeared to be an important determinant for all-trans-
retinaldehyde specificity. Here we will further investigate the role
of residue 301 and, for the first time, that of residue 304.

3.2. Comparison of kinetic constants between AKR1B enzymes

We cloned, expressed and purified human 1B1 and 1B10, murine
1B3, 1B7 and 1B8, and Chinese hamster 1B9. In Table 2, we compare
their kinetic properties with retinoids, including recently published
data for rat 1B13 [32], 1B14 [33] and 1B17 [26]. All the enzymes
showed similar kcat values with glyceraldehyde (∼30 min−1), with

the exception of 1B7, 1B14 and 1B17, which usually displayed lower
kcat values with all the substrates [22,26]. 1B1 and 1B3 behaved
as typical aldose reductases, having low Km values for glyceralde-
hyde (∼50 �M) and low activity with retinaldehyde. The remaining

http://www.ncbi.nlm.nih.gov/homologene
http://www.med.upenn.edu/akr
http://www.genenames.org/data/hgnc_data.php%3Fmatch=AKR1B15
http://www.genenames.org/data/hgnc_data.php%3Fmatch=AKR1B15
http://www.phylogeny.fr/phylo_cgi/express.cgi
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Fig. 3. Alignment of AKR1B sequences showing residues within variable loops A, B and C. Sequences were aligned by using the Clustal W program [21]. Important residues
for retinaldehyde binding in AKR1B10 are highlighted: in blue, conserved residues between aldose reductases and AKR1B10. In yellow, non-conserved residues. Sequence
identities are indicated by asterisks (*), conservative substitutions by colons (:) and semi-conservative substitutions by dots (.). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

Fig. 4. Molecular dynamics of 1B1, 1B10 and 1B10 mutants complexed with all-trans-retinaldehyde. Average structures of five different computer simulations, with extensive
calculation times between 4 and 10 ns, were obtained during the last 1 ns of each simulation. Panels A and B show different views of superimposed structures. In A, slightly
different substrate conformations are highlighted. In B, loop A motion is quite different in the double mutant in comparison with other structures. Main chain is represented
as a ribbon while all-trans-retinaldehyde and NADP+ molecules are represented by sticks. Color codes: 1B10 (blue), K125L (red), S304C (gray), K125L/S304C (orange), and
AKR1B1 (green). Panels C and D show details of the interactions around residue 304 in wild-type 1B10 (C) and 1B10 S304C mutant (D), including bound all-trans-retinaldehyde
(cyan). Atomic distances (Å) between amino acid side chains are shown in red. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of the article.)
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Table 1
Percentage of amino acid sequence identity between AKR1B enzymes from human, rodents and chicken.

NCBI AKR Sequence identity (%)

1B1 1B10 1B15

Human
Aldose reductase AKR1B1 1B1 – 71 67
Small intestine reductase AKR1B10 1B10 71 – 92

AKR1B15 1B15 67 92 –
Mouse

Aldose reductase Akr1b3 1B3 86 71 68
Mouse vas deferens Akr1b7 1B7 71 78 77
FGF-induced protein Akr1b8 1B8 70 83 80

2310005E10Rik 1B16* 70 83 80
Rat

Aldose reductase Akr1b4 1B4 86 71 68
Akr1b7 1B14 69 78 77
Akr1b8 1B13 70 82 81
Akr1b10 1B17* 70 83 80

Hamster
CHO reductase CGU81045 1B9 71 84 82

Chicken

*
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Chicken aldo–keto reductase AJ295030

indicates proposed nomenclature.

KR1B enzymes displayed millimolar (0.1–8.0 mM) Km values for
lyceraldehyde and very low or no activity (1B13 and 1B14) with
etinaldehyde, except 1B10, which reached a kcat value compa-
able to that with glyceraldehyde. Neither mouse 1B8 nor their
ikely orthologs in rat (1B13) and Chinese hamster (1B9) show great
ctivity with retinaldehyde. Thus, human 1B10 is, so far, the only
KR1B with a high kcat value for retinaldehyde reduction. None of

he examined enzymes, except for 1B10, showed oxidizing activity
ith retinol.

In a previous work [19], the presence of Lys125 in 1B10 appeared
o be the main determinant for all-trans-retinaldehyde specificity.
emarkably, most 1B enzymes contain a Lys residue at position 125,
xcept for 1B16 and 1B17 (with Thr), and aldose reductases (with
eu). In view of the present kinetic results, we must conclude that
ys125 is not the only structural determinant for high retinalde-
yde reductase activity, and thus other residues should contribute
o retinaldehyde specificity.
.3. Kinetic constants of single and double mutants of AKR1B10

As mentioned above, residues 301 and 304, located in loop C,
iffer between 1B1 and 1B10 and recently, along with residues

able 2
inetic constants of human and rodent AKR1B enzymes.

Substrate Aldose reductase AKR1B7 type

1B1 1B3 1B7 1B14a

d,l-Glyceraldehyde
Km 0.05 ± 0.01 0.04 ± 0.01 8.0 ± 0.9 0.12
kcat 31 ± 1 31 ± 1 4.5 ± 0.1 1.4
kcat/Km 660 ± 80 720 ± 85 0.6 ± 0.1 11.7

All-trans-retinaldehyde
Km 1.1 ± 0.1 1.0 ± 0.1 0.5 ± 0.1
kcat 0.35 ± 0.01 0.52 ± 0.02 0.02 ± 0.01 N.A.
kcat/Km 320 ± 30 540 ± 90 42 ± 6

All-trans-retinol
Km

kcat N.A. N.A. N.D. N.D.
kcat/Km

nzymes are grouped according to the clusters defined by phylogenetic analysis as depicte
cat/Km (mM−1 min−1). Activities were determined in 0.1 M sodium phosphate, pH 7.5, 0.2
.4, 0.5 mM NADP/H, 37 ◦C, with retinoids, N.A., no activity; N.D., not determined.
a Data taken from [33].
b Data taken from [26].
c Data taken from [32].
1B12 67 70 67

114, 125 and 303, have been implicated in selective inhibitor
binding between these two enzymes [34–37]. Previously we had
shown that the V301L mutation, which mimics the 1B1 structure,
had a moderate effect on the kinetic constants of 1B10. In addi-
tion, the double mutation K125L/V301L did not improve retinoid
specificity with regard to the single K125L mutant [19]. Here
we investigated the effect of substituting Val301 of 1B10 with
residues having different molecular size and polarity (Table 3).
No changes in kinetics with glyceraldehyde were observed, which
reflects the fact that residue 301 is located in the most external
part of the substrate-binding site, far away from where a small
molecule, such as glyceraldehyde, interacts. Regarding the kinetics
with retinaldehyde isomers: Km values did not vary much, while
by increasing residue volume there was a corresponding decrease
in the kcat values, the Leu effect being intermediate between that
of Ala and Phe. On the other hand, the higher polarity incorpo-
rated by the V301N mutation might also have contributed to the
large kcat decrease observed for this mutant. These data emphasize

the importance of the molecular size and polarity of the residues
in the substrate/inhibitor binding site of 1B1 and 1B10, which
may account for their different substrate and inhibitor properties
[36].

AKR1B8 type 1B10

1B17b 1B8 1B13c 1B9

0.096 0.3 ± 0.06 2 3.5 ± 0.5 5.7 ± 0.8
3 20 ± 0.6 35 36 ± 1 35 ± 1
31 68 ± 14 17 10.5 ± 1.5 6.2 ± 0.9

2.6 2.1 ± 0.5 2.0 ± 0.2 0.6 ± 0.1
0.58 0.05 ± 0.01 N.A. 0.27 ± 0.01 27 ± 1
220 22 ± 6 140 ± 18 45,000 ± 7600

0.4 ± 0.1
N.D. N.A. N.D. N.A. 4.3 ± 0.3

12,300 ± 3600

d in Fig. 2. Units: Km (mM with d,l-glyceraldehyde, �M with retinoids), kcat (min−1),
mM NADPH, 25 ◦C, with d,l-glyceraldehyde, and in 90 mM KH2PO4, 40 mM KCl, pH
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Table 3
Kinetic constants of AKR1B10 and AKR1B10 V301 mutants.

Substrate 1B10 V301A V301L V301F V301 N

d,l-Glyceraldehyde
Km 5.7 ± 0.8 5.7 ± 0.6 6.0 ± 0.7 5.7 ± 0.6 5.4 ± 0.8
kcat 35 ± 1 37 ± 1 41 ± 1 36 ± 1 41 ± 2

kcat/Km 6.2 ± 0.9 6.6 ± 0.7 7.0 ± 1 6.3 ± 0.7 7.5 ± 1.2
All-trans-retinaldehyde

Km 0.6 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 0.4 ± 0.1
kcat 27 ± 1 10.9 ± 0.4 7.7 ± 0.3 6.6 ± 0.4 3.0 ± 0.1

kcat/Km 45,000 ± 7600 15,600 ± 2000 12,700 ± 1400 17,900 ± 1700 8400 ± 1500

Units: Km (mM with d,l-glyceraldehyde, �M with retinoids), kcat (min−1), kcat/Km (mM−1 min−1). Activities were determined as in Table 2.

Table 4
Kinetic constants of AKR1B10, AKR1B10 K125L and S304C mutants, and AKR1B1.

Substrate 1B10 K125L S304C K125L/S304C 1B1

d,l-Glyceraldehyde
Km 5.7 ± 0.8 5.2 ± 0.8 5.2 ± 0.6 2.6 ± 0.6 0.05 ± 0.01
kcat 35 ± 1 35.6 ± 0.1 29 ± 1 28 ± 1 31 ± 1

kcat/Km 6.2 ± 0.9 7.0 ± 1 6.9 ± 0.9 10.8 ± 2.5 660 ± 80
All-trans-retinaldehyde

Km 0.6 ± 0.1 0.15 ± 0.02 0.82 ± 0.08 0.9 ± 0.1 1.1 ± 0.1
kcat 27 ± 1 2.0 ± 0.1 2.0 ± 0.1 0.12 ± 0.01 0.35 ± 0.01

kcat/Km 45,000 ± 7600 13,100 ± 2000 2400 ± 230 140 ± 20 320 ± 30
9-cis-retinaldehyde

Km 0.7 ± 0.1 0.7 ± 0.1 0.91 ± 0.12 0.5 ± 0.1 0.4 ± 0.1
k 0.9 ± 0.1 0.9 ± 0.1 0.27 ± 0.01 1.4 ± 0.1 0.7 ± 0.1

U M−1
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cat

kcat/Km 1300 ± 160 1300 ± 190

nits: Km (mM with d,l-glyceraldehyde, �M with retinoids), kcat (min−1), kcat/Km (m

We next studied the effect of substituting residue 304, Ser in
B10, by Cys as found in 1B1 (Table 4). Again, no changes in glyc-
raldehyde kinetics were detected. Regarding the kinetics with
ll-trans-retinaldehyde, the S304C mutation had a strong effect on
he kcat value comparable to that of the K125L mutation. Interest-
ngly, when we studied the double mutation, there was an additive
ffect producing a 200-fold decrease in the kcat value, from 27 down
o 0.12 min−1, a value similar to that of 1B1. Thus, the joint contribu-
ion of Lys125 in loop A and of Ser304 in loop C could, in principle,
xplain the higher specificity of 1B10 for all-trans-retinaldehyde
eduction. In contrast, no major effects were observed for single
nd double mutants on the kinetics with 9-cis-retinaldehyde. The
m values for both retinaldehyde substrates remained essentially
nmodified by the mutations.

.4. Molecular dynamics models of 1B1, 1B10 and 1B10 mutants
omplexed with NADP+ and all-trans-retinaldehyde

By inspecting the available three-dimensional structures of 1B1
nd 1B10, we could not assess the combined role of residues 125
nd 304. To this end we performed molecular dynamics on single
nd double mutant enzymes and compared the predicted struc-
ures with those of the wild-type complexes. Thus we run a total
f four computer simulations of ternary complexes with extensive
alculation times: 10 ns for each mutant and 4 ns for the wild-type
imulation. The average structures obtained during the last 1 ns of
he simulation are shown in Fig. 4A and B. In all simulations, atomic
istances between the carbonyl group of all-trans-retinaldehyde
nd the catalytic and cofactor groups kept constant and correct for a
roductive catalysis to occur, although the position of the substrate
ppeared to be slightly different in each structure. Mutated residues
ere located far away from the anion binding site (catalytic site)

nd thus it is reasonable to assume that the activity decrease found

n the single and double mutant enzymes is independent of the
hemical step.

When exchanging Ser304 by Cys, some hydrogen bonds and
ydrophobic interactions between loops A and C were broken
290 ± 40 2700 ± 790 1500 ± 170

min−1). Activities were determined as in Table 2.

(Fig. 4C and D). In fact, it has been reported that Ser304 is bridging a
hydrogen-bond network between Gln114 (loop A) and main-chain
oxygen of Val301 (loop C) in several ternary inhibitor complexes of
1B10 ([18,34], also Fig. 4C). In any case, loop A motion was quite
different in the double mutant with respect to the single mutant
(Fig. 4B). Somehow, these structural variations, which are exclusive
to the double mutant, may have induced protein loop rearrange-
ments and product–protein interaction changes. If the release of
the product was the rate-limiting step [9], these changes affecting
the product could be the reason for a lower kcat value in the dou-
ble mutant. Despite the fact that, by making the double mutant,
we tried to mimic the 1B1 structure, the explanation for decreased
kcat values might be different in each complex, as suggested by the
structural models. In the case of 1B1, Leu125 interacts hydrophobi-
cally with the substrate and may impair product release. In the case
of the double mutant, loop rearrangement may also contribute to
tighter binding of the product. Given the high variability of residues
303 and 304 in AKR1Bs and the results obtained with the double
mutant, it seems that interactions between loops A and C could
play a significant role in retinoid specificity. These features may be
useful in order to design more selective 1B1 and 1B10 inhibitors.

3.5. Conclusions

In summary, the human genome contains three genes from
the AKR1B subfamily (1B1, 1B10, and 1B15), while murine and rat
genomes have four genes each. Phylogenetic and enzymatic activity
analyses revealed that 1B10 gene orthologs cannot be unam-
biguosly assigned. Differently from any other member from the
mammalian AKR1B subfamily, human 1B10 is somewhat unique in
having high all-trans-retinaldehyde reductase activity, indicating
that gene function was not evolutionarily conserved within mam-
mals. In particular, rat AKR1B10, here renamed as AKR1B17, has low

activity with retinoids, supporting the fact that the two enzymes
are neither functionally equivalent nor true orthologs. The high
sequence identity between 1B10 and 1B15 warrants investigating
whether 1B15 conserves high substrate specificity for retinoids.
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Lys125, present in 1B10 protein, is also found in low-retinoid
ctivity enzymes, which indicates that this is not the only struc-
ural determinant for high retinaldehyde reductase activity. In fact,
ere we have shown that Lys125 (loop A) and Ser304 (loop C),
he latter being unique to 1B10 and chicken 1B12 (also a highly
ctive retinaldehyde reductase [38]), are major structural determi-
ants for all-trans-retinaldehyde specificity of 1B10, as assessed by
ite-directed mutagenesis and molecular dynamics.
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