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Abstract

Aldose reductase (AKR1B1) is a critical drug target due to its involvement in diabetic
complications, inflammation and tumorigenesis. However, to date, development of clinically
useful inhibitors has been largely unsuccessful. Cyclopentenone prostaglandins (cyPGs)
are reactive lipid mediators that bind covalently to proteins and exert anti-inflammatory and
antiproliferative effects in numerous settings. By pursuing the targets for modification by
cyPGs we have found that the cyPG PGA; binds to and inactivates AKR1B1. A PGA;-
AKR1B1 adduct was observed, both by MALDI-TOF MS and by SDS-PAGE using
biotinylated PGA; (PGA;-B). Insight into the molecular interactions between AKR1B1 and
PGA; was advanced by molecular modeling. This anticipated the addition of PGA; to active
site Cys298 and the potential reversibility of the adduct, which was supported
experimentally. Indeed, loss of biotin label from the AKR1B1-PGA;-B adduct was favored
by glutathione, indicating a retro-Michael reaction, which unveils new implications of cyPG-
protein interaction. PGA; elicited only marginal inhibition of aldehyde reductase (AKR1Al),
considered responsible for the severe adverse effects of many AKR1B1 inhibitors.
Interestingly, other PGs, including non-electrophilic PGE; and PGE,, currently used in the
clinical practice, inhibited the enzyme. Moreover, both PGA; and PGE; reduced the
formation of sorbitol in an ex-vivo model of diabetic cataract to extents comparable to those
attained by the known AKR inhibitor epalrestat. Taken together, these results highlight the
role of PGs as AKR1B1 inhibitors and the interest of PG-related molecules as leads for the

development of novel pharmacological tools.
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Introduction

Enzymes of the Aldo-Keto Reductase (AKR) family metabolize various aldehydes using
NAD(P)(H) as a cofactor. Although they play a protective role under physiological
situations, their increased activity is considered a pathogenic factor (Alexiou et al., 2009).
Aldose reductase (AKR1B1) is an important mediator of inflammation and diabetic
complications (Alexiou et al., 2009; Laffin and Petrash, 2012; Srivastava et al., 2011).
AKR1B1 metabolizes reactive aldehydes, like 4-hydroxy-trans-2-nonenal (Ramana et al.,
2006) yielding products that perpetuate inflammation (Srivastava et al., 2011). AKR1B1 has
also been involved in allergic inflammation and asthma (Yadav et al., 2013; Yadav et al.,
2011). Moreover, AKR1B1 participates in the metabolism of certain prostaglandins (PGs),
thus regulating the generation of inflammatory or vasoactive mediators (Kabututu et al.,

2009; Michaud et al., 2014).

AKR1B1 metabolizes glucose through the polyol pathway producing sorbitol. In
hyperglycemia this provokes sorbitol accumulation, inducing osmotic stress, favoring
epithelial-mesenchymal transition (Ko et al., 1997; Zhang et al., 2012), and contributing to
fibrosis, diabetic cataract, and vasculopathy (Hashim and Zarina, 2012; Lai et al., 2013). In
addition, increased AKR1B1 activity depletes NADPH required for cellular antioxidant
defenses and detoxifying systems (Pollak et al., 2007b), thus increasing susceptibility to
oxidative stress (Pollak et al.,, 2007a; Ying, 2008). Moreover, AKR1B1 can elicit a
proinflammatory and prothrombotic state in diabetes through oxidative stress (Tang et al.,

2011) or Egr-1 hyperacetylation and activation (Vedantham et al., 2014).

Consequently, the search for AKR1B1 inhibitors is an active field of research. However, the
clinical use of various compounds, including tolrestat (Drugbank ID DB02383) and sorbinil
(Drugbank ID DB02712) has been hampered by their poor effectiveness and severe
adverse effects, such as hepatitis or renal toxicity, attributed to inhibition of the related
enzyme aldehyde reductase (AKR1A1l or ALR1) (Muthenna et al., 2009). Therefore,
inhibitor selectivity for AKR1B1 over AKR1A1l is preferred over inhibitory potency if it

implies less side effects (Suzen and Buyukbingol, 2003).
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cyPGs are electrophilic compounds that form Michael adducts with proteins, mainly at
cysteine residues located in favorable environments (Garzén et al., 2011; Oeste and Pérez-
Sala, 2014). cyPGs bind to and modulate transcription factors (Cernuda-Morollon et al.,
2001; Kim and Surh, 2006; Pérez-Sala, 2011), activate the antioxidant response (Levonen
et al., 2004; Martinez et al,, 2012), inactivate detoxifying enzymes, like glutathione
transferases (Sanchez-Gomez et al, 2010), and induce anti-inflammatory and
antiproliferative effects (Diez-Dacal and Pérez-Sala, 2012), for which they have been

proposed as therapeutic tools (Fukushima et al., 2001; Homem de Bittencourt et al., 2007).

Recently, we identified several AKRs as potential targets for the cyPG PGA; (Diez-Dacal et
al., 2011). Here we have explored the interaction of PGA; with AKR1B1. Our results show
that PGA; inactivates AKR1B1 by interacting at its active site, and reduces sorbitol
formation in an ex-vivo model of diabetic cataract. Remarkably, clinically-available PGs

bind to and inhibit AKR1B1, opening novel perspectives for the development of inhibitors.
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Materials. Prostaglandins (PGs) and PG analogs were from Cayman Europe.
Recombinant AKR1B1 from various sources was used in this study (Wako Chemicals USA,
Inc. Richmond, VA, Prospec-Tany TechnoGene Ltd., Ness Ziona, Israel; Acris Antibodies
GmbH, Herford, Germany). In addition, some assays were performed with aldose
reductase purified from rat lens (AKR1B4) (see below). Recombinant human aldehyde
reductase (AKR1A1) was from MyBiosource. In some assays, aldehyde reductase purified
from rat kidney (AKR1A3) was used. Essentially the same results were obtained with
enzymes from different sources. Anti-aldose reductase antibody (anti-AKR, sc-33219) and
anti-AKR1A1 (sc-365078) were from Santa Cruz Biotechnology, specific anti-AKR1B1 was
from Abcam. Other reagents were from Sigma. The peptide ?°"VCALLSCTSHK?*" from the

sequence of human AKR1B1 was synthesized at the Protein Chemistry facility of C.I.B.

Interaction of prostaglandins with AKR1B1 in vitro. Prostaglandins were dissolved
in DMSO. AKR1B1 at 5 uM was incubated in 20 mM Tris-HCI pH 7.0, 45 mM NacCl, 5 mM
MgCl,, 0.1 mM DTT, in the presence of PGs at the indicated concentrations or vehicle for 2
h at r.t., after which, incubation mixtures were directly used for MS analysis or denatured by
addition of 1% TFA and 5 M guanidinium chloride, final concentrations, before purification
on ZipTip C4 (Millipore), from which protein was eluted with 75% acetonitrile. Interaction of
AKR1B1 with biotinylated PGs was assessed by incubation under the same conditions as
above, after which, incubation mixtures were analyzed on 10% SDS-polyacrylamide gels.
Gels were transferred to Immobilon P membranes and the biotin signal associated with the
protein was visualized by incubation with HRP-streptavidin and ECL detection. For analysis
of the interaction between PGA; and the AKR1B1 ***VCALLSCTSHK®” peptide, a 100 uM
solution of the peptide in water was incubated with 500 uM PGA; in the presence of 0.5
mM DTT at r.t. for 16 h. The integrity of the PG under the incubation conditions used was

routinely checked by LC-MS at the Protein Chemistry facility of C.I.B.
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MS analysis. For analysis of full-length AKR1B1, 2 ul of the incubation mixtures were
mixed with 2 pl of 2% TFA and 2 ul of a suspension of the matrix (2,5-dihydroxy-
acetophenone, Bruker-Daltonics). One ul of this mixture was applied to the sample plate
(MTP384 800 pm AnchorChip, Bruker Daltonics) for crystallization at r.t. before analysis on
an Autoflex Il MALDI-TOF-TOF mass spectrometer (Bruker Daltonics) equipped with a
Smartbeam laser, operating in the linear mode. Analysis of the purified peptide was carried
out by MALDI-TOF MS. Peptide fragmentation was achieved by MALDI-TOF-TOF MS-MS
for sequence analysis and determination of the modification site. One ul of peptide was
mixed with 1 ul of the matrix (a-ciano-4-hydroxycinnamic acid (Bruker-Daltonics) at 3 mg/ml
in 33% acetronitrile (v/v) and 0.1% (v/v) trifluoroacetic acid. One pl of this mixture was
applied to the sample plate. MALDI-MS and MALDI-MS/MS data were obtained manually
in an Autoflex Il MALDI-TOF-TOF mass spectrometer equipped with a LIFT-MS/MS
device. Data analysis was performed with the FlexAnalysis software (Bruker-Daltonics).

Analyses were carried out at the Proteomics and Genomics facility of C.I.B.

Animals. Male Wistar rats 8 - 9 weeks old, weighing 200 - 230 g, were used as organ
donors. The animals came from the Breeding Facility of the Institute of Experimental
Pharmacology Dobra Voda (Slovak Republic). The study was approved by the Ethics
Committee of the Institute and performed in accordance with the Principles of Laboratory
Animal Care (NIH publication 83-25, revised 1985) and the Slovak law regulating animal

experiments (Decree 289, Part 139, July 9th 2003).

Preparation of aldose reductase (ALR2 or AKR1B4) from rat lens. AKR1B4 from
rat lens was partially purified using a procedure as follows: lenses were quickly removed
from rats following euthanasia and homogenized in a glass homogenizer with a teflon
pestle in 5 volumes of cold distilled water. The homogenate was centrifuged at 10,000 x g
at 0-4°C for 20 min. The supernatant was precipitated with saturated ammonium sulfate at
40 %, 50 % and then at 75 % salt saturation. The supernatant was retained after the first

two precipitations. The pellet from the last step, possessing AKR1B4 activity, was
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dispersed in 75 % ammonium sulfate and stored in smaller aliquots in liquid nitrogen

container.

Preparation of aldehyde reductase (ALR1 or AKR1A3) from rat kidney. AKR1A3
from rat kidney was partially purified as follows: kidneys were quickly removed from rats
following euthanasia and homogenized in a knife homogenizer followed by processing in a
glass homogenizer with a teflon pestle in 3 volumes of 10 mM sodium phosphate buffer,
pH 7.2, containing 0.25 M sucrose, 2.0 mM EDTA dipotassium salt and 2.5 mM j-
mercaptoethanol. The homogenate was centrifuged at 16 000 x g at 4°C for 30 min and
the supernatant was subjected to ammonium sulfate fractional precipitation at 40 %, 50 %
and 75 % salt saturation. The pellet obtained from the last step, possessing AKR1A3
activity, was dissolved in 10 mM sodium phosphate buffer, pH 7.2, containing 2 mM EDTA
dipotassium salt and 2 mM B-mercaptoethanol to achieve total protein concentration of
approximately 20 mg/ml. DEAE DE 52 resin was added to the solution (33 mg/ml) and after
gentle mixing for 15 min removed by centrifugation. The supernatant containing AKR1A3
was then stored in small aliquots in liquid nitrogen. No appreciable contamination by
AKR1B4 in AKR1A3 preparations was detected since no activity in terms of NADPH

consumption was observed in the presence of glucose substrate up to 150 mM.

Enzyme activity assays. Assays were performed according to slightly different
protocols depending on the source of enzyme, recombinant proteins or partially purified
preparations. For assay of recombinant AKR1B1 activity, 2 ug of protein was incubated
with 10 mM D,L-glyceraldehyde and 200 uM NADPH in 100 mM sodium phosphate buffer,
pH 6.8 in a total volume of 850 ul in a spectrometer cuvette. Assay was started by the
addition of protein and was carried out for 5 min at 24°C. Enzymatic activity was monitored
as the consumption of NADPH measured by the decrease in the absorbance at 340 nm (¢
340nm, NADPH = 6200 M™ cm™), in an Ultrospec 4300-pro spectrophotometer (Amersham
Biosciences). Where indicated, the recombinant protein was preincubated with PGA;
before the assay. Recombinant AKR1A1l activity was assayed in 100 mM potassium

phosphate buffer, pH 7.2 using 100 uM NADPH and 45 mM D-glucuronate. Assay was
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started by addition of the protein and incubations were carried out at room temperature for
4 min. Consumption of NADPH was assessed as above. Spontaneous decrease of NADPH
was routinely monitored using assay mixtures without enzyme. All assays were performed
at least three times in duplicates. PGs were added to the incubation prior or at the time of
the assay, as indicated, in DMSO. Final concentration of DMSO in assays was 1%. Control

samples were incubated in the presence of an equivalent volume of DMSO.

For assay of AKR1B4 and AKR1A3 partially purified preparations from rat tissues the
following procedures were followed: To determine AKR1B4 activity, the reaction mixture
contained 4.67 mM D,L-glyceraldehyde as a substrate, 110 uM NADPH, 67 mM phosphate
buffer, pH 6.2 and 50 pul of the enzyme preparation in a total volume of 1.5 ml. The
reference blank contained all the above reagents except the substrate D,L-glyceraldehyde
to correct for oxidation of NADPH not associated with reduction of the substrate. The
enzyme reaction was initiated by addition of D,L-glyceraldehyde and was monitored for 4
min after an initial period of 1 min at 30 °C. AKR1A3 activity was assayed using 20 mM D-
glucuronate as a substrate in the presence of 120 uM NADPH in 100 mM phosphate buffer
pH 7.2 at 37°C. Enzyme activities were monitored as NADPH consumption by the decrease
of absorbance at 340 nm and were expressed as (O.D.)/s/mg protein. Enzyme activities
were adjusted by diluting the enzyme preparations with distilled water so that 50 ul of the
enzyme preparation gave an average reaction rate for the control sample of 0.020 + 0.005
absorbance units/min. The effect of PGA; on the enzyme activity was determined by
adding PGA; at the required concentrations dissolved in DMSO (1% final concentration of
DMSO in incubation mixture), immediately or 1 hour before activity measurement. The
inhibitor at the same concentration was included in the reference blank. Control samples
received an equivalent amount of DMSO. The preincubation was performed in the absence
of NADPH. At the end of the preincubation period NADPH was added at the required
concentration and the enzyme reaction was started by addition of an appropriate amount of

substrate (D,L-glyceraldehyde or D-glucuronate).
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IC50 values were calculated from a sigmoidal dose-response curve obtained with the

GraphPad Prism software.

Determination of sorbitol formation by isolated rat lenses. A previously described
protocol was used (Chatzopoulou et al., 2011), with the exception that Sigma M-199 (M
3769) was used as an incubation medium at pH 7.4. Briefly, freshly dissected lenses were
incubated individually in 1.5 ml of M-199 medium for 3 h at 37°C, into which 5% CO,, 95%
O, was bubbled at regular intervals. PGA; prepared in DMSO was added to incubation
mixtures in such a way that the final DMSO concentration in all incubations was 1%.
Incubations were terminated by placing the mixtures on ice, washing the eye lenses with
PBS and freezing them at -80°C until analysis. For sorbitol measurement, thawed eye
lenses were homogenized in distilled water and subjected to precipitation with ice-cold
HCIO,, centrifugation and neutralization of the supernatant with K,CO3. Sorbitol present in
the supernatant was determined enzymatically by a previously published method, based on
its oxidation to fructose by sorbitol dehydrogenase coupled to the reduction of resazurin by

diaphorase to the highly fluorescent resorufin (Mylari et al., 2003).

Molecular modeling. The Cartesian coordinates of AKR1B1 were taken from the 1.65
A resolution crystal structure of NADP*-bound human aldose reductase (PDB entry: 1ADS).
Protonation of titratable groups and assignment of AMBER leaprc.ffl14SB force-field
parameters was performed as described previously (Diez-Dacal et al., 2011). Atom
charges for free and Cys298-bound PGA; atoms were obtained by fitting the quantum
mechanically calculated (RHF 6-31G*\\3-21G*) molecular electrostatic potential to a point
charge model, as implemented in Gaussian 03 (Gaussian, Inc.) using the R.E.D. server
(URL: http://g4md-forcefieldtools.org/REDServer/). Parameters for both NADP(H) cofactors
were taken from the AMBER parameter database from the Bryce Group of the University of

Manchester (URL: http://www.pharmacy.manchester.ac.uk/bryce/amber/).

The noncovalent and covalent AKR1B1:NADP(H):PGA; and AKR1B1:NADP":PGA;
ternary complexes were modeled as described before (Diez-Dacal et al., 2011) and

immersed in octahedra containing explicit TIP3P water molecules and 4 Na® ions to

10
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achieve electroneutrality. Unrestrained molecular dynamics simulations were run for 20 ns
using the AMBER force field under periodic boundary conditions and program pmemd as
implemented in the AMBER14 suite (Case et al., 2015). Program Glide (Schrédinger, SL)
was used for docking glutathione (GSH) and the final binding mode was refined after

selecting 3 conformations of covalently bonded PGA;.

Statistical analysis. All assays were repeated at least three times. Statistical

significance was evaluated by a parametric Student’s t-test for independent samples.

11
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Results

PGA;: inactivates AKR1B1. Incubation of recombinant AKR1B1 with PGA; inhibited
enzyme activity in a concentration-dependent manner (Fig. 1A). An IC50 of 15.9 + 7.4 uM
(average of 4 assays + SEM) was obtained. Inhibition of AKR1B1 by PGA; was also time-
dependent. AKR1B1 was incubated with PGA; (20 uM) for increasing times and the pre-
incubation mixture was diluted 1:10 prior to enzyme assay. Under these conditions, close to
40% inhibition of the enzymatic activity was observed after a 2 h pre-incubation with PGA;
(Fig. 1B), indicating an inactivation of the enzyme. To provide further evidence for this
effect, AKR1B1 was incubated with increasing concentrations of PGA; for 2 h, after which,
enzyme activity was assayed maintaining the concentration of PG in the assay mixture or
diluting it 10 times (Fig. 1C). Consistent with the previous results, dilution of the PG in the
assay partially improved but did not completely restore enzyme activity (Fig. 1C). Thus, for
any given concentration of the PG in the assay the degree of inhibition observed was
always higher when the enzyme had been pre-incubated with a 10-fold PG excess. These

results indicate that PGA; inactivates AKR1B1.

PGA; binds covalently to AKR1B1. To assess the possibility of a covalent interaction
between PGA; and AKR1B1, we first analyzed PGA;-binding to AKR1B1 by MALDI-TOF
MS (Fig. 2A). The intact control protein was observed at m/z 35686.1. In the presence of
PGA; we observed a mass shift of 336.9, compatible with the formation of a complex
between one PGA; molecule (mass 336.5 Da) and AKR1B1. PGA; binding was stable even
after incubation in the presence of 5 M guanidinium chloride and subsequent purification by
ZipTip (Fig. 2A, lower panel). In addition, incubation of AKR1B1 with the biotinylated analog
of PGA; (PGA;-B) resulted in the formation of a complex that could be detected under
denaturing conditions, as assessed by SDS-PAGE followed by protein transfer and biotin
detection with HRP-coupled streptavidin (Fig. 2B). These results firmly support the covalent

nature of the PGA;-AKR1B1 complex.

Molecular modeling of PGA;-AKR1B1 interaction. In our previous study we proposed a
three-dimensional molecular model for the pre-covalent complex between PGA; and

12
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AKR1B1 (Diez-Dacal et al.,, 2011). We suggested that PGA; was likely to share some
binding features with several known inhibitors which have been co-crystallized with
AKR1B1, the most prominent being that the cyclopentenone oxygen (09) of PGA,, in
analogy to the carboxylate of many of these inhibitors, can accept hydrogen bonds from
both the N¢ of His111 and the hydroxyl of Tyr49 (Fig. 3). In such an arrangement, the -
carbon of the a,B-unsaturated system in PGA; (C11) is activated and able to react with the
attacking sulfur of Cys298 to yield the corresponding Michael adduct (Fig. 3A). The reaction
mechanism would first proceed with the formation of an enolate intermediate which would
then evolve to the keto form following protonation at C10. Although addition of cyPGs to
cysteine residues is considered virtually irreversible in biological systems, theoretically, this
reaction can proceed in both ways. In fact, in the case of GSTp, excess glutathione (GSH)
has been proposed to facilitate the retro-Michael reaction of a GSTp-PGA; adduct (van
lersel et al., 1999). Therefore, we assessed the feasibility of GSH binding to the
AKR1B1(Cys298-PGA;):NADP" ternary complex using molecular modeling. Our results
showed that the attacking sulfur group in GSH can indeed gain access to C11 of PGA; and
therefore, this metabolite could reverse the covalent binding of PGA; to the enzyme
through a Michael addition (Fig. 3B). Remarkably, the reversibility could be confirmed
experimentally by incubating the AKR1B1-PGA;-B adduct in the presence of excess GSH.
This induced a loss of the biotin signal associated with AKR1B1 that is indicative of a
decrease in the concentrations of adduct (Fig. 4A). Complementarily, an excess nitro-
benzyl-glutathione analog (NBG), in which the thiol group of glutathione is blocked, did not
show this effect (Fig. 4B). It is noteworthy that when the PGA;-B adduct of the AKR1B10
isoform was likewise incubated with GSH, the biotin signal was also reduced (Fig. 4C).
These results suggest that the covalent PGA;-AKR1B1 adduct may be reversible under
certain conditions and that this behavior may be shared by other members of the AKR

family, given the high degree of conservation of the catalytic residues.

Next, we attempted to confirm the binding site of PGA; to AKR1B1 using several strategies.
The first one relied on direct MS analysis of modified recombinant AKR1B1 using both

MALDI/MS and LC-MS/MS approaches. AKR1B1 was incubated with PGA; and protein

13
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was digested with trypsin under various conditions, including protein reduction and/or
alkylation. When cysteines were reduced and alkylated prior to trypsin digestion, all the
cysteine-containing peptides were identified and displayed carbamidomethylation
modification. In the condition without reduction and alkylation we reached maximal protein
coverage of 92%, but we did not detect modified peptides in the PGA;-incubated protein.
However, the peptide containing Cys298 was not identified under this condition, suggesting
that it could be particularly unfavorable for detection using this technique due to poor
ionization or to the occurrence of uncharacterized modifications. Additionally, processing of
the sample for analysis could affect the stability of the PGA; adduct. To get insight into
these possibilities we next tested the direct interaction of the synthetic tryptic peptide that
corresponds to the C-terminal region, 2"VCALLSCTSHK®” (m/z 1161.5), with PGA; under
forced conditions. Indeed, we observed the modification of the peptide by PGA; addition,
resulting in a mass shift of 336.5 Da (m/z of the modified peptide 1498.1; expected m/z of
the modified peptide 1498.2), which corresponds to the incorporation of one PGA;
molecule (Fig. 5). MALDI-TOF-TOF MS/MS analysis of the modified peptide revealed
binding of PGA; at Cys298, as indicated by the detection of peaks compatible with a mass
increment of 336.5 on several ions (see details in Figure 5A). In addition, we observed
several peaks compatible with PGA; addition at Cys303, suggesting that the 1498.1
peptide may contain a mixture of both species. Moreover, the ion corresponding to the
retro-Michael fragmentation of the modified peptide (m/z 1161.5) as well as the ions
corresponding to the free cysteines, were detected. Thus, although using this approach we
can observe modification of cysteine residues by PGA;, binding is not fully stable under the
conditions of the analysis and does not allow to ascertain the potential selectivity of the
modification. Moreover, the isolated peptide cannot mimic the complex interactions taking
place in the full-length protein. Therefore, to strengthen the hypothesis that PGA; binds at
the active site Cys298 we performed a competition assay with GSNO, which has been
shown to specifically target Cys298 by inducing its glutathionylation (Baba et al., 2009). As
observed in Fig. 5B, preincubation of AKR1B1 with GSNO reduced the incorporation of

PGA;-B, thus suggesting that Cys298 glutathionylation impairs the formation of the adduct.
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Various PGs inhibit AKR1B1 activity. Recent works have documented the interaction of
several PGs with enzymes of the AKR family (Nagata et al., 2011), and the role of AKR1B1
in PG synthesis (Kabututu et al., 2009). Therefore, we explored the effect of several PGs
as potential inhibitors of AKR1B1. The structures of the various compounds used are
depicted in Figure 6A. Both 15d-PGJ, and its analog lacking the endocyclic double bond,
9,10-dihydro-15d-PGJ,, inhibited AKR1B1 activity in vitro with IC50 values of 17.0 and 27.3
uM, respectively. Both compounds are capable of forming covalent adducts with proteins.
Interestingly, several non-electrophilic PGs, including PGE, and PGE;,, the precursor of
PGA,, as well as the PGE; analog limaprost (17a,20-dimethyl-A*-PGE;), could also inhibit
AKR1B1 (IC50 values of several of the assayed compounds are depicted in Figure 6B).
This is important because PGE; and its analogs are currently used in the clinical practice
as vasodilators in multiple situations, including erectile dysfunction, patent ductus
arteriosus or intermittent claudication (Hanchanale and Eardley, 2014; Nakanishi et al.,
2008; Swainston Harrison and Plosker, 2007; Talosi et al., 2004). To get insight into the
nature of the interaction between PGE, and AKR1B1, we performed MALDI-TOF MS
analysis (Fig. 7A). AKR1B1 incubated in the presence of PGE; showed a displacement of
the centroid of the protein by 349.6 Da, which is compatible with the formation of a PGE,-
AKR1B1 complex (mass of PGE,, 352.5)(Fig. 7A, upper panel). This complex was stable
after addition of 1.5 M guanidinium chloride and ZipTip purification. However, in contrast to
what was observed with PGA;, binding of PGE, was lost after addition of 5 M guanidinium
chloride and subsequent purification on ZipTip (Fig. 7A, lower panel). Furthermore,
incubation of AKR1B1 with biotinylated PGE; did not result in an adduct stable under SDS-
PAGE denaturing conditions (Fig. 7B). Thus, these observations suggest that PGE also
interacts with the enzyme active site, although through a non-covalent interaction.
Consistent with this, incubation of AKR1B1 with an excess PGA; or PGE, reduced its
modification by PGA;-B (Fig. 7C, left panels). However, when the excess of competing PG
was removed prior to addition of PGA;-B the blocking effect of PGE, was abolished
whereas that of PGA; persisted (Fig. 7C, right panels). These results indicate that some

PGs may tightly bind to AKR1B1 in such a way that the complex is stable under the
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conditions used for MALDI-TOF MS but is lost under denaturing conditions or upon removal
of the PG. Therefore, several PGs can act as inhibitors of AKR1B1, at least in part by

interacting with the protein in either a reversible or an irreversible manner.

PGA; selectively inhibits AKR1B1 versus AKR1Al. An important issue about AKR1B1
inhibitors is their selectivity towards this enzyme versus other enzymes processing
aldehydes, mainly aldehyde reductase or AKR1A1, since inhibition of AKR1Al1 has been
considered responsible for some of the adverse effects of aldose reductase inhibitors
(Alexiou et al., 2009). Therefore, we assessed whether PGA; inhibited AKR1Al. PGA;
inhibited recombinant AKR1A1 only marginally (200 uM PGA; elicited an inhibition of
AKR1AL1 close to 20%, Fig. 8). Moreover, the inhibition was not concentration-dependent,
which precluded the calculation of an IC50 value. Similar results were obtained using
enzymes from different sources, namely, the recombinant enzyme and the enzyme purified
from rat kidney. In the case of rat kidney aldehyde reductase, the percentage inhibition by
100 uM PGA; was 18.8% + 3.1 (average + SD of 6 determinations) without preincubation,
and 17.8% £ 1.2 (average + SD of 3 determinations), after 1 h preincubation. Therefore,
preincubation with PGA; did not influence the extent of inhibition. Thus, PGA; displays high

selectivity for AKR1B1 versus AKR1A1.

Studies with aldose reductase (AKR1B4) from rat lens. To obtain insight into the
potential beneficial effects of inhibiting AKR1B1 in a biological system, we studied rat
lenses as a model in which AKR1B4 activity has been involved in the development of
diabetic cataract (Reddy et al., 2011). PGA; effectively inhibited AKR1B4 isolated from rat
lens with an IC50 of 4.1 + 1.1 pM. Also in this case, preincubation of the enzyme
preparation with the PG inactivated the enzyme, as deduced from the stronger inhibition
observed: percentage of inhibition observed with 5 uM PGA;, 52.46 + 1 (average + SEM of
nine assays); percentage of inhibition after 1 h preincubation in the presence of 5 uM
PGA;, 66.10 + 0.53 (average = SEM of three assays, p<0.001 vs no preincubation by
parametric Student’s t-test for independent samples). Consistent with the above data,

PGE; also inhibited rat lens AKR1B4 with an IC50 of 4.1 £ 1.12 uM. Finally, we assessed
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the effect of PGA; on AKR1B4 activity in intact rat lenses by measuring the formation of
sorbitol from glucose (Fig. 9). Incubation of intact lenses in a glucose enriched medium
increased the formation of sorbitol. Interestingly, PGA; inhibited glucose-stimulated sorbitol
formation in a concentration-dependent manner (Fig. 9A), showing a potency similar to that
of other known inhibitors of AKRs like epalrestat (Fig. 9C). Moreover, PGE; was also an
effective inhibitor in this system (Fig. 9B). Interestingly, PGE and PGE analogs are
currently used for the treatment of various ocular pathologies, including glaucoma and
ischemia (Alm, 2014; Steigerwalt et al., 2010). Since AKR inhibitors have been envisaged
as potential therapeutic tools for ocular diabetic complications, the definition of PGs as
inhibitors of AKR1B1 encourages the study of their potential usefulness for these

conditions.
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Discussion

Aldose reductase (AKR1B1) is an important drug target due to its involvement in
many pathophysiological processes, including inflammation, allergy and the development of
diabetic complications. Here we show that several PGs bind to and inhibit AKR1B1 by
establishing specific interactions with the enzyme. Moreover, we have observed that PGA;
and PGE; inhibit aldose reductase activity in an ex-vivo model of diabetic cataract. These
observations, together with the fact that several PGs found to inhibit AKR1B1 are currently
used in the clinical practice, open up new possibilities for designing novel therapeutic
strategies to counteract the deleterious effects of aldose reductase in diabetic

complications.

CyPGs modify a plethora of cellular proteins mainly at cysteine residues. However,
their binding does not occur randomly; rather it is determined by structural features of the
protein and the cyPG and by context factors. Aldose reductase was identified as a selective
target for PGA; in murine fibroblasts, in which AKR enzymes appeared as the main
cytosolic PGA;-B-madified proteins (Diez-Dacal et al., 2011). Here we show that the major
product of AKR1B1-PGA; interaction consists of a covalent adduct which incorporates one
PG molecule. Thus, although AKR1B1 possesses seven cysteine residues, apparently only
one is modified by PGA;. Despite unsuccessful attempts to detect the modified peptide by
MS analysis, our results are consistent with the hypothesis that PGA; interacts with
Cys298, which occupies a key position in the active site of AKR1B1 (Balendiran et al.,
2011). This is based on analogy with AKR1B10, which is modified at the equivalent
Cys299, as detected by both MS (Diez-Dacal, unpublished results) and site directed

mutagenesis (Diez-Dacal et al., 2011).

Cys298 of AKR1B1 has been shown to be the target for various oxidative modifications that
are responsible for a complex regulation of AKR1B1 activity. Thus, some modifications, like
S-nitrosylation or alkylation, may even increase the activity of the enzyme in vitro, whereas
glutathionylation is inhibitory (Kaiserova et al., 2006; Srivastava et al., 2003). In vivo,

sufenylation of the active site cysteines, Cys298 and Cys303, a modification potentially
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secondary to S-nitrosylation, has been proposed to mediate the increase in AKR1B1
enzyme activity observed in the ischemic heart (Baba et al., 2009). Therefore, it seems that
the functional consequences of the modification depend on the size or the structure of the
modifying moiety. Covalent addition of cyPGs to cysteine residues requires the thiol group
to be in its free thiolate form. Thus, other oxidative modifications of AKR1B1, including
disulfide formation with the neighboring Cys303, will preclude covalent binding of PGA;.
Interestingly, although cyPG addition is considered irreversible under physiological
conditions (Suzuki et al., 1997), our results demonstrate that the AKR1B1-PGA; adduct is
not stable in the presence of millimolar GSH concentrations. Our molecular model shows
that, although the binding of PGA; to the active site of AKR1B1 prevents the entry of GSH
into the anion binding site (Singh et al., 2006), the GSH thiol group is accessible to C11 of
PGA; and therefore, it could react with the cyPG and revert the covalent adduct (Fig. 3b),
which is in accordance with our experimental results. These observations reinforce the
importance of GSH levels as modulators of cyPG-induced protein modification and
regulation, observed in several experimental models (Diez-Dacal et al., 2011; Gayarre et
al., 2005; Straus et al., 2000). Moreover, they grant the study of the reversibility of other
cyPG- or electrophilic lipid-protein adducts and the reevaluation of their potential regulatory

importance.

An interesting aspect of PGA; is its high selectivity towards AKR1B1 versus AKR1A1,
which is an important index for the adequacy of potential inhibitors. Inhibition of AKR1A1,
also known as aldehyde reductase or ALR1, may result in skin reactions and liver toxicity
(Muthenna et al., 2009). Therefore, lack of selectivity between the two enzymes is
considered to be responsible for many of the adverse effects of compounds intended for
inhibition of AKR1B1, which in some cases precludes their clinical use (El-Kabbani et al.,

2004).

Importantly, we show that non-electrophilic PGs may also interact with AKR1B1 and act as
inhibitors of the enzyme. Previous interactions of AKR1B1 with PGs have been reported.

AKR1B1 has been identified as a PGF, synthase using PGH, as the substrate in the
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presence of NADPH (Michaud et al., 2014), whereas in its absence it may catalyze its
isomerization to PGD,, which is a precursor for the J series of cyPGs (Nagata et al., 2011).
In this context, our findings that several PGs bind and inhibit the enzyme may be highly
relevant in pathophysiological settings. In the case of PGE; it is interesting to note that the
enzyme-PG complex is stable enough as to be observed by MALDI-TOF MS under mild
denaturing conditions, although is lost after removal of excess PG and under strong
denaturing conditions, such as those used for SDS-PAGE or incubation in high guanidinium
chloride concentrations. IC50 values obtained for most PGs were in the micromolar range.
The differences found between IC50 values for recombinant AKR1B1 and the purified rat

lens enzyme are likely due to differences in enzyme preparation and/or assay conditions.

The pathophysiological implications of AKR1B1 continue to expand. Besides its widely
accepted role in the development of diabetic complications, AKR1B1 has been recently
involved in tumorigenesis and in allergic responses (Yadav et al., 2013). The fact that
AKR1B1 activity can be regulated by PGs poses interesting questions in this context.
Remarkably, PGE; has been reported to exert protective effects in asthma, mainly through
interaction with the PGE receptor (Torres et al., 2015), but an implication of AKR1B1 in
these effects has not been explored. It would be relevant to assess whether AKR1B1 can
be modulated by endogenously generated PGs and if so, if this influences inflammatory or
allergic responses. Importantly, genetic alterations can provide additional
pathophysiological implications of AKR1B1. Indeed, several polymorphisms of the AKR1B1
gene have been associated with the development of diabetic complications (Abhary et al.,
2010; Demaine, 2003). Nevertheless, an association of these or other polymorphisms with
tumorigenesis or inflammatory allergic conditions has not been reported to date. Studies

are under way to explore these possibilities.

One of the most common diabetic complications is the development of diabetic cataracts.
AKR1B1 has long been involved in lens opacification in situations of hyperglycaemia
(Narayanan, 1993). AKR1B1 has been identified as a risk factor for cataract. Experimental

aldose reductase overexpression in the lens accelerates the development of cataracts in
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diabetic mice (Lee et al., 1995) (Snow et al., 2015), whereas knockdown of the enzyme in
rats protects from lens opacification ex vivo (Reddy et al., 2011). In addition, strategies
using inhibitors have provided numerous pieces of evidence for the implication of AKR1B1
in diabetic cataract in various experimental models. Thus, topical administration of an
aldose reductase inhibitor delays the development of cataracts in diabetic dogs (Kador et
al., 2010), whereas oral treatment with another inhibitor prevents their progression in rats
(Kawakubo et al., 2012). The results herein presented show that both PGA; and PGE;
reduce the formation of sorbitol in isolated rat lenses exposed to high glucose, thus
opening the way for in vivo studies. Interestingly, the extent of inhibition attained by PGs is
similar to that of the well-known AKR inhibitor epalrestat, which has a considerable lower
IC50 value in vitro. Therefore, the possibility exists that a better penetrance or a more
stable interaction with the enzyme favor the efficacy of PGs in this biological system.
Interestingly, some of the PGs assayed, including PGE; (alprostadil) and its analog,
limaprost, are currently used in the clinical practice as vasodilators, and beneficial effects of
these agents have been documented in age-related macular degeneration (Augustin et al.,
2013) and in intermittent claudication (Nakanishi et al., 2008), among others. In fact,
several pharmaceutical presentations for topical ocular administration in the treatment of
glaucoma are available, which include PG analogs at concentrations in the range of those
used in this work. Therefore, our studies raise the possibilities of considering PGs as
leading molecules for the design of new inhibitors and/or exploring the potential of the
already clinically used PGs as therapeutic agents in the management of some diabetic

complications.

In summary, the results presented here shed new light on the mechanism of action of
cyPGs by showing that under certain conditions their binding to proteins may be reversible.
Moreover, they unveil that various PGs, some of which are used in the clinic, are inhibitors

of AKR1B1, thus suggesting an avenue for novel therapeutic opportunities.
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Figure legends

Fig. 1. Effect of PGA; on AKR1B1 activity. (A) The activity of recombinant AKR1B1 was
assayed in the presence of the indicated concentrations of PGA;. The inset shows a
sigmoidal plot for the calculation of IC50. (B) AKR1B1 was preincubated with 20 uM PGA;
for the indicated times at r.t., after which, the incubation mixture was diluted ten times in the
assay mixture and AKR1B1 activity was measured as detailed in Methods. (C) AKR1B1
was preincubated for 2 h at r.t. with the indicated concentrations of PGA;. Incubation
mixtures were then assayed for AKR1B1 activity in the presence of either the same
concentrations of PGA; in the assay mixture (o) or after diluting the incubation mixture 10-
times (e). In all cases, results are average values of three experiments performed in

duplicate + S.E.M.

Fig. 2. Interaction of PGA; with AKR1B1. (A) AKR1B1 at 5 uM was incubated with 50 uM
PGA; for 1 h at r.t. Incubation mixtures were analyzed by MALDI-TOF MS, before (upper
panel, -ZipTip) of after denaturation with guanidinium chloride and purification on ZipTip
(lower panel). (B) AKR1B1 was incubated with PGA;-B as above and the incorporation of
the PG was assessed by SDS-PAGE, blot and detection of the biotin signal with HRP-
streptavidin. The amount of protein was assessed by western blot with an anti-AKR
antibody. Results are representative from at least three assays with similar results in each

case.

Fig. 3. Covalent binding of PGA; to the catalytic Cys298 of AKR1B1. (A) Proposed
mechanism of PGA; binding. (B) Molecular model of the binding of GSH to the active site of
AKR1B1 (PDB entry: 1ADS) once PGA; is covalently bonded to Cys298. Dotted line

indicates the proximity of thiol group in GSH to C11 of PGA;.

Fig. 4. Effect of GSH on the stability of the AKR1B1- and AKR1B10-PGA;-B adducts.
AKR1B1 (A and B) or AKR1B10 (C) was incubated in the presence of 1 uM PGA;-B, for 2 h
at 37°C. Where indicated, GSH or NBG at 5 mM final concentration was then added and

the incubation was continued for 5 min at r.t. Samples were immediately processed for
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SDS-PAGE by addition of Laemmli buffer and incubation at 95°C for 5 min. Levels of the
corresponding AKR-PGA;-B adducts were assessed by SDS-PAGE, blot and biotin
detection with HRP-streptavidin. Levels of AKR1B1 or AKR1B10 were assessed by
western blot with an anti-AKR antibody. Lower panels show the quantitation of the biotin
signals corrected by the levels of AKR protein. Results shown are average values of three
determinations + S.E.M. *p<0.05 vs control incubation. Dotted lines indicate where lanes

from the same gel have been cropped.

Fig. 5. Involvement of cys298 in the interaction of PGA; with AKR1BL1. (A) Interaction of
PGA; with an AKR1B1 synthetic peptide. The synthetic peptide **’VCALLSCTSHK?*"" was
incubated with vehicle or PGA; and the peaks corresponding to the unmodified peptide
(m/z 1161.5, upper panel) and the PGA;-peptide adduct (m/z 1498.1, lower panel) were
fragmented by MALDI-TOF-TOF MS-MS and the sequences obtained are shown. Asterisks
and pound symbols denote the ions for which peaks compatible with the addition of PGA;
on Cys303 and Cys298, respectively, were observed. (B) AKR1B1 was incubated with or
without 100 uM GSNO for 30 min at r.t. The reaction mixtures were then incubated with 1
uM PGA;-B for 90 min at r.t. AKR1B1 modification was analyzed by SDS-PAGE and blot
with HRP-Streptavidin and protein levels assessed with an anti-AKR antibody. Lower panel
depicts the quantitation of biotin signal corrected by AKR1B1 levels. Results shown are

average values of three determinations + S.E.M. *p<0.05 vs the absence of GSNO.

Fig. 6. Inhibition of AKR1B1 by various compounds. (A) Structure of some of the PGs and
PG analogs studied as inhibitors of AKR1B1. (B) The activity of AKR1B1 in the presence of
increasing concentrations of various compounds was assessed as in Figure 1A and the
IC50 values obtained are shown. Assays were performed without preincubation except in
the case of PGA;-B for which a 2 h preincubation and subsequent 1:10 dilution in the assay
mixture were performed. Results are average values = S.E.M. of at least three

determinations.

Fig. 7. PGE; interacts non-covalently with AKR1B1. (A) AKR1B1 at 5 uM was incubated

with 50 uM PGE; for 1 h at r.t. Incubation mixtures were analyzed by MALDI-TOF MS,
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before (upper panel, -ZipTip) or after denaturation with guanidinium chloride and
purification on ZipTip (lower panel). (B) AKR1B1 was incubated with biotinylated PGA;
(PGA;-B or biotinylated PGE, (PGE,-B) at the indicated concentrations for 2 h at r.t. and
the incorporation of biotin was assessed by SDS-PAGE, transfer and detection with HRP-
streptavidin. Levels of AKR1B1 were detected by western blot with anti-AKR antibody.
Results are representative of three assays with the same results. (C) AKR1B1 was
incubated with the indicated PGs at 100 uM, final concentration, during 30 min at r.t.
Incubation mixtures were split into two aliquots and one of them was subjected to gel
filtration on Zeba desalting micro-spin columns to remove excess PG (left panels).
Subsequently, 1 uM PGA;-B was added and incubation was continued for 90 min at r.t.
before analysis by SDS-PAGE, blot and biotin detection with HRP-streptavidin or AKR1B1
detection with an anti-AKR antibody. Results shown are representative of three
experiments with similar results. Dotted lines indicate where lanes from the same gel have

been cropped.

Fig. 8. Effect of PGA; on AKR1Al activity. Recombinant AKR1A1l was incubated in the
presence of the indicated concentrations of PGA; and enzymatic activity was determined
as described in the experimental section. Results are average values + SEM from 4

independent incubations. No statistically significant differences were found.

Fig. 9. PGA; inhibits aldose reductase activity in isolated rat lens. Isolated rat lenses were
incubated with 50 mM glucose in the absence or presence of the indicated concentrations
of PGA; (A), PGE; (B) or Epalrestat (C) for 3 h at 37°C. The formation of sorbitol was
monitored as described in Methods. Results are mean values + SEM from at least 4
independent incubations. +++ p<0,001 vs. Control; * p<0,05 and *** p<0,001 vs. 0 PGA;.
The control value in the absence of glucose represents the native sorbitol level in non-

incubated lenses of control animals.
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