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Abstract

Acute kidney injury (AKI) is associated with high morbidity and mortality, and no drugs are
available clinically. Metabolic reprogramming resulting from the deletion of S-nitroso-Coenzyme
A reductase 2 (SCoR2; AKR1AL1) protects mice against AKI, identifying SCoR2 as a potential
drug target. Of the few known inhibitors of SCoOR2, none are selective versus the related
oxidoreductase AKR1B1, limiting therapeutic utility. To identify SCoR2 (AKR1A1) inhibitors
with selectivity versus AKR1B1, analogs of the non-selective (dual 1A1/1B1) inhibitor imirestat
were designed, synthesized, and evaluated. Among 57 compounds, JSD26 has ten-fold selectivity
for SCoR2 versus AKR1B1 and inhibits SCoR2 potently through an uncompetitive mechanism.
When dosed orally to mice, JSD26 inhibited SNO-CoA metabolic activity in multiple organs.
Notably, intraperitoneal injection of JSD26 in mice protected against AKI through S-nitrosylation
of pyruvate kinase M2 (PKM2), whereas imirestat was not protective. Thus, selective inhibition of
SCoR2 has therapeutic potential to treat acute kidney injury.
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Introduction

Acute kidney injury (AKI) is a syndrome characterized by the rapid loss of kidney excretory
function and is associated with high morbidity and mortality.l: 2 AKI can be caused by
renal ischemia, direct damage to the kidneys, or blockage of the urinary tract. Low blood
pressure, vasoconstrictive drugs, radiocontrast agents, blood loss, severe allergic reactions
and trauma may often contribute.3: 4 When delivery of oxygen and metabolic substrates
becomes inadequate during ischemia, sublethal injury of renal proximal tubular epithelium
occurs.® This in turn leads to the initiation of acute tubular necrosis and a rapid decline

in glomerular filtration rate. After a period of temporary ischemia, acute restoration of the
blood supply (reperfusion) results in oxidative damage and robust inflammation.® AKI is
thus a complicated illness with manifold causes and contributing mechanisms, and no drugs
are available for clinical treatment.”: 8

We have recently discovered that a novel protein S-nitrosylation system, including S-nitroso-
Coenzyme A (SNO-CoA) and its cognate denitrosylase SNO-CoA reductase (SCoR1 in
yeast; SCOR2 in mammals), plays an important role in protecting kidneys from AKI.9 SNO-
CoA, formed by coupling of NO to CoA, serves as an endogenous S-nitrosylating agent and
regulates multiple metabolic pathways via S-nitrosylation of specific substrates.19 11 The
cellular level of SNO-CoA is strictly regulated by SCoR2, which eliminates SNO-CoA.12
Deletion of the SCoR2 thus leads to elevated SNO-CoA and increased S-nitrosylation of
proteins. Knockout of SCoR2 in mice promotes renal protection through S-nitrosylation

of pyruvate kinase M2 (PKM2).2 S-nitrosylation of PKM2 causes metabolic shunting of
glycolytic intermediates into both one-carbon anabolic precursors and into the pentose
phosphate pathway to generate NADPH thereby ameliorating oxidative kidney injury.®: 13
Thus, inhibition of SCoR2 provides a novel therapeutic opportunity in AKI.

SCoR2 is encoded by the aldo-keto reductase family member A1 (AKR1A1) gene. Among
the AKR family, AKR1B1 is the closest isoform to AKR1A1, sharing around 50% protein
sequence identity. Both AKR1B1 and AKR1A1 are characterized by a well-known (p/
a)g-barrel motif.14 The C-terminal region of the (B/a)g-barrel delineates the active site,
which is optimized for high-affinity interaction with NADPH. The active site possesses

J Med Chem. Author manuscript; available in PMC 2024 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Results

Page 3

two contacting domains potentially involved in inhibitor binding. The first is a hydrophilic
region, which contains a recognition sequence for hydrogen bond acceptors. The second is
a hydrophobic pocket lining the active site cleft. The active sites of AKR1B1 and AKR1A1
differ in the C-terminal loop region, providing opportunity to design specific inhibitors.
The C-terminal loop of AKR1B1 exhibits a higher level of plasticity, while AKR1A1
possesses an insertion of 10 amino acids between Met301 and Arg311 that likely affects its
dynamic properties.1> 16 Because of its important role in hyperglycemic injury and diabetic
complications, AKR1BL1 is by far the most studied of the aldo-keto reductase isoforms,

and several AKR1B1-specific inhibitors have been developed.1’ Most AKR1B1 inhibitors
are either carboxylic acids (tolrestat and zopolrestat) or spirohydantoins (sorbinil, imirestat
and ranirestat), and several have entered clinical trials. By contrast, the primary function of
AKR1AL1 in humans had remained a mystery until we identified AKR1A1 as a SNO-CoA
reductase.1? Thus, AKR1A1 (SCoR2) has not previously been viewed as a desirable drug
target.18

Here, we report that AKR1B1 co-inhibition using a non-selective drug is detrimental to

renal protection expected by inhibition of AKR1A1. To develop specific inhibitors of SCoR2
(AKR1AL), we employed /n silico docking to aid in the design of compounds that bind the
active site of SCoR2 versus AKR1B1. Thirty compounds were identified that inhibit SCoR2
activity with an 1Cgq below 100 nM. One of these, JSD26, selectively inhibits SCOR2 versus
AKR1B1, and we used JSD26 /n vivoto demonstrate the therapeutic potential of a specific
SCoR2/AKR1AL inhibitor in renoprotection.

Imirestat inhibits both AKR1B1 and SCoR2 activity.

Our previous study indicated that inhibition of SCoR2 may be therapeutic in AKI.2
AKR1B1 is the closest isoform to SCoR2 in the aldo-keto reductase family. Thus, to
discover potential SCoR2 inhibitors, we tested the well-established AKR1B1 inhibitors
(imirestat, sorbinil, epalrestat and tolrestat) to determine whether they also inhibit SCoR2
activity. All four compounds inhibit the activity of SCoR2 to metabolize DL-glyceraldehyde
(a common substrate of the aldo-keto reductase family) in an /n vitro assay (Figure 1A-1D).
Of these, imirestat was the most potent inhibitor of the DL-glyceraldehyde-metabolizing
activity of SCoR2, with an I1Csq of 45 nM (Figure 1A). Imirestat also efficiently inhibited the
SNO-CoA-metabolizing activity of SCoR2, with an ICg of 57 nM (Figure 1E).

Imirestat has been tested clinically as an AKR1B1 inhibitor and is efficiently absorbed

into blood after intraperitoneal injection.1® We injected imirestat i.p. into the lower right
quadrant of the mouse abdomen at a single dose of 20, 40, 80 or 120 mg/kg body weight.
After 18 hours, renal SNO-CoA metabolic activity was reduced by 80% in kidneys from
imirestat-treated mice, even at the lowest dose (20 mg/kg), compared with DMSO control
(Figure 1F). This degree of inhibition was essentially equal to that seen in the kidneys of
SCoR2-knockout mice (SCoR277), indicating that imirestat is a highly effective inhibitor of
SCoR2 in vivo.
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Next, we investigated whether pretreatment with imirestat would provide protection against
AKI, as seen with knockout of SCoR2 in mice.® AKI surgery was performed 18 hours after
administration of imirestat (20 mg/kg i.p.). Blood and kidneys were harvested 24 hours
post-surgery. Although SNO-CoA-metabolic activity in kidneys following AKI was strongly
inhibited and almost equivalent to inhibition in the kidneys of SCoR2~/~ mice (Figure 1G),
we found that both serum creatinine and blood urea nitrogen (BUN) level—indicators of
kidney dysfunction—were the same in imirestat-treated mice as in DMSO-treated mice,
indicating that imirestat treatment does not protect against AKI (Figure 1H and 11). To
investigate if longer-term inhibition of SCoR2 activity is required for protection against
AKI, we fed mice a diet containing imirestat (AIN-93 Rodent diet, with 125 mg imirestat/kg
diet) for 3 weeks or 12 weeks. SCoR2 activity in the kidney was potently inhibited on the
imirestat diet (Figure 1G) confirming its oral bioavailability, but the mice still did not show
protection against AKI (Figure 1J and 1K). Since imirestat inhibits the activity of AKR1B1
(Figure 1L and 1M), we inferred that the AKR1B1 inhibition mediated by imirestat might
counteract renal protection.

JSD26 is a selective SCoR2 inhibitor.

Based on the high SCoR2 inhibitory potency of imirestat, we elected to develop SAR
around its tricyclic hydantoin core using an enzymatic assay with DL-glyceraldehyde as
the substrate (Figure 2A). Beginning with imirestat, we explored the effects of substituents
at C2, C3, C4 and C7 (Figure 2B and Table S1). Synthesis of the hydantoin ring was
accomplished using the Bucherer-Berg reaction starting from substituted fluorenones.20
For compound 5-1 (JSD26) and 5-2, a modified synthesis from the imine was carried

out (Supplemental Figure 1). Of the 57 imirestat analogs synthesized, 23 inhibited DL-
glyceraldehyde-metabolizing activity with an ICsq below 150 nM (Figure 2C). SAR studies
indicate: 1) hydantoin analog 2 which lacks the C2 and C7 fluorine atoms of imirestat is less
potent; 2) introduction of substituents at C2, with or without a C7 fluoro substituent, gave
loss of potency, with chloro, bromo, cyclopropyl and cyclobutyl being the only exceptions;
3) substitution at C3 and C4 was better tolerated with several larger and more polar
substituents giving potency equal to or better than that of imirestat; 4) all analogs with
substituents larger than fluorine at either C2 and C7 were less potent than imirestat (Table
1).

Active compounds from the SAR studies were docked to the published crystal structure

of Sus scrofa AKR1A1 (SCoR2, PDBid 3H4G).2! There are three reasons why this PDB
structure was chosen: 1) the human AKR1AL1 structure does not have the NADPH/NADP*
cofactor bound (PDBid 2ALR);22 2) Sus scrofa AKR1A1 has a high 94.2% sequence
identity with human AKR1AL; and 3) the Sus scrofa AKR1A1 structure had fidarestat
bound, which shares the same key imidazolidine-2,4-dione moiety with imirestat.2! To
probe the selectivity of the designed compounds, we additionally docked the compounds
against AKR1B1 (PDBid 4JIR, complexed with epalrestat)23 and AKR1B1 (PDBid 4GAB,
complexed with fidarestat).24 Our docking studies suggested that introduction of a hydroxy!
group at C3 would allow a hydrogen-bond to be made with the backbone oxygen of Val300
present in SCoR2 and that carboxymethyl substituent at C4 could make an electrostatic
interaction with Arg312, present in SCoR2 but not in AKR1B1, and a hydrogen bond with
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the backbone nitrogen of M302. These docking studies led to the synthesis of inhibitors in
Table S2, all of which retained good potency at SCoR2.

To further identify selective SCoR2 inhibitors, we picked the top 23 compounds that
inhibited DL-glyceraldehyde-metabolizing activity with an ICsq below 150 nM (Figure 2C).
We determined the ICsq of these 23 compounds to inhibit the SNO-CoA (specific SCoR2
substrate)-metabolizing activity of SCoR2 and the methylglyoxylate (specific AKR1B1
substrate)-metabolizing activity of AKR1B1 (Table 1). Seventeen imirestat analogs more
efficiently inhibited AKR1B1 activity than the parent imirestat (ICsq below 46 nM), while
seven imirestat analogs more effectively inhibited SCoR2 than the parent imirestat (ICgg
below 57 nM) (Table 1).

One of these 23 imirestat analogs, compound 5-1 (henceforth called JSD26), inhibited
SCoR2 with an ICgq of 93 nM and AKR1B1 with 1C5q of 903 nM (Table 1, Figure 2D,

3A and 3B). Thus, JSD26 is a relatively selective compound (9.7 times more potent at
SCoR2 vs AKR1B1 compared to imirestat, which is 1.2 times more potent at AKR1B1).
JSD26 is the C2-cyclopropyl and C7-H-substituted imirestat analog. SAR studies indicated
that 1) analogs with C3 or C4 can tolerate larger polar or non-polar groups substituents

and inhibit SCoR2 activity with better efficiency than imirestat, but none improved the
selectivity for SCOR2 versus AKR1B1; 2) C2 and C7 positions in imirestat can tolerate only
small substituents such as —H, —F, —CI, —cyclopropyl, —cyclobutyl, -OH or —-OCHgs; and 3)
only compound 5-1 (JSD26) selectively inhibited SCoR2 activity (Table 1).

Molecular modeling showed binding of JSD26 to the active site of SCoR2 (with the
NADPH cofactor bound and His113 singly protonated at ND1) with a docking score of
-11.4 kcal/mol (Figure 2E). The imidazolidine-2,4-dione moiety of JSD26 in the docked
binding mode is in the same position as the crystallographically-determined binding mode
of fidarestat. The docking suggests that this JSD26 moiety makes hydrogen bonds with
Tyr50, His113, and Trp114 of SCoR2 (Figure 2E and 2F). One of the oxygens in the
imidazolidine-2,4-dione moiety is situated within 3.2 A of NADPH. The tricyclic ring of
JSD26 makes hydrophobic interactions with Trp22, 1le49, Phel25, 11€299, Trp220, Pro301,
and the nonpolar face of the backbone chain of Val300. The cyclopropyl moiety of JSD26
is situated at the entrance of the active site and is predicted to interact with 11e49 (both side
chain and main chain) and Trp22. The enantiomer of JSD26 (JSD26-2) did not dock well to
SCoR?2, yielding a docking score of —7.1 kcal/mol, and did not inhibit SNO-CoA reductase
activity. This is likely due to inability to accommodate the cyclopropyl moiety sterically
on the other end of the tricyclic ring, since that end of JSD26 is making van der Waals
interactions with the nonpolar face of the main chain of Val300.

The presence of the cyclopropyl group in JSD26 enlarges the large planar hydrophobic
portion of the inhibitor, allowing JSD26 to make hydrophobic and van der Waals interactions
from both ends of the molecule, which potentially leads to JSD26 selectively binding to
SCoR2/AKR1AL. First, the cyclopropyl group in JSD26 is predicted to interact with 149

and F125 in SCoR2 (Fig. 2F and 2G), but residue 149 is changed to alanine in AKR1B1,
leading to a smaller hydrophobic residue, and F125 in AKR1B1 adopts more variable
conformations. Second, at the other end of the planar hydrophobic tricyclic ring of JSD26,
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the phenyl ring is predicted to make tightly packed hydrophobic/van der Waals interactions
with SCoR2 1299, W220, and the non-polar face of the main chain atoms of P301, including
the main chain nitrogen that is part of that proline ring (Fig.2F and 2G). In AKR1B1, P301
is changed to an isoleucine that adopts a different conformation with its main chain nitrogen
pointing towards the binding pocket. This residue difference and conformational main chain
difference makes this end of the active site more polar in AKR1B1 than in SCoR2. This
more polar region in AKR1B1 would, therefore, likely be less prone to interact with the
larger, hydrophobic JSD26.

To investigate whether JSD26 can be effectively absorbed into the blood following
intraperitoneal injection and distributed throughout the body, JSD26 was injected i.p. into
mouse abdomen at single doses (20, 40, 80 or 120 mg/kg body weight), and renal SNO-
CoA-metabolic activity was measured after 18h. SNO-CoA-metabolic activity in kidney
was reduced by 80% in JSD26-injected mice at the highest dose (120 mg/kg body weight)
compared with DMSO control, almost equal to the activity reduction in SCoR2-knockout
mice (SCoR27/7). Notably, however, injection of JSD26 did not inhibit the activity of kidney
AKR1B1 (Figure 3C and 3D). JSD26 treatment also inhibited the activity of SCoR2 in
liver, lung, heart and spleen, but not in brain (Figure 3E). We measured JSD26 in serum

at 24 hours post-injection using HPLC/mass spectrometry. As shown in Figure S4, JSD26
is readily detectable in serum 24 hours after i.p. injection, verifying bioabsorption and
indicating sustained bioavailability. Thus, JSD26 is an absorbable and selective inhibitor of
SCoR2, but appears unable to cross the blood-brain barrier.

Characterization of inhibitory mechanism

To determine the inhibitory mode of action of JSD26 on SCoR2 activity, we compared
steady-state enzyme kinetic parameters of SCoR2 in the presence of varying concentrations
(0 nM, 100 nM or 400 nM) of JSD26. JSD26 robustly reduced both Vmaxand Km

(Figure 4A and 4B), indicating that JSD26 is an uncompetitive inhibitor with substrate,

and suggesting that JSD26 does not compete for substrate binding, but instead binds only to
the complex formed between SCoR2 and its substrates (NADPH or SNO-CoA).

To study the effects of JSD26 and NAPDH (co-factor) on SCoR2 thermal stability, we
perform differential scanning fluorimetry (DSF)/thermal shift assays. SCoR2 alone in either
buffer or buffer with 1% DMSO yielded melting temperatures (T,,) of 48.3°C and 48.0°C,
respectively (Figure 4C). The presence of NADPH alone significantly increased the Ty, of
SCoR2 to 51.4°C, while the presence of JSD26 alone reduced the T, of SCoR2 to 46.6°C,
indicating that JSD26 destabilized SCoR2. Interestingly, JSD26 plus NADPH increased the
Tm to 53.4°C, while JSD26 plus NADP™* increased the Tm even further, to 54.4°C (Figure
4C), suggesting that JSD26 binds and stabilizes the complexes of SCoR2sNADPH and
SCoR2*NADP™*. These DSF studies show that JSD26 stabilizes SCoR2 more strongly when
complexed to NADP* than when complexed to NADPH, which could indicate a higher
affinity for the NADP*-containing complex. If JSD26 preferentially binds the product-bound
SCoR2°NADP* complex compared to the SCoR2:NADPH complex, then inhibitor binding
is likely to be uncompetitive, as was found for aldose reductase.2® Overall, these DSF results
support our previous conclusion that JSD26 is an uncompetitive inhibitor.
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Of note, docking of JSD26 suggests that His113 is singly protonated at N&2 allowing the
Ne2 atom to be a hydrogen bond acceptor for the hydantoin ring nitrogen of JSD26. Residue
His113 in AKR enzymes adopts different protonation states during catalysis; 2 thus the
NADP* oxidation state may promote the nearby singly protonated His113 state over the
doubly protonated His113 state thus allowing His113 to form a hydrogen bond with JSD26
(Figure 2F).

JSD26 treatment protects against AKI

We investigated if JSD26 treatment can protect against acute Kidney injury in mice. JSD26
was intraperitoneally injected into mice at 120 mg/kg body weight. AKI surgery was
performed 18 hours after administration of JSD26 or DMSO, and blood and kidneys
harvested 24 hours post-surgery. First, to confirm whether SNO-CoA metabolizing activity
was inhibited by JSD26 after surgery, we measured the activity and expression level

of SCoR2. At 24 hours post-surgery (42 hours after drug injection), the SNO-CoA-
metabolizing activity in kidney from JSD26-treated mice was reduced by 80% compared
with DMSO-treated control mice (Figure 5A). The expression level of SCoR2 in kidneys
from JSD26-treated mice was the same as the DMSO-treated mice (Figure 5B and 5C).
Thus, JSD26 inhibited the activity of SCoR2 through at least 1 day after I/R surgery.

Next, we measured serum creatinine and BUN level. Both creatinine and BUN level

were significantly lower in JSD26-treated mice than DMSO-treated mice, indicating that
administration of JSD26 protected against AKI (Figure 5D and 5E). To histologically
confirm JSD26-mediated renal protection, we analyzed tubular injury in the kidneys using
H&E staining. The anatomy of cortex and medulla of healthy kidneys was unaffected

by JSD26 under basal conditions (Figure 5F). However, after acute kidney injury, tubular
damage, including severe tubular lysis, loss of brush borders, and sloughed debris in the
tubular lumen, was mitigated in JSD26-treated mice compared with DMSO-treated mice
(Figure 5G and 5H). Thus, treatment of mice with the selective SCoR2 inhibitor JSD26
protects against AKI, recapitulating SCoR2 deletion.

JSD26 treatment increases the S-nitrosylation level of PKM2

Next, we investigated the mechanism of renal protection mediated by JSD26 treatment.
PKM?2 is a major locus of regulation by the SNO-CoA/SCoR2 system in the kidney and
responsible for protection against AK1.9: 13 S-nitrosylation of PKM2 in SCoR2~/~ mice
inhibits the activity of PKM2 and reprograms metabolic pathways in injured kidneys by
shunting glycolytic intermediates into the pentose phosphate pathway.® 13 To verify that
PKM2 S-nitrosylation is elevated in renal protection mediated by JSD26, we measured
SNO-PKM2 levels in kidneys from JSD26-treated and DMSO-treated mice. We observed
higher levels of SNO-PKM2 following sham operation or AKI surgery in JSD26-treated
mice than in DMSO-treated mice (Figure 6A and 6B). Further, PKM2 activity was lower
in JSD26-treated mice vs. DMSO-treated mice following AKI surgery (Figure 6C). These
results indicate that the mechanism of renal protection in SCoR2 knockout mice is also
evident in JSD26 treated mice.
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Discussion and Conclusions

Imirestat administration can effectively inhibit SCoR2 activity in vivo; however, it fails

to protect against AKI. Imirestat is a nonselective drug that inhibits both AKR1A1 and
AKR1B1. AKR1B1 serves as an antioxidant defense to metabolize toxic aldehydes,2’: 28
which are known to be generated as a consequence of lipid peroxidation following AKI
and to cause cell damage through modification of proteins and nucleic acids.2® AKR1B1 is
in fact a mediator of ischemic preconditioning by diminishing lipid peroxidation,3° and its
abundance in collecting tubule cells and induction by hyperosmolality are consistent with
a protective role.31 AKR1B1 also has important physiological roles in glucose metabolism,
inflammation and prostaglandin synthesis.32 Mice lacking AKR1B1 exhibit hypercalciuria,
hypercalcemia, hypermagnesemia, and reduced ability to concentrate urine and keep cation
homeostasis.33 Considering the role of AKR1B1 in antioxidant defense, osmoprotection
and cation homeostasis, it is not surprising that the inhibition of AKR1B1 by imirestat
aggravates kidney injury and compromises renal protection mediated by inhibition of
SCoR2.

We took advantage of imirestat’s structure using a docking calculations-guided approach to
assist in the identification of a potent and selective SCoR2 inhibitor.34 3% The compound
JSD26, the C2-H and C7-cyclopropyl-substituted analog of imirestat, is a selective inhibitor
of SCoR2 (IC59=93 nM for SCoOR2/AKR1A1 vs IC57=903 nM for AKR1B1). Although
selectivity of JSD26 for SCoR2 vs AKR1B1 is relatively modest, JSD26 is a nanomolar
inhibitor of SCoR2, and an effective dose of JSD26 to completely inhibit SCoOR2 in vivo
does not inhibit AKR1B1 appreciably. Thus, JSD26 provides a new molecular tool to
investigate the functions of SCoR2 with very little inhibition of AKR1B1 and provides a
potential starting point for designing more selective SCoR2 inhibitors.

Our data provide further validation that S-nitrosylation of PKM2 by SNO-CoA plays

a critical role in protection against AKI. After kidney injury, PKMZ2 is expressed in

the proximal tubule, which enables protection through metabolic reprogramming.® PKM?2
expression involves alternative splicing to include a novel S-nitrosylation site and enables
the binding of SCoR2.% SCoR2 activity is inhibited endogenously in injured tissue to
increase S-nitrosylation of PKM2. A single intraperitoneal injection of JSD26 increases
PKM2 S-nitrosylation and further protects against AKI. Since PKM2 expression is a
characteristic feature of injured tissues,® the SCoR2-specific inhibitor JSD26 may be a
useful tool to explore the broader therapeutic potential of SCoR2 inhibition.

In conclusion, the SCOR2/SNO-CoA system plays an important role in kidney injury. Thus
inhibition of SCoR2 provides a novel therapeutic opportunity to protect tissues from injury.
Current SCoR2 inhibitors, however, have off target effects that mitigate their effectiveness,
and none are available clinically. We have identified a hovel compound JSD26, the C2-H
and C7-cyclopropyl-substituted imirestat analog, and show it to be a fairly selective and
potent inhibitor of SCoR2 (IC57=93 nM for SCoR2 vs IC5p=903 nM for AKR1B1). By
engineering AKR1A1 selectivity, benefit is conferred: JSD26 is absorbed into the blood
following i.p. injection, and well distributed throughout the body (but does not appear to
cross the blood-brain barrier). Administration of JSD26 into mice by i.p. injection induces
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the S-nitrosylation and inhibition of PKIM2 to protect against AKI. Thus, a newly developed
SCoR2 inhibitor JSD26 provides a novel therapeutic approach to AKI.

EXPERIMENTAL SECTION

Design and synthesis of compounds

Analogs of imirestat were designed by varying substituents at four positions (C2, C3,

C4 and C7) on its tricyclic ring (Figure 2B, SMILES format molecular formula strings

for all compounds are shown in Table S3). Designed compounds were tested for their
ability to bind to SCoR2 using docking calculations based on the crystal structure of Sus
scrofa AKR1A1 (PDBid 3H4G).2! To probe the selectivity of the designed compounds, we
additionally docked the compounds against two AKR1B variants: human ARK1B10 (PDBid
4GAB, complexed with fidarestat) and human AKR1B1 (PDBid 4JIR, complexed with
epalrestat).23 24 AKR1B1 and AKR1B10 share 71% sequence identity, and the amino acid
differences do not involve residues interacting with the bound ligands. Docking calculations
were carried out using Schrodinger’s GLIDE software as done previously using the Extra
Precision XP algorithm.3%: 36. 37 Designed imirestat analog compounds were synthesized by
TCG Lifesciences (Kolkata, India) and are >95% pure by HPLC analysis.

Purification of recombinant SCoR2 and AKR1B1

For purification of recombinant SCoR2 and AKR1B1, cDNAs encoding human SCoR2

or AKR1B1 were cloned into pET21b (Novagen) to introduce a C-terminal 6xHis tag

on the expressed protein. The recombinant SCoR2 and AKR1B1 proteins were purified
from BL21-CodonPlus Competent £. coli Cells (Agilent). Overnight £. coli cultures were
sub-cultured into 1L of LB medium at 5%. At ODggg of 0.5, cultures were induced with 100
mM IPTG and grown for a further 4 hours at 28°C. Cultures were centrifuged at 4000xg for
10 min to harvest the cells. Cell pellets from 1L cultures were lysed in 10 mL of 1x PBS
buffer containing 1 mM PMSF and protease-inhibitor cocktail (Roche) by sonication. After
centrifugation at 14500xg for 20 min, the supernatant was collected. The lysate was diluted
by addition of 30 ml 1x PBS buffer containing 1 mM PMSF and protease-inhibitor cocktail
and incubated with 1 mL of Ni-NTA agarose (Qiagen) at 4°C for 1 hour with rotation. The
slurry was then poured into empty PD-10 columns (GE Healthcare). The beads were washed
in the column with 100 mL of 50 mM NaH,PO,4, 300 mM NaCl, 20 mM imidazole (pH

8). Elution was done in 2 mL of 50 mM NaH,PQO4, 300 mM NaCl, 250 mM imidazole (pH
8). Buffer was exchanged with modified Roeder D [20 mM HEPES (pH 7.9), 20% (v/v)
glycerol, 0.1 M KCL, 0.2 mM EDTA] using a Microcon centrifugal filter device (Millipore).

Screening of imirestat analogs

The compounds were dissolved in DMSO to 20 uM, and then diluted serially to generate
stock solutions at 10 uM, 5 pM, 2.50 uM, 1.25 pM, 0.625 uM, 0.3125 pM, and 0.0155
UM. For initial screening, cuvettes contained 1 ml of reaction mixture with 20 nM
recombinant SCoR2, 3 mM DL-glyceraldehyde as substrate and varying concentrations of
inhibitors in 50 mM phosphate buffer (pH 7.0). Reactions were initiated by the addition
of NADPH (Cayman) to 100 uM and allowed to proceed for 2 min. The reaction slope
was calculated through monitoring the change in NADPH concentration over time using
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a diode-array spectrophotometer (Cary 4000), and half-maximal inhibitory concentrations
(ICsp) determined using GraphPad Prism 7. For comparison of selectivity of the compounds,
reactions were set up in 96 well plates, with 200 pl of reaction mixture per well, containing
200 nM purifed SCoR2 (or AKR1B1), 100 pM SNO-CoA (or methylglyoxylate for
AKR1B1) and varying concentrations of inhibitors in 50 mM phosphate buffer (pH 7.0).
Reactions were initiated by the addition of NADPH to 100 uM and allowed to proceed for

2 min. The slope was calculated through monitoring the change in NADPH concentration
using a plate reader (Biotech) at 340 nm, and half-maximal inhibitory concentration (ICsgq)
determined by normalizing activity against 20 nM of purified protein.

Kinetic analysis of NADPH-dependent SNO-CoA reductase activity

NADPH-dependent SNO-CoA reductase activity was determined spectrophotometrically as
described previously.12 To calculate kinetic parameters, triplicate reactions were performed
with 20 nM recombinant SCoR2 (or AKR1B1) and 100 uM NADPH (Sigma) in 50 mM
phosphate buffer (pH 7.0) containing 100 uM EDTA and 100 uM DTPA. The reaction was
started by addition the substrate 3 mM DL-glyceraldehyde (generic AKR substrate), 100 uM
SNO-CoA (SCoR2 substrate) or 100 uM methylglyoxylate (AKR1B1 substrate). The SNO-
CoA was prepared by reacting equal volumes of 0.1 uM CoA (Sigma) in 1 M HCl and 0.1
M NaNO2 (Fluka Chemicals) in MilliQ water containing 100 uM EDTA and 100 uM DTPA.
SNO-CoA was immediately diluted to 4 mM and used in assays; DL-glyceraldehyde and
methylglyoxylate were from Sigma-Aldrich. Initial rates were calculated using absorbance
decrease at 340 nm using an extinction coefficient of 7.06 mM~1cm= (from both SNO-CoA
and NADPH). Inhibition assays were performed in triplicate as above but with a fixed
concentration of substrates and varying concentrations of inhibitors dissolved in DMSO.
ICsq was determined using GraphPad Prism 7.

To calculate NADPH-dependent SNO-CoA reductase activity in mouse tissues, organs
harvested from C57BL/6J mice were mechanically homogenized in lysis buffer (50 mM
phosphate buffer, pH 7.0, 150 mM NaCl, 100 uM EDTA and 100 uM DTPA). Extracts
were clarified by centrifugation (20,000xg, 4°C, 20 min, x2), and protein concentration was
determined by bicinchoninic acid assay (Pierce). The assays were performed in 50 mM
phosphate buffer (pH 7.0), 100 uM EDTA, 100 uM DTPA plus 200 uM SNO-CoA and 100
UM NADPH. Reactions were initiated by the addition of lysate and allowed to proceed for 2
min. All assays were performed in triplicate.

Differential scanning fluorimetry (DSF)/thermal shift assay

His-tagged human SCoR2 protein was expressed and purified using metal affinity
chromatography as described. The crude protein was further purified using size-exclusion
chromatography (buffer A: 10 mM HEPES, pH 8.0, 50 mM NacCl) prior to DSF
experiments. The DSF reaction volume was 30 pl containing 5 pM SCoR2 * 250 uM
NADPH or NADP* (from 25 mM stock solutions in milliQ water), and + 250 uM JSD26
(from a 25 mM stock solution in DMSO) in buffer A. Samples were incubated for 45
minutes at room temperature. For samples containing both NADPH/NADP™* and JSD26,
NADPH/NADP* was first added and allowed to incubate for 15 min before JSD26 was
added, followed by an additional 30 min incubation. After the 45 min incubation, SYPRO
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Orange (ThermoFisher) fluorescent dye was added to a final concentration of 10X. Control
experiments included protein only, with and without 1% DMSO, to match the concentration
of DMSO in the reactions containing JSD26. The temperature was ramped from 25.0—
70.0°C with 0.3°C increments and the fluorescence measured using a CFX96 Touch Real-
Time PCR Detection System (Bio-Rad).

Molecular modeling

Static protein/flexible ligand modeling of the interaction of JSD26 and other imirestat
analogs with SCoR2 was performed using Maestro 9.9 software. The porcine SCoR2 crystal
structure (PDB code 3H4G) was prepared for docking by removing H,O and fidarestat
from the PDB file. In Maestro, original hydrogens were removed and replaced, bond orders
were assigned, and the structure was minimized. A grid was prepared around the active

site centered at X 2.0999, Y 24.4072, Z 6.5084. All ligands were prepared for docking in
Maestro using the ligand preparation function. Ligands were docked to the active-site grid
using XP Glide Docking with post-docking minimization.

NMR spectra

The compound (50mg) was dissolved in 600 uL of DMSO for 13C-NMR. A small aliquot
(10mg) was then diluted in another 600 uL of DMSO for 1H-NMR. The spectra were taken
on a Bruker AVII 500 MHz NMR instrument. The pulse program was ZG30 on a QNP
5mm 1H/19F/31P/13C with Z gradient probehead. The experiments were performed by
the NuMega Resonance Labs (San Diego). Chemical shifts in Parts Per Million (PPM) in
1H-NMR and 13C-NMR spectra of JSD26 were predicted using ChemOffice software.

Mice and AKI injury model

Mouse studies were approved by the Case Western Reserve University Institutional Care
and Use Committee (IACUC). Housing and procedures complied with the Guide for the
Care and Use of Laboratory Animals and the American Veterinary Medical Association
guidelines on euthanasia. AKI surgery was carried out as described previously.® Mice

of similar age (9-11 weeks) and body weight (male, 25-28g) were used for surgery;

note that female mice have a very distinct injury profile in this model.® The mice were
anesthetized with isoflurane (1-3%) in oxygen, and anesthesia maintained by adjusting
isoflurane (0.75-2.0%) as needed. The fur in the surgical area was removed with clippers and
the skin sterilized with 3 alternating washes of betadine (or chlorhexidine) and alcohol. The
mouse was placed on a thermostatic station during surgery. The skin and muscle were cut
open along the back to expose both right and left kidneys. Gentle blunt dissection revealed
the Kidney, and a Q-tip was used to mobilize and exteriorize the kidney. A 5-0 silk suture
was used to clamp the pedicle to block the blood flow to the kidney to induce renal ischemia
for 23 min, then the suture released to allow reperfusion. Identical steps were performed

on each kidney. A silk suture was used to close the muscle layer of the incision followed

by the closure of the skin wound with vicryl. Immediately after the wound closure, 10-20
ml/kg sterile saline was given intraperitoneally to each mouse. The animal was then kept on
a heating pad until it regained full consciousness before being returned to home cage. Mice
subjected to surgery without clamping the pedicle were used as sham controls. Mice were
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euthanized 24 hours after reperfusion, and serum and kidneys collected. Serum creatinine
and BUN were measured at University Hospital’s Clinical Laboratories.

SNO-RAC for PKM2 S-nitrosylation

S-nitrosothiol Resin-Assisted Capture (SNO-RAC) to identify S-nitrosylated proteins was
carried out as described previously.38 Mouse kidneys were mechanically homogenized in
lysis buffer containing 100 mM Hepes, 1 mM EDTA, 100 uM neocuproine (HEN buffer),
50 mM NaCl, 0.1% (vol/vol) Nonidet P-40, 0.2% S-methylmethanethiosulfonate (MMTYS)
as a thiol-blocking agent, 1 mM PMSF and 1x protease inhibitors (Roche) at 1 mg tissue
per 5 ul lysis buffer. After centrifugation (20,000xg, 4°C, 20 min, x2), SDS and MMTS
were added to the supernatants to 2.5% and 0.2% respectively, and the lysate incubated

at 50°C for 20 min. Proteins were precipitated with —20°C acetone, and re-dissolved in

1 mL of HEN/1% SDS. Precipitation of proteins was repeated with —20°C acetone, and
the final pellets were resuspended in HEN/1% SDS and protein concentrations determined
using the Bicinchoninic Acid (BCA) method. Total lysates (2 mg) were incubated with
freshly prepared 50 mM ascorbate and 50 pl thiopropyl-Sepharose (50% slurry), and rotated
end-over-end in the dark for 4 h. Samples lacking ascorbate were incubated in parallel

as controls. The resin-bound SNO-proteins were sequentially washed with HEN/1% SDS
and 10% HEN/0.1% SDS; SNO proteins were then eluted with 10% HEN/1% SDS/10%
B-meracaptoethanol and analyzed by SDS/PAGE and immunoblotting.

Histological analysis

Kidney samples were fixed with 4% PFA over 24 h, dehydrated and embedded into paraffin
blocks. Formalin-fixed, paraffin-embedded blocks were sectioned and stained with H&E
by the Tissue Resources core facility at Case Western Reserve University. More than

five microscopic fields obtained from each animal were selected for quantitative analysis.
Renal histopathologic alterations were evaluated and graded on a 0 to 2 scale as described
previously.

Pyruvate kinase (PK) activity

Kidney PKM activity was measured based on generation of pyruvate, which was oxidized
by pyruvate oxidase to produce color (A = 570nm) following the protocol of the

Pyruvate Kinase Activity Colorimetric/Fluorometric Assay Kit (Biovision). The kidneys
were mechanically homogenized in lysis buffer [50mM phosphate buffer, pH 7.0, 150

mM NaCl, 0.1 mM EDTA, 0.1 mM DTPA, 1 mM PMSF, and protease inhibitor mixture
(Roche)]. Extracts were clarified by centrifugation (20,000xg, 4°C, 20 min, x2), and protein
concentration was determined by bicinchoninic acid assay. 10 pl (0.1 pg/ul) lysate was used
to measure PKM2 activity.

Western blot analysis

Proteins were extracted from cells or tissues or derived from the SNO-RAC assay and
subjected to 4-20% Criterion Precast Midi Protein Gel electrophoresis. Blotted membranes
were incubated overnight at 4°C with primary antibodies, and washed with PBS containing
0.1% Tween-20 before incubation with HRP-conjugated secondary antibody (anti-mouse
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or anti-rabbit 1gG (Promega)) for 1 h followed by chemiluminescent detection (ECL (GE
Healthcare)). Antibodies employed in western blotting included: rabbit polyclonal Anti-
AKR1A1 (15054-1-AP, Proteintech Group), rabbit monoclonal Anti-PKM2 (D78A4, Cell
Signaling), and mouse monoclonal p97 (10R-P104A, Fitzgerald). Quantification of western
blots was carried out with ImageJ (NIH).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Imirestat inhibits SCoR2 activity but failsto protect against AKI.
(A-D) ICsq values of four known AKR1B1 inhibitor compounds (imirestat, sorbinil,

epalrestat and tolrestat) against purified SCoR2 using DL-glyceraldehyde as substrate
(n=3). (E) ICsq value of imirestat to inhibit SCoR2 using SNO-CoA as substrate (n=3).

(F) SNO-CoA metabolizing activity of kidneys from imirestat-treated mice (i.p. at the
indicated dose) vs vehicle (DMSO)-treated or SCoR2-knockout (SCoR27~) mice (n=3). (G)
SNO-CoA-metabolizing activity in AKI-injured kidneys from mice on normal diet (n=5)
and imirestat diet-fed mice (for the indicated times) (n=3). (H-1) Serum creatinine and blood
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urea nitrogen (BUN) levels in serum from mice injected i.p. with imirestat 18h prior to
I/R-induced AKI (n=7). (J-K) Serum creatinine and BUN in imirestat diet-fed mice (for the
indicated times) subjected to I/R-induced AKI (n=3). (L) ICsq value of imirestat against
AKR1B1 using DL-glyceraldehyde as substrate (n=3). (M) 1Csq value of imirestat against
AKR1B1 using methylglyoxylate as substrate (n=3). All results are presented as mean = SD.
Two-tailed Student’s t-test was used to detect significance. *, p<0.05; **, p<0.01; NS, not
significant.
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Figure 2. Screening for selective SCoR2 inhibitors.
(A) Chemical structure of imirestat. (B) Generic structure of imirestat scaffold showing

positions (C2, C3, C4, C7) modified in design of new compounds. (C) ICsq value of 57
compounds for inhibition of the DL-glyceraldehyde-metabolizing activity of SCoR2. (D)
Chemical structure of JSD26. (E-F) Docked binding model of JSD26 bound to SCoR2.
SCoR2 (grey carbons), NADPH (green carbons) and JSD26 (blue carbons). Predicted
hydrogen bonds are depicted as dashed lines.
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Figure 3. JSD26 is a selective SCoR2 inhibitor.
(A) IC5q value of JSD26 against the SNO-CoA-metabolizing activity of SCoR2 (n=3). (B)

ICsq value of JSD26 against the methylglyoxylate-metabolizing activity of AKR1B1 (n=3).
(C) SNO-CoA-metabolic activity in kidneys from JSD26-treated mice (i.p. at indicated dose,
18h) vs vehicle-treated WT and SCoR ™'~ mice (n=3). (D) Methylglyoxylate-metabolizing
(AKR1B1) activity in kidneys from JSD26-treated mice (i.p. 120 mg/kg, 18h) (n=5). (E)
SNO-CoA-metabolizing activity in liver, lung, heart, brain and spleen from JSD26-treated
mice (i.p. 120 mg/kg, 18h) (n=3). All results are presented as mean + SD. Two-tailed
Student’s t-test was used to detect significance. *, p<0.05; NS, no significant.
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Figure 4. JSD26 isan uncompetitive inhibitor.
(A) SNO-CoA-metabolizing activity of purified SCoR2 was assayed in the presence of

the indicated concentrations of JSD26 and SNO-CoA (n=3). (B) The enzymatic data in

(A) were fitted to Michaelis-Menten kinetics. V/maxand Kmwere calculated for different
JSD26 concentrations (n=3). (C) Differential scanning fluorimetry (DSF)/thermal shift assay
probing protein stabilization of purified SCoR2 by JSD26 and NADPH (substrate). The rate
of change in SYPRO orange fluorescence is plotted versus temperature for SCoR2 in the
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absence and presence of combinations of NADPH, NADP*, and JSD26. Experiments were
done in duplicate.
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Figure 5. JSD26 treatment protects against acute kidney injury in mice.
(A) SNO-CoA-metabolizing activity in kidneys from JSD26-treated mice (120 mg/kg i.p.

18h before surgery) assayed 24 hours post AKI (n=7). (B-C) Expression of SCoR2 in
kidneys from JSD26-treated mice 24 hours post AKI (B) with quantification (C) (n=6).
(D-E) Serum creatinine and BUN in JSD26-treated mice 24h after I/R-induced AKI (n=10).
(F) H&E stain in sham-surgery, and injury surgery vehicle- vs JSD26-treated kidneys. (G)
H&E stain in injured kidneys, treated with vehicle or JSD26. AKI induced renal tubular
injury includes severe tubular lysis (black arrow), loss of brush borders (green arrow) and
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sloughed debris in the tubular lumen (red arrow). (H) Pathological scores of tubular injury
in vehicle-treated or JSD26-treated mice (n=5 mice per group). All results are presented
as mean + SD. Two-tailed Student’s t-test was used to detect significance. *, p<0.05; **,
p<0.01.
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Figure 6. JSD26 treatment increases S-nitrosylation of PKM 2 and inhibits PK M 2 activity.
(A) S-nitrosylation of PKM2 in sham-surgery or I/R-injured kidneys from DMSO-treated

or JSD26-treated mice. Three mice per group are all shown. Samples processed without
ascorbate (—Ascorbate) is a negative control for SNO. Input is used as loading control. (B)
Quantification of SNO-PKM2. SNO-PKM2 is normalized to input PKM2 (n=3 per group).
(C) Activity of endogenous pyruvate kinase (PK) in sham-surgery or I/R-injured kidneys
from DMSO-treated or JSD26-treated mice; (n=4 per group) Uninjured (sham) kidney
expresses PKML1 that is insensitive to S-nitrosylation, while AKI kidney expresses mainly
PKM2.92 All results are presented as mean + SD. One-way ANOVA with Tukey post hoc was
used to detect significance. *, p<0.05.
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