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Abstract. A number of F)-4-arylmethylidene-#-imidazol-5(4)-ones, which are related to the
fluorescent chromophore of thequorea green fluorescent protein (GFP), have been syiziéesand
evaluated theim vitro inhibitory activity against recombinant human adseductase for the first time.
The GFP chromophore modgh, with ap-hydroxy group on the 4-benzylidene and a carboxiggie
group on the N1 position, exhibited strong bioattiwith an 1G value of 0.36uM. This efficacy is
higher than that of sorbinil, a known highly poteitiose reductase inhibitor. Compouilk, the
2-naphtylmethylidene analogue bd, exhibited the best inhibitory effect among thstéed compounds
with an IGo value of 0.10uM. Structure-activity relationship studies combinadth docking
simulations revealed the interaction mode of thelypeynthesized inhibitors toward the target pnotei
as well as the structural features required to gahgh inhibitory activity. In conclusion, the 8F
chromophore model compounds synthesized in thdydtave proved to be potential drugs for diabetic

complications.
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1. Introduction

Aldose reductase (ALR2; EC 1.1.1.21) is an NADPgatelent enzyme that catalyzes the reduction
of D-glucose toD-sorbitol using NADPH as a reductant in the polypaithway (Figure 1) [1, 2].
Ordinarily, most glucose is metabolized via thedrboxylic acid (TCA) cycle in the glycolytic syste

In patients with hyperglycemia, however, glucosivaty fluxes not only into the glycolytic systenutb
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also into the polyol pathway, where ALR2 is actagito consume the flooded glucose [1, 2]. Therefore
high levels ofb-sorbitol are formed intracellularly. Since the dedion of D-sorbitol to D-fructose is
very slow, the intracellular concentration bfsorbitol increases and a large amount of NADPH is
consumed, resulting in an osmotic pressure imbelémat causes some diabetic complications such as
peripheral neuropathy, cataract, nephropathy, angiopathy [1, 3-8]. Hence, the inhibition of ALR2
activity may offer a promising option for the aliatron or prevention of complications and symptoms

associated with chronic hyperglycemia [7, 9-11].

CHO CH,OH CH,OH
H——oH NADPH NADP+ H——OH NAD+ NADH —0
HO——H " HO—H _" _ HO—H
H——OH Aldose reductase H——OH Solbitol H——OH
H——OH (ALR2) H——OH dehydrogenase H——OH
CH,OH CH,OH CH,OH
D-Glucose D-Solbitol D-Fructose

Figure 1. Schematic representation of the polyol pathwagletose metabolism

Various types of ALR2 inhibitors (ARIs) have bemported and tested in clinical trials, but mahy o
them presented low activity or undesirable sideatff [4, 12-14]. Currently, only epalrestat (FigR)as
launched on the market as the therapeutic mediomeiabetic peripheral neuropathy in Japan [14-17]
Owing to the limited number of drugs available fine treatment of diabetic complications, the
development of new ARIs has still been stronglyirées

ARIs exhibiting strong ALR2 inhibitory effectsegerally fall into two structural categories; those
containing anN-carboxymethyl (NCHCO,H) moiety and those with a cyclic imide represengda
spirohydantoin or related ring system [2, 11, 18, 16, 18, 19]. These acidic functional groups are
believed to dissociate and form the correspondinigréc conjugate bases under physiological pH
conditions to interact, through hydrogen bondshtlie catalytic site of the protein composed o#8yr
His110, Trp20, and Trp111 side chains, adjacenttich the coenzyme NADPH is placed. The catalytic
site is also called an “anion binding pocket” sitis110 is positively charged under physiologichl p
conditions by protonation and, therefore, attrabis carbonyl oxygens of substrates, or negatively
charged substituents, such as carboxylates. Adjdodhe catalytic site, ALR2 has a lipophilic petk
composed of the residues Trp20, Phel22, and Tr@2Dh,therefore, highly potent ARIs require having
a hydrophobic moiety [2, 20-23]. Epalrestat possegxactly these key units.

The well-known green fluorescent protein (GFR)nf the jellyfish Aequorea victoria has a

(2)-4-(p-hydroxyphenylmethylene)H-imidazol-5(4H)-one ring system as a chromophore, formed by
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autocatalytic posttranslational cyclization and dagion of the tripeptide Ser65-Tyr66-Gly67 in the
protein sequence (Figure 2) [24-27].
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Epalrestat Chromophore moiety in Aequorea GFP GFP chromophore model (1a)
Figure 2. Structures of epalrestat, the chromophore moretiie Aequorea green fluorescent protein
(GFP), and the GFP chromophore model compdiand

Interestingly, the GFP chromophore model strgcttwntains the NCH#O,H fragment, and has a
similar molecular skeleton and electronic structirespalrestat. In spite of these features, noiesud
have investigated the inhibitory activity of the IEEhromophore models against ALR2 thus far.

In this study, we synthesized several GFP modehpounds, evaluated thein vitro inhibitory
activity against the recombinant human ALR2, andvpled the first example of structure-activity

relationship among this family of compounds.

2. Results and discussion
2.1. Synthesis of4)-4-arylmethylene-1H-imidazol-5(4H)-ones
(2)-4-Arylmethylidene-H-imidazol-5(4)-ones were synthesized using the procedure repbste
Niwa et al.[28-30] Azlactonedla—k were first prepared by reactimgracetylglycine with appropriate
arylaldehydes in acetic anhydride in the presericdium acetate [28, 31-36], and afterward reacted
with aqueous ammonia to give the imidazolo®esk (Scheme 1). Imidazolon€sa—c, containing
hydroxy groups, were protected wirt-butyldimethyl silyl (TBS) groups to forrBn—p, respectively.
The obtained imidazolonds— and5n—p were then reacted with ethyl bromoacetate in aeeto the
presence of KCO; to yield 6+ and6n—p, respectively [27]. The TBS protecting groupssim-p were
then removed with tetra-butylammonium fluoride (TBAF) to give the correspling 6a—. Afterward,
6a- were hydrolyzed to give the corresponding carbioxgtidsla-. The reaction of unprotectdgh
with 2 equivalents of ethyl bromoacetate yielddwhich was then hydrolyzed to form compouird.
Compound2, containing theG-alanine fragment (NC}H,CO,H) as a substitute of the glycine unit
(NCH,CO.H) present inla, was synthesized by reactiig with ethyl acrylate in the presence of

cesium fluoride in acetonitrile, followed by a hgtisis of the resulting ester (Scheme 2).
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"
4a: Ar = 4-OAc-CgH,
4b: Ar = 3-OAc-CgH,
4c: Ar = CgHs
4d: Ar = 4-OMe-CgH,
4e: Ar = 4-F-CgH,
4f: Ar = 4-CI-CgH,
4g: Ar = 4-Br-CgH,
4h: Ar = 2-naphthyl
4i: Ar = 1-naphthyl
4] Ar = 3,5-M62-4'OAC'C6H2
4k: Ar = 3,5-(0Me)2'CeH4

5a: Ar = 4-OH-CgH, .
5n: Ar = 4-OTBS-CGH:‘ !
5b: Ar = 3-OH-CgH, .
50: Ar = 3-OTBS-CGH:| "
5¢: Ar = CgHs

5d: Ar = 4-OMe-CgH,

5e: Ar = 4-F-CgH,

5f : Ar = 4-CI-CgH,

59: Ar = 4'Br'C6H4

5h: Ar = 2-naphthyl

5i : Ar = 1-naphthyl

5] Ar = 3,5- Mez -4-OH- CGHZ
5p: Ar = 3,5-Me,-4-OTBS-CgH,
5k: Ar = 3,5‘(OMG)2'C6H4

6a: Ar = 4-OH-CgH, .
6n: Ar = 4-OTBS-CBH<4t| v
6b: Ar = 3-OH-C¢H, ]
60: Ar = 3-OTBS-CBH<4t| v
6¢: Ar = CgHj5

6d: Ar = 4-OMe-CgH,

6e: Ar = 4-F-CgH,

6f : Ar = 4-CI-CgH,

69: Ar = 4'Br'CeH4

6h: Ar = 2-naphthyl

6i : Ar = 1-naphthyl

Bi CAr= 3,5'M92'4'OH'CGH2
6p: Ar = 3,5-Me,-4-OTBS-CgH,
6k: Ar = 3,5-(0Me)2‘CeH4

iv

1a: Ar = 4-OH-CgH,

1b: Ar = 3-OH-CgH,

1c: Ar = CgHs

1d: Ar = 4-OMe-CgH,

1e: Ar = 4-F-CgH,

1f: Ar = 4-Cl-CgH,

1g: Ar = 4-Br-CgH,

1h: Ar = 2-naphthyl

1i : Ar = 1-naphthyl

1] CAr= 3,5-M62-4-OH'C6H2
1m: Ar = 4-OCH2002H'06H4

6l : Ar = 4-OCH,CO,Et-CgH,
Scheme 1 Reagents and conditions: (i) 28% NH,OH, K,COs;, EtOH, reflux; (ii) TBSCI, imidazole,
DMF, r.t.; (iii) BrCH,CO.Et, K,CO;3, acetone, reflux; (iv) TBAF, MeOH, r.t.; (v) NaOHtOH, then
Hs0".

6] (0] (6]
i CO,Et i CO,H
ISR s VAR S S e Was
HO NQ< HO N§< HO NQ<

7 2
Scheme 2 Reagents and conditions: (i) CH,=CHCQO:Et, CsF, MeCN, reflux; (i) NaOH, EtOH, then
Hs0".

The structures ofa-, 1m, and2 were assigned on the basis of their spectrosadgia. In the
'H-NMR spectra, each compound showed a singlet peaknd 6.98—7.28 ppm, assignable to the
olefinic proton, which indicates that these aeisomers, while the corresponditrgns-isomers exhibit
the resonance of the olefinic protons with abo@5&ppm higher chemical shift values [37]. X-ray
crystallographic analysis @&k, which was prepared as depicted in Scheme 1,dudbnfirmed thesis
configuration: Figure 3 shows an ORTEP diagramb6kf clearly showing that the C=C at the C4
position of the imidazole ring takesce configuration. Unfortunately, several attemptsléprotect the
methyl protecting groups Bk have only resulted in recovery or decompositiothefcompound.
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Figure 3. An ORTEP diagram a6k



2.2.1n vitro aldose reductase inhibitory activity of Z)-4-arylmethylene-1H-imidazol-5(4H)-ones

The ALR2 inhibitory activity of the synthesizeasidazolones 1a-, 1m,and2) was evaluatedn
vitro by measuring their inhibitory effects on the retttut of D,L-glyceraldehyde with the recombinant
human ALR2 in the presence of the cofactor NADPB8+48]. The reaction was monitored with the use
of a spectrophotomete by measuring NADPH consump#e previously reported [41]. The respective
ICso values, which express the 50% inhibition conceiutmaof the compounds on the bioreduction, are
shown in Table 1. The reference compound epalresatalso assayed in the same manner, and the

result is compiled in Table 1.

Table 1.Invitro inhibitory activity of ¢)-4-arylmethylene-H-imidazol-5(4)-onesla-, 1m, 2, 6a, 6¢
6f, 6, 6, and epalrestat against recombinant human ALR2

Compound Ar e R ICs (M) °
1a |4-OH-GsHa CH,COH |0.36
1b [3-OH-GsH4 CH,COH [3.20
1c |CeHs 1.96 | CH,COH 0.58
1d |4-OMe-GHa 1.94/CH,COH |0.51
le |4-F-GsHq4 2.10|CH,COH |0.65
1f |4-Cl-CeHg4 2.67|CH,COH |0.27
1g |4-Br-CeHa 2.82|CH,COH |0.24
N N"/Zg 1h |2-naphthyl 3.07|CH,COH |0.10
N-R | 1i |1-naphthyl CHCOH 0.54
NX " [71j |3,5-diCH-4-OH-GHa CH,COH |0.13
1m |4-OCH,CO;H-CgH, CHCOH |0.31
2 |4-OH-GgH,4 (CHy),COH |10.7
6a |4-OH-GsH, CH,COEt |23
6¢ | CeHs CH,COEt |112
6f |4-Cl-CeHa CHCOEt  |16% (13M)°
6g |4-Br-CsHa CH,COEt |n.d®
6] |4-OCHCO,Et-CeHg CH,COEt | 109
epalrestat 0.085

2 Hydrophobicity parameters of Ar groups [42, £3j0% inhibition concentration§ % inhibition at the
given concentration The value could not be determined owing to therpsmubility of the test
compound toward the assay medium.

The 1G, value ofla was estimated to be 0.38/, indicating about 6-fold higher level of activity
than sorbinil, a highly potent ARI (kg = 0.9-20uM against various ALR?2) [22, 44, 45]. This result
strongly indicates that the GFP chromophore maogjalasents a good ARI candidate.

A closer examination of the obtained ALR2 inhidm data gives insights into several

structure-activity relationship. First, the ethgters6a, 6¢, 6f, 6g and6l inhibited ALR2 less than the
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corresponding carboxylic acids, 1c, 1f, 1g, and 1m, indicating that the carboxylic acid moiety is
essential for the ALR2 inhibition activity as expeat. Replacing the glycine unit (NGEO,H) in 1a
with the Salanine fragment (NC¥H,CO,H), i.e. extending the methylene chain, resulted in a @rast
decrease in the bioactivit,(ICso = 10.7uM). These results indicate that the carboxymethglupg at
the N1 position is important and that the methylehain length is essential for the interaction with
catalytic site of the enzyme.

Next, we examined the relationship between thecwire of the arylmethylidene moiety at the C4
position and the ALR2 inhibitory activity of somé the compounds. The removal of the hydroxyl
group on the phenyl ring iba, resulting in compoundc, reduced the bioactivity (kg = 0.58uM). The
methyl protection of the hydroxyl group ira led to the less effective derivatitel (ICso = 0.51uM).
Moving the hydroxyl group ofato position 3 of the 4-phenylidene ringpj markedly diminished the
inhibitory activity (IGo = 3.20uM). In contrast, compountim with a para carboxymethoxy group on
4-phenylidene produced almost equal inhibitory\atsti(ICso = 0.31uM) to that of la. From these
results, it is possible to deduce that a substitagapable of hydrogen bonding at e a position of the
4-phenylidene moiety may be important to achieveignificant inhibitory activity. However, a
paradoxical behavior was observed with the halogehanaloguede-g. The fluoro derivativele was
about two-fold less effective (k= 0.65uM) thanla, whereas the isosteric replacement of the fluorine
atom inle with chlorine (f, ICsp = 0.27uM) and bromine atomsl§, 1Cso = 0.24uM) increased the
bioactivity. Based on these observations, the t&ffef halogen atoms at thgara position of the
4-phenylidene moiety on the ALRZ2 inhibitory actiwvitan be ranked in the following order: of Br>CI>F.
These results give us another insight into streetativity relationship, as the above chemical
modifications decrease the molecular polarity & dompounds and increase their hydrophobicity. In
fact, the hydrophobic fragmental constants for F,afd Br atoms im-octanol are 0.399, 0.922 and
1.131, respectively, indicating hydrophobicity iretorder of Br>CI>F [46].

Taking these factors and the above observatidnsaccount, our understanding is that chemically
modifying 1a with substituents that increase the hydrophobiaityund the 4-arylmethylidene moiety
results in a more profound ALR2 inhibitory activitgf the GFP chromophore model family.
Substituents at thgara position of the 4-phenylidene capable of formingliogen bonds improve the
inhibitory effect to a certain degree, but the loghobicity-raising modifications predominantly
enhance the activity probably by increasing thangyf of this moiety toward the lipophilic pocket the
enzyme. Supplementary data supporting this coreider were obtained withh and1j. In 1h, the

introduction of 2-naphthylmethylidene at the C4ipos enhanced the inhibitory activity ($¢= 0.10
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uM) to a value similar to that of the positive catepalrestat, and resulted in the best ARI for the
efficacy among the tested compounds in this stGdynpoundlj has two methyl groups adjacent to the
hydroxyl group exhibited 3-fold higher inhibitoryctavity (ICso = 0.13 pM) than that of the
corresponding analogue. Altering the substitution pattern irh from S to a (derivativeli) diminished
the inhibitory activity (IGo = 0.54uM). These results strongly suggest that not only tleéi@acid unit

at the N1 position but also an arylmethylidene rimagt with increased hydrophobicity and appropriate
shape to fit the lipophilic pockee.§., the bicyclic aromatic systems), on the C4 positd the central
imidazolone skeleton is favorable for improving tA&R2 inhibitory activity of the GFP model

compounds.

2.3. Docking studies

In order to obtain better insight in the inte¢raes between the imidazolones and ALR2, docking
experiments were performed using known high-regmuX-ray crystal structures of the human ALR2.
Nearly one hundred X-ray crystal structures of hamd.R2 with various kinds of inhibitors have
already been reported. Based on these experimeatal the ALR2 binding site can be divided into
three sub-regions. Two of them are the catalytit gpophilic pockets as mentioned above, while the
third region is defined as a specificity pocketd asm adjacent to the other two pockets [2]. While t
structure of the catalytic pocket is almost ideadtio the majority of the reported crystal struesirthe
specificity pocket has a flexible structure to anooodate various ligands. This ligand-induced-fit
function is achieved by a movement of the Cys29&308 loop region, and this brings two distinct
sates of the specificity pocket, “open” and “closedccording to Klebe and co-workers, the
ligand-binding conformations of ALR2 can be classifinto five types, and these are exemplifiedHsy t
PDB structures 1PWM, 1Z3N, 2FZD, 2NVC, and 2NVD ,[48]. These structures have been frequently
used in ALR2 docking studies [23, 49, 50], and wesed here as well. It should be noted that none of
these structures contains epalrestat as a ligagkeri@ly, the first report of the X-ray crystal stiwre of
ALR2 with epalrestat (PDB ID: 4JIR) has finally Imepublished by Zhangt al., and showed that the
specificity pocket is in the “closed” conformati@nd that the hydrophobic moiety of epalrestat is
located in the lipophilic pocket [51]. Consideritige structural similarities of our compounds with
epalrestat, this PDB structure was also used irptbsent study. Here, we also include an extra ALR2
crystal structure that was very recently reportgdtebe and co-workers (PDB ID: 41GS) [52], as the
binding moiety of the ligand is a phenolic hydrogybup, which is present in some of the imidazatone

synthesized in the this study. Interestingly, thetgin conformation of 4IGS is almost similar t@tlof
7



1PWM except for the positions of Trp20, Phel22, @&rpP19, composing the lipophilic pocket. These
small changes seem to affect the docking resultsuofligands since the imidazolones in this study
structurally resemble epalrestat, which certaintgriacts with this pocket.

The optimized structures and atom charges ofs#iected ligands for docking simulations were
calculated by the semi-empirical PM7 calculationtimd with the COSMO solvation model [53-55].
The above X-ray crystal structure obtained véikhwas adopted as the initial geometry for each ligan
calculation, and the dielectric constant of wat@swsed to calculate the properties of the ligands
water. Density Functional Theory (DFT) calculatiofs6, 57] were also performed at the
B3LYP/6-31G(d) level [58-61] to obtain the optimizetructures of the ligands, but in all cases the
optimized geometries were such that the aryl gnwap almost planar to the exomethylene moiety. This
conformation certainly gives rise to a collisiorivieeen the vinyl proton and the ortho proton onghg
group, showing that the geometries optimized byDRE calculations are impractical. Therefore, the
PM7 results were adopted for the following dockstigdy.

All the docking experiments were performed usihg GOLD Suite software package [62, 63].
ChemPLP scoring function [64] was used to prediet docking poses, and the obtained poses were
rescored with Astex Statistical Potential (ASP)][8&own as a good scoring function for proteins
required to make specific hydrogen bonds with lagmf66] The best pose for each ligand was
determined by considering the results obtained tatth of these scoring functions (both ChemPLP and
ASP give positive values, with the higher scoradating the more likely pose).

Table 2 shows the docking results of selectadamolonesa-j, 1m, 2, and6a), expressed in terms
of ChemPLP fitness scores. In order to assess whétlese results match the experimental data, the
coefficients of determinatiorrq) between these fithess scores and thegl@lues were calculated and
the results are compiled in Table 2.

The docking into proteins in the “open” confotmog, i.e. 1Z3N and 2FZD, gave relatively low
fitness scores and the correlation between thesesand the pl§ values were very poor%of 0.018
and 0.143, respectively). Hence, it is possiblgdstulate that above compounds are not capable of
opening the specificity pocket, and might betteinfio a protein with the specificity pocket “clase

Almost all compounds showed the best fithesseswaath the 1PWM structure. However, some of the
docking poses in 1IPWM are inconsistent with theeexpental results. For instance, the best score was
obtained forlh, whose inhibitory activity was about two-fold lebsn that ofli. Moreover, compound
1b exhibited ten-fold lower activity, but better dang score tharia. Furthermore, when we examined

the r? values, the correlation between the gl@alues and the docking scores for the proteimliga
8



complexes was poor for 1IPWM?(= 0.367), but, on the other hand, that was stfong#IGS ¢ =
0.908).

Table 2% ChemPLP fitness scores for the docking experimeiitts thirteen selected compounds into
seven different protein structures obtained frora Brotein Data Bank (PDB) compiled with the

coefficients of determination?) between plg values and ChemPLP

Protein structure (state of the specificity pocket)

Compound 1PWM 1Z3N 2FZD 2NVC 2NVD 41GS 4JIR
(closed) (open) (open) (closed) (closed) (closed) (closed)
la 1479677 121.0379 118.4920 122.6749 106.3769 132.4328 122.4033
1b 148.8442 116.7325 122.4086132.3547 110.9174 127.3476 118.8936
1c 146.4784 120.4499 119.1567 123.3144 106.6123 132.2422.7660
1d 149.7175 123.0365 117.1841 126.5613 107.9176 138.6123.0212
le 148.6791 122.3372 116.6743 124.8679 106.1159 136.5022.2602
1f 148.3229 122.1758 116.4419 126.7387 106.9029 138.0923.6788
19 148.3499 121.7783 116.4413 126.0770 106.8894 188.7423.7556
1h 163.8831 125.6343 125.1224 135.8675 112.0374 126.9128.9951
1i 167.0596 126.2255 123.2132 143.3077 114.4054 1838.9929.1376
1j 159.7231 123.7278 118.3947 132.4810 112.8971 182.0328.7544
1m 153.6158 120.0431 119.0217136.7273 109.7848 135.6587 124.9088
2 138.4267 134.5372118.1440 129.4450 96.3939 1215386 119.7465
6a 1455941 113.2006 113.0078 119.7632 102.9124 118.6954 112.2170
r? 0.367 0.018 0.143 0.112 0.436 0.908 0.749
r?(flexible)®  0.038 0.385 0.143 0.270 0.319 0.211 <0.001

#Valuesfor ligands that were docked into the binding sit¢he protein with a “flipped” conformation
are written intalics. ® Coefficients of determination between the ChemPagkihg scores obtained by
flexible docking simulations and the experimenté&lgp values.

Closer examination of the docking poses for commgs la and 1lcq, which exhibited
sub-micromolar G values, revealed that the orientation of the caylades at the N1 position obtained
with the 4IGS structure were different from thodgained with the 1PWM. In both structures, one
carboxylate oxygen atom forms a hydrogen bond Wii$110; the other one, however, is orientated
toward Trplll (in 41GS) or toward Trp20 (in 1IPWM)s exemplified bylc in Figure 4. We then
consulted the Protein Data Bank (PDB) and found AAR2 X-ray crystal structures, in which
carboxylate-type ligands are incorporated. Whercamapared the predicted carboxylate orientations of
our compounds to those observed in the PDB databasdound that the poses of the carboxylate
groups obtained for 4IGS structure are similahimse predominantly found in the experimental clysta
structures. It is therefore conceivable that thekdw poses calculated using the 1PWM structure are

inadequate to explain the experimental data andtic&ing poses with the 41GS structure are indeed
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possible.

(@) (b)
His110
Tyr48 Tyr48
\

Phe122 Trp111

Phe122 NADE:

Leu300 J

Trp20

Leu300

Trp219

Figure 4. Depiction of the predicted binding modes farand1c docked into (a) 1PWM and (b) 4IGS
exemplified bylc. Graphics were created by the Discovery Studioaliger.[67]

Further inspection of the docking poses farand 1c in 4IGS revealed that all of these poses
superimpose well with each other, except Igrand the 4-arylidene scaffolds are placed par#diel
Trp219, formingreTt interactions (Figure 5). Among these compounds,nttost potenih shows the
best overlap between the naphthyl residue andnith@e ring of Trp219. These results suggest that th
hydrophobic interaction of the aromatic rings wittp219, as well as the hydrogen-bonding interastion
in the anion-binding pocket, plays an importanerol ligands binding to ALR2 described in the priése
study. The aformentioned interactions f@rhave been visualized using the Discovery Studsu&lizer
program [67] as shown in Figure 6. The program asta hydrogen-bond donor region in the protein
close to the carboxylate group 1, an aromatic face-to-face interaction region adothe Trp219, and

a lipophilic contact around Leu300 near the naphttsidue ofLh.

Trpii1

Leu300

Figure 5. Superposition of the predicted docking poseslband1cH docked into the binding site of
41GS. All ligands are colored in cyan excéptn magenta.
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\ Tyr48

Trp111

Trp11d1

Leu300

H-Bonds Trp219

Donor

Acceptor Bl

Trp111

Leu300

Figure 6. The contour maps of (a) hydrogen-bonding, (b)reiic, and (c) hydrophobic interaction
surfaces of the binding-site residues in 4IGS supsed with the predicted docking pose for compound
1h. All surfaces were detected and visualized byDiseovery Studio Visualizer [67].

The program SuperStar, which empirically generat¢éeraction maps within protein binding sites
based on experimental crystal structure databasdsas the Cambridge Structural Database (CSD) and
PDB [68-70], was used to visualize the knowledgeebaprotein-ligand interaction area within the
active site of 41GS. Figure 7 depicts the PDB-b&SeperStar propensity maps of the 41GS binding site
in which the hydrophobic interaction area (magenta$ detected using the aliphatic CH probe and the
hydrogen-bonding donor region (yellow) was simudatéth the C=0 probe. Overlapping the predicted
docking pose olh into this figure clearly shows that the carboxglgtoup and the naphthyl ring in the
ligand correlates well with the areas of prediatedraction propensity. Based on these observattbes
inhibitory activity of 1c-h, whose docking modes are quite similar and suprgable to each other, is

likely to vary because of difference in the degoédipophilic contact between the aryl moiety aihe t
11



enzyme hydrophobic pocket (Trp219 and Leu300).rtleoto assess this consideration quantitatively,
the correlation between the piSralues and the hydrophobicity parameter for thy groups oflc-h

() was examined, and the following equation wasiobthwith a high correlation coefficient.

pICso = 5.062 + 0.5891 (r? = 0.900) 1)

This result clearly demonstrates that the expertaienhibitory activity oflc-h can be described by the
hydrophobicity of the 4-arylidene moiety. There htigpe a criticism that the biggest term in this
equation is the constant value. As for this pdinere have been some quantitative structure-agtivit
relationship (QSAR) models for aldose reductasébitdrs reported with larger constant values than
that in the equation 1. For example, Soni and Kedikar reported a QSAR model for

2,4-dioxo-5-(naphtha-2-ylmethylene)-3-thiazolidimgetic acids and 2-thioxo analogues as follows:

pICso = 6.634 + 0.50&Zm+ 0.659} (r*=0.726)

where X1 represents the sum of hydrophobicity of the ststits on the naphthyl group andd the
indicator variable for the presence of sulfur atemthe C2 position [71]. More recently, Nantasenama
et al. reported a QSAR model with a much larger constahte (6.766) and much smaller coefficients
of explanatory valuables (0.097-0.332) to prediddose reductase inhibitory activity of
sulfonylpyridazinones [72]. Thus one can safely tbay the equation 1 is reasonable.

Compoundla was excluded from this assessment because aniocaddlibnd hydrogen-bonding
interaction with the backbone NH of Leu301 was prted in addition to the interactions with the amio
binding site and Trp219. This additional interawtis likely to raise the bioactivity, as discusséxve.

The 1-naphthyl group dfi also faces to Trp219, but the area forming e interaction is smaller
than that ofLh and similar to that otb. Moreover, because of its shape, the positiofi afithin the
protein slightly deviates from those of the otherivatives. These might be the reasons behindative |

activity of 1i.
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Figure. PDB-based SuperStar propensity map of the 4IGfling site using the aliphatic CH
(magenta) and C=0 (yellow) probes accompanied thihpredicted docking pose i.

The docking pose of the esta, which exhibited about 60-times less activitysg€ 23uM) than the
corresponding carboxylic acith (ICso = 0.36uM), with 4IGS was quite different from those bé.
The orientation of the imidazolone and phenyl rirgyalso flipped in comparison to the oneslof,
and the phenolic hydroxyl group is placed in themsbinding pocket to form a hydrogen bond with
His110 (Figure 8a). A similar “flipped” pose wastaimed for compoun@ (ICso = 10.7 uM), which
exhibits low inhibitory activity despite the presenof a carboxyl group. As shown in Figure 8b, the
anionic carboxylate group i@ does not bind to the catalytic pocket of 4IGS, m#tead makes a
hydrogen bond with the backbone NH of Ser302. imrest, the phenol moiety @fis inserted into the
anion-binding pocket and forms a hydrogen bond WitilL10, the carbonyl group at the C5 position of
the imidazolone ring forms a hydrogen bond withlthekbone NH of Leu300, and the imidazolone ring
faces to Trp219. It is conceivable that these aultht interactions in part improve the bioactivdfy 2
compared to that dda, but its inhibitory effect is still lower than the of the carboxylic acid seriés
probably because of the loss of the tight bindifghe carboxylate with the catalytic pocket. The
docking pose forlm in 4IGS was also solved as the “flipped” one (F&g@c). In this pose, the
carboxylate group of the glycine unit at the N1ipos of the imidazolone ring points toward the
outside of the protein, but instead the other ceylade group at thg@ara position of the phenyl ring
forms a tight net of hydrogen bonds with Tyr48, Hi8 and Trp111 (the anion-binding site), providing
possible explanation for its good efficacy {§& 0.31uM).

For what concerns compourigh, a meta analogue ofLa, we found a pose in which the carboxyl

group was incorporated into the catalytic pockebdlgh a hydrogen bond with His110, and the
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meta-hydroxyl group formed hydrogen bonds with the limrie NH of Ala299 and Leu300 (Figure 8d).
However, the entire pose was not superimposablie thivtse obtained fotc. The amide carbonyl
group at the C5 positions of the imidazolone rindlb was flipped compared tbc{, and thus, the
hydrogen bond with Cys298, commonly observed inpibges oflc+, was lost (Figure S1). Moreover,
the predicted conformation dfb in 4GS was not identical to the optimized geomdfigure S2),
namely the phenyl ring was rotated almost 180°him docking experiments. According to a simple
molecular mechanics calculation, the rotation learwas estimated to be 2.0 kcal/mol, showing that
extra energy is required fdib to be incorporated into the binding site with tpeticular pose. These
results suggest that the binding § with the protein is energetically unfavorable camga to the

others of serie§, and this may explain the low activity bi.

-

(a) (b)

His110 His110

Tyrd8

Trp111
Trp11t

Leu300
Leu300

Leu301

His110

(©) by (d)

Tyrd8 Tyrd8

Trp110

Trp111 Leu300

Leu300

Ala299
Trp219

Figure 8. Predicted binding modes for @, (b) 2, (c) 1m, and (d)1b docked into 4IGS. Graphics were
created by the Discovery Studio Visualizer [67].

Since the ALR2 binding site shows a high degrie#exibility to incorporate diverse structures of

carbonyl substrates, we also performed inducedditking simulations [23, 73, 74] using the Side
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Chain Flexibility function in GOLD. The same fivegbein structures described in Table 2 were used.
The results indicate that the docking scores werednastically improved, and that the correlation
between the docking scores and fpl@alues was poorr{ < 0.4) in all cases (Table 2). This result
suggests that the predicted docking poses usingdi3& structure with no side chains flexibility
account for the present experimental results best.

By considering all these data, we conclude tbatetating the docking results with the experiménta

ICso values is a valid approach.

3. Conclusion

We have demonstrated that sordg4-Arylmethylene-H-imidazol-5(4H)-ones related to the GFP
chromophore act as good ARIs with thesd@alues less than 0.3BM. Among these new GFP
chromophore modelslh exhibited the best inhibitory activity with an g¢Cof 0.10 uM, supporting
further work on evaluating iten vivo efficacy. The structure-activity relationship sguiddicated the
important structural features needed to the GFRnebphore model series to exhibit high ALR2
inhibitory activity. These include the carboxylg®up at the N1 position and the hydrophobicityhef
4-arylmethylidene moiety.

We have explored a way to obtain reliable dockesplts by correlating the docking scores with the
ICso values. In our docking study, the obtained dockpuges for the imidazolones in the 1IPWM
structure gave the best fithess scores, but erlifpbor correlation with the efficacy of the ligandhe
docking scores obtained using the 4IGS structure,ttee other hand, correlated well with the
experimental inhibitory activity. The predicted #otw poses with 4IGS suggest that the
4-arylmethylidene moiety forms =t interaction with the Trp219 residue as well agpipilic contact
with Leu300, rationally explaining the importandeloe hydrophobicity. In fact, a linear correlatioas
observed between the hydrophobicity of the 4-aryiryl@lene moiety and the experimental inhibitory
activity.

Some reports claimed the usefulness of indudedidicking (IFD) methods to simulate the
induced-fit-type movement of the binding site of R2 in accommodating substrates with diverse
structures [23, 74]. Although this approach seemset rational for modeling the complex of inhibgor
with the induced-fit-type protein, none of the exd®s demonstrated a correlation between the docking
scores and the experimental inhibitory activity anquantitative fashion. In our system, the IFD
simulation did not yield any satisfactory resultstt would rationally explain the experimental data,

while the fully knowledge-based docking method imistn the experimentally obtained protein
15



structures with different active site conformatieare used, yielded scores and poses that accotanted
the experimental results.

By considering these results comprehensivelycamclude that it is advisable to correlate between
the docking results with the experimentaid@alues quantitatively, in order to gain reliabiéormation

of ligand-protein interactions, independently of ttocking method used.

Acknowledgement

This research was supported by a Grant-in-Aid fmeigific Research C (No. 25410179) from the Japan
Society for the Promotion of Science (JSPS). Rditiancial support to R.S. by the Nukada Memorial
Scholarship Fund of Toho University is also gratgfappreciated. The authors thank Dr. Yoichi
Habata and Dr. Shunsuke Kuwahara for carrying leeitd-ray diffraction experiment and refinement of

the data.

Conflicts of interest

The authors declare no other conflicts of interest.

Appendix. Supplementary data
Supplementary data related to this article can beound at http://

dx.doi.org/10.1016/j.ejmech.XXXX.XX.XXX

References

[1] M. Brownlee, Biochemistry and molecular celblmigy of diabetic complications, Nature 414 (2001)
813-820.

[2] Z. Changjin, Aldose reductase inhibitors aseptial therapeutic drugs of diabetic complicatians,

O. Oguntibeju (Ed.), Diabetes mellitus - Insightsl perspectives, InTech, 2013, pp. 17-46.

[3] K.H. Gabbay, N. Spack, S. Loo, H.J. Hirsch, A&ckil, Aldose reductase inhibition: Studies with
alrestatin, Metabolism 28 (1979) 471-476.

[4] P.F. Kador, J.H. Kinoshita, N.E. Sharpless, @8d reductase inhibitors - A potential new class of
agents for the pharmacological control of certaabdtic complications, J. Med. Chem. 28 (1985) 841
849.

[5] D. Dvornik, D. Porte, Aldose reductase inhibiti An approach to the prevention of diabetic
complications, Biomedical Information Corp., 1987.

[6] T. Tanimoto, K. Maekawa, S. Okada, C. Yabe-Nralra, Clinical analysis of aldose reductase for
differential diagnosis of the pathogenesis of di@beomplication, Anal. Chim. Acta 365 (1998) 285—
292.

[7] N. Hotta, T. Toyota, K. Matsuoka, Y. Shigeta,itkkawa, T. Kaneko, A. Takahashi, K. Sugimura, Y.
Koike, J. Ishii, N. Sakamoto, S.D.N.S. Group, Gialiefficacy of fidarestat, a novel aldose reduetas

16



inhibitor, for diabetic peripheral neuropathy - 2-tveek multicenter placebo-controlled double-blind
parallel group study, Diabetes Care 24 (2001) 17782.

[8] M. Lorenzi, The polyol pathway as a mechanism diabetic retinopathy: Attractive, elusive, and
resilient, Exp. Diabetes Res. (2007) Article ID 88061010 pages. DOI:10.1155/2007/61038.

[9] N. Hotta, New approaches for treatment in diabe Aldose reductase inhibitors, Biomed.
Pharmacother. 49 (1995) 232-243.

[10] C. Yabe-Nishimura, Aldose reductase in gluctzsdcity: A potential target for the prevention of
diabetic complications, Pharmacol. Rev. 50 (1998)33.

[11] L. Costantino, G. Rastelli, P. Vianello, Gg@arella, D. Barlocco, Diabetes complications dredrt
potential prevention: Aldose reductase inhibitiowl ather approaches, Med. Res. Rev. 19 (1999) 3-23.
[12] M.A. Pfeifer, M.P. Schumer, Clinical-trials afiabetic neuropathy - Past, present, and future,
Diabetes 44 (1995) 1355-1361.

[13] L. Costantino, G. Rastelli, G. CignarellaManello, D. Barlocco, New aldose reductase inbitsit

as potential agents for the prevention of long—teliabetic complications, Expert Opin. Ther. Pat. 7
(1997) 843-858.

[14] L. Costantino, G. Rastelli, M.C. Gamberini, Barlocco, Pharmacological approaches to the
treatment of diabetic complications, Expert Opihefl Pat. 10 (2000) 1245-1262.

[15] N. Hotta, N. Sakamoto, Y. Shigeta, R. Kikkawa,Goto, Clinical investigation of epalrestat, an
aldose reductase inhibitor, on diabetic neuropathgpan: Multicenter study (reprinted from excearpt
medica international congress, series 1084, 199%)iabetes Complicat. 10 (1996) 168-172.

[16] S. Miyamoto, Recent advances in aldose redecitahibitors: Potential agents for the treatmédnt o
diabetic complications, Expert Opin. Ther. Pat(2@02) 621-631.

[17] M.A. Ramirez, N.L. Borja, Epalrestat: An al@oseductase inhibitor for the treatment of diabetic
neuropathy, Pharmacotherapy 28 (2008) 646-655.

[18] A. Ishii, T. Kotani, Y. Nagaki, Y. Shibayamd, Toyomaki, N. Okukado, K. lenaga, K. Okamoto,
Highly selective aldose reductase inhibitors. IaB4alkyl)-2,4,5-trioxoimidazolidine-1-acetic acdJ.
Med. Chem. 39 (1996) 1924-1927.

[19] T. Negoro, P. Murata, S. Ueda, B. Fujitani, Qnho, A. Kuromiya, M. Komiya, K. Suzuki, J.
Matsumoto, Novel, highly potent aldose reductase hibitors:
(R)-(-)-2-(4-bromo-2-fluorobenzyl)-1,2,3,4-tetrahygygorolo[1,2w]pyrazine-4-spiro-3'-pyrrolidine-1,2',
3,5'-tetrone (as-3201) and its congeners, J. MadnC 41 (1998) 4118-4129.

[20] G. Rastelli, P. Vianello, D. Barlocco, L. Castino, A. DelCorso, U. Mura, Structure-based desig
of an inhibitor modeled at the substrate active sit aldose reductase, Bioorg. Med. Chem. Lett. 7
(1997) 1897-1902.

[21] M. Oka, Y. Matsumoto, S. Sugiyama, N. Tsurutd, Matsushima, A potent aldose reductase
inhibitor, (2549)-6-fluoro-2',5'-dioxospiro[chroman-4,4'-imidazadhe]-2-carboxamide (fidarestat): Its
absolute configuration and interactions with thdoak reductase by x-ray crystallography, J. Med.
Chem. 43 (2000) 2479-2483.

[22] S. Miyamoto, Molecular modeling and structin@sed drug discovery studies of aldose reductase
inhibitors, Chem-Bio Inform. J. 2 (2002) 74-85.

[23] R. Maccari, R. Ottana, R. Ciurleo, D. Rakowi Matuszczak, C. Laggner, T. Langer, Synthesis,
induced-fit docking investigations, and in vitradase reductase inhibitory activity of non-carbogyli
acid containing 2,4-thiazolidinedione derivativBgorg. Med. Chem. 16 (2008) 5840-5852.

[24] H. Morise, O. Shimomura, F.H. Johnson, J. Winalntermolecular energy-transfer in
bioluminescent system of aequorea, Biochemistr{1934) 2656—2662.

[25] O. Shimomura, Structure of the chromophoraefuorea green fluorescent protein, Febs Lett. 104
(1979) 220-222.

17



[26] C.W. Cody, D.C. Prasher, W.M. Westler, F.Genrtergast, W.W. Ward, Chemical-structure of the
hexapeptide chromophore of the aequorea greeneBiuent protein, Biochemistry 32 (1993) 1212-
1218.

[27] H. Niwa, S. Inouye, T. Hirano, T. Matsuno, Kjima, M. Kubota, M. Ohashi, F.I. Tsuji, Chemical
nature of the light emitter of the aequorea grdearéscent protein, Proc. Natl. Acad. Sci. U.S.A. 9
(1996) 13617-13622.

[28] S. Kojima, H. Ohkawa, T. Hirano, S. Maki, Hiw, M. Ohashi, S. Inouye, F.l. Tsuji, Fluorescent
properties of model chromophores of tyrosine-66s8tiied mutants of aequorea green fluorescent
protein (GFP), Tetrahedron Lett. 39 (1998) 52392524

[29] P. Busca, F. Paradisi, E. Moynihan, A.R. MaguiP.C. Engel, Enantioselective synthesis of
non-natural amino acids using phenylalanine delyeitases modified by site-directed mutagenesis,
Org. Biomol. Chem. 2 (2004) 2684—-2691.

[30] K.M. Khan, U.R. Mughal, M.T.H. Khan, U. Zia,. erveen, M. Igbal Choudhary, Oxazolones:
New tyrosinase inhibitors; synthesis and their ctrre—activity relationships, Bioorg. Med. Chem. 14
(2006) 6027-6033.

[31] H.N.C. Wong, Z.L. Xu, H.M. Chang, C.M. Lee, Aodified synthesis of (#}-aryllactic acids,
Synthesis 1992 (1992) 793-797.

[32] H. Hoshina, H. Tsuru, K. Kubo, T. Igarashi,Sakurai, Formation of isoquinoline derivativesthg
irradiation of N-acetylu-dehydrophenylalanine ethyl ester and its deriesti\Heterocycles 53 (2000)
2261-2274.

[33] K. Takrouri, T. Chen, E. Papadopoulos, R. Salte. Kabha, H. Chen, S. Cantel, G. Wagner, J.A.
Halperin, B.H. Aktas, M. Chorev, Structure—activitglationship study of 4EGI-1, small molecule
elF4E/elFAG protein—protein interaction inhibitdesir. J. Med. Chem. 77 (2014) 361-377.

[34] M. Blanco-Lomas, I. Funes-Ardoiz, P.J. Campbs,Sampedro, Oxazolone-based photoswitches:
Synthesis and properties, Eur. J. Org. Chem. 2P0383) 6611-6618.

[35] K. Maekawa, T. Igarashi, K. Kubo, T. Sakur&lectron transfer-initiated photocyclization of
substituted N-acetylu-dehydro(1-naphthyl)alanines to 1,2-dihydrobefigoiinolinone derivatives:
Scope and limitations, Tetrahedron 57 (2001) 555265

[36] M. Bhalla, P.K. Naithani, T.N. Bhalla, A.K. $ana, K. Shanker, Novel imidazole congeners as
antiinflammatory agents, J. Indian Chem. Soc. 832) 594-595.

[37] V. Voliani, R. Bizzarri, R. Nifosi, S. Abbrugetti, E. Grandi, C. Viappiani, F. Beltram, Cis-tsan
photoisomerization of fluorescent-protein chromageispJ. Phys. Chem. B 112 (2008) 10714-10722.
[38] C. Nishimura, T. Yamaoka, M. Mizutani, K. Yashata, T. Akera, T. Tanimoto, Purification and
characterization of the recombinant human aldodaatase expressed in baculovirus system, Biochim.
Biophys. Acta. 1078 (1991) 171-178.

[39] C. La Motta, S. Sartini, S. Salemo, F. Simpréh Taliani, A.M. Marini, F. Da Settimo, L. Masei,

V. Limongelli, E. Novellino, Acetic acid aldose mettase inhibitors bearing a five-membered
heterocyclic core with potent topical activity irvisual impairment rat model, J. Med. Chem. 51 @00
3182-3193.

[40] R. Saito, M. Tokita, K. Uda, C. Ishikawa, Matsh, Synthesis and in vitro evaluation of
botryllazine b analogues as a new class of inhi@gmainst human aldose reductase, Tetrahedron 65
(2009) 3019-3026.

[41] A. Del Corso, L. Costantino, G. Rastelli, Fudho, U. Mura, Aldose reductase does catalyse the
reduction of glyceraldehyde through a stoichionseditidation of nadph, Exp. Eye Res. 71 (2000) 515—
521.

[42] R.P. Verma, Cytotoxicity of heterocyclic compals against various cancer cells: A quantitative
structure—activity relationship study, Top. Hetgi@dcChem. 9 (2007) 53—-86.

18



[43] C. Hansch, A. Leo, D.H. Hoekman, Exploring gdaundamentals and applications in chemistry
and biology, American Chemical Society, 1995.

[44] K. Kato, K. Nakayama, M. Mizota, I. Miwa, J.kGda, Properties of novel aldose reductase
inhibitors, M16209 and M16287, in comparison witlolvn inhibitors, ONO-2235 and sorbinil, Chem.
Pharm. Bull. 39 (1991) 1540-1545.

[45] U. Dhagat, S. Endo, A. Hara, O. El-Kabbanhibition of 3(17}-hydroxysteroid dehydrogenase
(AKR1C21) by aldose reductase inhibitors, BioorggdiChem. 16 (2008) 3245-3254.

[46] R.F. Rekker, The hydrophobic fragmental contstdts derivation and application: A means of
characterizing membrane systems, Elsevier Scierféib. Co.: distributors for the U.S. and Canada,
Elsevier/North Holland, Amsterdam; New York, 1977.

[47] C.A. Sotriffer, O. Kramer, G. Klebe, ProbintpXibility and "induced-fit" phenomena in aldose
reductase by comparative crystal structure analgsé molecular dynamics simulations, Proteins 56
(2004) 52-66.

[48] H. Steuber, M. Zentgraf, C. La Motta, S. SartA. Heine, G. Klebe, Evidence for a novel birglin
site conformer of aldose reductase in ligand-batate, J. Mol. Biol. 369 (2007) 186—197.

[49] R. Maccari, R. Ottana, R. Ciurleo, M.G. VigeriD. Rakowitz, T. Steindl, T. Langer, Evaluatimin

in vitro aldose redutase inhibitory activity of B/edene-2,4-thiazolidinediones, Bioorg. Med. Chem.
Lett. 17 (2007) 3886—3893.

[50] X. Chen, C. Zhu, F. Guo, X. Qiu, Y. Yang, Shahg, M. He, S. Parveen, C. Jing, Y. Li, B. Ma,
Acetic acid derivatives of 3,4-dihydrd421,2,4-benzothiadiazine 1,1-dioxide as a novelsctaEspotent
aldose reductase inhibitors, J. Med. Chem. 53 (8380-8344.

[51] L. Zhang, H. Zhang, Y. Zhao, Z. Li, S. ChenZbai, Y. Chen, W. Xie, Z. Wang, Q. Li, X. Zhen,
Hu, Inhibitor selectivity between aldo—keto redsetasuperfamily members AKR1B10 and AKR1B1:
Role of Trp112 (Trp11l), Febs Lett. 587 (2013) 363386.

[52] A. Cousido-Siah, F.X. Ruiz, A. Mitschler, Sofee, A.R. de Lera, M.J. Matrtin, S. Manzanaro, J.A.
de la Fuente, F. Terwesten, M. Betz, G. Klebeadrds, X. Pares, A. Podjarny, Identification ofcvel
polyfluorinated compound as a lead to inhibit themlan enzymes aldose reductase and akrlbl0:
Structure determination of both ternary complexas ianplications for drug design, Acta Crystallogr D
70 (2014) 889-903.

[53] J.J.P. Stewart, Optimization of parametersstemiempirical methods vi: More modifications te th
nddo approximations and re-optimization of paramset® Mol. Model. 19 (2013) 1-32.

[54] A. Klamt, G. Schuurmann, Cosmo: A new approgctielectric screening in solvents with explicit
expressions for the screening energy and its gngdleChem. Soc., Perkin Trans. 2 (1993) 799-805.
[55] R. Saito, T. Hirano, S. Maki, H. Niwa, Syntleesand chemiluminescent properties of
6,8-diaryl-2-methylimidazo[1,24pyrazin-3(H)-ones: Systematic investigation of substituenéatfat
para-position of phenyl group at 8-position, J. Photwoh Photobiol. A-Chem. 293 (2014) 12-25.

[56] M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.Elbert, M.S. Gordon, J.H. Jensen, S. Koseki, N.
Matsunaga, K.A. Nguyen, S.J. Su, T.L. Windus, M.pDis, J.A. Montgomery, General atomic and
molecular electronic-structure system, J. Compber@. 14 (1993) 1347-1363.

[57] F. Jensen, Introduction to computational ctetrgi 2nd ed., John Wiley and Sons, Ltd., Wast
Sussex, UK, 2007.

[58] C.T. Lee, W.T. Yang, R.G. Parr, Developmentrad colle-salvetti correlation-energy formula imsto
functional of the electron-density, Phys. Rev. B(BJ88) 785-789.

[59] A.D. Becke, Density-functional thermochemistBy The role of exact exchange, J. Chem. Phys. 98
(1993) 5648-5652.

[60] P.J. Stephens, F.J. Devlin, C.F. Chabalowbki]. Frisch,Ab-initio calculation of vibrational
absorption and circular-dichroism spectra usingsdgriunctional force fields, J. Phys. Chem. 98940

19



11623-11627.

[61] R. Hertwig, W. Koch, On the parameterizatioh the local correlation functional. What is
Becke-3-LYP?, Chem. Phys. Lett. 268 (1997) 345-351.

[62] Gold Version 5.2; The Cambridge Crystallograpibata Centre (CCDC): Cambridge, UK.
http://www.ccdc.cam.ac.uk.

[63] M.L. Verdonk, J.C. Cole, M.J. Hartshorn, C.Wurray, R.D. Taylor, Improved protein—ligand
docking using gold, Proteins 52 (2003) 609-623.

[64] O. Korb, T. Stutzle, T.E. Exner, Empirical siog functions for advanced protein-ligand docking
with plants, J. Chem. Inf. Model. 49 (2009) 84-96.

[65] W.T.M. Mooij, M.L. Verdonk, General and target statistical potentials for protein-ligand
interactions, Proteins 61 (2005) 272-287.

[66] Cambridge Crystallographic Data Centre, Gotorgg function performance against the dud
decoy/active set. https://www.ccdc.cam.ac.uk/supaod-resources/ccdcresources/VS_workcase.pdf,
2012 (14.09.16).

[67] Discovery studio visualizer Release 4.1; Dalis&5ystémes BIOVIA: San Diego, USA.
http://accelrys.com/products/collaborative-sciehimfia-discovery-studio/visualization.html.

[68] M.L. Verdonk, J.C. Cole, R. Taylor, Superstd:knowledge-based approach for identifying
interaction sites in proteins, J. Mol. Biol. 289¢D) 1093-1108.

[69] M.L. Verdonk, J.C. Cole, P. Watson, V. Gillé, Willett, Superstar: Improved knowledge-based
interaction fields for protein binding sites1, JoIMBiol. 307 (2001) 841-859.

[70] D.R. Boer, J. Kroon, J.C. Cole, B. Smith, M.\lerdonk, Superstar: Comparison of csd and
pdb-based interaction fields as a basis for theigtien of protein-ligand interactions1, J. Mol.dBi
312 (2001) 275-287.

[71] L.K. Soni, S.G. Kaskhedikar, Exploring struclurequirements for aldose-reductase inhibition by
2,4-dioxo-5-(naphth-2-yImethylene)-3-thiazolidirgtetic acids and 2-thioxo analogues: Fujita-ban and
hansch approach, Arch. Pharm. 339 (2006) 327—-331.

[72] C. Nantasenamat, T. Monnor, A. Worachartchegw Mandi, C. Isarankura-Na-Ayudhya, V.
Prachayasittikul, Predictive gsar modeling of aasductase inhibitors using monte carlo feature
selection, Eur. J. Med. Chem. 76 (2014) 352-359.

[73] M. Zentgraf, H. Steuber, C. Koch, C. La Mot&, Sartini, C.A. Sotriffer, G. Klebe, How reliable
are current docking approaches for structure-bdsegl design? Lessons from aldose reductase, Angew.
Chem. Int. Ed. 46 (2007) 3575—-3578.

[74] S.V. Jain, K.S. Bhadoriya, S.B. Bari, Qsar dlekible docking studies of some aldose reductase
inhibitors obtained from natural origin, Med. ChdRes. 21 (2012) 1665-1676.

20



Figure 1

CHO CH,OH CH,OH
H——oH NADPH NADP+ H—l-oHq  NAD*  NADH -

HO——H N HO——H N HO——H

H——OH Aldose reductase H——OH Solbitol H——OH
H——OH (ALR2) H——OH dehydrogenase H—OH
CH,OH CH,OH CH,OH

D-Glucose D-Solbitol D-Fructose



Scheme 1

4a: Ar = 4-OAc-CgH,

4b: Ar = 3-OAc-CgHy

4c: Ar=CgHsg

4d: Ar = 4-OMe-CgH,

4e: Ar = 4-F-CgH,

4f: Ar = 4-CI-CgH,

4g: Ar = 4-Br-CgHy

4h: Ar = 2-naphthyl

4i: Ar = 1-naphthyl

4j: Ar = 3,5-Me,-4-OAc-CgH,
4k: Ar = 3,5-(OMe),-CgH,

5a:
5n:
5b:
50:
5c:
5d:
5e:
5f:
5g:
5h:
5i :
5j:
5p:
5k:

Ar = 4-OH-CgH, ;
Ar= 4-OTBS-C6H:| !
Ar = 3-OH-CgHy
Ar = 3-OTBS-CgH,
Ar = CgHs

Ar = 4-OMe-CgH,
Ar = 4-F-CgH,

Ar = 4-CI-CgH,

Ar = 4-Br-CgH,

Ar = 2-naphthyl

Ar = 1-naphthyl

Ar = 3,5-Me -4-OH-CgH, ;
Ar = 3,5-Me,-4-OTBS-CgHp <"
Ar = 3,5-(OMe),-CgHy

CO,Et
Ar/\/«NJ 2

6a:
6n:
6b:
60:
6c:
6d:
6e:
6f :
6g:
6h:
6i :
6j :
6p:
6k:
6l :

o}

"~
Ar = 4-OH-CgH, )
Ar= 4-OTBs-c6H<4t’“’
Ar = 3-OH-CgH, .
Ar= 3-OTBS-CGH<4jN
Ar = CgHs
Ar = 4-OMe-CgH,
Ar = 4-F-CgH,
Ar = 4-Cl-CgH,
Ar = 4-Br-CgH,
Ar = 2-naphthyl
Ar = 1-naphthyl
Ar = 3,5-Me -4-OH-CgH,
Ar = 3,5-Me,-4-OTBS-CgHy
Ar = 3,5-(OMe)y-CgH,
Ar = 4-OCH,CO,Et-CgH,

iv

(o]

H
Ar\/f(N 0,
X
1a: Ar = 4-OH-CgH,
1b: Ar = 3-OH-CgH,
1c: Ar = CgHs
1d: Ar = 4-OMe-CgH,
1e: Ar = 4-F-CgH,
1f: Ar = 4-Cl-CgH,
19: Ar = 4-Br-CgH,
1h: Ar = 2-naphthyl
1i : Ar = 1-naphthyl
1j : Ar = 3,5-Me,-4-OH-C¢H,
1m: Ar = 4-OCH,CO,H-CgH,y



Figure 2. Structures of epalrestat, the chromophore moiety in the dequorea green fluorescent protein
(GFP), and the GFP chromophore model compound 1a.
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Highlights:

©® Some novel (2)-4-arylmethylidene-1H-imidazol-5(4H)-ones were synthesi zed.

® 1h showed equal activity to the only drug for diabetic complicationsin the market.

® This compound proved to be potential new drugs for diabetic complications.

® Correlation anal yses between docking scores and actual 1Csp values were performed.

® This method was found to be useful for docking studies with induced-fit type enzymes.



