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Xanthine oxidase (XO) is an enzyme which catalyzes oxidation of hypoxanthine to xanthine and then to uric acid,
and plays a key role in hyperuricemia. The inhibition of XO activity in rat liver homogenate by 6-(propan-2-yl)-3-
methyl-morpholine-2,5-dione (1) was evaluated and compared with that of two previously studied cyclodidepsipeptides,
3,6-di(propan-2-yl)-4-methyl-morpholine-2,5-dione (2) and 3-(2-methylpropyl)-6-(propan-2-yl)-4-methyl-morpholine-
2,5-dione (3), and allopurinol. Compound 1 showed significant inhibitory activity against rat liver XO (ICso = 49.82
png/mL), comparable with the activity of 2 and 3. Allopurinol, a widely used XO inhibitor and drug to treat gout,
exhibited a stronger inhibitory effect on rat liver XO than 1-3. Compound 1 was synthesized as a mixture of two
diastereoisomers, (3S,6R) and (3S,6S), and molecular docking studies were performed to gain an insight into their
binding modes with XO. Lineweaver—Burk plot analysis of the inhibition kinetics data demonstrated that the studied
compound (1) was a competitive inhibitor of XO. Both forms of 1 bind in the entrance of the narrow tunnel towards the
dioxothiomolybdenum moiety of the active center of XO, blocking in this way the approach of the substrates toward the
metal atom.
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INTRODUCTION

Cyclodidepsipeptides are the simplest ones in
the cyclodepsipeptide family containing one residue
of amino acid and one residue of lactic, o-
hydroxyisovaleric or other a-hydroxy acid. There
are reports on their antioxidant [1], antimicrobial
[2,3] and immunomodulatory [2,4,5] activities, as
well as inhibitory activities towards acyl-
CoA:cholesterol acyltransferase [6], a-glucosidase
[7-9] and platelet aggregation [10]. Recently, we
synthesized a novel cyclodidepsipeptide, 6-(propan-
2-yl)-3-methyl-morpholine-2,5-dione (1,
CsHi13sNOs, M = 171.19) (Scheme 1), containing an
alanine moiety [3]. Xanthine oxidase (XO) is a key
enzyme which can catalyze oxidation of xanthine to
uric acid causing hyperuricemia in humans [11] and
recently, we evaluated two  synthetic
cyclodidepsipeptides 3,6-di-(propan-2-yl)-4-
methyl-morpholine-2,5-dione (2; C11HisNO3;, M =
213.27) and 3-(2-methylpropyl)-6-(propan-2-yl)-4-
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methyl-morpholine-2,5-dione (3; Ci12H21NO3;, M =
227.30) [12] for inhibitory activity against
commercial enzyme XO in vitro and XO in rat liver
homogenate as well as anti-inflammatory response
on human peripheral blood mononuclear cells
(PBMCs) [13]. The two cyclodidepsipeptides were
excellent inhibitors of XO and significantly
suppressed the nuclear factor of «B (NF-xB)
activation. Based on molecular docking study, the
binding modes of 2 and 3 with XO were clarified
and recommendations for future structure-guided
design of new morpholine-dione inhibitors of XO
were drawn [13].

In this paper, we investigated the inhibition of
xanthine oxidase (XO) activity in rat liver
homogenate by compound 1 and compared with
that by cyclodidepsipeptides 2 and 3, as well as
allopurinol, a widely used XO inhibitor and drug to
treat gout. Inhibition kinetics of compound 1 with
XO was studied in order to determine the type of
enzyme inhibition, while the molecular docking
studies were performed in order to examine the
binding mode of 1 with XO.
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Scheme 1. Chemical structure of
cyclodidepsipeptides 1-3

EXPERIMENTAL
Evaluation of xanthine oxidase inhibition

Inhibition of XO activity in rat liver homogenate
was evaluated using a spectrophotometric method
[14], by measuring uric acid formation at 293 nm.
The reaction mixture (volume 2200 pl) was
prepared by allocating the following test sample
groups: i) Test sample group contained 100 uL of
10 % rat liver homogenate, one of the studied
compounds (1-3) diluted in DMSO (the final
concentration of DMSO in the assay was 4.55 %
V/IV), 454.5 uM of xanthine (Serva), and 45.5 mM
TRIS-HCI buffer (pH 7.8); ii) Solvent control
group contained the same amount of rat liver
homogenate, appropriate amount of DMSO,
xanthine and TRIS-HCI buffer; iii) Control group
contained the same amount of rat liver homogenate,
xanthine and TRIS-HCI buffer adjusted to the same
volume. Corresponding blank samples were
prepared for each group in the same way as the test
solutions (i-iii). The obtained inhibition was
calculated as a percent change of the control which
involves the effect of appropriate amount of
DMSO. All samples were assayed for XO
inhibitory activity at concentration of 50 pg/mL.
Those showing greater than 50 % inhibition at this
concentration were tested further to ascertain the
corresponding 1Csp values. 1Csp curves were
generated using three concentrations of studied
compounds (50, 40 and 25 pg/mL). Allopurinol
was used as positive control. All experiments were
performed in triplicate and averaged.

Lineweaver—Burk plots

To determine the mode of inhibition by
compound 1, Lineweaver-Burk plot analysis was
performed. This kinetics study was carried out in
the absence and presence of the inhibitor with
varying concentrations of xanthine as the substrate.
Commercial bovine milk XO, purchased from
Sigma-Aldrich, was employed for in vitro
evaluation of enzyme inhibition. The inhibition was
studied in a series of test-tubes with the reaction
mixture (total volumen 2150 pL) containing 0.01
units of XO and 46.5 mM TRIS-HCI buffer (pH
7.8). Xanthine concentration was varied (0, 18.6,
46.5, 93, 232.5 or 930 uM) at three series of fixed
784

concentrations of compound 1 (0, 13.6 and 54.4
uM). Amount of generated uric acid formation was
measured at 293 nm.

Molecular docking

Molecular docking was carried out into the
salicylic acid active site of XO (PDB entry code
1FIQ) using MOE software [15]. Water molecules
from initial pdb were removed. Conformational
search for preparation of the ligands was carried out
by LowModelIMD method which performs
molecular dynamics perturbations along with low
frequency vibrational modes with energy window 7
kCal/mol, and conformational limits of 1000.
Placement of conformers was prepared according to
alpha-triangle method on selected pharmacophores.
Docking was done using the induced-fit docking
protocol allowing the side-chain and backbone
movement in the receptor to accommodate the
ligand. Scoring of docking poses was performed by
affinity dG, calculated with MMFF94x force field.

RESULTS AND DISCUSSION

Compound 1 showed a significant inhibitory
activity against rat liver XO (ICso = 49.82 pg/mL
(291 uM)), comparable with activity of 2 (ICso =
41.88 pg/mL (196 uM )) and 3 (ICso = 46.66 pg/mL
(205 uM)). As cyclodidepsipeptides 1-3 have a
common part of the structure (6-(propan-2-yl)-
morpholine-2,5-dione core), it can be concluded
that the presence of isopropyl groups at position 3
and a methyl group at position 4 of morpholine ring
(structural characteristics of compound 2) are more
favorable for XO inhibition then the presence of
isobutyl group at position 3 and a methyl group at
position 4 of morpholine ring (structural
characteristics of compound 3) or the presence of a
methyl group at position 3 and the absence of
substituents at position 4 of morpholine ring
(structural characteristics of compound 1).

Allopurinol (ICsp = 0.79 pg/mL (5.8 uM)), a
widely used XO inhibitor and drug to treat gout,
exhibited stronger inhibitory effect on rat liver XO
than 1-3. However, allopurinol does have a number
of serious side effects, and the cellular and
molecular mechanisms of these side effects are
incompletely understood. Some data indicate that
the renal toxicity of allopurinol is related to
impairment of pyrimidine metabolism [16]. There
are no reliable or rapid screening tools that would
predict the safety profile of novel XO inhibitors in
terms of hypersensitivity reactions or organ
toxicity; contact hypersensitivity mouse ear models
and toxicity studies in rodents are being used to
predict such side effects [17]. Intuitively, one
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would predict that novel XO inhibitors that would
move away from the purine-based inhibitor
structure may have fewer of the allopurinol-like
side effects (of course, they may introduce new
types of side effects or toxicities) [18]. In the recent
literature there are data on non-purine XO
inhibitors [19-22].

We also determined the type of enzyme
inhibition. The related inhibition type of the title
compound on XO was identified from Lineweaver—
Burk plots (Fig. 1). The compound 1 was a
competitive inhibitor of XO.
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Fig. 1. Lineweaver—Burk plots for the inhibition of
xanthine oxidase by compound 1 with xanthine as
substrate (see the Methods and Materials section for
details)

The interaction of the inhibitor with the XO was
studied also by molecular docking into the salicylic
acid active site of the bovine milk enzyme (PDB
entry code 1FIQ) [23]. Based on recent spectral and
computational studies, it is known that the keto
form of the title compound is much more
energetically favored than the corresponding enol
form. The reported NMR and IR data show no
evidences for enol formation neither in polar nor in
nonpolar medium (3). For this reason only the keto
forms of the two diastereoisomers of 1, (3S,6R) and
(3S,6S), were taken into consideration in the
molecular docking studies. The docking poses of
the ligands 1(3S,6R) and 1(3S,6S), are presented in
Fig. 2.

Both forms of 1 bind in the entrance of the
narrow tunnel towards the dioxothiomolybdenum
moiety of the active center of XO, blocking in this
way the approach of the substrates toward the metal
atom (Fig. 2). As can be seen from the 2D 2D
representation of the ligand interactions in the
pocket (Fig. 3), the ligand-pocket binding of both
diastereoisomers is stabilized via hydrogen bonds
with Thrl1010 and Arg880 and a number of
lipophilic interactions with neighboring amino acid
residues. In the case of 1(3S,6R) the hydrogen bond
is formed between the amide O-atom and Thr1010,
while 1(3S,6S) interacts with Thr1010 and Arg880
through its ester carbonyl group (Fig. 3). 1(3S,6S)

enters deeper in the cavity. The molecular
interactions of title compound to XO resemble
those found by crystallographic studies on
complexes of XO with other inhibitors not forming
a covalent bond with the molybdenum atom such as
salicylic acid [23] and febuxostat [24]. These
results demonstrate that both diastereoisomers have
good binding capacity toward the XO.

Fig. 2. Docking poses of: 1(3S,6R) - yellow carbons;
1(3S,6S) - blue carbons
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Fig. 3. 2D representation of the ligand interactions
in the pocket.

CONCLUSIONS

Cyclodidepsipeptide 1 showed a potent
inhibitory effect on XO in a competitive mode.
Both diastereoisomers, 1(3S,6R) and 1(3S,6S), bind
in the entrance of the narrow tunnel towards the
dioxothiomolybdenum moiety of the active center
of XO, blocking in this way the approach of the
substrates toward the metal atom. Allopurinol was
found to be more active against rat liver XO than 1-
3. Chronic allopurinol administration for the
inhibition of XO is clinically effective against the
hyperuricemia associated with gout, but undesirable
side effects have prompted efforts to isolate or
synthesise other types of XO inhibitors [25].
Therefore, the results of this study as well as results
of our previous study [13] may suggest that 6-
(propan-2-yl)-morpholine-2,5-diones are likely to
be adopted as candidates to treat gout and may be
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taken for further evaluation by using in vivo studies.
The synthesis of new morpholine-diones
derivatives as well as evaluation of their potential
for inhibition of XO activity will be part of our
further investigation.
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MEXAHW3MI HA NTHXWBUPAHE 1 MOJIEKYJIHO MOZIEJIMPAHE HA HA
B3AUMOJENCTBUATA HA 6-(ITPOITAH-2-WNJT)-3-METUJI-MOP®OJINH-2,5-11OH C
KCAHTHUH OKCHJA3A

K. HImenueposuu’*, M. Panrenos?, E. Uepnesa®, I'. Kouua®, C. Crosrosuu*, T. MeBToBHu-CTOMMEHOB?,
XK. Merponnesuy®, JI. Snyena?

YJenmuvp 3a 6uomeouyuncru nayku, Meouyuncku gaxyrmem, Yuusepcumem 6 Huw, Copbus
2Uncmumym no opeanuuna xumus ¢ Lenmvp no umoxumus, Bvreapcka axademus na naykume, 1113 Cogpus,
bvneapus
SDaxyrmem no papmayus, Meouyuncku ynueepcumem 6 Coghus, 1000 Cogpust, Bvrzapus
‘Uncmumym no 6uoxumus, Meouyuncku paxyrmem, Yuusepcumem 6 Huu, Copbus
STexuonoauuen gpaxynmem, Yuusepcumem ¢ Huwui, Copbus

Ilocrbnuna na 11 anpun2014 r.; xopurupana Ha 27 anpui, 2015 .
(Pesrome)

Kcautun okcupasara (XO) e eH3uM, KaTaau3upall OKHUCICHHETO Ha XHITOKCAHTHHA 10 KCAHTHH, a CJIEA TOBa 10
nuKoyHa kucenuHa. C ToBa TOH MMa KIII0Y0Ba PO IPH XUnepypuiemMusaTa. OLeHeHo € HHXHOUPaHeTO Ha aKTHBHOCTTA
na XO B npenapat oT uepeH apob Ha IrbXoBe upe3 6-(nponan-2-wmi)-3-MeTria-Mopdonud-2,5-auon (1) u € cpaBHEHO ¢
TOBa Ha J[BE O-PAHO M3CJIEABAHU LMKJIO-TUNENncunentuad: 3,6-mu(nponan-2-mi)-4-Metria-mopdonu-2,5-nuon (2) u
3-(2-merunnponuin)-6-(nponan-2-imn)-4-metun-mopdoans-2,5-nuon (3) u anomypunoi. Ceemunenuero 1 mnokassa
3HauyKTeaHA HHXUOHpamia akTuBHOCT crpsiMo XO ot mrbxoBe (ICso= 49.82 pug/mL), cpaBHEMa ¢ aKTHBHOCTTA Ha 2 U 3.
AJOTTypHUHOIBT, KATO MIUPOKO M3MO3BaH nHXHOuTOp Ha XO 1 JeKapcTBO 3a JeYeHHEe Ha MOojAarpa mposBsiBa MO-CUIICH
nuxubupan; edpexr Bbpxy XO or cbeaunenusata 1-3. CpeauHenmsita 1 ca CHHTE3MpaHM KaTo CMeC OT JiBa
nuactepeornzomepa (3S,6R) u (3S,6S). MonekynHO Mozenipane € IPHIOKEHO 3a J1a e TOTe]] BbPXY BPB3KUTE UM C
CH3WMHHTE aKTHBHH IeHTpoBe. OOpaboTKaTa Ha TAaHHWTE C MOMOIITA Ha KoopauHatute Ha Lineweaver—-Burk mokassar,
ue coenunenne (1) e koukypenten uaxuourop Ha XO. J[Bere Gopmu Ha 1 ce CBBP3BAT ¢ BXOJa Ha TECEH ,,TYHEI" KbM
TMOKCO-THOMOJIMO/ICHOBATa TIOJIOBMHA Ha aKkTWBHUA IeHThp Ha XO, OJOKMpallku IO TO3M HA4YMH JOCTHIIA Ha
CyOCTpaTHTe 0 METATHUS aTOM.
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