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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 (IC50 = 49.82 
μg/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.  

Keywords: inhibition kinetics; molecular modeling; 6-(propan-2-yl)-3-methyl-morpholine-2,5-dione; xanthine oxidase 
inhibition.

INTRODUCTION 

Cyclodidepsipeptides are the simplest ones in 
the cyclodepsipeptide family containing one residue 
of amino acid and one residue of lactic, α-
hydroxyisovaleric or other α-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], α-glucosidase 
[7-9] and platelet aggregation [10]. Recently, we 
synthesized a novel cyclodidepsipeptide, 6-(propan-
2-yl)-3-methyl-morpholine-2,5-dione (1; 
C8H13NO3, 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; C11H19NO3, M = 
213.27) and 3-(2-methylpropyl)-6-(propan-2-yl)-4-

methyl-morpholine-2,5-dione (3; C12H21NO3, 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 κB (NF-κB) 
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 μL) was 
prepared by allocating the following test sample 
groups: i) Test sample group contained 100 μL 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/v), 454.5 μM of xanthine (Serva), and 45.5 mM 
TRIS-HCl buffer (pH 7.8); ii) Solvent control 
group contained the same amount of rat liver 
homogenate, appropriate amount of DMSO, 
xanthine and TRIS-HCl buffer; iii) Control group 
contained the same amount of rat liver homogenate, 
xanthine and TRIS-HCl 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 μg/mL. 
Those showing greater than 50 % inhibition at this 
concentration were tested further to ascertain the 
corresponding IC50 values. IC50 curves were 
generated using three concentrations of studied 
compounds (50, 40 and 25 μg/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 μL) containing 0.01 
units of XO and 46.5 mM TRIS-HCl buffer (pH 
7.8). Xanthine concentration was varied (0, 18.6, 
46.5, 93, 232.5 or 930 μM) at three series of fixed 

concentrations of compound 1 (0, 13.6 and 54.4 
μM). 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 LowModelMD 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 (IC50 = 49.82 μg/mL 
(291 μM)), comparable with activity of 2 (IC50 = 
41.88 μg/mL (196 μM )) and 3 (IC50 = 46.66 μg/mL 
(205 μM)). 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 (IC50 = 0.79 μg/mL (5.8 μM)), 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 



Ž. Šmelcerović et al.: Inhibition mechanism and molecular modeling studies of interactions of ... 

785 

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.  

 
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 Thr1010 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 
1(3S,6R) 1(3S,6S) 

  
 

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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МЕХАНИЗМИ НА ИНХИБИРАНЕ И МОЛЕКУЛНО МОДЕЛИРАНЕ НА НА 
ВЗАИМОДЕЙСТВИЯТА НА 6-(ПРОПАН-2-ИЛ)-3-МЕТИЛ-МОРФОЛИН-2,5-ДИОН С 
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(Резюме) 

Ксантин оксидазата (XO) е ензим, катализиращ окислението на хипоксантина до ксантин, а след това до 
пикочна киселина. С това той има ключова роля при хиперурицемията. Оценено е инхибирането на активността 
на XO в препарат от черен дроб на плъхове чрез 6-(пропан-2-ил)-3-метил-морфолин-2,5-дион (1) и е сравнено с 
това на две по-рано изследвани цикло-дипепсипептиди: 3,6-ди(пропан-2-ил)-4-метил-морфолин-2,5-дион (2) и 
3-(2-метилпропил)-6-(пропан-2-ил)-4-метил-морфолин-2,5-дион (3) и алопуринол. Съединението 1 показва 
значителна инхибираща активност спрямо XO от плъхове (IC50 = 49.82 μg/mL), сравнима с активността на 2 и 3. 
Алопуринолът, като широко използван инхибитор на XO и лекарство за лечение на подагра проявява по-силен 
инхибиращ ефект върху XO от съединенията 1-3. Съединенията 1 са синтезирани като смес от два 
диастереоизомера (3S,6R) и (3S,6S). Молекулно моделиране е приложено за да даде поглед върху връзките им с 
ензимните активни центрове. Обработката на данните с помощта на координатите на Lineweaver–Burk показват, 
че съединение (1) е конкурентен инхибитор на XO. Двете форми на 1 се свързват с входа на тесен „тунел“ към 
диоксо-тиомолибденовата половина на активния център на XO, блокирайки по този начин достъпа на 
субстратите до металния атом.  

 
 


