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Abstract 

In this paper we present an in silico studies of new biological active of 2,5-Diketopiperazines candidates, from Marine 
Organisms to neurodegenerative diseases particular for the neurodegenerative central nervous system to Alzheimer's, 
Huntington and Parkinson’s diseases. A total of 35 DKPs were studied, by structural similarity analysis obtained MAO-
A/B, β/γ-Secretase, COX-1/2 enzymes targets obtained, to continue molecular docking studies compared to endogenous 
substrates and reference inhibitors, finding a multitarget potential to increase dopamine levels and decrease β-amyloid 
and PGE2 levels, which makes them excellent molecules for studies against neurodegenerative diseases. DKP4, DKP23 
and DKP25 as inhibitors of the 6 enzymes and DKP15, DKP19, DKP21, DKP26 and DKP33 for β-Secretease specifically, 
the rest with multitarget potential, denoting that the DKP ring serves as a base to generate multitarget or unitarget 
compounds through modifications in substituents. Finally, DKPs present low bioaccumulation in the body, no toxicity, 
high feasibility of crossing hematoencephalic membrane and activity on the CNS, which makes them an interesting set 
of molecules for the search for alternatives against neurodegenerative diseases. 
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1. Introduction

Marine organisms are a great source of natural products, ranging from terpenes, steroids, flavonoids to alkaloids, 
standing out in this last group for the versatility of reported derivatives, with diverse biological activities, a group of 
particular interest are 2,5-Diketopiperazines (DKPs), figure 1, that are a cyclic peptide known, commonly 
biosynthesized from amino acids by different organisms, including mammals, and are secondary functional metabolites 
or side products of terminal peptide cleavage [1–7]. DKPs cyclic structures have been detected in numerous natural 
resources. Usually, extracted from marine microorganisms, sea stars, sponges, tunicates, and red algae. Their interest 
has been constantly increased due to biological activities inhibition of plasminogen activator inhibitor and alteration of 
cardiovascular and blood-clotting functions. Also has activities as an antitumor, antiviral, antifungal, antibacterial, and 
antihyperglycemic agent and affinities for calcium channels an opioid, GABAergic, serotoninergic 5-HTiA, and cytotoxin 
receptors [8].  
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Figure 1 2,5-Diketopiperazines (DKPs) reported isolated in marine organism. 

Natural DKPs are dipeptides biosynthetically assembled by either nonribosomal peptide synthetases (NRPSs) or the 
more recently discovered cyclodipeptide synthases (CDPs), with structural diversity achieved through choice of amino 
acid precursor, and subsequent formation of heterocycles, prenylation, oxidation, dimerization etc. [9] Therefore, their 
peculiar heterocyclic system constitutes a rich source of new biologically active compounds and is considered ideal for 
the development of new therapeutic agents [10]. From a lot of isolated DKPs their biological activity has not been 
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studied until now, their total synthesis has not been developed, and only their structure has been elucidated by 
spectroscopy studies. Therefore, there in silico studies are crucial for developing new biological active candidates, 
particular for the neurodegenerative central nervous system. 

2. Material and methods 

2.1. Studies of Similar Structures 

From the metabolites reported in the literature, the targets were obtained using the SwissTargetPrediction platform 
(STP). In this way, the construction of the frequency diagram was possible, according to the methodology previously 
reported for performing a frequency analysis on a set of metabolites from studies [11,12].  

2.2. Molecular Docking Studies 

References and 2,5-diketopiperazines were drawn in 2D Sketcher to minimize Macromodel [13] conformers with OPSL4 
and brought to physiological conditions in LigPrep [14]. The proteins were obtained from the Protein Data Bank and 
coded as 2Z5Y [15] for MAO-A, 2V60 [16] for MAO-B, 6C2I [17] for β-secretase, 4R12 [18] for γ-secretase, 3N8Z [19] for 
COX1 and 5KIR [20] for COX2. Proteins were prepared using Protein Preparation Wizard [21] according to the 
methodology. Molecular docking was performed on the Glide [22] module with flexibility at the site and using the 
ligands according to the reported protocol [12,23]. 

2.3. ADMETx Studies 

The prediction of ADME properties was carried out with minimized structures using the QikProp module [24]. 

3. Result and Discussion 

The structural core of the 2,5-Diketopiperazines presents a great similarity with drugs reported in the literature, which 
gives it a potential for diverse biological activity. Through structural similarity analysis in STP, proteins of different 
types were detected (Figure 2). That can be associated in various groups, highlighting metabolism, cell proliferation and 
particularly a group associated with neurotransmitters (orange sticks) both in their production and degradation. 

 

Figure 2 Diagram of percentage frequency targets of DKPs in STP. 

From the analysis of structural similarity, focused on CNS, the enzymes that are related to the regulation of 
neurotransmitter levels stand out. Table 1 shows the relationship of these with different neurodegenerative diseases, 
highlighting Epilepsy, Parkinson's, Alzheimer’s, and Huntington's disease. These enzymes are responsible for the 
regulation of dopamine (MAO-A/B) as well as the formation of the amyloid peptide (β/γ-Secretease) and prostaglandin 
E2 (COX-1/2), giving a multifaceted regimen according to the effect levels and selectivity of the protein inhibition, 
denoting the potential of DKPs derivatives against neurodegenerative diseases. 



GSC Biological and Pharmaceutical Sciences, 2024, 26(01), 094–106 

97 

Table 1 CNS targets related to DKPs. Diseases, tissues and inhibitors reported 

Target protein UniProt 
code 

Disease Tissues Inhibitors [Ref.] 

Monoamine oxidase B 
(MAOB) 

P27338 Parkinson's disease, 
Alzheimer's disease. 

Liver, brain, 
myocardium, many 
tissues 

Selegiline, 
Safinamide, 
rasagiline.  

[25,26] 

Monoamine oxidase A 
(MAOA) 

P21397 Alzheimer's disease, 
Parkinson's disease, 
depression. 

Brain, placenta, guts, 
liver 

Harmine, ladostigil, 
resveratrol. 

[27,28] 

Phosphodiesterase 
10A (PDE10A) 

Q9Y233 Parkinson's disease, 
psychosis, 
schizophrenia, 
Huntington's disease.  

Brain, heart. CPL500036, 
papaverine, TAK-
063 

[29–
32] 

Glycogen synthase 
kinase-3 beta 
(GSK3B) 

P49841 Alzheimer's disease, 
Huntington's disease, 
multiple sclerosis, 
gliosis. 

Brain, many tissues. Tideglusib, 
LY2090314, 
SB216763, TDZD-8 

[33–
35] 

γ-secretase (PSEN2) P49810 Alzheimer's disease. Brain, many tissues. Semagacestat, 
E2012, BMS-
708163, GSI-953 

[36–
38] 

β-secretase (BACE1) P56817 Alzheimer's disease. Brain, endocrine 
tissue, pancreas, 
muscle tissue, 
lymphoid tissue 

Verubecestat, 
lanabecestat, 
umibecestat, 
elenbecestat  

[39,40] 

Phosphodiesterase 
7A (PDE7A) 

Q13946 Parkinson's disease, 
Alzheimer's disease, 
Huntington's disease. 

Brain, alveolar tissue, 
immune tissues.  

Dipyridamole, 
SCH51866, S14, 
TC3.6, VP1.15, BRL-
50481 

[41] 

Quinone reductase 2 
(NQO2) 

P16083 Alzheimer's disease. Brain S29434, M-11 [42–
44] 

Cyclooxygenase-1 
(PTGS1) 

P23219  Alzheimer's disease, 
Parkinson's disease, 
Creutzfeldt-Jakob 
disease  

Endothelium, 
platelets, renal 
collecting tubules 

Resveratrol [45–
47] 

Cyclooxygenase-2 
(PTGS2) 

P35354 Epilepsy, 
schizophrenia. 

Brain, kidney, 
gastrointestinal tract, 
may tissues 

Celecoxib, 
refecoxib, 
Nimesulide, NS-398  

[48–
50] 

Phosphodiesterase 
4B (PDE4B) 

Q07343 Alzheimer's disease, 
schizophrenia, 
multiple schlerosis. 

Heart, brain, skeletal 
muscle and lung  

Rolipram, 
roflumilast, 
cilomilast. 

[51,52] 

Dipeptidyl peptidase 
IV (DPP4) 

P27487 Parkinson's disease, 
Parkinson's disease 

Adipose tissue, liver, 
gut, lung, kidney 

Linagliptin, 
sitagliptin, 
saxagliptin.  

[53,54] 

The results of molecular docking with the selected enzymes (Table 2) demonstrate the aforementioned latent potential 
of the DKPs, in purple the better than reference inhibitors and in green better than the endogenous substrates, observing 
multitarget inhibition by the DKPs, particularly DKP4, DKP23 and DKP25 have the potential to inhibit all the enzymes 
under study, proposing an increase in dopamine levels and a decrease in β-amyloids and PGG2, proposing a decrease in 
the progression of neurodegenerative diseases. DKP8 and DKP11 inhibit the secretase and COX pathways selectively. 
DKP13 inhibits COX only, while DKP16, DKP20, DKP24, DKP32 and DKP35 inhibit only secretases. For specific inhibition 
only DKP15, DKP19, DKP21, DKP26 and DKP33 β-Secretease, the rest of the DKPs present inhibitions in at least two 



GSC Biological and Pharmaceutical Sciences, 2024, 26(01), 094–106 

98 

enzymes except for DKP6, DKP18, DKP27, DKP28, DKP29, DKP30 and DKP34, which do not present the possibility of 
inhibition with any enzyme. 

Table 2 Docking score (kcal/mol) of DKPs in neurodegenerative diseases enzyme related 

Compound MAOA MAOB β-Secretease γ-Secretease COX-1 COX-2 

DKP1 - -7.600 -6.183 -4.031 -8.018 -7.636 

DKP2 -6.784 -5.959 -5.251 -4.678 -6.053 -6.525 

DKP3 -4.255 -7.121 -5.287 -4.419 -8.183 -7.485 

DKP4 -6.938 -7.378 -5.990 -4.655 -7.614 -7.182 

DKP5 -6.868 -7.928 -5.130 -6.328 -7.178 -7.374 

DKP6 - - -4.466 -3.701 - - 

DKP7 -5.817 -7.172 -5.181 -3.663 -7.736 -7.430 

DKP8 -5.085 -5.748 -5.754 -5.069 -6.977 -7.481 

DKP9 -6.370 - -4.667 -5.921 -7.834 -7.968 

DKP10 -6.134 -7.931 -5.372 -6.450 -4.429 -4.483 

DKP11 -5.335 -6.167 -4.787 -4.481 -7.439 -7.344 

DKP12 -7.869 -7.931 -5.506 - -8.108 -7.348 

DKP13 -4.782 - -4.184 -2.816 -7.005 -7.455 

DKP14 -6.035 -5.912 -5.158 -4.678 -7.159 -6.828 

DKP15 - - -4.780 -4.035 - - 

DKP16 - - -6.142 -4.660 - - 

DKP17 -5.676 - -5.333 -5.337 - -7.573 

DKP18 -2.531 - -4.079 -3.365 - - 

DKP19 -4.935 - -5.751 -3.874 - -5.851 

DKP20 - - -6.549 -6.612 - - 

DKP21 -3.836 - -5.214 -3.599 - - 

DKP22 - - -4.781 -5.968 - -7.382 

DKP23 -7.113 -6.513 -5.647 -5.988 -7.274 -6.988 

DKP24 - - -5.377 -5.714 - - 

DKP25 -7.118 -7.252 -5.456 -4.972 -7.083 -7.621 

DKP26 - - -6.093 -2.821 - - 

DKP27 - - -4.307 -3.617 - - 

DKP28 - - -4.192 -2.872 - - 

DKP29 - - -4.003 -2.604 - - 

DKP30 - - -4.107 -3.513 - - 

DKP31 - -8.993 -5.266 -4.418 -7.935 -6.078 

DKP32 - - -5.288 -4.557 - -4.885 

DKP33 -5.861 - -4.796 -4.241 - - 

DKP34 - -6.121 -4.081 -3.419 - -6.146 



GSC Biological and Pharmaceutical Sciences, 2024, 26(01), 094–106 

99 

DKP35 - - -5.739 -4.727 - - 

Substrate* -5.958 -6.204 - - -6.244 -6.509 

Inhibitor** -6.916 -9.208 −4.755 −4.358 -5.666 -7.385 

* MAOA: dopamine, MAOB: dopamine, COX-1: arachidonic acid, COX-2: arachidonic acid. 

** MAOA: Harmine, MAOB: Safinamide, β-Secretease: EJ7, γ-Secretease: Semagacestat, COX1: ASA, COX2: diclofenac. 

The next relevant point is the relationship of the 2,5 diketopiperazinic ring with respect to the coupling in each of the 
active sites. In Figure 3 we can see the best candidates for MAO-A/B, where it can be noted that the key amino acids 
They are Asn181, Phe202, Met350 and Phe352, which are interacting with the main ring via amphipathic interaction, 
having a polar and a nonpolar region dividing the ring into two factions, in addition the insertion of a 3rd ring increases 
the interaction, as well as sulfur derivatives with the MAOA; while for MAOB, the active site environment is mostly 
lipophilic, resulting in better interactions by the DKPs derivatives with aromatic rings and the tricyclic sulfur system, 
denoting particular polar interactions by the NH groups of the substituents and the DKP ring. 

 

Figure 3 References and best DKPs in a) MAOA and b) MAOB catalytic site. 

For the secretase system in Figure 4, it is observed that the sites are highly polar in both cases, governing the interactions 
by hydrogen bonding and π-π staking to stabilize and favor couplings, on the part of the DKP ring it forms a hydrogen 
bond. with Gln72, Ash31 and Thr71, characteristic of the aminopeptidase site of β-secretase, however the polar 
substituents are those that have a superior effect on coupling, mainly with the anchoring site of the enzyme. For γ-
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secretase, the DKP ring presents hydrogen bond coupling by the carbonyls, giving the greatest coupling contribution to 
the cleavage site for the formation of β-amyloids, however in the same way as in β-secretase are the substituents that 
give stability to the coupling, particularly as they are of the aromatic type or guanidinium type, which agrees with the 
commercial inhibitors that exist for these enzymes. 

 

Figure 4 References and DKPs in a) β-Secretase and b) γ-Secretase catalytic site 

In contrast, for COX-1/2, Figure 5 shows that it is the smaller DKPs that present greater activity, given the size of the 
active site, forming interactions with Ser353 and Ser530, characteristics of the mechanism. of COX1, and aromatic 
substitutions of a ring and of guanidinium allow increasing the coupling as well as sulfur, maintaining a low total volume 
on the part of the DKPs; For COX2, the same effect is observed: tricyclic DKPs with small substituents are better suited 
to the active site, in this case forming interactions with Arg120 and Ser353 and Ser530, given the great similarity 
between the two enzymes in the catalytic site. , hence the little selectivity between these. 
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Figure 5 References and DKPs in a) COX-1 and b) COX-2 catalytic site 

Finally, to highlight the global potential of the DKPs, their ADMETx properties were analyzed. Table 3 shows the most 
relevant properties; It can be seen in the column that the molecular weight is within the admissible ranges of 130 to 
725 g/mol for each of the molecules studied; The generation of hydrogen bonds remains mostly within the suggested 
ranges for both donor and acceptor atoms with the ranges of 0 to 6 and 2 to 20 respectively, with the exception of 
structures DKP10 and DKP12 with a number of donors of hydrogen bond of 7; The octanol/water partition coefficient 
shows the diversity that exists among the molecules studied, with a range of -1.787 to 4.647, being within the 
recommended values of -2 to 6.5, the lower limit being molecules with hydrophilic properties and the upper limit being 
hydrophobic. Skin permeability is an important factor to predict one of the routes of drug excretion and possible 
bioaccumulation. The recommended range is between -8 and -1, in which all structures are within; It is also important 
to evaluate the possible number of metabolic reactions that can be carried out within the organism, what is expected 
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for this parameter are minimum values of 1 and 2, and with a recommended maximum of 8, the structures that meet 
the minimum values with DKP1, DKP2, DKP4, DKP5, DKP8, DKP10, DKP12, DKP14, DKP16, DKP17, DKP19, DKP23, 
DKP24, DKP25, DKP27, DKP32 and DKP35.  

Table 3 ADMETx prediction for DKPs in Qikprop 

Structure 1CNS Molecular weight 2HB D/A 3logPo/w 4logBB 5PMDCK 6logKp 7#met Linpinski´s rule 

DKP1 -2 260.292 2.0/7.2 -0.413 -1.153 123.484 -3.549 4 0 

DKP2 -2 253.303 5.0/7.5 -1.787 -2.089 15.172 -7.759 3 0 

DKP3 0 242.277 1.0/5.5 1.472 -0.305 535.196 -2.523 3 0 

DKP4 -2 226.275 2.0/7.2 -1.088 -1 135.798 -4.177 3 0 

DKP5 0 224.302 1.0/5.5 0.197 -0.426 579.032 -3.14 2 0 

DKP6 -1 354.481 0.0/7.7 0.914 -0.122 2837.62 -1.421 2 0 

DKP7 0 270.33 1.0/5.5 2.547 -0.66 511.842 -2.291 1 0 

DKP8 -2 260.292 2.0/6.25 -0.118 -1.202 114.549 -3.756 4 0 

DKP9 -2 249.272 3.0/7.0 -0.098 -1.278 50.238 -6.962 3 0 

DKP10 -2 419.28 7.0/7.0 0.881 -2.54 19.118 -7.54 2 1 

DKP11 -2 256.304 2.0/5.0 2.201 -1.083 227.487 -2.912 1 0 

DKP12 1 212.266 7.0/6.5 -1.106 0.021 1582.61 -3.051 2 0 

DKP13 1 426.597 0.0/6.0 2.997 0.404 10000 -2.323 2 0 

DKP14 0 210.275 1.0/5.5 -0.149 -0.491 453.883 -3.33 2 0 

DKP15 -1 340.455 1.0/8.7 0.445 -0.16 1573.765 -2.202 3 0 

DKP16 -2 383.489 3.0/6.7 1.282 -1.175 122.326 -3.296 4 0 

DKP17 -2 418.489 4.0/9.9 2.163 -2.559 40.075 -3.701 7 0 

DKP18 -2 438.556 1.0/9.75 1.979 -1.273 91.987 -3.079 5 0 

DKP19 -2 509.634 1.0/11.25 2.506 -2.24 27.722 -3.561 6 1 

DKP20 -2 411.457 3.0/9.0 1.204 -1.402 156.083 -3.311 6 0 

DKP21 -2 442.587 2.0/10.2 1.625 -1.075 672.299 -2.351 5 0 

DKP22 0 306.379 0.0/7.2 1.501 -0.517 746.71 -2.347 1 0 

DKP23 0 228.309 1.0/6.0 -0.029 -0.391 977.715 -3.059 2 0 

DKP24 -1 340.378 3.0/7.0 0.823 -0.993 177.372 -2.743 6 0 

DKP25 0 168.195 1.0/5.5 -1.131 -0.331 417.221 -3.588 2 0 

DKP26 -1 411.543 1.0/7.7 2.1 -0.86 377.337 -2.446 4 0 

DKP27 1 441.483 2.0/11.2 0.114 -0.613 52.302 -5.404 6 0 

DKP28 1 422.565 0.0/6.0 4.076 0.372 10000 -2.343 2 0 

DKP29 2 424.581 0.0/6.0 4.487 0.493 10000 -2.103 2 0 

DKP30 0 460.999 1.0/7.7 3.799 0.226 10000 -2.645 3 0 

DKP31 0 360.209 2.0/5.5 2.462 -0.613 702.013 -3.116 1 0 

DKP32 -2 297.313 3.0/8.45 -1.343 -1.48 41.527 -7.068 3 0 

DKP33 1 390.136 0.0/6.0 3.558 0.139 10000 -2.376 2 0 
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DKP34 1 445 1.0/5.5 4.647 0.31 10000 -2.634 2 0 

DKP35 -1 403.48 2.0/6.25 2.401 -0.836 293.585 -2.753 8 0 
1CNS (Central Nervous System activity), 2HB D/A (Hydrogen bonds donor/acceptor), 3logPo/w (Predicted octanol/water partition coeffitient), 
4logBB (Predicted brain/blood partition coefficient), 5PMDCK (Predicted MDCK cell permeability), 6logKp (Predicted skin permeability), 7#met 

(number of likely metabolic reactions) 

Because the focus of these molecules is related to mental illnesses, it is important to emphasize parameters such as the 
CNS column, which predicts activity in the central nervous system, where a total of 7 molecules stand out among all 
those studied, with high activity in the central nervous system, showing values of 1 and 2, these being the most active 
and the least active from -2 to 0; The predictions related to the partition coefficient to overcome the blood-brain barrier 
of drugs administered orally, logBB, show mostly negative values, these being those that have a lower capacity to cross 
said barrier, giving an indication that the structures are of interest. with positive values such as 12, 13, 28, 29, 30, 33 
and 34; The PMDCK parameter refers to the permeability of molecules in the blood-brain barrier with non-active 
transport in the MDCK cell model. The expected values in this parameter for this study must be greater than 500, for 
good permeability, which is met. in structures DKP3, DKP5, DKP6, DKP7, DKP12, DKP13, DKP15, DKP21, DKP22, DKP23, 
DKP28, DKP29, DKP30, DKP31, DKP33 and DKP34. Lipinski's rule is the number of violations made to the parameters 
that make a molecule like a drug. Those that do not violate any rules are the most interesting. The parameters or rules 
to comply with are molecular weight < 500, coefficient of octanol/water partition < 5, hydrogen bond donors ≤ 5, 
hydrogen bond acceptors ≤ 10, most molecules do not break any rules except for DKP10 and DKP19. 

4. Conclusion 

In silico studies revealed that DKPs could be excellent candidates for neurodegenerative diseases particular for the 
neurodegenerative central nervous system to Alzheimer's, Huntington and Parkinson’s diseases. In particular, DKP4, 
DKP23 and DKP25 showed a brilliant activity as inhibitors of the 6 enzymes and DKP15, DKP19, DKP21, DKP26 and 
DKP33 for β-Secretease. Therefore, synthesis and in vitro evaluation of these DKPs products is currently underway in 
our laboratory, and the results will be reported in due course. 
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