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Abstract 
Five density functionals, CAM-B3LYP, LC-ωPBE, MN12SX, N12SX and 
ωB97XD, in connection with the Def2TZVP basis set were assessed together 
with the SMD solvation model for the calculation of the molecular and 
chemical reactivity properties of the Cholecystokinin peptide hormone 
(CCK-8) in the presence of water. All the chemical reactivity descriptors for 
the systems were calculated via Conceptual Density Functional Theory 
(CDFT). The potential bioavailability and druggability as well as the 
bioactivity scoresfor CCK-8 were predicted through different methodologies 
already reported in the literature which have been previously validated during 
the study of different peptidic systems. The conclusion was that the CCK-8 
peptide will be moderately bioactive regarding all the interactions. 
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1. Introduction 

For the consideration of therapeutic peptides from the point of view of 
medicine, it is necessary to know their molecular properties and their bioactivity. 
It is our belief that the bioactivity of these peptides is intimately related to their 
chemical reactivity from a molecular perspective. For this reason, we consider it 
essential to study the chemical reactivity of natural products that have the poten-
tial to become medicines through the tools provided by Computational Chemi-
stry and Molecular Modeling. Probably the most powerful tool currently availa-
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ble to study the chemical reactivity of molecular systems from the point of view 
of Computational Chemistry and Molecular Modeling is the Conceptual DFT 
[1] [2], also called Chemical Reactivity Theory, which uses a series of global and 
local descriptors allow to predict the interactions between molecules and under-
stand the way in that chemical reactions proceed. According to our previous 
studies on peptides, the Conceptual DFT allows to obtain reactivity descriptors 
which are very reliable and of higher quality in comparison with another theory 
that are based on the analysis of the wave functions instead of the electronic 
density. 

Considering that the knowledge of the chemical reactivity is essential for the 
development of new medicines, we have decided to study in this work the pep-
tide hormone called Cholecystokinin (CCK-8), which is involved in the control 
of appetite. CCK-8 also acts as a neurotransmitter in the brain and is thought to 
be involved in panic attacks [3]. Thus, the objective of this work is to study the 
chemical reactivity of CCK-8 using the techniques of the Conceptual DFT, de-
termining its global reactivity properties, that is, of the molecule as a whole. 
Moreover, during the process of the development of new drugs, there is a need 
to learn about the drug-like properties of the involved molecular systems [4]. 
Thus, the descriptors of bioavailability and bioactivity (Bioactivity Scores) will 
be calculated through different procedures described in the literature [5] [6] 
trying to relate them with the calculated Conceptual DFT descriptors. 

2. Computational Methodology 

In the same way, as we have proceeded in our recent studies [7]-[14], the com-
putational tasks in this work have been done by considering the popular Gaus-
sian 09 software [15]. Following the conclusions obtained from those studies, 
five density functionals have been chosen, CAM-B3LYP, LC-ωPBE, MN12SX 
[16], N12SX and ωB97XD, because they can be considered to be well-behaved 
for our purposes according to our proposed KID (for Koopmans in DFT) crite-
ria [7]-[14]. For the calculation of the electronic properties, several model che-
mistries have been considered, based on the mentioned density functionals in 
connection with the Def2TZVP basis set, while a smaller Def2SVP was consi-
dered for the prediction of the most stable structures [17] [18]. In order to ob-
tain accurate results, all calculations were performed in the presence of water 
simulated with the SMD model (Solvation Model based on the Density) [19]. 

3. Results and Discussion 

The molecular structure of CCK-8, which graphical sketch is shown in Figure 1, 
was preoptimized in the gas phase by considering the DFTBA model available in 
Gaussian 09 and then reoptimized using the five density functionals mentioned 
in the previous section together with the Def2SVP basis set and the SMD solvent 
model using water as the solvent. After verifying that each of the structures cor-
responded to the minimum energy configurations through a frequency calcula-
tion analysis, the electronic properties were determined by using the same model 
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chemistry but with the Def2TZVP basis set instead of that used for the geometry 
optimization (Figure 1). 

In order to verify the fulfillment of the KID procedure, it is necessary to 
perform a comparison of the orbital energies with the results obtained by 
means of the vertical I and A through the ∆SCF criterium. To this end, the 
three main descriptors are linked by Hε  with −I, Lε  with −A, and their be-
havior in describing the HOMO-LUMO gap as ( ) ( )1I H gs gsJ E N E Nε= + − − ,  

( ) ( )1A L gs gs NJ E N Eε += + − , and ( )2 2
HL I AJ J J= + . Another descriptor, ∆SL,  

(the difference between the SOMO and the LUMO) was also designed to guide 
in verifying the accuracy of the approximation [7]-[13]. The results of this anal-
ysis are presented in Table 1. 

The overall conclusion that can be extracted from the inspection of the re-
sults presented in Table 1 is that, in agreement with our previous studies on 
melanoidins and peptides, the model chemistries involving the MN12SX and 
N12SX density functionals are the best for verifying our proposed criteria of 
well-behavior. 

By taking into account the KID procedure presented in our previous works 
together with the finite difference approximation, the global reactivity descrip-
tors can be expressed as: 

 
Electronegativity ( ) ( )0.5 0.5 H LI Aχ ε ε= − + ≈ +  [1] [2] 

Global Hardness ( ) ( )L HI Aη ε ε= − ≈ −  [1] [2] 

Electrophilicity 20.5ω χ η=  [20] 

Electrodonating Power ( ) ( )23 16I A I Aω− = + −  [21] 

Electroaccepting Power ( ) ( )23 16I A I Aω+ = + −  [21] 

Net Electrophilicity ω ω ω± + −∆ = +  [22] 

 
where Hε  and Lε  are the energies of the HOMO and LUMO, respectively. 

The results for the global reactivity descriptors for CCK-8 based on the values 
of the HOMO and LUMO energies calculated with the five density functionals 
are presented in Table 2. 

As expected from the molecular structure of this peptide, its electrodonating 
ability is more important than its electroaccepting character. It can be seen that 
MN12SX and N12SX density functionals (which verify the KID criteria) give re-
sults different than those obtained from the calculation with the other three den-
sity functionals. 

The molecular properties that are related to the concept of drug-likeness and 
in particular those associated with the criteria proposed by Lipinski et al. [23] 
[24] for the prediction of oral bioavailability have been calculated by feeding the 
corresponding SMILES notations into the MolInspiration software readily 
available online (Slovensky Grob, Slovak Republic  
(https://www.molinspiration.com). The results are presented in Table 3. 
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Figure 1. Graphical sketch of the CCK-8 molecule. 

 
Table 1. Total electronic energies of CCK-8 (in au) for the neutral and charged species, the corresponding orbital energies (in eV) 
and the KID-related descriptors obtained with the five density functionals, the Def2TZVP basis set and water as the solvent. 

DF E0 E+ E- HOMO LUMO SOMO JI JA JHL ∆SL 

CAM-B3LYP −4845.742 −4845.539 −4845.772 −6.923 0.611 −2.246 1.391 1.416 1.985 2.857 

LC-ωPBE −4844.773 −4844.562 −4844.510 −8.243 1.474 −3.489 2.484 2.465 3.500 4.963 

MN12SX −4843.970 −4843.762 −4944.008 −5.620 −1.002 −1.024 0.047 0.011 0.048 0.022 

N12SX −4845.561 −4845.362 −4845.593 −5.390 −0.824 −0.903 0.017 0.041 0.045 0.079 

ωB97XD −4846.358 −4846.152 −4846.388 −7.551 1.142 −2.849 1.950 1.980 2.779 3.991 

 
Table 2. Global reactivity descriptors (in eV) for CCK-8 calculated with the MN12SX and N12SX density functionals and the 
Def2TZVP basis set using water as the solvent simulated with the SMD parametrization of the IEF-PCM model. 

DF Electronegativity Global Hardness Electrophilicity 

MN12SX 3.3101 4.6170 1.1866 

N12SX 3.1067 4.5650 1.0571 

DF Electrodonating Power Electroaccepting Power Net Electrophilicity 

MN12SX 2.5383 1.2258 3.7641 

N12SX 2.3244 1.0754 3.3998 

 
Table 3. Molecular properties of the CCK-8 peptide calculated to verify the Lipinsky Rule of Five. 

miLogP TPSA nAtoms nON nOHNH nviol nrotb volume MW 

−4.06 4626.80 78 26 15 3 33 974.73 1143.29 

 

However, what the Lipinsky Rule of Five really measures is the oral bioavaila-
bility of a potential drug because this is desired property for a molecule having 
drug-like character. Then, a different approach was followed by considering si-
milarity searches in the chemical space of compounds with structures that can be 
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compared to those that are being studied and with known pharmacological 
properties. The same software was used for the calculation of the bioactivity 
scores which are a measure of the ability of the potential drug to interact with 
the different receptors, that is, to act as GPCR ligands or Kinase inhibitors, to 
perform as Ion Channel modulators, or to interact with Enzymes and Nuclear 
receptors. These predicted bioactivity scores were compared with those resulting 
of the use of alternative software like MolSoft from Molsoft L.L.C. (San Diego, 
CA, USA) (http://molsoft.com/mprop/) as well as ChemDoodle Version 9.02 
from iChemLabs L.L.C., Richmond, VA, USA (https://www.chemdoodle.com/). 
The values of the bioactivity scores for CCK-8 are presented in Table 4. 

These bioactivity scores for organic molecules can be interpreted as active 
(when the bioactivity score > 0), score lies between −5.0 and 0.0) and inactive 
(when the bioactivity score < −5.0). Thus, CCK-8 will be moderately bioactive 
regarding all the interactions. 

4. Conclusions 

In this paper, we have presented a new study performed on the chemical reactiv-
ity of the Cholecystokinin peptide hormone (CCK-8) based on the Conceptual 
DFT as a tool to explain the molecular interactions. 

The knowledge of the values of the global descriptors of the molecular reactiv-
ity of CCK-8 could be useful in the development of new drugs based on this 
compound or some analogs. 

Finally, the molecular properties related to bioavailability and drug-likeness 
have been predicted using a proven methodology already described in the lite-
rature, and the descriptors used for the quantification of the bioactivity allowed 
to characterize the studied molecule as being moderately bioactive regarding all 
the interactions with the different receptors. 
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