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Abstract: The structures of camptothecin (CPT) lactone form and its complexes with Cu(II) were optimized 
at B3LYP/6-311G* level of theory. Their electronic structures were evaluated via QTAIM topological analysis 
of electron density and Mulliken population analysis. Stability, electron density distribution and geometrical 
factors of the optimized systems were compared. Both CPT nitrogen atoms show lower affinity to Cu(II) 
compared to the oxygen ones. Both the oxygen atom in the CPT lactone ring and the one in the neighbouring 
carbonyl group show the highest affinity to Cu(II) and the highest stability of Cu-CPT complexes which 
indicates the most probable CPT reaction sites.
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Introduction

Camptothecin (CPT), (S)-4-ethyl-4-hydroxy-1H-
pyrano [3’,4’:6,7]-indolizino-[1,2-b]-quinoline-3,14-
(4H,12H)-dione, was first discovered in 1966 by M. 
E. Wall and M. C. Wani while screening naturally 
occurring products for anticancer effects. It was 
isolated from the bark and stem of Campthotheca 
acuminata, a tree native to China [Wall at el., 1966; 
Hsiang and Liu, 1988; Carbonero and Supko, 2002]. 
Camptothecin inhibits enzyme topoisomerase I, 
and its derivatives are used in the pharmaceutical 
industry. It naturally occurs in two forms, which 
are both stable at different pH ranges. The lactone 
form (Fig. 1), which is biologically active and thus 
is the target of our study, is stable at pH < 5.5 and 
the biologically inactive carboxylic form is stable 
at pH > 9. The lactone form undergoes hydrolysis 
under biological conditions, thus transforming into 
the carboxylic form. Equilibrium of this transforma-
tion is achieved after 2 hours and the equilibrium 
concentration of the lactone form is around 5  % 
[Kohn and Pommier 2000, Mi and Burke 1994]. 
The low equilibrium concentration of the lactone 
form, as well as high affinity of the carboxylic form 
to human serum albumin, is among the main rea-
sons [Burke and Mi 1994] why camptothecin is not 
used in the pharmaceutical industry on its own.
Sanna et al. [Sanna et al., 2009] investigated UV–
Vis absorption spectrum of ca 5 μM CPT in DMSO-
aqueous solutions in a critical 300—400 nm region 
both experimentally and theoretically. Quantum 
chemical calculations were performed using B3LYP 
functional with 6-31G* basis set. Solvent effects 

were evaluated using Conductor-like Polarizable 
Continuum Model (CPCM).
Dvoranová et al. [Dvoranová et al., 2013] studied 
UV–Vis absorption spectrum of 50 μM CPT in vari-
ous solutions. Geometry optimizations of the CPT 
lactone monomer and of its head-to-tail π-dimer in 
six solvents were performed using B97D/cc-pVDZ 
treatment and solvent effects were approximated 
within Integral Equation Formalism Polarizable 
Continuum Model (IEFPCM).
Lesueur-Ginot et al. [Lesuer-Ginot et al., 1999] in-
vestigated homocamptothecin (hCPT), a synthetic 
analogue to CPT with a methylene spacer inserted 
between an alcohol functional group and a car-
boxylic group. This E-ring modification (see Fig. 1) 
leads to lower reactivity and strengthened stability 
of hCPT. Biological testing revealed that while CPT 
inhibits topoisomerase I, hCPT enhanced its effect 
leading to higher levels of DNA cleavage than in 
the presence of CPT.
This study is aimed to compare the toxicity of 
possible reaction sites, i.e. the heteroatoms in camp-
tothecin based on their ability to form bonds with 
copper(II) ion. This method is used to quantify the 
electron density transfer and spin density transfer 
from CPT molecule to Cu(II) ion. The authors of 
this method [Alagona and Ghio, 2009a; Alagona 
and Ghio, 2009b; Mammino, 2013] have shown that 
upon coordination the spin density of copper ion 
decreases while the spin density on the ligand (CPT 
in our case) approaches 1. In other words, Cu(II) 
is reduced to Cu(I) while the ligand is oxidized. 
Consequently, the charge and the spin density of 
copper can be used to measure affinity of the CPT 
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active sites. The extent of electron density transfer 
between Cu(II) ion and CPT molecule can be evalu-
ated calculating the Laplacian of electron density at 
Cu—N/Cu—O bond critical points [Puškárová and 
Breza, 2016; Puškárová and Breza, 2017].

Method

The geometries of the neutral CPT lactone mole
cule in singlet spin state and its complexes with 
copper(II) ion in doublet spin state were optimized 
at B3LYP level of theory [Becke, 1993; Lee et al., 
1988]. Standard basis set 6-311G* of Gaussian 
library [Frisch et al., 2003; Frisch et al., 2009] was 
used and the stability of optimized geometries were 
confirmed using vibrational analysis (no imaginary 
frequencies). The list of optimized systems with 
their notations used in this paper can be found 
in Table 1. It should be noted that two initial Cu 
positions relative to every nitrogen atom in CPT 
rings (above and perpendicular to their plane) were 
considered. Interaction energy was calculated as

	 Eint = Ecomplex – ECu(II) – ECPT	 (1)

where Ecomplex is the DFT energy of the 2[CPT···Cu]2+ 

complex, ECu(II) is the DFT energy of copper(II) ion 

Fig. 1. Atom numbering of camptothecin 
in a neutral lactone form.

Tab. 1.	 Notation of the systems under study.

System notation Initial Cu positionsa)

A1 2[CPT(N1)···Cu]2+ b)

A2 2[CPT (N1)···Cu]2+ c)

A3 2[CPT(N4)···Cu]2+ b)

A4 2[CPT(N4)···Cu]2+ c)

B1 2[CPT(O16a)···Cu]2+

B2 2[CPT(Olactone)···Cu]2+

B3 2[CPT(O20)···Cu]2+

B4 2[CPT(O21)···Cu]2+

Remarks:
a)coordinating heteroatoms in parentheses (see Fig. 1  for 
atoms notation)
b)above the CPT rings plane
c)perpendicular to the CPT rings plane

and ECPT is the DFT energy of the neutral CPT 
molecule. Charges and spin densities of copper 
atoms in our systems were evaluated using Mul-
liken population analysis (MPA) [Mulliken, 1955a; 
Mulliken, 1955b]. All calculations were done in 
vacuum, using GAUSSIAN03 [Frisch et al., 2003] 
and GAUSSIAN09  [Frisch et al., 2016] software 
packages. Electron transfer between copper ion and 
initially coordinating heteroatom was evaluated in 
terms of Quantum Theory of Atoms-in-Molecules 
(QTAIM) [Bader, 1990] as the Laplacian of the 
electron density at bond critical points (ΔρBCP) and 
the spin density of copper ion using AIM2000 soft-
ware [Biegler-König et al., 2001]. MOLDRAW 
software [Ugliengo, 2006] was used for geometry 
manipulation and visualisation purposes.

Results and discussion

Geometry optimizations of eight starting 
2[CPT···Cu]2+ complexes resulted into six stable 
structures (for their molecular graphs see Figs. 2—7). 

Fig. 2. Molecular graph of the optimized geometry of systems A1 and A2 (black — carbon, 
white — hydrogen, blue — nitrogen, red — oxygen, small red — bond critical point).
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Fig. 3. Molecular graph of the optimized geometry of system A3 (black — carbon, white — hydrogen, 
blue — nitrogen, red — oxygen, small red — bond critical point).

Fig. 4. Molecular graph of the optimized geometry of system A4 (black — carbon, white — hydrogen, 
blue — nitrogen, red — oxygen, small red — bond critical point).

Fig. 5. Molecular graph of the optimized geometry of system B1 (black — carbon, white — hydrogen, 
blue — nitrogen, red — oxygen, small red — bond critical point).

Our results (see Table 2) indicate that the most 
stable complexes (i.e. with the lowest interaction 
energy) were formed when copper was coordinated 
either by oxygen in the lactone ring or by oxygen on 
carbon C21 (systems B4 and B2). It should be noted 
that after geometry optimization both these initial 
geometries resulted into the same structure, in 
which copper was coordinated by oxygen on carbon 

C21 (system B2 transformed into B4, see Fig. 6). The 
same was observed for systems A1  and A2  where 
copper ion was coordinated by N1 (see Fig. 2). The 
least stable complexes were formed with N4 in both 
initial configurations (systems A3 and A4, see Fig. 3 
and Fig. 4). This fact can be explained by steric 
effects of nearby atoms/functional groups. This 
conclusion is further illustrated by the distance of 
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Fig. 7. Molecular graph of the optimized geometry of system B3 (black — carbon, white — hydrogen, 
blue — nitrogen, red — oxygen, small red — bond critical point).

Fig. 6. Molecular graph of the optimized geometry of systems B2 and B4 (black — carbon, 
white — hydrogen, blue — nitrogen, red — oxygen, small red — bond critical point).

Tab. 2.	 Calculated Cu-heteroatom distances (d), interaction energies (Eint), MPA Cu charges and spin 
densities, QTAIM Cu charges, spin densities and Laplacians of the electron density at bond critical 
points of Cu···X bonds (ΔρBCP) of the systems under study.

System A1a) A2a) A3 A4 B1 B2b) B3 B4b)

Heteroatom (X) N1 N1 N4 N4 O16a Olactone O20 O21

d(Cu···X) [Å] 1.888 1.888 3.562 3.442 1.858 3.008 1.907 1.872

Eint [kJ mol–1] –1158.45 –1158.45 –1112.53 –1120.41 –1135.74 –1193.08 –1132.01 –1193.08

MPA characteristics

Cu charge 0.907 0.907 0.953 0.904 0.917 0.857 0.909 0.857

Cu spin 0.001 0.001 0.043 0.014 0.013 0.000 0.000 0.000

QTAIM characteristics

Cu charge [e] 0.821 0.821 0.753 0.919 0.911 0.914 0.892 0.914

Cu spin density [e Bohr–3] 0.003 0.003 –0.190 0.015 0.032 0.003 0.000 0.003

ΔρBCP [e Bohr–5] 0.507 0.507 –c) –c) 0.646 –c) 0.567 0.628

Remarks:
a)systems A1 and A2 lead to the same optimized geometry
b)systems B1 and B4 lead to the same optimized geometry
c)bond critical point between copper ion and the initial heteroatom was not found
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copper atom from the initial heteroatom in the op-
timized geometries (Table 2). The highest electron 
transfer corresponding to the highest Laplacians of 
the electron density at bond critical point between 
copper ion and the coordinating heteroatom was 
observed in systems with copper ion coordinated by 
oxygen on carbon C16-a (system B1, see Fig. 5) and 
in the previously mentioned system B4 (see Fig. 6). 
On the contrary to MPA data, QTAIM analysis in-
dicates the lowest spin density and the lowest charge 
of copper ion in systems with copper coordinated 
by oxygen on carbon C20  (system B3) and in the 
previously mentioned system B4.

Conclusion

The aim of this study was to quantify and subse-
quently compare the toxicity of active sites in the 
camptothecin lactone form through the method of 
copper(II) ion probe [Alagona and Ghio, 2009a; 
Alagona and Ghio, 2009b; Mammino, 2013; 
Puškárová and Breza, 2016; Puškárová and Breza, 
2017]. We have shown that both nitrogen atoms 
in the CPT structure are inactive and we have 
concluded that the heteroatom with the highest af-
finity to Cu(II) (as the model of radicals) in camp-
tothecin is oxygen on carbon C21. Furthermore, we 
have demonstrated that substitutions on oxygen in 
the lactone ring lead to geometry identical to the 
substitution on the aforementioned oxygen. This 
result, combined with the biological activity of the 
lactone form of CPT presents the basic ideas about 
the mechanism of its reaction with topoisomerase I. 
The QTAIM results are in an excellent agreement 
with the concept that CPT binds to topoisomerase 
I with three hydrogen bonds formed by oxygen 
atom in the lactone ring, oxygen on carbon C21 and 
by alcohol moiety on carbon C20 [Redinbo et al., 
1998].
Obtained results can be further used to shed more 
light on the reactions of camptothecin and its de-
rivatives in human body. Our results can be used in 
the target synthesis of new CPT derivatives and as 
part of a more complex study of camptothecin in its 
various forms.
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