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Abstract

A study of the pro-oxidant capacity of amphotericin B was carried out by analyzing the photosensitizing ability of an ampho-

tericin B model. Although amphotericin B is a well-known broad-spectrum antibiotic, little is known about the mechanism

of its pro-oxidant capability. This study employed density functional theory to assess the photosensitizing capacity of AMP.

Furthermore, electron transfer reactions were modeled according to the Marcus theory, considering that lipid media can mimic

the environment of the cell membrane. The results show that AMP is a pro-oxidant molecule mainly through the type II

mechanism, with the corresponding production of 1O2. In this way, AMP could induce oxidative stress because it is capable

of generating reactive oxygen species. In this case, AMP showed a reaction rate constants of 8.94 x 109 and 1.89 x 1010 M-1

s-1 for the type I and II mechanisms, respectively, while the overall reaction rate constant was 2.79 x 1010 M-1 s-1. Therefore,

the results of this study support the pro-oxidant capacity of amphotericin B in lipid media, and considering that ergosterol is

more susceptible to undergoing oxidative damage by reactive oxygen species than cholesterol, this mechanism could contribute

to the antifungal activity of amphotericin B.

Introduction

Reactive oxygen species (ROS) are a group of fundamental molecules in organisms. They can be neutral as
1O2, ionic as O2

*- or radicals as*OOH. However, under oxidative stress, these molecules are capable of causing
damage to an organism through oxidation reactions in biological molecules of physiological importance,
for example, proteins,1 lipids2

,and DNA.3 Oxidative stress is the imbalance between the generation and
consumption of ROS and is associated with widely distributed diseases, especially cancer,4 lung disorders,5

cardiovascular disorders, and atherosclerosis.6

Pro-oxidant molecules are any endobiotic or xenobiotic that produces oxidative stress, either by providing
oxidative species such as ROS or by inhibiting the physiological mechanisms responsible for reducing the ROS
concentration in the organism.7 Among pro-oxidant are found photosensitizers, which are molecules that can
produce and increase the level of ROS and generate oxidative stress through two main mechanisms. These
molecules can produce ROS through the type I mechanism, where an O2

*- molecule is provided through
the electron transfer mechanism from the photosensitizer to the oxygen molecule or through the type II
mechanism, where 1O2 is obtained by transferring the excitation energy from the photosensitizer to oxygen
molecule.8,9

Amphotericin B is a heptaene macrolide drug that is used as a broad-spectrum antibiotic. It has been con-
sidered for several decades as the standard for the treatment of systemic fungal and yeast infections. Several
mechanisms have been proposed to explain the antifungal activity of amphotericin B. The most studied
mechanism regarding antifungal activity is when amphotericin B interacts with ergosterol in the fungal cell
membrane; in this way, a channel that connects the intracellular and extracellular medium through the cell
membrane is formed and thereby promoting ions exchange that causes disruption of cellular homeostasis
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and consequently leads to cell death.10,11,12 The selectivity observed between the cell membranes of animals
and fungi is based on higher intermolecular interactions between amphotericin B and ergosterol (in fungi)
than the former with cholesterol (in animals).13,14 However, a second mechanism has been proposed that
enables us to understand the antibiotic property of amphotericin B. In this mechanism, it was suggested
that this molecule can act as a pro-oxidant molecule and produce oxidative stress through the generation
of ROS.15 As observed in a study in which Aspergillus terreus was used (as it is resistant to amphotericin
B), it was reported that the level of catalase production in A. terreus was significantly higher than in A.
fumigatus (non-resistant to amphotericin B); this higher production level may contribute to amphotericin
B resistance in A. terreus,since oxidative damage has been implicated in the action of amphotericin B;16 in
addition, singlet oxygen (1O2) generation of amphotericin B under UVA was only below to nalidixic acid in
a study on the production of singlet oxygen in a group of antiobiotics;17 in the same sense, the intracellular
induction of ROS was determined in different pathogenic yeast species and it was found that amphotericin B
induces the formation of ROS in all the species tested; hence, the data demonstrate that the production of
ROS by amphotericin B is an essential mechanism of action that correlates with the fungicidal effect.18 The
observed selectivity between fungi and animals in this second mechanism is based on a higher susceptibility
to oxidative damage by ROS of ergosterol, compared to cholesterol in the cell membrane.19-21

According to the above, in this work, the study of the photosensitizing capacity of amphotericin B was
performed using a molecular model of amphotericin B; this is shown in Figure 1. The single-electron transfer
mechanism was considered in the reaction between AMP, its oxidized, and reduced forms with oxygen and
superoxide molecules. Finally, thermodynamic and kinetic studies in lipid media on amphotericin B were
reported for the first time.

Figure 1 . Amphotericin B and the model (AMP) employed in this study.

2
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Computational methods

All the calculations were carried out with the Gaussian 16 program package,22 employing the M06-2X
and the 6-31G(d,p) basis set, all the geometries were fully optimized, and their frequency calculations were
carried out.23 Pentylethanoate was considered as the lipid medium to mimic the membrane cell environment,
using (SMD) the continuum solvation model density.24The M06-2X functional has been recommended by
its developers to perform kinetic calculations and is reported to be one of the best performing functionals
for kinetic calculations in solutions.25,26 SMD is a solvation model that could be employed to any charged
or uncharged solute in a liquid medium.24 The geometry optimization and frequency calculations, including
the solvent effect by the first excited-state singlet were performed employing the TD-DFT calculations at
the TD-M06-2X/6-31G(d,p) level. The energy values were improved by a single point calculation at the
M06-2X/6-311++G(d,p) level.

The conventional transition state theory (TST) was used to estimate the reaction rate constant, according
to the following:27,28

k = kBT
h e−G

6=/RT (1)

where kB , h, and R are the Boltzmann, Planck, and gas constants, respectively; additionally,T and ΔG [?]

are the temperature and the Gibbs free energy of activation, respectively.

The single electron transfer mechanism (SET) was considered in all the reactions, and the Gibbs free energy
of reaction ([?]G) was calculated from separate reactants and products of each SET reaction; as well as, the
Gibbs free energy of activation ([?]G[?]) was obtained employing Marcus theory.29–31 The Gibbs free energy
of activation was described based on the Gibbs free energy of reaction ([?]G) and the nuclear reorganization
energy (λ).

G6= = λ
4

(
1 + ∆G

λ

)2
(2)

The nuclear reorganization energy (λ ) was obtained according to the following:

λ = ∆E −∆G (3)

thus, [?]E was the difference of no adiabatic energies between reactants and vertical products. This estimate
is comparable to that suggested for intramolecular electron exchange reactions.32

The apparent rate constant cannot be directly obtained from TST calculations when calculated reaction rate
constants values are closer to, or within the diffusion-limit regime; hence, Collins-Kimbal theory was used:33

kapp = kDk
kD+k (3)

where k is the thermal reaction rate constant and was obtained from transition state theory calculations
and kDis the steady-state Smoluchowski rate constant in an irreversible bimolecular diffusion-controlled
reaction,34 and was calculated according to the following equation:

kD = 4πRDABNA (4)

where R is the reaction distance, DAB is the mutual diffusion coefficient of the reactants A and B, andNA

is the Avogadro number.DAB has been calculated fromDA andDB .35 The Stoke-Einstein approach was
employed to estimate DA andDB ,36,37 according to the following equation:

D = kBT
6πηa (5)

where k B and T are the Boltzmann constant and temperature, respectively, while the η is the viscosity of
the solvent, in this case, pentylethanoate (η = 8.62 x 10-4 Pa s), and the radius of the solutea.

In the kinetic study, the endergonic reaction paths were not included because such reactions would be
reversible; as a consequence, the corresponding products would not be observed. The methodology employed

3
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in this study is in line with the quantum mechanics-based test for overall free radical scavenging activity
(QM-ORSA); besides, this methodology has been verified by contrast with experimental results.38

Results and discussion

The study on the pro-oxidant capability of AMP was carried out through the calculation of excitation ener-
gies. The results calculated show that AMP has a maximum wavelength of 399.32 nm in pentylethanoate and
this result was corroborated with the experimental results, where the maximum wavelength for amphotericin
B was 408 nm in a non-polar media.39

Additionally, the main characteristic bond distances of AMP and its reaction intermediates such as
1AMP,1AMP*, 3AMP, AMP*-and AMP*+, are shown in Table 1, as well as the numbering of atoms are
shown in Figure 1. In these were observed that C20-C21, C22-C23, C24-C25, C26-C27, C28-C29, C30- C31,
and C32-C33 bond distances are larger in the 1AMP*,3AMP, AMP*- and AMP*+ species than 1AMP. It
was also observed that the largest bond corresponds to the 3AMP molecule. A decrease in bond distances
C21-C22, C23-C24, C25-C26, C27-C28, C29-C30, and C31-C32 were seen in 1AMP*,3AMP, AMP*- and
AMP*+ when compared with the 1AMP. The species that showed the shortest bond distance is3AMP.

Table 1 . Bond distances in angstroms from AMP and their reaction intermediates in lipid media, at 298
K.

Distance 1AMP 1AMP* 3AMP AMP*- AMP*+

C20-C21 1.340 1.353 1.355 1.348 1.351
C21-C22 1.453 1.429 1.423 1.440 1.429
C22-C23 1.350 1.381 1.397 1.371 1.375
C23-C24 1.446 1.402 1.382 1.417 1.407
C24-C25 1.352 1.403 1.432 1.389 1.389
C25-C26 1.445 1.387 1.359 1.402 1.397
C26-C27 1.353 1.412 1.446 1.397 1.393
C27-C28 1.444 1.387 1.358 1.400 1.399
C28-C29 1.352 1.404 1.433 1.393 1.385
C29-C30 1.446 1.400 1.380 1.411 1.412
C30-C31 1.350 1.383 1.399 1.376 1.370
C31-C32 1.452 1.427 1.421 1.435 1.434
C32-C33 1.342 1.356 1.358 1.352 1.350

The pro-oxidant ability study of AMP was carried out through the analysis of its photosensitive capacity
employing the electron transfer reactions. The reaction modeled involving AMP, its derivatives and the3O2

and O2
*- were also considered, as molecules that can be found in high concentration in the organism,

according to the following reactions:

1AMP + 3O2 - AMP*+ + O2
*- (Rxn1)

1AMP* + 3O2 - AMP*+ + O2
*- (Rxn2)

3AMP + 3O2 - AMP*+ + O2
*- (Rxn3)

1AMP + O2
*- - AMP*- + 1O2 (Rxn4)

1AMP + O2
*- - AMP*- + 3O2 (Rxn5)

1AMP* + O2
*- - AMP*- + 1O2 (Rxn6)

1AMP* + O2
*- - AMP*- + 3O2 (Rxn7)

3AMP + O2
*- - AMP*- + 1O2 (Rxn8)

3AMP + O2
*- - AMP*- + 3O2 (Rxn9)

1AMP + 1AMP - AMP*+ + AMP*- (Rxn10)

4
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1AMP + 3O2 - AMP*+ + O2
*- (Rxn1)

1AMP + 1AMP* - AMP*+ + AMP*- (Rxn11)
1AMP + 3AMP - AMP*+ + AMP*- (Rxn12)
1AMP* + 1AMP* - AMP*+ + AMP*- (Rxn13)
1AMP* + 3AMP - AMP*+ + AMP*- (Rxn14)
3AMP + 3AMP - AMP*+ + AMP*- (Rxn15)
AMP*+ + O2

*- - 1AMP + 1O2 (Rxn16)
AMP*+ + O2

*- - 1AMP + 3O2 (Rxn17)
AMP*+ + O2

*- - 3AMP + 1O2 (Rxn18)
AMP*+ + O2

*- - 3AMP + 3O2 (Rxn19)
AMP*- + 3O2 - 1AMP + O2

*- (Rxn20)
AMP*- + 3O2 - 3AMP + O2

*- (Rxn21)

In Table 2 are shown the thermodynamic results of the photosensitizing ability of AMP in lipid media. All
reactions considered in the electronic transfer involved in the photosensitizing ability of AMP in the presence
of oxygen molecules were modeled.

The results showed that Rxn6, Rxn7, Rxn9, Rxn13, Rxn14, Rxn16, Rxn17, Rxn19 and Rxn20 reactions were
exergonic with the following Gibbs free energies -20.03, -57.94, -22.30, -57.64, -22.00, -22.57, -60.48, -35.94
and -2.24 kcal/mol, respectively. The results obtained showed that both reaction mechanisms are present in
the reaction routes considered. It was observed that reaction Rxn20 yields the 1AMP and O2

*- molecules,
following AMP*- + 3O2reagents, and this reaction mechanism supports mechanism type I, while reactions
Rxn6 and Rxn16 where 1O2occurred, following reagents 1AMP* + O2

*- and AMP*+ + O2
*-, respectively

are involved in the type II mechanism.

According to thermodynamic results, AMP can produce ROS by both mechanisms types I and II, in lipid
media. Therefore, in the kinetic study, the exergonic routes of the reaction were analyzed. For this reason,
the kinetic study involved Rxn6, Rxn7, Rxn9, Rxn13, Rxn14, Rxn16, Rxn17, Rxn19, and Rxn20 reactions.

The study of the pro-oxidant capability of AMP was carried out through kinetic analysis. These were carried
out in the exergonic reactions obtained in the thermodynamic results.

Table 2 . Gibbs free energy of reaction (ΔG, kcal/mol) in the reactions considering the photosensitizing
activity of AMP in lipid media, at 298 K.

Reaction ΔG Reaction ΔG

Rxn1 60.48 Rxn12 38.18
Rxn2 0.30 Rxn13 -57.64
Rxn3 35.94 Rxn14 -22.00
Rxn4 40.15 Rxn15 13.64
Rxn5 2.24 Rxn16 -22.57
Rxn6 -20.03 Rxn17 -60.48
Rxn7 -57.94 Rxn18 1.97
Rxn8 15.61 Rxn19 -35.94
Rxn9 -22.30 Rxn20 -2.24
Rxn10 62.72 Rxn21 22.30
Rxn11 2.54

Accordingly, the results of the kinetics study are shown in Table 3. These results indicate that reactions
Rxn6, Rxn9, Rxn16, Rxn19, and Rxn20 have the smallest Gibbs free energy of activation. Consequently,

5
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they show values of reaction rate constants limited by the diffusion rate; all these reactions show a k app to
the order of 109 M-1s-1. The reaction route that supports the type I mechanism was Rxn20, shown a reaction
rate constant of 8.94 x 109 M-1 s-1, while the Rxn6 and Rxn16 reactions support the type II mechanism,
which has reaction rate constants of 9.40 x 109 and 9.53 x 109 M-1 s-1, respectively.

Table 3 . Gibbs free energy of activation ([?]G[?] , kcal/mol), λ (kcal/mol), diffusion rate constant (kapp ,
M-1s-1), and apparent rate constant (kapp , M-1s-1) of the photosensitizer capacity of AMP in lipid media,
at 298 K.

Reacción [?]G [?]
λ kD kapp

Rxn6 0.11 17.29 9.41 x 109 9.40 x 109

Rxn7 22.87 17.70 9.41 x 109 1.06 x 10-4

Rxn9 0.06 20.11 9.60 x 109 9.58 x 109

Rxn13 259.03 2.89 7.67 x 109 8.33 x 10-178

Rxn14 13.14 5.31 7.67 x 109 1.46 x 103

Rxn16 0.03 20.98 9.55 x 109 9.53 x 109

Rxn17 17.85 21.40 9.55 x 109 5.15 x 10-1

Rxn19 1.22 24.93 9.55 x 109 9.43 x 109

Rxn20 2.57 14.41 1.00 x 1010 8.94 x 109

The other reactions considered in the kinetic study were slow, and as a consequence, these reactions do not
contribute to the photosensitizing capability of AMP.

Additionally, the calculations were performed to obtain the total rate constant for each type I and II mech-
anisms (ktypeI and ktypeII ) in the photosensitizing activity of AMP in lipid media, according to the next
equations:

ktypeI = kRxn20 (7)

ktypeII = kRxn6 + kRxn16 (8)

koverall = ktypeI + ktypeII (9)

The overall reaction rate constants calculated from the equations above are shown in Table 4. It was observed
that the type II mechanism was the fastest, and in the photosensitive capacity of AMP, this mechanism was
preferred by 67.9 %. In contrast, the type I mechanism is carried out in 32.1%. AMP has a photosensitive
capacity through both mechanisms; however, the primary mechanism on the photosensitizing ability of AMP
in lipid media was type II. Finally, the overall reaction rate constant calculated on the photosensitizing
capacity of AMP in lipid media was 2.79 x 1010 M-1s-1.

Table 4 : Reaction rate constants and branching ratios (Γ, %) of the photosensitizing capacity of AMP in
lipid media, at 298 K.

Mechanism k (M-1, s-1) Γ

Type I 8.94 x 109 32.1
Type II 1.89 x 1010 67.9
Overall 2.79 x 1010

6
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Moreover, Figure 2 shows the main reactions in the photosensitizing capacity of AMP in lipid media. In
this, two cyclic routes could be observed. In the first1AMP-AMP*-AMP*--1AMP and in the second1AMP-
1AMP*-3AMP-AMP*+-1AMP found, both reaction routes carried out the regeneration of AMP in lipid
media. According to the above, AMP can yield ROS by a cyclic path of reactions in lipid media and produce
oxidative stress.

Figure 2. Reactions involved in the photosensitizing capability of AMP in lipid media.

In summary, the results concerning the photosensitizing capability of AMP showed that the main differences
between AMP and their derivatives are in the electronic conjugation of their double bonds; hence, the
photosensitizing property of AMP could be attributed to the presence of electronic conjugation of their
double bonds. Consequently, we might propose that amphotericin B can possess the pro-oxidant capability
in lipid media, through the photosensitizing property. In the same way, amphotericin B can produce ROS
by a cyclic reaction that could regenerate amphotericin B. Therefore, this study supports the pro-oxidant
capability of amphotericin B in lipid media and contributes to knowledge about the primary mechanism
involved in its antibiotic property.

Conclusion

The study of the pro-oxidant capability of amphotericin B was carried out through the use of an amphotericin
B model AMP. The AMP photosensitizer study was performed employing the density functional theory. In
this study, the electron transfer mechanism was based on the Marcus theory, which considers the lipid
medium to mimic the environment of the cell membrane. Thermodynamic results show that AMP can be
a pro-oxidant molecule through types I and II mechanisms. The kinetic results indicate that AMP is a
pro-oxidant molecule mainly through the type II mechanism. The AMP showed a reaction rate constant

7
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for the types I and II mechanisms of 8.94 x 109 and 1.89 x 1010 M-1 s-1, respectively, while the overall
reaction rate constant was 2.79 x 1010 M-1 s-1. Therefore, the results of this study support the pro-oxidant
capability of amphotericin B in lipid media and considering that ergosterol is more susceptible to undergoing
oxidative damage by ROS than cholesterol, this mechanism could contribute toward the antifungal activity
of amphotericin B; as well as invite researchers to study in greater detail the biological effects of its storage
and pharmaceutical administration in the absence or presence of light.
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