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Abstract: Smoke intoxication is a central event in mass burn incidents, and toxic smoke acts at differ-
ent levels of the body, blocking breathing and oxygenation. The majority of these patients require
early induction of anesthesia to preserve vital functions. We studied the influence of hemoglobin
(HMG) and myoglobin (MGB) blockade by hydrochloric acid (HCl) in an interaction model with
gaseous anesthetics using molecular docking techniques. In the next part of the study, molecular
dynamics (MD) simulations were performed on the top-scoring ligand–receptor complexes to in-
vestigate the stability of the ligand–receptor complexes and the interactions between ligands and
receptors in more detail. Through docking analysis, we observed that hemoglobin creates more
stable complexes with anesthetic gases than myoglobin. Intoxication with gaseous hydrochloric acid
produces conformational and binding energy changes of anesthetic gases to the substrate (both the
pathway and the binding site), the most significant being recorded in the case of desflurane and
sevoflurane, while for halothane and isoflurane, they remain unchanged. According to our theoretical
model, the selection of anesthetic agents for patients affected by fire smoke containing hydrochloric
acid is critical to ensure optimal anesthetic effects. In this regard, our model suggests that halothane
and isoflurane are the most suitable choices for predicting the anesthetic effects in such patients when
compared to sevoflurane and desflurane.

Keywords: mass fire events; general anesthesia; smoke inhalation; hydrochloric acid; halogenated
anesthetics; computational chemistry; personalized therapy; hemoglobin blockade; myoglobin blockade

1. Introduction

Mass fire incidents have become increasingly prevalent in recent times, posing a
significant threat to public safety. The complex nature of these events leads to a high
number of casualties and often to severe and multifaceted injuries. The primary risks
associated with such incidents include polytraumas, burns, and, last but not least, smoke
intoxication, which can all result in life-threatening consequences.

It has been proven that a large percentage of deaths caused by mass burning events
are due to multifactorial poisoning with combustion products [CO (carbon monoxide),
CO2 (carbon dioxide), HCN (hydrogen cyanide), HCl, HBr (hydrogen bromide), Nox
(nitrogen oxides) and SOx (sulfur oxides)] [1–3]. The composition of toxic smoke differs
quite a lot depending on the type of combustible materials or the environment in which the
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fire occurs. Plastic materials, widespread today, are among the main generators of toxic
combustion products, releasing high concentrations of intoxicants such as hydrocyanic
acid or hydrochloric acid [4]. The concentration of hydrochloric acid released during a fire
depends on the weight of the burned plastic. Polyvinyl Chloride (PVC) has been shown
to turn approximately 50% of its weight into hydrochloric acid through pyrolysis [5]. The
effects of hydrochloric acid poisoning on organisms depend on its concentration; values as
low as 50 parts per million (ppm) can cause upper and lower respiratory tract irritation,
with lethal effects observed in animal experiments at values exceeding 800 ppm [6]. One of
the determining factors of poisoning with fire smoke products is the blocking of hemoglobin
and myoglobin. Although the dynamics of hemoglobin blockade by carbon monoxide and
cyanide are well understood [7–10], the behavior of hydrochloric acid towards it remains
unclear. At the same time, myoglobin blockade, which is accompanied by the blocking
of hemoglobin in these conditions [11], can also be an impact factor in perturbing tissue
oxygenation, muscle metabolism in general, and myocardial metabolism in particular,
being crucial for rhabdomyolysis infiltration, multiple organ dysfunction syndrome, and
patient prognosis [12]. The patients resulting from these extensive events, regardless of the
prevalence of their injuries (blast, severe smoke poisoning, burns, polytrauma), frequently
require advance support or vital function stabilization, even before evacuation from the
scene, during the transfer, or in the emergency departments, pain management, sedation,
or general anesthesia [13]. General anesthesia is part of the advanced management for burn
injury surgical procedures, smoke poisoning, and damage control for major associated
trauma, being frequently extended over weeks or months, requiring adaptation of induction
and maintenance protocols to the constantly changing status of patients [14–16].

Halogenated volatile anesthetics serve as a valuable tool in emergency departments
due to their unique properties, such as anti-inflammatory and bronchodilator effects,
favorable pharmacokinetic and pharmacodynamic characteristics, and ease of administra-
tion [17]. Halothane, isoflurane, sevoflurane, and desflurane are volatile anesthetics that are
widely used in general anesthesia maintenance, particularly for hypnosis. These anesthetics
are also used during anesthesia induction, even in pediatric patients, and have similar
effects to propofol induction. It is known that at these ages, especially under three years,
there are emotional and practical aspects related to vascular access (difficult intravenous
access), which can be overcome by using the inhalation route [18]. There are varying
conclusions among several studies regarding the benefits, risks, and adverse effects of
using propofol in pediatric patients, but the conclusions drawn from these studies are often
contradictory [19]. Some studies suggest that propofol use may lead to neurotoxicity and
neuroapoptosis [20–22], whereas others indicate that it may depress ventilation and the
body’s response to hypoxia [23–25]. Therefore, further research is necessary to determine
whether using halogenated anesthetics in these situations may improve outcomes.

From a structural point of view, they are halogenated ethers containing chlorine (Cl),
fluorine (F), and bromine (Br) (halothane—C2HBrClF3), chlorine and fluorine (isoflurane—
C3H2ClF5O), and only fluorine (desflurane—C3H2F6O and sevoflurane—C4H3F7O). The
substitution of compounds with fluorine induces changes in their physicochemical prop-
erties [26], which confers increased resistance to metabolism and enhances their stability.
The efficacy of an inhaled anesthetic is quantified by the minimum alveolar concentration
(MAC), which denotes the minimum concentration of a halogenated agent in the alveolus
at 1 atm, where 50% of the subjects do not exhibit movement in response to a painful
stimulus. The MAC value is represented as a percentage or atm unit and is defined as the
halogenating agent alone in pure oxygen. The potency of the drug is inversely proportional
to the MAC value, where a lower value indicates greater effectiveness of the anesthetic
agent [27].

Halogenated anesthetics are closely associated with chlorofluorocarbons (CFCs). CFCs
release free chlorine, volatile anesthetics being also capable of releasing free chlorine [28].

This research puts forward a hypothesis that inhalation of fire smoke that contains a
significant amount of hydrochloric acid limits the capacity of hemoglobin and myoglobin
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to bind and carry oxygen [29], ultimately impacting cellular metabolism. Additionally,
different halogenated agents belonging to different generations can interact to modify
myoglobin and hemoglobin, resulting in different conformations that can affect stability and
reactivity compared to the known ones. This can result in different therapeutic behaviors
for anesthetic agents.

In theoretical chemistry, computational chemistry plays an essential role in predicting
interactions and reactions that may not be observable in practice [30]. Doing so can fore-
cast clinical effects without patient exposure, making it a valuable and forward-looking
tool for researchers and practitioners. Recent advancements in computational techniques
have catalyzed significant progress in the field of drug discovery, particularly through
molecular dynamics simulations. Two distinct studies contribute to this evolving land-
scape by demonstrating innovative approaches in system-level simulations and structural
analysis of biomolecules. The first study, employing the heterogeneous CPU (central
processing unit) + GPU (graphics processing unit)-enabled simulations within the DFTB
(density-functional based tight binding) framework, addresses the computational chal-
lenges associated with large-scale molecular dynamics of biological systems. By integrating
CPU and GPU resources, this approach not only enhances the simulation speed but also
maintains a low power consumption, crucial for exascale computing initiatives. This
methodology is particularly effective in handling the diagonalization of the Hamiltonian
matrix, a frequent process in molecular dynamics trajectories of large systems such as the
explicitly solvated HIV (Human Immunodeficiency Virus) protease, which encompasses
3974 atoms. This example highlights the potential of heterogeneous computing in achieving
detailed, quantum-based molecular dynamics simulations at an unprecedented scale [31].

The second study focuses on the structural dynamics of the HIV-1 protease, a key
enzyme in the HIV replication process, utilizing a combination of classical molecular dy-
namics and quantum mechanical methods. Through an innovative integration of these
techniques, the study reveals intricate details about the binding interactions and dynamics
within the protease. By combining empirical and quantum mechanical insights, the ap-
proach provides a comprehensive understanding of the enzyme’s mechanism, which is
crucial for the rational design of inhibitors. The use of advanced computational methods
allows for the exploration of the dynamic conformational changes of the protease and its
interaction with potential inhibitors, providing valuable insights that are not accessible
through traditional static computational methods [32].

These studies underscore the transformative impact of advanced computational strate-
gies in drug discovery. They illustrate how leveraging heterogeneous computing and
integrating multiple simulation methodologies can provide deeper insights into complex
biological phenomena, thereby accelerating the development of effective therapeutic agents.

2. Results

In this study, the molecular geometries of the targets were, by default, modeled and
optimized using the semi-empirical PM6 Gaussian program suite (Figure 1), which made
it possible to obtain data on the electronic structure of the studied substances (molecular
electronic levels, electronic population, dipole moment, net electric charges of atoms, energy
partitions by type of chemical bonds or interactions, bound order, free valence, etc.).

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 4 of 24 
 

 

 
(a) 

 
(b) 

Figure 1. Optimized molecular structure of hemoglobin (a) and myoglobin (b). 

2.1. Conductor-Like Polarizable Continuum Model (C-PCM) and Molecular Electrostatic 
Potential (MEP) Maps of Halogenated Anesthetics 

The data presented in the figure below (Figure 2) regarding the partial charges of the 
atoms in the molecules resulting from the Mulliken popular scheme show the existence of 
several atoms with a great tendency to donate electrons to the biological receptor: F, Cl, 
Br, and O. Therefore, it can be assumed that chemical interactions of the ligands with the 
receptor are possible through these centers. 

   
(a) (b) 

    
(c) (d) 

Figure 2. Mulliken charge distribution on the optimized ligands: (a) Halothane; (b) Isoflurane; (c) 
Desflurane; (d) Sevoflurane. 

Due to the number of polar bonds and the possibility of O-H-halogen bonds for-
mation, the anesthetic structures may be sensitive to the solvent interaction. Structures 
were also optimized in water using the C-PCM implicit solvation model. 

Molecular electrostatic potential maps are very useful tools for obtaining information 
about the electron-rich and electron-deficient parts of a given molecule. MEP mappings 
for the molecules under study have been derived from CCSD computations employing 
the 6-311 + G(2d,p) basis set at an isovalue threshold of 0.0004, as depicted in Figure 3. It 

Figure 1. Optimized molecular structure of hemoglobin (a) and myoglobin (b).



Int. J. Mol. Sci. 2024, 25, 4701 4 of 23

2.1. Conductor-like Polarizable Continuum Model (C-PCM) and Molecular Electrostatic Potential
(MEP) Maps of Halogenated Anesthetics

The data presented in the figure below (Figure 2) regarding the partial charges of the
atoms in the molecules resulting from the Mulliken popular scheme show the existence of
several atoms with a great tendency to donate electrons to the biological receptor: F, Cl,
Br, and O. Therefore, it can be assumed that chemical interactions of the ligands with the
receptor are possible through these centers.
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Figure 2. Mulliken charge distribution on the optimized ligands: (a) Halothane; (b) Isoflurane;
(c) Desflurane; (d) Sevoflurane.

Due to the number of polar bonds and the possibility of O-H-halogen bonds formation,
the anesthetic structures may be sensitive to the solvent interaction. Structures were also
optimized in water using the C-PCM implicit solvation model.

Molecular electrostatic potential maps are very useful tools for obtaining information
about the electron-rich and electron-deficient parts of a given molecule. MEP mappings for
the molecules under study have been derived from CCSD computations employing the 6-
311 + G(2d,p) basis set at an isovalue threshold of 0.0004, as depicted in Figure 3. It has been
consistently noted that oxygen atoms tend to harbor negative charge distributions, while
the hydrogen atoms bonded to oxygen predominantly constitute the most electropositive
zones across the molecules. These distinct regions of charge polarity are instrumental in
the establishment of non-covalent interactions, notably hydrogen bonding, which play a
critical role in the interaction mechanisms observed between ligand and receptor in both
molecular docking studies and molecular dynamics simulations.
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Solvation occurs when the intermolecular forces between the solvent and solute
particles are more significant than the intramolecular forces holding the solute particles
together. Therefore, the stronger the intermolecular forces, the stronger the attraction. The
solvent particles separate the solute particles, pull them apart, and surround them. The
surrounded solute particles then move away from the remaining solute particles and enter
the solution. The solvent and solute molecules reorganize into solvation complexes via
bond formation, hydrogen bonding, and van der Waals forces. Polar molecules can easily
solvate ions because they can position the partially charged portion of the molecule towards
the ion owing to electrostatic attraction.

The solvation-free energy ∆Gsolv
◦ plays an important role in computational chemistry

because it can significantly contribute to the total free energy of chemical reactions in
solution. Most practical calculations of ∆Gsolv

◦ are based on the continuum solvation
model. Usually, the computed ∆Gsolv

◦ is represented by the sum of the electrostatic
energy Eelst and the correction term ∆Gcorr

◦, which mainly describes non-electrostatic
effects. The solvation energy is the energy associated with dissolving a solute in a solvent.
It is positive if the dissolution process is endothermic and negative if it is exothermic.
Halothane, isoflurane, desflurane, and sevoflurane have solvation energies of −0.112,
isoflurane −0.127 kcal/mol, 0.137, and −0.142 kcal/mol, respectively.

In molecular docking calculations, 30 top-scoring docked poses have been obtained
for each compound. The highest docking scores for each compound are given in Tables 1–3.
After molecular docking calculations, each top-scoring ligand–receptor complex was sub-
jected to 100 ns MD simulations to investigate the stability of ligand–receptor complexes
and to investigate the ligand–receptor interactions in more detail. Three-dimensional
maps of ligand–receptor interactions at the end of each 100 ns MD simulation are given in
Figures 4–11.
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Table 1. The value of the ligand–target binding energy [kcal/mol].

Ligand HMG MGB

Hydrochloric acid −2.33 −2.31

Table 2. The value of the ligand–target binding energy [kcal/mol].

Ligand HMG MGB

Halothane −2.54 −2.07
Isoflurane −1.88 −1.68
Desflurane −1.58 −1.11
Sevoflurane −1.46 −0.74

Table 3. The value of the ligand–target binding energy [kcal/mol].

Ligand HMG-HCl MGB-HCl

Halothane −2.33 −2.09
Isoflurane −1.61 −1.67
Desflurane −1.36 −1.17
Sevoflurane −1.15 −0.76
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2.2. Ligand–Target Binding Energy Value of Hemoglobin–Hydrochloric Acid and
Myoglobin–Hydrochloric Acid Complexes to Volatile Anesthetics

After Autodock 4.2.6 and AutoDock Vina redocking, RMSD (root-mean-square devi-
ation) was calculated in both cases. The results were low RMSD values (all of them are
≤0.8 Å), suggesting that our preliminary docking methodology is robust.

The results showed that all ligands bind to the target and remain there throughout the
MD simulations, remaining in the binding pocket until the end of the simulation.

The results also showed that mainly hydrogen bonds (classical and non-classical) and
some other types of interactions [(pi–hydrophobic, alkyl hydrophobic, mixed pi/alkyl
hydrophobic, and halogen bonds (fluorine)] participate in stabilizing the complexes.

The RMSD of ligand compared to the position of the target was monitored for each
complex to investigate how well the binding pose was preserved during the MD simulation.
The results showed that in the complexes of HMG and halothane, isoflurane, desflurane,
and sevoflurane, the position of the ligands was preserved during the entire simulation. Av-
erage RMSDs and standard deviations were found to be 0.17 ± 0.03, 0.19 ± 0.05, 0.21 ± 0.02,
and 0.22 ± 0.02 (Figure 12).
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In the complexes of compounds between protonated HMG and halothane, isoflurane,
desflurane, and sevoflurane, no considerable change in the position of the ligand was
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observed after the first 50 ns. Average RMSDs and standard deviations were found to be
0.17 ± 0.03, 0.19 ± 0.04, 0.22 ± 0.02, and 0.22 ± 0.03 nm for the complexes of protonated
HMG-ligands. The results showed that in all ligand–receptor complexes, the HMG target
remained stable throughout the MD simulation (Figure 13). For sevoflurane, the baseline
change around 50 ns likely corresponds to a significant event in the molecular dynamics
simulation of the ligand–target complex that indicates a transition phase where the ligand
repositions within the binding site and shows a change in interaction dynamics such as the
formation of key hydrogen bonds and hydrophobic interactions.
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Average RMSDs and standard deviations for MGB with halothane, isoflurane, desflu-
rane, and sevoflurane were found to be 0.19 ± 0.02, 0.19 ± 0.02, 0.20 ± 0.04, and 0.23 ± 0.06.
In the complexes of MGB-ligands compound, halothane, isoflurane, and desflurane quickly
reached their equilibrium position and remained in this position during almost the entire
simulation. Sevoflurane was observed to be detached from the MGB target at the 40th
ns and reattached at the 50th ns, remaining in the binding pocket until the end of the
simulation (Figure 14).

Average RMSD and standard deviations for protonated MGB with halothane, isoflu-
rane, desflurane, and sevoflurane were found to be 0.23 ± 0.02, 0.23 ± 0.03, 2.22 ± 0.02,
and 2.22 ± 0.05, respectively (Figure 15). Similar to Figure 13d, the baseline change around
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50 ns in Figure 15d, the abrupt change at this specific time point, indicates alterations
in the ligand’s binding dynamics and stability within the myoglobin binding site. This
appears due to adjustments in the protein–ligand complex as it reaches a new equilib-
rium state and due to significant molecular interactions such as changes in salt hydrogen
bonds or hydrophobic interactions crucial for stabilizing the ligand within the myoglobin
binding site.
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These observations indicate the complex nature of protein–ligand interactions and
the sensitive balance of forces that govern them in a dynamic simulation environment.
Each change in the simulation trajectory provides insights into the potential impacts of
hydrochloric acid on the binding efficacy and stability of anesthetic molecules in fire smoke
inhalation scenarios, crucial for understanding their pharmacodynamics and therapeutic
implications.

The radius of gyration (RG) is another parameter that is used to investigate the stability
of the protein. RG of the enzyme was monitored during the MD simulation. Average RGs
and standard deviations of the HMG target in the complexes with halothane, isoflurane,
desflurane, and sevoflurane were found to be 2.23 ± 0.01, 2.21 ± 0.01, 2.22 ± 0.01, and
2.23 ± 0.01, respectively.

Average RGs and standard deviations of the protonated HMG target in the complexes
with halothane, isoflurane, desflurane, and sevoflurane were found to be 2.22 ± 0.01,
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2.23 ± 0.02, 2.22 ± 0.01, and 2.23 ± 0.01 nm, respectively. Additionally, average RGs and
standard deviations for MGB with halothane, isoflurane, desflurane, and sevoflurane were
found to be 2.22 ± 0.01, 2.22 ± 0.03, 2.21 ± 0.02, and 2.23 ± 0.02, respectively. Average
RGs and standard deviations for protonated MGB with halothane, isoflurane, desflurane,
and sevoflurane were found to be 2.20 ± 0.02, 2.21 ± 0.02, 2.22 ± 0.02, and 2.23 ± 0.03,
respectively.
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In Figure 16a, the red line corresponds to halothane, which displays the most con-
strained fluctuation profile, indicating a tighter and possibly more stable interaction with
hemoglobin. Isoflurane (blue) and desflurane (green) exhibit intermediate levels of fluctua-
tion, suggesting a more dynamic interaction with variable distances between the centers of
mass. Sevoflurane (purple), in contrast, demonstrates the highest degree of fluctuation, in-
dicating the most significant mobility and the least stable interaction within the hemoglobin
binding site.

These results provide valuable insights into the relative binding dynamics of different
anesthetic molecules with hemoglobin, which could affect their transport, affinity, and
efficacy. Moreover, understanding these interactions at the molecular level could potentially
inform the design of new anesthetics with optimized properties for clinical applications.

The halothane-protonated hemoglobin complex in Figure 16b exhibits the slightest
distance fluctuation, suggesting the most stable interaction due to stronger binding affini-
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ties or favorable electrostatic interactions. Isoflurane and desflurane show intermediate
fluctuations, indicating a balance between binding affinity and conformational flexibility.
Sevoflurane’s trace is characterized by the greatest variability, implying a more dynamic
interaction and potentially weaker or more transient binding events.
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In Figure 17a, observations from the trajectories reveal that halothane exhibits minimal
fluctuation, implying a more consistent and potentially stronger interaction with myoglobin.
Isoflurane and desflurane present with moderate levels of fluctuation, suggesting a dynamic
interplay between stable binding and mobility. Sevoflurane shows the highest fluctuation
amplitude, hinting at the most dynamic interaction and possibly weaker or less consistent
binding interactions.
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Lastly, the graphical representation from Figure 17b for halothane (red) shows the
lowest amplitude of fluctuation, suggesting a relatively stable interaction with protonated
myoglobin. Isoflurane (blue) and desflurane (green) display intermediate fluctuation
amplitudes, indicating a mix of stable and dynamic interactions, while Sevoflurane (pur-
ple) exhibits the highest amplitude of fluctuations, possibly reflecting less stable binding
dynamics and higher mobility within the binding pocket of the protein.

3. Discussion

Mass fire accidents frequently occur around the world, and the consequent inhalation
of combustion gases represents the leading cause of death under these circumstances.
Typically, these gases consist, among others, of carbon dioxide (CO2), water (H2O), carbon
monoxide (CO), hydrogen cyanide (HCN), hydrochloric acid (HCl), nitrogen oxide (NOx),
and sulfur oxide (SOx).

The replication of major events, including the spread and maintenance of fire, temper-
ature and pressure, and toxic atmosphere, cannot be achieved even in high-performance
laboratories and simulators. As a result, conducting typical clinical trials in emergency
departments or pre-hospital settings for mass burns incidents is challenging. Furthermore,
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retrospective observational studies usually fail to include a significant number of patients
with similar pathology profiles and ages under ethically binding conditions. This makes it
challenging to draw scientifically relevant conclusions from in vivo studies, especially in
cases of catastrophic events [33].

By incorporating current molecular research methodologies and computational chemistry-
specific models and techniques, we can gain real-time insights into the intricate workings
of smoke poisoning caused by fire without relying on living organisms [34]. This approach
can potentially provide valuable information that can aid in our understanding of the
biological mechanisms underlying smoke poisoning. Data predicted by theoretical models
can be used in practical studies, helping to identify the relationship between specific
changes in conformational or energetic properties and therapeutic effects, side effects, and
associated risks of using pharmacological substances in medical practice, especially in
special emergency circumstances.

Currently, there are protocols to address different types of emergencies, including
poisoning and burns [35]. Despite the growing concern around smoke poisoning, there
is still no agreement on its specific treatment methods, in particular, regarding the most
indicated anesthetic protocols for smoke-intoxicated patients. Additionally, there is a lack
of standardization in integrated prehospital and emergency departments when it comes to
managing fire smoke poisoning, in particular, generated by chlorine inhalation, regardless
of whether the incident occurred in a civil, industrial, domestic, or deliberate setting. This
gap in knowledge and practice requires urgent attention and research to better support the
care of patients affected by smoke poisoning and burns in mass burning incidents [36–39].

The fact that myoglobin is mainly blocked and unavailable during smoke poisoning
is an important aspect that may influence the therapeutic approach and risk stratification
through muscle and myocardial damage severity. The findings on the affinity of hydrochlo-
ric acid for both myoglobin and hemoglobin highlight its irritating effects and cellular
toxicity, particularly on myoglobin and oxygen transport (Table 1).

In emergency cases where the chemical determination by laboratory analysis is not
widely available or does not provide the necessary information for a better prognosis,
computational modeling results can be used as tactical reasoning tools for re-standardizing
smoke poisoning management. This can be particularly helpful for substances that are not
easily identifiable through emergency laboratory analysis and when quick decisions need
to be made to improve patient outcomes [40].

In our theoretical study, we observed that the association of protons (H+ ions) with the
amino acids in hemoglobin/myoglobin causes a conformational change in protein folding,
ultimately reducing the affinity of the binding sites for oxygen molecules (Table 1).

The molecular docking analysis reveals changes in the binding site and binding energy
of certain gaseous anesthetics. The analysis also shows that hemoglobin forms more stable
complexes with gaseous anesthetics than myoglobin (Table 2). Moreover, the protonation
of the targets with hydrochloric acid does not significantly influence the binding energy of
gaseous anesthetics at their level (Table 3).

Different types of non-covalent interactions, such as classic hydrogen bonds, hydropho-
bic interactions, halogen bonds, miscellaneous and unfavorable bonds, are established
between gaseous anesthetics and targets.

In the case of halothane, the protonation of the HMG and MGB targets does not change
the ligand–target interactions (Table 3, Figure 8). Halothane interacts with HMG through
two pi–alkyl bonds (LEU C:106 and HIS C:122). With the amino acids ASP C:126, GLY
C:102, and LYS C:99, it forms three halogen bonds (fluorine). Halothane interacts with MGB
through two classical hydrogen bonds (LYS A:96, HIS A:97) and two pi–alkyl interactions
with HEM (A:154). Also, at the level of the active site, hydrogen bonds are formed between
halothane and water molecules (HOH A:305).

In the case of isoflurane, the binding site at the level of hemoglobin and myoglobin
remains unchanged, with protonation of the target not changing the binding mode at the
level of the active site (Table 3). Between isoflurane and HMG, a classical hydrogen bond is
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formed (GLN C:103), two non-classical hydrogen interactions (TYR D:35, ASP C:126), four
halogen bonds (fluorines) with LYS C:99, GLY C:102, HIS C:122, an alkyl interaction with
LEU C:129. A classic hydrogen bond (TRP A:7), four halogen bonds (fluorines) were formed
between isoflurane and MGB, involving LEU A:2, LYS A:79, GLY A:80; a hydrophobic alkyl
interaction with VAL A:1.

The water molecules in the active sites of HMG and MGB form hydrogen bonds with
the ligands but also unfavorable bumps (Table 3). Unfavorable bonds affect the stability
of the ligand–target complex. The formation of any unfavorable bond between/in the
target–ligand complex reduces the stability of the complex as these types of bonds indicate
a force of repulsion occurring between molecules/atoms.

In the case of desflurane, the protonation of the HMG target partially changes the
binding mode, leaving some common amino acids in the binding site of the normal or
protonated target (VAL B:1, LYS B:82, HIS B:139). In the case of MGB, protonation radically
changes the binding mode of desflurane to the target (Figure 10). Desflurane interacts with
normal MGB through three classic hydrogen bonds with the amino acids HIS A:119, GLY
A:121, ASN A:122; p interaction pi–alkyl u LYS A:16, a halogen (fluorine) bond with ARG
A:118. With protonated MGB, desflurane forms two classic hydrogen bonds (LEU A:2,
TRP A:7), four halogen bonds (fluorines) with LYS A:79, GLY A:80, MET A:10, an alkyl
interaction (WAVE A:1).

In the case of sevoflurane, the ligand–target binding sites change radically after the
protonation of HMG and MGB, respectively (Figure 11).

Throughout the MD simulations, ligands generally maintained their positions in the
binding pockets of the target proteins, indicating stable complexes. Sevoflurane was an
exception, as it detached and reattached after ten ns but remained in the binding pocket
until the end of the simulation. The negative and positive charge centers observed in the
MEP maps contributed to the formation of non-bonded interactions, particularly hydrogen
bonds, which were instrumental in the stability of the ligand–receptor complexes during
molecular docking and MD simulations.

RG was used to investigate the stability of the protein during the MD simulation.
No considerable change was observed in the RG of the target protein, indicating sta-
bility throughout the simulation. Average RGs for the HMG target in complexes with
halothane, isoflurane, desflurane, and sevoflurane were found to be consistently around
2.22 ± 0.01 nm, demonstrating the structural stability of the protein in these simulations.

Our study, which used theoretical chemistry methods and calculation, found that
the ability of hemoglobin and myoglobin to bind and transport oxygen is influenced by
protonation in the hydrochloric acid-rich environment of fire smoke. Furthermore, the use
of halogenated anesthetics on patients exposed to fire smoke with a high concentration of
hydrochloric acid can cause a further reduction in the binding affinity of oxygen. This effect
is more pronounced in hemoglobin and is greater when desflurane and sevoflurane are
used due to conformation changes in the pathways, sites, and binding energies (Table 3).

Other laboratory studies confirmed that halogenated ethers, especially isoflurane, des-
flurane, and sevoflurane, can shift the oxyhemoglobin dissociation curve (ODC) to the left
or right, thus increasing or decreasing the hemoglobin–oxygen affinity [41]. With increasing
concentrations from control to medium, desflurane and isoflurane significantly decreased
HMG-O2 affinity by shifting the ODC to the right, but sevoflurane showed no effects. When
concentrations were further increased from medium to high, all three volatile anesthetics
shifted the ODC back to the left. Comparing only controls to high concentrations, a signifi-
cant increase in HMG-O2 affinity for desflurane and sevoflurane was detected. These effects
of anesthetic–(myoglobin/hemoglobin)–hydrochloric acid interactions become sensitive
in clinical practice on patients with smoke poisoning, adding to the non-specific effects
of halogenated agents on the cardiovascular and respiratory system [42–51]. Numerous
researchers have focused their studies on identifying the specific differences in the pharma-
cological and physicochemical characteristics of the main representatives most used in the
category of halogenated anesthetics. They found that volatile anesthetic agents provide car-
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dioprotective benefits by reducing or preventing myocardial ischemia both intraoperatively
and postoperatively, maintaining the left ventricular function, decreasing stress-induced
cell death, and maintaining myocyte mitochondrial function [52–54]. These agents generate
a myocardial preconditioning mechanism similar to ischemic preconditioning using the
same cellular pathways [55–62]. Among them, halothane causes the most significant reduc-
tion in the cardiac index, while sevoflurane, desflurane, and isoflurane have a lesser effect.
Halothane mainly lowers blood pressure by decreasing myocardial contractility, while
modern volatiles primarily affect systemic vascular resistance [63]. However, in situations
where the presence of desflurane and sevoflurane modifies the stability and binding affinity
of hemoglobin and myoglobin with oxygen, isoflurane remains the anesthetic agent with
the most significant cardioprotective effect. This is especially important when considering
primary myocardial injury related to myoglobin blockade and secondary injury related to
the reduction in oxygen affinity of hemoglobin.

Last but not least, it is essential to consider that the exact action mechanism of
volatile anesthetics is still unknown. There are several hypotheses, but the most widely
accepted one is the Meyer–Overton theory of fat solubility [64]. This hypothesis is based
on two observations: first, the potency of inhalation anesthetics is highly correlated with
their solubility in fats, and second, their structure is very diverse [65]. This theory suggests
that halogenated agents most likely affect the lipid layer of cell membranes. More recent
approaches have explored the binding of halogenates to protein membrane receptors, re-
vealing that they act on gamma-aminobutyric acid (GABA) type A and glycine receptors,
which facilitate chlorine conductance [66].

The framework suggests that the chlorine ion may be the crucial point in the model
of halogenated anesthetics interaction in smoke-intoxicated patients. However, many
aspects related to the pharmacokinetics of these anesthetics remain under discussion in
this specific context. Several other factors affect the rate at which an anesthetic reaches its
target concentration in the brain: pressure differences at the level of the alveolar–capillary
membrane; the degree of solubility of the agent in the blood (the effect on the target organ
is dependent on the partial pressure of the volatile agent and inversely proportional to its
solubility); patient-related factors such as cardiac output or the ventilation/perfusion ratio;
the inspired fraction of the halogenate.

The study has two significant limitations.
One concern relates to using a single pH value, specifically pH = 7.00, when calculating

the protonation of the target. Although this choice is realistic and has a pathophysiological
basis, different hypotheses suggest changes in protonation characteristics at different pH
levels. Therefore, it may be necessary to investigate the comparative outcomes obtained
with a broader pH range, beginning with severe acidosis (pH = 6.8) and up to moderate
acidosis (pH = 7.15). This would be the field that consistently requires therapeutic inter-
vention and, on the other hand, corresponds to a pathological condition compatible with
the need for general anesthesia, and in which the various adverse effects of anesthetics can
have major clinical significance and impact.

A second momentary limitation of the study is represented by the fact that we have
not identified in the literature experimental studies using animal models aimed at identify-
ing the different actions of halogenated anesthetics in subjects who were exposed to the
inhalation of hydrochloric acid or significant variations of pH.

These types of experimental studies can offer the possibility to verify in practice
how the conformational and stability changes of the molecules resulting from the studied
interactions correlate with changes in pharmacological action (dynamics or kinetics).

As the different structure of these molecules determines particularities of the anesthetic
or secondary effects, it is expected that the structural changes generated by the post-
inhalation interactions of fire smoke rich in hydrochloric acid, predicted by computational
methods, will have an impact on the specific action, in any of the directions of interest:
anesthetic effect, myocardial depression, atrioventricular conduction, bronchodilation,
irritant effect on the upper airway. Either of these changes may become susceptible to
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bringing new arguments in the specific protocol for the use of one or another of these
inhalational anesthetics in certain smoke-intoxicated patients who present certain specific
morbid conditions or particular pathological antecedents.

Currently, it is still unclear which of the structural aspects (bonds, configurations) of
each halogenated anesthetic molecule determines each therapeutic action or adverse effect;
computational chemistry can only predict the interaction patterns between targets and
ligands without being able to specify or anticipate clinical–therapeutic correlations.

While the underlying intimate mechanisms of interaction remain unclear, not only the
minimum alveolar concentration (MAC) of anesthetics but also the pH, temperature, and
partial concentration of hydrochloric acid could generate clinically significant effects that
are not available at this moment. These results show an impact of interaction that needs
to be further investigated to determine if patients undergoing anesthesia may potentially
benefit or become disadvantaged from this slight increase or decrease in HMG/MGB-O2
affinity or different anesthetic effects.

Further research on the interaction between halogenated anesthetics, myoglobin, and
hemoglobin in fire smoke-intoxicated patients is necessary. It must focus on developing
experimental models that can highlight and associate clinical evidence with the theoretical
chemistry component. This association promises important steps toward developing safe,
personalized, and optimal anesthesia protocols.

The ideal anesthetic agent for these patients needs to offer certain advantages. It
should not significantly affect oxygen transport to the tissues, it should have broncho-
dilator and cardioprotective effects, and it should not cause laryngospasm. Additionally, it
must be easily accessible in emergency departments and not require extensive and complex
monitoring to determine bioavailability. Halogenated anesthetics meet many of these
requirements.

4. Materials and Methods

The different features of electrostatics on protein–protein interactions are already
known and have been demonstrated by numerous authors, who showed that electrostatic
interactions are the most important force for the stability, binding profile, and function of
proteins [67]. Electrostatics is the driving force behind electron transfer and protein–protein
association [68]. The role of electrostatics in protein binding energy and its dependence on
different conditions has been outlined in a series of studies [69–71].

Multiple studies have aimed to appreciate the possible protonation changes associated
with binding interactions [72,73]. Some authors have raised the issue of the importance
of protonation reactions in receptor–ligand recognition [74]. There is little experimental
evidence that protonation states may not be constant in ligand–target complexes but
may change during the reaction. Based on this experimental evidence of target–ligand
interactions, it seems evident that such data are not absolute and can be dependent on
the external conditions of the experiments, such as the pH, temperature, concentration, or
concentration of other molecules [75].

In our study, quantum chemical calculations were performed using the Gaussian
program suite (Semichem Inc., Shawnee Mission, KS, USA) at coupled cluster single-
double and perturbative triple [CCSD(T)]/6-311 + G (2d,p) optimization to improve the
ligands molecular geometry. Applying these calculations to the myoglobin and hemoglobin
models, we were able to study their binding to the essential components of hydrochloric
acid toxic fire smoke [76]. The purpose of in silico testing is to observe the influence
of hydrochloric acid on myoglobin/hemoglobin targets in the mode/energy of gaseous
anesthetic target binding.

Different molecules differ in shape, functional groups, surface, and ability to form
hydrogen bonds and, therefore, will experience different consequences due to the in-
teractions of all these factors. Only in very few cases do experimental data exist for
the protonation states before and after binding. In most cases, these protonation states
(and related changes in reactions) must be predicted using theoretical chemistry software
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(https://playmolecule.org/proteinPrepare, accessed on 23 June 2023). However, another
frequently unknown factor is the pH of binding. The binding may not involve protonation
changes at certain pH values, whereas at other pH levels, it may involve changes [71,72].

Therefore, computing the binding free energy or predicting the binding mode via ab
initio docking while considering protonation and conformational changes in the entire
domain at physiological pH is still challenging [77].

Considering and analyzing all these arguments, we achieved protonation of the
target at pH = 7.00 [78]. We considered that under conditions of significant hypoxic
aggression, such as that by smoke inhalation, especially with hydrochloric acid in its
composition, hyperchloremic metabolic acidosis is highly likely [79]. At the same time,
significant acidosis is frequently found in a patient whose general condition requires general
anesthesia, outlining more precisely and more realistically the framework for verifying the
theory postulated by us.

4.1. Ligands Preparation and Target Preparation

The three-dimensional coordinates of all ligands were generated using the Gaussian
program suite by applying the CCSD(T)/6-311 + G (2d,p) level of theory. While the the-
oretical differences between the enantiomers of chiral anesthetic agents like halothane,
desflurane, and isoflurane exist, they are not significant in terms of their clinical applica-
tion, with all being used as racemic mixtures, so in the docking and molecular dynamic
calculations we used the S enantiomers.

Solvation calculations were performed using a C-PCM with water as the solvent. Mul-
liken population analysis has also been used to understand the reactive parts of molecules.

The X-ray crystal structures of the targets were retrieved as target.pdb files from the
major protein databases, Protein Data Bank [80], and optimized with ModRefiner software
(https://zhanggroup.org/ModRefiner/, accessed on 20 July 2023) [81]. The target codes
were 3WTG code (resolution 2.3 A) and myoglobin (2SPL code, resolution 1.7 A). The
targets were prepared by adding all the polar hydrogens, maintaining the water molecules,
and computing the Gasteiger charge.

4.2. Molecular Docking and Molecular Dynamics Simulation Studies

AutoDock is a molecular docking program that is widely used in academic research. It
is based on a semi-empirical free energy force field and offers a variety of search algorithms,
including a Monte Carlo Simulated Annealing algorithm, a Genetic Algorithm (GA), and
a Lamarckian Generic Algorithm (LGA), which is a rapid hybrid local search GA. One
of the key features of the semi-empirical free energy force field is the use of an advanced
thermodynamic model to simulate the ligand–target binding process. Additionally, it
includes a full desolvation model and terms for all the atom types.

The binding energy of the compound was calculated by using the following formula:

Binding energy = A + B + C − D

where A denotes final intermolecular energy + van der Waals energy (vdW) + hydrogen
bonds + desolvation energy + electrostatic energy (kcal/mol), B denotes final total internal
energy (kcal/mol), C denotes torsional free energy (kcal/mol) and D denotes the unbound
system’s energy (kcal/mol).

We perform the molecular docking analysis using Autodock 4.2.6 with the molecular
viewer and graphical support AutoDockTools [82].

In the docking protocol, for the protein targets, we create the grid box using Autogrid
4 with 120 Å × 120 Å × 120 Å in x, y, and z directions and 0.5 Å spacing from the target
molecule’s center.

For the docking process, we chose the Lamarckian Genetic Algorithm (genetic al-
gorithm combined with a local search), with a population size of 150, a maximum of
2.5 × 1062.5 × 106 energy evaluations, a gene mutation rate of 0.02, and 50 runs. We
adopted default settings for the other docking parameters and performed all calculations

https://playmolecule.org/proteinPrepare
https://zhanggroup.org/ModRefiner/
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under vacuum conditions. All the results from AutoDock were exported to PyMOL [83]
and the Discovery Studio (Biovia) molecular visualization system [84].

Discovery Studio by BIOVIA provides a sophisticated suite of tools for the analysis and
visualization of molecular interactions, which are crucial for understanding the structure,
function, and dynamics of biomolecules in drug discovery and other areas of molecular
biology. Below is a detailed discussion of the computational methods and algorithms
employed by Discovery Studio for evaluating several key types of molecular interactions:
conventional hydrogen bonds, unfavorable bumps (steric clashes), water-mediated hydro-
gen bonds, hydrogen–fluorine interactions, alkyl, and pi–alkyl interactions. This detailed
account is suitable for an academic publication, providing insights into the intricacies of
each interaction type analyzed.

In the case of conventional hydrogen bonds, the distance is less than 3.4 Å between the
hydrogen donor and the acceptor atom. The angle formed by the donor atom, hydrogen
atom, and acceptor atom should generally be between 90 and 180 degrees to be considered
a valid hydrogen bond. This geometric criterion ensures that the interaction is energetically
favorable and geometrically feasible, reflecting the directional nature of hydrogen bonds
which are crucial for the stability and function of biological molecules.

Unfavorable bumps (steric clashes) are measured as the distance between the centers
of any two non-bonded atoms. A clash is typically indicated when this distance is less
than the sum of their van der Waals radii minus a tolerance factor (0.7 Å). This approach
helps identify regions of potential structural strain or conflict in molecular models, high-
lighting areas that may require further optimization or indicate possible errors in structure
prediction or docking simulations.

For water-mediated hydrogen bonds, the distance and angle criteria are similar to
those of conventional hydrogen bonds. However, each hydrogen bond must separately
meet these criteria involving a water molecule acting as a bridge between the donor
and acceptor. This type of analysis is vital for understanding hydration shells around
biomolecules, the role of solvents in enzyme activity, and the stability of ligand–protein
complexes in aqueous environments.

For hydrogen (fluorine) interactions, the optimal distance for a hydrogen (fluorine)
interaction is slightly longer (3.7 A) than that for a conventional hydrogen bond, acknowl-
edging the smaller size and different electronic properties of fluorine. The angle should be
in the range of 120–180 degrees, reflecting the strong directionality of these interactions.
These interactions are of particular interest in medicinal chemistry, where fluorine is often
used to modulate the activity and properties of pharmaceutical compounds.

Alkyl interactions evaluate the proximity of carbon atoms within alkyl groups, consid-
ering optimal distances that favor van der Waals interactions but do not necessarily adhere
to strict bonding criteria (maximum 5.5 A). Alkyl interactions contribute to the hydrophobic
core of proteins and the binding affinity in drug-target interactions, influencing molecular
conformation and stability.

Pi–alkyl interactions are characterized by the proximity of an alkyl group to the face
or edge of an aromatic ring (maximum 5.5 A). Effective interactions generally occur when
the alkyl group is oriented edge to face or offset from the center of the pi system. Pi–alkyl
interactions enhance the specificity and stability of molecular interactions in biological
systems, playing a crucial role in molecular recognition and the structural integrity of
complex biomolecules.

The performance of Autodock 4.2.6 was evaluated by redocking and then expressing
the results as root-mean-square deviation (RMSD) in Å. All calculations were performed in
duplicate, and the results are expressed as averages. The redocking involves overlapping
the ligands to calculate the RMSD using Discovery Studio Visualization, Version 4.5 (Biovia)
Discovery Studio software. We also ran a comparative RMSD analysis between Autodock
4.2.6 and AutoDock Vina to assess the docking method’s repeatability and reproducibility.

Thirty docking poses were obtained for each molecular docking calculation. After
molecular docking calculations, the top-scoring ligand–receptor complexes were subjected
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to 100 ns all-atom MD simulations to investigate the ligand–receptor interactions in more
detail and to determine the binding free energies accurately. In MD simulations, the
GROMACS 5.1.4 program package was used [85]. The topology of the target was prepared
using an AMBER (assisted model building with energy refinement) force field and TIP3P
(transferable intermolecular potential with 3 points) water model. Ligand topologies were
obtained from the SWISSPARAM Server; the tool used the MMFF94 force field to assign
partial atomic charges to the molecular ligand structures. After neutralization of the system,
energy minimization was performed for each complex by employing the steepest descent
minimization algorithm with 5000 steps. After performing 200 ps NVT and NPT ensemble
equilibrations, MD simulations were performed in a dodecahedron simulation box for
100 ns at 1 bar and 300 K reference pressure and temperature.

5. Conclusions

According to our theoretical model, the ability of hemoglobin and myoglobin to bind
and transport oxygen is influenced by protonation in the hydrochloric acid-rich environ-
ment of fire smoke. Furthermore, the use of halogenated anesthetics on patients exposed to
fire smoke with a high concentration of hydrochloric acid can cause multiple interactions.
This effect is more pronounced in hemoglobin and is greater when desflurane and sevoflu-
rane are used due to conformation changes in the pathways, sites, and binding energies.

The results show that halothane and isoflurane undergo no or minor conformational
changes that affect the stability of the complex. In the case of desflurane, protonation of the
hemoglobin target partially alters it, but for myoglobin, protonation radically changes the
mode of binding to the target. Among the four anesthetic agents, sevoflurane undergoes a
radical structural change in modifying the ligand–target binding sites, its anesthetic effect
being the most unpredictable under these circumstances.

As patients from mass fire incidents are often in critical condition and require perfectly
adapted and long-term anesthesia, further clinical studies are needed to confirm whether
the changes that occur under these conditions lead to changes in the specific effects of these
anesthetics when used in fire smoke-intoxicated patients.
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