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Abstract 

Argon belongs to the group of chemically inert noble gases, which display a remarkable spectrum 

of clinically useful biological properties. In an attempt to better understand noble gases, notably 

argon's mechanism of action, we mined a massive noble gas modelling database which lists all 

possible noble gas binding sites in the proteins from the Protein Data Bank. We developed a 

method of analysis to identify amongst all predicted noble gas binding sites, the potentially 

relevant ones within protein families which are likely to be modulated by Ar. Our method consists 

in determining within structurally aligned proteins, the conserved binding sites whose shape, 

localization, hydrophobicity and binding energies are to be further examined. This method was 

applied to the analysis of two protein families where crystallographic noble gas binding sites have 

been experimentally determined. Our findings indicate that amongst the most conserved binding 

sites, either the most hydrophobic one and/or the site which has the best binding energy correspond 

to the crystallographic noble gas binding sites with the best occupancies, therefore the best affinity 

for the gas. This method will allow us to predict relevant noble gas binding sites that have potential 

pharmacological interest and thus potential Ar targets that will be prioritized for further studies 

including in vitro validation. 
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Introduction 

 

The non-radioactive noble gases, also called the rare or inert gases, belong to the chemical 

elements in the eighth and last column of the periodic table. This family consists of helium, neon, 

argon, krypton, and xenon (radon is the radioactive species which is thus not considered). The 

noble gases are relatively unreactive because they have a complete valence shell, and therefore, 

have little tendency to gain or lose electrons. 

The simplicity of these monoatomic gases and their inertness inclined early biological studies to 

focus on their physicochemical properties such as solubility in oil or other lipophilic media and 

blood, and simple biological mechanisms of action such as polar narcosis.1 They have a 

remarkably safe clinical profile and readily cross the blood-brain-barrier. Furthermore, they have 

low solubility in blood, which is advantageous in terms of rapid washin and washout mechanisms.2 

However, the surprising fact is that the noble gases could constitute a new class of therapeutic 

agents. Numerous studies have identified a rich spectrum of biological effects generated by noble 

gases that include neuroprotection, tissue protection, reduction of apoptosis, effects on memory, 

stress and anti-addictive properties.3 In particular, analgesia and anesthesia induced by xenon, used 

in humans and animals before comprehensive biochemical studies were conducted4 have been 

demonstrated clinically.5 In spite of the large number of protein targets that noble gases may bind 

to, only a relatively small number of these targets have been studied and validated to date. Thus, 

the mechanisms by which the clinically valuable properties are manifest are still ambiguous. In 

fact, effects on the glutamatergic neurotransmitter systems, especially the N-methyl-D-aspartate 

(NMDA) receptor, are the most thoroughly studied. It has been shown that xenon’s neuroprotective 

effect may be mediated by inhibition of the NMDA receptor6 whereas argon also exhibits 

neuroprotective effects, however, via different mechanisms which remains unclear.7  

https://www.thoughtco.com/definition-of-valence-electron-in-chemistry-605938
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Argon was discovered in 1894.8 Like the other noble gases, argon is colorless, tasteless, odorless, 

non-corrosive, non-inflammable, and nontoxic. Because argon is abundant in the atmosphere (0.93 

%), thus not really rare and relatively easy to extract from air, especially compared to xenon that 

is only about 0.9e-5 % in the atmosphere. Therefore, compared to xenon, there would be small 

production constraints and cost preventing from a large medical usage. Argon mixtures with 

oxygen for therapeutic use are moderately more dense and viscous than air such that respiratory 

parameters during ventilation are similar to air.9 However, this does not preclude the need for 

devices that are specifically calibrated for argon mixtures. Ventilation with Ar has been shown to 

be safe both in animals and humans. Indeed, it was reported that ventilation in newborn piglets 

with up to 80 % argon during normoxia and 50 % argon after hypoxia did not affect heart rate, 

blood pressure, cerebral saturation and electrocortical brain activity.10 Another study mentioned 

that a 6h ventilation with 79 % Ar in pigs showed no toxic effects, as demonstrated by serum 

biomarkers and assessment of liver and kidney function and structure.11  Moreover, Lieu and 

coworkers showed that short treatment with inhaled Ar (50 %) significantly suppressed the 

microglia/macrophage activation and promoted the M2-like marker arginase 1 at the inner 

boundary of the infarction seven days after reperfusion in an in vivo model of ischemia in rats.12    

More recently, Moro and colleagues found that inhaled  Ar (70 %), in traumatic brain injury model, 

accelerated the recovery of sensorimotor function, induced memory improvements, reduced 

neuroinflammation in the contused tissue and has anti-oedematous properties.13 In humans, it has 

been also reported that the presence of argon in breathing mixtures caused a positive effect on 

organism adaptation to hypoxia, by examining cardiovascular, pulmonary, nervous systems under 

normoxic and hypoxic hyperbaric oxygen-nitrogen-argon mixtures.14   
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Preclinical and clinical data support future clinical studies on the role of inhaled Ar as an organ 

protector. Argon’s organoprotective and neuroprotective properties in acute cerebral and 

myocardial injury, neonatal hypoxic-ischemic encephalopathy, cardiac arrest and organ 

transplantation have been highlighted in preclinical models in recent years.15 The description of 

the potential mechanisms of action involved in Ar protection derives mainly from in vivo studies 

and few cellular in vitro assays.15–20 It has been suggested that argon could have chemical, 

pharmacological and physical properties similar to those of oxygen, which would explain its 

neuroprotective effects by partially restoring mitochondrial respiratory enzyme activity and 

reducing NMDA-induced brain damage.17 The effects of selective gamma-aminobutyric acid 

receptor of class A (GABAAR) antagonists on narcosis produced by nitrogen, argon and nitrous 

oxide have been investigated at high hyperbaric pressure,21 showing selective antagonism of the 

narcotic action of nitrogen and argon, but not nitrous oxide. These results suggest that nitrogen 

and argon could interact directly with the GABAA receptor.  

Moreover, Ar displays anti-apoptotic effects by modulating the molecular pathways involved in 

cell survival. In particular, in vitro models show that Ar increases extracellular signal-regulated 

kinase ERK1/2 phosphorylation after 30 min of exposure; it blocks the apoptosis cascade; it 

upregulates the expression of the anti-apoptotic protein B-cell lymphoma-2; it activates the 

toll-like receptors 2 and 4, which reduce caspase-3 activity, and mediates the intracellular signaling 

involved in the production of pro-inflammatory cytokines and growth factors.20 In spite of these 

studies, there is a need to identify argon's protein targets to better support further research and 

development as a therapeutic agent. 

In structural biology studies, Xe and Kr are useful heavy elements for de novo phasing of protein 

X-ray crystallography data.22 They can bind to proteins at various types of sites, notably interior, 
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lipophilic pockets.23 The crystallographic binding sites of noble gases (Xe, Kr or Ar) are known 

for around 100 proteins, but the vast majority are only for Xe (i.e.23–28).  However, such 

crystallographic experiments to probe the interactions of noble gases with specific proteins are 

more difficult with gases than with solid or liquid compounds.  

In contrast to experiments, the atomic simplicity of the noble gases allows for relatively simple 

molecular gas-protein docking simulations to be performed such that valuable insights into how 

they elicit their biological effects may be obtained more quickly and cost-effectively by using in 

silico experiments. It was based on this reasoning that a screening of the five non-radioactive noble 

gases with approximately 130 000 protein structures in the Protein Data Bank (PDB) was 

performed. The accuracy of the numerical approach has been validated on existing crystallographic 

structures of proteins in complex with noble gases.29 The results of a docking calculations consist 

of a potential binding energy for all locations around the protein based on a 0.3 Å computational 

grid. From these thousands of potential binding sites, the 20 most likely, based on their gas binding 

energy, have been selected for ranking.30 This noble gas modelling database was developed by a 

team from Australia’s national science agency, the Commonwealth Scientific and Industrial 

Research Organization (CSIRO), in collaboration with the Air Liquide company. 

As a follow up to this previous work,30 the aim of this paper is to describe the methodology we 

have employed to extract from this massive noble gas modelling database the protein targets most 

likely to be involved in biological activity caused by noble gases. We will analyze only results of 

xenon, krypton and argon binding simulations in our analysis, discarding neon and helium results, 

since these two gases have lower binding energies so are less likely to generate biological 

responses.30  
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Described herein is a reorganization of the noble gases interaction database by shared binding sites, 

an analysis of the shared binding site characteristics, and the methodology to establish a set of five 

criteria for the characterization of predicted noble gas binding sites which correspond to 

crystallographic ones. This method of analysis that discriminates relevant noble gas binding sites 

amongst all predicted ones has been assessed based on the analysis of two protein families. 

Therefore, this procedure allows the identification of potentially relevant noble gases, notably 

argon binding sites within protein families which are likely to be modulated by them. This will 

allow us to predict relevant Ar binding sites that are endowed with potential pharmacological 

interest and thus Ar targets that will be prioritized for further study including in-vitro and in-vivo 

biological validations. 

 

Methods 

 

Data extraction and noble gas modelling database reorganization 

For each entry of the noble gas modelling database consisting of the binding site coordinates and 

binding energies,30 we retrieved the corresponding Protein Data Bank (PDB) files31 and added 

associated noble gas data. For each entry, the 20 best binding sites for each of the noble gases (Xe, 

Kr, Ar, Ne and He) are ranked by their binding energies, with their binding energies written in the 

B-factors (temperature factors) column.  

We have then reorganized the noble gas modelling database per gas binding sites, building a large 

spreadsheet, where each line corresponds to a shared gas binding site. An extract of this 

reorganized database is shown in Figure 1. Two different noble gases are considered to bind in the 

same site if they are within a distance of 2 Å (average radius of Xe, Kr and Ar). Thereby, a noble 
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gas binding site is defined by the type of gas that binds, its barycenter, and the neighboring amino-

acids, water molecules, other molecules or noble gases that surround it within 5 Å. 

 

 

Figure 1.  An extract of the spreadsheet containing information on noble gas binding sites. The 

first column corresponds to the identifier assigned to the site during its extraction, followed by the 

PDB identifier to which the binding site belongs and the identifiers of noble gases that bind (zero 

if no binding). X, Y and Z correspond to the spatial coordinates of its barycenter. The following 

columns are the identifiers of any neighboring noble gases (more than 2 Å and less than 5 Å), the 

number of each amino-acids types, water molecules and other heteroatoms.  

 

Shared noble gas binding sites characteristics 

The binding energy for each gas binding site has been written in the PDB-gas files as previously 

described.  The identifiers for each gas are ranked from 1 to 20 from the strongest to the weakest 

binding energy. To account for the potential binding across gas species, we defined a new 

parameter called “rank” that is equal to the average of the Xe, Kr and Ar identifiers for a given 

binding site. Therefore, this parameter reflects an overall view of the energy profile for a given 

binding site. The hydrophobicity score of a given binding site corresponds to the number of 

isoleucine, leucine, valine, phenylalanine, tryptophan, and tyrosine residues divided by the total 

number of residues that surround the site at less than 5 Å. 
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Structural alignment of proteins with a selected family 

For each analyzed family of proteins, we select several PDB-gas files from various organisms. For 

PDB entries which have several chains, we split each chain into a single entry. We then structurally 

align all of them together with their corresponding bound gas. We then discarded non-structurally 

aligned chains, when the PDB entry corresponds for example, to a hetero-multimer or a complex 

between different proteins. Therefore, we can readily visualize all the predicted noble gas binding 

sites within the structurally aligned proteins from the same family.  

 

Spreadsheet generation for a family of proteins  

A noble gas binding site is considered to be shared in a family of proteins if the distance between 

two noble gas atoms in a distinct protein chain is less than 2 Å apart (average radius of Xe, Kr and 

Ar).  Thus, we generate a table that lists, in successive rows, the shared noble gas binding sites in 

a family. For each shared binding site, we calculated the percentage of conservation for Ar, Kr and 

Xe, and the average hydrophobicity, rank and binding energy. The resulting spreadsheet was sorted 

in descending order of Ar conservation and an extract is illustrated in Figure 2. 

 

 

Figure 2. An extract of the generated spreadsheet containing information on shared noble gas 

binding sites within the thermolysin family. In each row, the identifiers for the three gases are 
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given (0 if no gas bound), followed by the percentage of conservation of Ar, Kr and Xe, the average 

hydrophobicity, rank and binding energies. 

 

Analysis procedure for a family of proteins 

We first select a large set of proteins from the family we would like to analyze. To avoid possible 

bias with crystallographic structures pressurized with noble gases, we discarded them from our 

analysis. We then build the spreadsheet listing all shared binding sites as described above. We will 

then analyze further the ten or so most conserved binding sites, choosing a threshold which 

depends on the variety of species in the protein family. For example, if the available PDB entries 

for a family belong to the same species and correspond to a unique gene, the chosen threshold will 

be high. On the other hand, if the available PDB entries correspond to many different genes across 

species, the chosen threshold will be lower. The predicted binding sites were either located too 

close to the atoms of the protein or were not associated to well-defined cavities, these sites were 

discarded from our analysis. To validate this procedure, we applied it to the crystallographic 

structures of two interesting protein families, thermolysin (a member of metallo-proteinases) and 

neuroglobin (a member of the globin family) whose noble gases binding sites have been 

experimentally determined. 

 

Software 

We generated PDB-gas files in PDB format using the BioPython library which is a set of freely 

available tools for biological computation written in Python, allowing efficient and simplified 

manipulation of PDB files. 

We developed Python 3.6.5 scripts to reorganize the noble gas modelling database and to 

characterize the noble gas binding sites.  
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The structural alignment of a family of proteins with their associated predicted noble gas binding 

sites were performed using the “Align” command from PyMol software (The PyMOL Molecular 

Graphics System, Version 2.4.0 Schrödinger, LLC), based on a sequence alignment.  We 

calculated distances between noble gas atoms within all the aligned structures to determine the 

ones which share the same positions, using SciPy (https://www.scipy.org/) package which is a 

collection of mathematical algorithms and convenience functions built on the NumPy 

(https://numpy.org/) extension of Python. We then calculated for each binding site the percentage 

of conservation of the three noble gases (Ar, Kr and Xe), its rank and its average hydrophobicity 

and gas binding energies using Pandas toolkit. Pandas is open source data analysis and 

manipulation toolkit, built on top of the Python programming language. 

 

Results 

 

Shared noble gas binding sites characterization  

A general characterization of the computationally predicted noble gas binding sites listed in the 

noble gas modelling database was performed separately for each noble gas type, by analyzing their 

binding energies, their environments and their proximities to residues and to natural ligand.30 In 

this work, we have analyzed the same database however using a different approach, investigating 

and characterizing the binding sites shared between different noble gas. To be able to perform this 

analysis, we reorganized the noble gas modelling database per binding sites. We have first 

retrieved almost 128 000 PDB-gas entries with 20*5 noble gas binding sites (see the Methods 

section). We then built the reorganized database by binding sites instead of gas types, which 

consists of a large spreadsheet listing the almost 6.8 M noble gas binding sites and their neighbors. 



 12 

There are on average 53 ± 7 shared binding sites per PDB-gas entry and about 7 ± 1 amino-acids 

surrounding each shared binding site. 

Our analysis of the shared binding sites revealed that almost half of the sites bind only Ne and/or 

He. Of the remaining sites, about 15 % bind Xe and Kr, but not Ar, and 8 % bind Ar but not Xe or 

Kr.  

The shared binding site hydrophobicity has been also analyzed, with a distribution of the residues 

in six classes from the most hydrophobic to the least ones according to the hydrophobicity scoring 

matrix constructed from hydrophilicity data.32,33 The hydrophobicity of sites is inversely 

proportional to the noble gas atom’s diameter, as described in Figure 3, the smaller the atom, the 

more hydrophobic is the binding site. These properties of noble gases binding sites are also verified 

when they were previously analyzed according to their gas types.30 

 

  

Figure 3.  Percentage of amino acids grouped together in six classes surrounding noble gas binding 

sites. Red bars represent He and/or Ne specific binding sites, yellow bars represent Ar but not Xe 

and Kr binding sites, green bars represent Xe, Kr and Ar binding sites and blue bars represent Xe 

and Kr but not Ar binding sites.  
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In the noble gas modelling database, as previously calculated,30 average binding energy for Xe (-

1.246 ± 0.203 kcal/mol) is higher than for Kr (-0.991 ± 0.154 kcal/mol), itself higher than for Ar 

(-0.902 ± 0.131 kcal/mol), as expected in the order of their polarizabilities.34 It was noted that 

noble gas binding energies need to be relatively stronger in absolute magnitude than the thermal 

energy at RT (~0.6 kcal/mol at 37 °C) at physiological conditions to induce potentially biological 

effects on proteins.30 

 

Characterization of conserved gas binding sites within a family of proteins 

Our method of analysis of the reorganized database allows the extraction of putative interesting 

targets for Ar, based on a series of criteria to identify potentially relevant binding sites, such as the 

conservation of a binding site across a family, its localization and its physical-chemical 

characteristics (see the Methods section). If a binding site is physiologically relevant, it should be 

conserved within a given family of proteins synthesized by different species. Herein, we 

structurally aligned selected protein structures from a family to be able to identify shared noble 

gas binding sites within the family, that are stored in a spreadsheet. The most conserved binding 

sites within the family, above a given threshold, which will depend on the variations in sequence 

in the analyzed family, will be more thoroughly analyzed. 

For each binding site an average hydrophobicity, an average binding energy per noble gas, and an 

average rank that gives a global estimate of the binding energy for the three gases are calculated. 

Relevant binding sites are expected to be hydrophobic, since noble gases bind preferably to 

hydrophobic pockets and cavities.23,35 Moreover, noble gases should bind with a high energy in 

the relevant binding sites. 
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Comparison between crystallographic binding sites and conserved binding sites in two 

families of proteins 

Two families of proteins, thermolysin and neuroglobin have been chosen to asses our selection of 

relevant binding sites amongst the 20 best ones identified in the modelling database. Their 

crystallographic Xe, Kr and Ar binding sites are precisely known, and their main binding sites are 

located in functional areas, suggesting that a bound noble gas would induce functional 

modification. Crystallographic structures under pressurized noble gas give access to the 

coordinates of the gas and to its occupancy which is an estimate of its affinity for this site and 

follows a pressure-response curve, increasing with the applied gas pressure up to a plateau.24  

 

Thermolysin family analysis 

In the structure of Bacillus thermoproteolyticus thermolysin (TLN), Xe 36 and Kr 37 bind with a 

high occupancy (81 % Xe at 3.5 MPa, 69 % Kr at 4 MPa), to a binding site located in a cavity 

(termed here gas binding site 1 or GBS1) (Table 1).  

This cavity, also termed reference cavity 236 is surrounded by the side chains of Tyr84, Ser92, Leu144 

and Val148. Kr binds also to a second site, termed here GBS2, with a lower occupancy (25 % Kr at 

4 MPa). This site corresponds to a small cavity, located at 7.2 Å from the first one, surrounded by 

Arg35, Gly36, Asn37, Gly38 and Asn97. Ar binds at 200 MPa with a full occupancy in these two 

cavities (P. Carpentier and T. Prangé, private communication, PDB ID 6qar). Both cavities are 

likely to be allosteric since they are close to the TLN catalytic center around the zinc binding site 

as shown in Figure 4. 

 

Table 1. The crystallographic noble gas binding sites within TLN structures  



 15 

 

 

 

 

 

 

 

 

 

 

Figure 4. Visualization of the two major crystallographic noble gas binding sites shown as orange 

spheres in TLN structure (PDB ID 5fss), and their corresponding predicted binding sites shown as 

cyan spheres. TLN is shown with its molecular surface, with calcium and zinc ions as spheres. 

Residues surrounding GBS1 and GBS2 are shown in stick representation in the zoomed view. 

 

Noble gas Xe Kr Ar 

PDB ID 5m69 3ls7 5m5f 5fss 5fsp 6qar 

Pressure (MPa) 0.9 3.5 0.5 4 10 200 

Occupancy (%) 

GBS1 68 81 20 69 100 100 

GBS2 0 0 0 25 55 100 
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We superimposed 29 TLN crystallographic structures extracted from the noble gas modelling 

database, split into 30 chains, all derived from Bacillus thermoproteolyticus. The resulting nine 

most conserved binding sites are listed in Table 2, using a high threshold of 90 % of conservation 

due to the unique specie in the family, after removal of sites without any volumes. 

The binding site #3 is located at less than 1.1 Å from the main crystallographic binding sites GBS1, 

and the binding site #5 is located at less than 1 Å from GBS2. Interestingly, amongst the nine most 

conserved sites, the most hydrophobic one corresponds to GBS1 and the site which has the 

strongest (i.e., the most negative) binding energy (the lower rank) correspond to GBS2. 

 

 

Table 2. The most conserved predicted noble gas binding sites within TLN structures 

 

 

Site 

identifier 

% Ar % Kr % Xe % 

Hydrophobicity 

Rank Ar energy 

(kcal/mol) 

Kr energy 

(kcal/mol) 

Xe energy 

(kcal/mol) 

1 100.00 96.67 83.33 34.44 10.89 -0.914 -1.013 -1.257 

2 96.67 96.67 96.67 0.00 7.48 -0.930 -1.086 -1.430 

3 96.67 96.67 96.67 64.01 6.06 -0.967 -1.098 -1.434 

4 96.67 96.67 96.67 29.39 5.25 -0.948 -1.123 -1.513 

5 96.67 96.67 96.67 27.27 1.00 -1.154 -1.318 -1.676 

6 96.67 96.67 96.67 0.00 3.92 -1.027 -1.150 -1.446 

7 96.67 73.33 3.33 27.85 12.50 -0.932 -0.944 -1.144 

8 53.33 93.33 86.67 38.46 11.83 -0.853 -0.971 -1.253 

9 50.00 90.00 86.67 54.23 14.29 -0.847 -0.949 -1.182 
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Neuroglobin family analysis 

In the structure of murine neuroglobin (NGB), Xe, Kr and Ar bind with high occupancies in two 

sites  as shown in Table 3, the storage site (90 % Xe at 3 MPa, 60 % Kr at 5 MPa and  30 % Ar at 

5 MPa) and the BD-pocket (55 % Xe at 3 MPa and 30 % Kr at  5 MPa).27,35,38 Ar is visible in the 

B-D pocket only at 200 MPa (P. Carpentier and T. Prangé private communication, PDB ID 6r1q). 

The storage site is located in the large internal heme cavity which plays a key role in the ligand 

binding mode through its structural flexibility and plasticity and constitutes the dioxygen storage 

site before it reacts with the Fe-bound heme.39  This site has a high affinity for Xe and Ar since 

both gases bind at a moderate gas pressure (Table 3). Since it was experimentally shown that the 

dioxygen molecule is bound in this site before being bound to the heme, we infer that a noble gas 

bound in this site could modulate neuroglobin activity. This site is lined by the hydrophobic 

residues Ile,72 Leu113, Trp133, Tyr137, Leu136 and Val140 as described in Figure 5. The B-D pocket is 

situated in a solvent-accessible surface pocket between helices B and D. It is slightly less 

hydrophobic than the storage site and flanked by two polar residues Thr25 and Ser55. 

 

Table 3. The crystallographic noble gas binding sites within NGB structures 

 

 

Noble gas Xe Kr Ar 

PDB ID 3gk9 3gln 5o1k 4o4t 5o27 3gkt 5nw6 5o17 6eye 5nvi 6r1q 

Pressure (MPa) 2 2 2 3 3 4 5 10 15 5 200 

Occupancy 

(%) 

Storage site 80 75 90 90 90 47 60 100 30 30 100 

B-D pocket 48 40 40 55 70 32 30 80 100 0 100 
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Figure 5. Visualization of the two major crystallographic noble gas binding sites shown as orange 

spheres in NGB structure (PDB ID 5o17), and their corresponding predicted binding sites shown 

as cyan spheres. NGB is shown as cartoon representation, with the heme as sticks. Residues 

surrounding the B-D pocket and the storage site are shown in stick representation in the two inserts. 

 

We superimposed 17 NGB crystallographic structures extracted from the noble gas modelling 

database, split into 21 chains, from three species, Homo sapiens, Mus musculus and Symsagittifera 

roscoffensis. We ended up with the nine most conserved binding sites, using a threshold of 70 % 

of conservation, that are listed in Table 4, after removal of sites without any volumes. 

The binding site #5 is located at less than 0.5 Å from the storage site, and the binding site #8 is 

located at less than 0.8 Å from the B-D pocket site. Here also, amongst the nine most conserved 

sites, the most hydrophobic one and the site that has the best binding energy for the three noble 

gases (the lowest rank) correspond to the two major crystallographic binding sites, respectively. 
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Table 4. The most conserved predicted noble gas binding sites within NGB structures 

 

 

 

Discussion 

 

In a previous paper the in silico results of noble gas-protein binding sites were characterized in a 

global sense.30  In that previous paper the fundamental tendencies of the binding sites were 

characterized, according to each noble gas type, with their binding energy; their overall 

hydrophobicity; their proximity to natural ligands; and proximity to residues within the binding 

pocket.  

Site 

identifier 

% Ar % Kr % Xe % 

Hydrophobicity 

Rank Ar energy 

(kcal/mol) 

Kr energy 

(kcal/mol) 

Xe energy 

(kcal/mol) 

1 85.71 90.48 61.90 65.66 6.92 -0.917 -0.965 -1.123 

2 80.95 80.95 76.19 62.32 8.00 -0.870 -0.942 -1.164 

3 76.19 76.19 76.19 48.04 5.58 -0.900 -0.964 -1.182 

4 76.19 76.19 76.19 35.57 6.79 -0.846 -0.957 -1.236 

5 71.43 90.48 95.24 87.74 5.19 -0.877 -1.003 -1.280 

6 71.43 76.19 66.67 22.50 12.76 -0.784 -0.870 -1.075 

7 71.43 71.43 38.10 37.08 12.61 -0.824 -0.862 -1.046 

8 66.67 71.43 76.19 50.45 4.00 -0.892 -0.997 -1.242 

9 61.90 71.43 66.67 49.07 9.71 -0.806 -0.912 -1.167 
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In this paper, a method is presented to choose amongst all predicted noble gas binding sites, the 

potentially relevant ones within protein families which are likely to be modulated by Ar. A 

preliminary reorganization of the noble gas modelling database per shared binding sites were 

needed to consider simultaneously the heavier noble gas binding sites (Xe, Kr, Ar) in our analysis. 

Our method consists in determining within structurally aligned proteins, the conserved binding 

sites whose shape, localization, hydrophobicity and binding energies are likely to result in Ar 

bioactivity. Our reasoning is grounded on the fact that, experimentally, we detect only a couple of 

crystallographic binding sites with high occupancies, i.e. high affinity, within crystallized proteins 

under pressurized noble gases. Therefore, there is an obvious need to follow up the previous work 

by pointing out reliably the most relevant noble gas binding sites which are likely to modulate the 

protein function in order to spot potential targets for argon that will be prioritized for 

crystallographic and biological validations. 

Our procedure is mainly based on the conservation of the noble gas binding sites within a 

structurally aligned protein family. We found that the main crystallographic noble gas binding site 

in TLN and NGB corresponds to the most hydrophobic one amongst the most conserved sites, 

confirming that noble gases have a preference to bind to hydrophobic cavities, accessible or buried 

in the core structure of the protein.23 However, in both families, the second crystallographic noble 

gas binding site corresponds to a site which is less hydrophobic, but which binds the gas with the 

highest binding energy. Our method seems thus to be efficient to identify amongst the predicted 

noble gas binding sites the ones that are likely to be physiologically relevant, corresponding to 

experimentally determined ones, where the gas bind with a high occupancy, i.e. a high affinity. 

Therefore, our hypothesis regarding the conservation of an interesting noble gas binding site within 

a structurally aligned protein family seems pertinent since it has been verified in both analyzed 
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protein families. Of course, the conservation criterion is more efficient for a large family that 

extends over many genes and species than for a family where all the determined crystallographic 

structures correspond to a unique gene as it is the case for TLN.  

In protein-ligand interactions, usually a few key residues are involved, defining the functional site 

in a given protein. Pharmaceutical compounds are designed to bolster or inhibit its biological 

function. If a noble gas binding at a given site induces a modulation of the function of a protein, it 

should be located close to a region that is involved in its activity such as an active site, an allosteric 

site or a surface involved in interaction with partners.  In both TLN and NGB analyzed families, 

the noble gases bind to sites which are likely to modulate the protein activity, especially in NGB 

where noble gases bind in the dioxygen storage site.  

Thus, we have defined a set of five criteria to detected relevant gas binding sites amongst all 

predicted ones which are the conservation of a binding site across a protein family, its physical-

chemical characteristics defined by its binding energy, its hydrophobicity and its associated 

volume and obviously its localization within a region involved in the protein activity modulation. 

If the analysis of a given family of a protein provides no predicted sites that satisfy the five criteria, 

we suggest that this family would not constitute a potential target for Ar. Conversely, if one or 

more potentially interesting binding sites are detected in our analysis, we hypothesize that argon 

could modulate the activity of this family, opening the way to further in vitro validation. 

The rate of conservation of a binding site for a gas across a family could not reflect the relative 

occupancy of the three gases. In NGB, whose family spans various species, the rate of conservation 

for Xe is higher than for Ar in the two main crystallographic sites, even if the three gases are 

experimentally found to bind in both sites. In TLN whose structures correspond to a unique gene, 

the three gases are predicted to bind to the two major sites with the same rate of conservation 
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across the family. However, GBS2 seems to be an Ar and Kr specific site, where Xe cannot bind, 

perhaps because of the small size of the pocket. This specificity for Ar and Kr could not be found 

with our method of analysis. Noble gases, notably Xe and Ar, are known, not only, to exhibit 

different biological effects but also to be target-specific.7,40 It is possible that our method of 

analysis which highlights only the most conserved sites could miss a less conserved one, which 

would be specific for a given gas. 

Although noble gases are described as inert, they are biologically active, with the heaviest ones 

having been shown to be the most active. However, the mechanisms of action of this activity are 

still unclear. The lighter noble gases helium and neon exert little effect on biological processes. 

They are not anesthetics, nor analgesics. He has a high thermal conductivity, and heat loss from 

the body may occur when it is completely immersed in helium.41 In rats, extended breathing of 75 

% He resulted in significantly reduced brain infarct size and improved functional neurological 

outcome.42 The authors conclude that the neuroprotective effects of helium are due to hypothermia 

rather than to a pharmacological effect. Neon, based on its oil solubility, is predicted to be an 

anesthetic at ~160 atm.5 But it is unlikely to have a pharmacological neuroprotective effect at 

atmospheric pressures. He and Ne appear both chemically and biologically inactive.  

Accordingly, our global analysis of predicted He and Ne binding sites in the noble gas modelling 

database revealed that more than half of their binding sites are specific and not shared with the 

heavier noble gases binding sites. Moreover, the modelled binding sites where only Xe and/or Kr 

bind are not shared with Ar, Ne and He. He and Ne are likely to bind to a variety of sites without 

biological relevance.  

Noble gases preferentially bind to hydrophobic cavities or pockets.23 However, when we analyzed 

more thoroughly the amino-acids that are in close proximity to the modelled gases (less than 5 Å), 
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we noticed that while the He and Ne show affinity to highly hydrophobic environment (more than 

50 % of hydrophobic residues), Xe and Kr tend to prefer less hydrophobic ones (only 32 % of 

hydrophobic residues), with Ar binding sites lying between them (43 % hydrophobic residues). 

Even if noble gases are considered as inert, they interact with their environment through three 

weak-energy attractive forces: charge-induced, dipole-induced, and London (also called 

dispersion) interactions. In fact, while induced dipole interactions occur only when the noble gas 

atom is located in the proximity of charged or polar protein groups, London interactions rule the 

majority of both polar and nonpolar binding sites.22 These interactions are proportional to the 

electronic polarizability of the noble gas atom, i.e. its number of electrons. The heavier the noble 

gas is, the more polarizable it is (Table 5), which would explain the presence of charged residues 

around the heavier noble gases. The crystallographic occupancies of  noble gases within a given 

binding site at a given pressure are indeed in the order of their electronic polarizabilities.28,34 It is 

verified in TLN and NGB, where Xe occupancy is higher than Kr occupancy, itself higher than Ar 

occupancy for a given binding site at a given pressure (Tables 1 and 3). Experimentally, the 

pressure that allows to populate a gas binding site is obviously in the reverse order than the 

polarizabilities, rather low for Xe (~ 0.5 - 3 MPa), moderate for Kr (~ 1 - 20 MPa), and higher for 

Ar (~ 50 - 200 MPa) which could be located at 50 MPa only in very affine sites. 

 

Table 5. Van der Waals radii and polarizabilities of non-radioactive noble gases (taken from34) 

and their natural abundance in air (taken from43) 

Noble gas 

Atomic 

number 

Van der Waals 

radius (Å) 

Polarizability 

(Å3) 

Dry air abundance 

(ppmva) 

He 2 1.40 0.20 5.2 
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a ppmv parts per million by volume fraction ≈ parts per million by mole fraction. 

 

Even though the docking study used to construct the noble gas modelling database was performed 

with static target crystal structures and rigid noble gases without any consideration of their 

electronic polarizabilities,30 it nonetheless succeeded at predicting more polar noble gas binding 

sites stabilized through their electronic polarizability. However, the rigid sphere procedure of 

docking obviously does not take into account the thermal fluctuations that foster exploration of the 

multiple and complex conformational substates with different shapes of binding sites within 

proteins. For example, in an early docking study44, molecular dynamics (MD) simulations have 

highlighted the existence of a large number of thermally accessible minima in myoglobin, which 

have an essential role in determining the protein internal motions. Simulations of noble gases with 

proteins were performed first by Tilton and co-workers45 to investigate further the interaction of 

Xe with myoglobin. By calculating empirical energy, they found that van der Waals’ interactions 

are mainly responsible for Xe binding with smaller contributions of Xe polarization. Along the 

same lines, Hermans and Shankar46 calculated the free energy of xenon binding to myoglobin by 

applying MD with forcing potential. They found that the insertion of the first xenon atom causes 

a perturbation of the protein conformation that facilitated the binding of additional xenon atoms. 

Very good agreement was obtained between theoretically and experimentally determined 

affinities. The complexes of phage T4 lysozyme L99A, has been studied by MD simulation in 

Ne 10 1.54 0.40 18,2 

Ar 18 1.91 1.64 9340 

Kr 36 2.03 2.48 1.1 

Xe 54 2.21 4.04 0.09 
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presence of Xe, Kr and Ar.47 The binding positions and the calculated affinities agree closely with 

the positions of bound Xe determined in the refined crystal structure of a complex formed at a 

pressure of 8 bar Xe and with the observed partial occupancies respectively. Xenon was found to 

have favorable characteristics for binding due to its large atomic polarizability, its application at a 

relatively high pressure and its rotational independence. In another study, Liu and coworkers 

performed several MD simulations on the open and closed cleft ligand-binding domains (LBDs) 

of the NMDA receptor with and without the Xe atom and they have identified potential Xe binding 

sites nearby agonist sites, in the hinge region, and at the interface between two subunits.48 

However, it is noteworthy that MD are computationally expensive methods for more than a few 

proteins, thus, we have thoroughly analyzed the previously elaborated massive noble gas 

modelling database30 to filter out potentially relevant Ar protein targets. Interestingly, our applied 

method turns out to be efficient to accurately determine relevant noble gas binding sites within 

protein families. 

 

 

Conclusion 

In this work, we proposed a set of five criteria to identify relevant noble gas binding sites in 

potentially interesting protein targets. These sites have been carefully selected from the 

reorganized database containing the predicted noble gas binding sites that have been previously 

generated as described in the former study led by Winkler et al.30, using our criteria for being the 

more likely ones to induce a biological effect in the analyzed protein family. Different protein 

families whose crystallographic binding sites are unknown have been analyzed by applying our 

procedure. We have already identified potentially relevant gas binding sites which are conserved 

across protein families and following our set of criteria (hydrophobicity, gas binding energy, 
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localization). Several potential targets have emerged from our analysis; for example, nitric oxide 

synthase, guanylate cyclase or metabotropic glutamate receptors where one or two potentially 

relevant gas binding sites have been identified. Biological validation plans are currently being 

considered for these proteins, and therefore we anticipate that we will be able to formulate new 

hypotheses about the mechanism of action of argon.  

Interestingly, our analysis has also returned negative conclusions for several studied families.  For 

example, we found no putative relevant noble gas binding sites among the predicted ones in E2 

and E3 ligases, the β-subunits of voltage gated potassium channels and high-temperature 

requirement A serine proteases. Although we found in these families several conserved binding 

sites which might partially satisfy our suggested criteria, their localization suggest that they would 

rather correspond to non-specific binding sites into pre-existing non-functional cavities, thus 

inducing no functional modification. Indeed, it is known that noble gases bind to specific sites in 

a definite number of proteins to elicit their biological effect. These results suggest that our method 

of analysis is relevant, in that it does not find interesting binding sites in all families of proteins. 
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