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Abstract

The intermolecular interactions of noble gases in biological systems are associated with

numerous biochemical responses, including apoptosis, inflammation, anesthesia, analgesia, and
neuroprotection. The molecular modes of action underlying these responses are largely unknown.
This is in large part due to the limited experimental techniques to study protein-gas interactions.
The few techniques that are amenable to such studies are relatively low throughput and require
large amounts of purified proteins. Thus, they do not enable the large-scale analyses that are

useful for protein-target discovery. Here we report the application of Stability of Proteins from
Rates of Oxidation (SPROX) and limited proteolysis (LiP) methodologies to detect protein-xenon
interactions on the proteomic scale using protein folding stability measurements. Over 5,000
methionine-containing peptides and over 5,000 semi-tryptic peptides, mapping to ~1,500 and ~950
proteins, respectively, in the yeast proteome, were assayed for Xe-interacting activity using the
SPROX and LiP techniques. The SPROX and LiP analyses identified 31 and 60 Xe-interacting
proteins, respectively, none of which were previously known to bind Xe. A bioinformatics analysis
of the proteomic results revealed that these Xe-interacting proteins were enriched in those involved
in ATP-driven processes. A fraction of the protein targets that were identified is tied to previously
established modes of action related to xenon’s anesthetic and organoprotective properties. These
results enrich our knowledge and understanding of biologically relevant xenon interactions. The
sample preparation protocols and analytical methodologies developed here for xenon are also
generally applicable to the discovery of a wide range of other protein-gas interactions in complex
biological mixtures, such as cell lysates.
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INTRODUCTION

The intermolecular interactions of noble gases (NGs) in biological systems are associated
with numerous biochemical responses, including apoptosis, inflammation, anesthesia,
analgesia, and neuroprotection. Little is known, however, about either the full scope of NG-
biomolecular interactions or the molecular modes of action by which they exert a biological
response.! The lack of information about protein-NG interactions is tied to two intrinsic
features of NGs: (1) they cannot be covalently tethered to a solid support or fluorescent (or
other) tag, and (2) their isotropic shape, and the absence of charge and polarity, produce
relatively weak interactions. The few analytical techniques commonly applied to protein-gas
binding interactions, namely NMR spectroscopy and X-ray crystallography, provide rich
structural insights but are less effective in quantifying binding affinities.2~" They also require
relatively large amounts of purified protein and are not inherently high throughput. We

were therefore motivated to develop methods suitable to the high-throughput discovery and
quantification of protein-noble gas interactions in physiologically relevant conditions.

We took inspiration from the recent development of a series of mass spectrometry-based
methods for the detection and quantitation of protein-ligand binding interactions in solution
and on the proteomic scale. These methods include: the thermal shift assay®, the Stability

of Proteins from Rates of Oxidation (SPROX) technique®-11, and proteolysis-based methods
such as pulse proteolysis (PP), drug affinity responsive target stability (DARTS), and limited
proteolysis (LiP)12-17. While the above mass spectrometry-based techniques have been
applied to a number of different small molecule ligands to date (e.g., small molecule

drugs, enzyme co-factors, and metals), they have not been applied to dissolved gaseous
ligands. The thermal shift assay is not easily adapted to the analysis of such ligands, as

gas solubilities are temperature dependent. The proteolysis- and SPROX-based methods,
however, have the potential to detect protein-gas binding interactions in solution and obtain
information about the relative binding affinities of proteins. Moreover, the proteolysis- and
SPROX-based methods have an advantage over more conventional methods that rely on
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spectroscopic techniques, because they do not require large amounts of purified protein
samples. This makes possible the large-scale analysis of ligand-binding interactions using
complex biological samples such as cell lysates. We therefore set out to (i) develop a mass
spectrometry-based method for the detection of noble gas binding to proteins in solution
using the proteolysis- and SPROX-based methodologies (Figure 1), and (ii) apply that
method to the discovery of the xenon-interactome.

Extension of the SPROX and LiP methodologies to the analysis of protein-gas binding
interactions initially required the development of a sample preparation protocol that is
conducive to protein-gas binding measurements. Such a protocol was developed as part of
this work and validated using the interaction of metmyoglobin and two gases: a control

gas, nitrogen, and the inert noble gas, xenon, which is known to bind metmyoglobin.18-20
Ultimately, the sample preparation protocol validated using the metmyoglobin model system
was employed in large-scale, proteome-wide SPROX and limited proteolysis experiments to
identify xenon-interacting proteins in yeast lysates. A total of 89 unique xenon-interacting
proteins with xenon-induced stability changes were discovered, greatly enhancing both the
number and the functional diversity of the known interactome. The protein hits identified

in these target discovery experiments help to elucidate the mechanisms behind xenon’s
biological activities, and reveal a subset of ATP-binding and ATPase proteins as molecular
targets of xenon.

Assessment of Sample Preparation.

Extension of the SPROX and LiP techniques to the study of protein-gas interactions
initially involved the development of a sample preparation protocol that maximized the
concentration of solubilized gas and minimized the amount of gas required for analysis.
Maximizing the gas concentration maximizes the ligand-induced stability changes expected
in the SPROX and LiP experiments, and minimizing the amount of gas required for analysis
is important, given the relatively high cost of Xe. Shown in Figure 2 is the freeze-pump-
thaw (FPT) degassing procedure developed here to remove endogenous gases present in

the SPROX and LiP samples and maximize the solution concentration of the target gas.
The concentration of Xe in our samples after the FPT procedure was determined using a
gas chromatography-mass spectrometry headspace analysis. Our analysis revealed that the
concentration of Xe in each buffer was close to 5 mM (Supplementary Figure 1), which

is the expected concentration of xenon in water exposed to 1 atm xenon based on Xe’s
previously established solubility.2!

The sample preparation protocol above was assessed in the context of protein binding using
metmyoglobin, a known xenon-binding protein, and a UV-vis spectroscopy-based readout

to probe the chemical denaturant-induced equilibrium unfolding properties of the protein
and the protein-Xe complex. The method exploited the absorbance of metmyoglobin’s

heme cofactor, which decreases as the protein unfolds and the heme group is exposed to
solvent (Figure 3a). Chemical denaturation curves were collected for metmyoglobin in the
absence and in the presence of xenon and nitrogen. Xenon binding to metmyoglobin was
successfully detected by a shift in the transition midpoint of its denaturation curve (i.e., AC,,,
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value) that averaged 0.24 + 0.07 M in 3 replicates (Figure 3b, Supplementary Figure 2),
whereas the shift was essentially zero for the metmyoglobin-nitrogen control sample (i.e.,
averaged 0.03 +/- 0.03 M in 3 replicates) (Figure 3c, Supplementary Figure 2). The AC,,,
values measured between the metmyoglobin and metmyoglobin-Xe samples were used to
calculate a K, value of 1.9 + 1.3 mM for the Xe-metmyoglobin interaction, which is within a
factor of three of the reported literature value of 5 mM for the highest affinity xenon binding
pocket in metmyoglobin at room temperature.2°

Large-Scale Analysis of Xenon-Protein Interactions in Yeast Lysates using SPROX and LiP.

The sample preparation protocol above was used in proteomic-scale surveys of xenon-
protein binding in a yeast cell lysate using both SPROX and LiP. Prior to the SPROX and
LiP analyses, the yeast cell lysate samples underwent a filtration step, performed under
denaturing conditions (i.e., 8 M urea), to remove small molecule co-factors and metals,
thereby eliminating competition of these ligands for potential Xe binding sites (Figure 4a).
This protocol has been used previously to remove NAD from NAD-binding proteins.22

The SPROX analysis exploited a previously established one-pot, bottom-up proteomics
workflow, and the LiP analysis utilized a previously reported semi-tryptic peptide
enrichment strategy for proteolysis procedures (STEPP).23-24 The highly multiplexed
workflows enabled the 5 biological replicates of each treatment condition to be analyzed in a
single LC-MS/MS run per technique (see Figure 4b and ¢). The SPROX and LiP techniques
provide complementary information about the ligand-induced changes in conformational
states of proteins. As described further below, SPROX probes the more global unfolding/
refolding properties of proteins by evaluating the ligand’s effect on a protein’s chemical
denaturant-induced equilibrium unfolding/refolding reaction. In contrast, LiP probes the
ligand’s effect on the more localized conformational properties associated with a protein’s
native three-dimensional structure.

A key advantage of both the SPROX and LiP protocols employed here, over more
conventional techniques for protein-ligand binding analysis, is that they are amenable to

the analysis of relatively small amounts of unpurified proteins on the proteomic scale.
However, unlike some experimental approaches for the characterization of protein-ligand
binding interactions (e.g., X-ray crystallography, NMR spectroscopy), SPROX and LiP do
not provide specific information about the location or stoichiometry of ligand binding.

Like NMR spectroscopy, the SPROX and LiP experiments also probe the xenon-binding
properties of proteins in the solution phase. This is in contrast to X-ray crystallographic
studies where xenon-protein complexes are typically formed by subjecting protein crystals to
high pressures of xenon.

One-pot SPROX.—In SPROX, a protein’s chemical denaturant-induced equilibrium
unfolding/refolding properties are evaluated by quantifying the chemical denaturant
dependence of a methionine oxidation reaction involving hydrogen peroxide. As proteins
are unfolded at increasing concentrations of chemical denaturant, the methionine residues
buried in hydrophobic regions of a protein’s native structure become exposed to solvent
and more readily undergo oxidation. Ultimately, the relative abundances of the wild-type
and oxidized methionine-containing peptides detected in the bottom-up proteomics readout
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are used to construct chemical denaturation curves for the protein to which they map. The
relative amount of wild-type and oxidized methionine-containing peptides derived from the
proteins in the denaturant-containing buffers will increase and decrease (respectively) as a
function of denaturant concentration. The change in extent of oxidation is used to construct
denaturation curves similar to those of metmyoglobin reported above (see Figure 3). The
presence of a binding ligand (e.g., xenon) will typically increase the stability of a protein,
and shift the midpoint of the protein’s unfolding curve to a higher denaturant concentration.
In the one-pot SPROX approach, however, the denaturant containing samples are pooled
into a single sample, which precludes the ability to generate denaturation curves for each
treatment condition. Instead, the resulting measurement produces the average signal from all
the denaturation points (i.e., an F,,, value). Direct (and indirect) ligand-binding interactions
can be identified by looking for significant changes in a protein’s F,,, value between control
(F..-y) and ligand-treated (F,.,.,) samples.

The one-pot SPROX workflow outlined in Figure 4b was applied to the proteins in a yeast
cell lysate subject to the FPT protocol outlined above (Figure 2), using xenon as the binding
ligand in one sample and air as a non-binding control in the other. A total of 5,187 wild-type
methionine-containing peptides mapping to 1,505 yeast proteins were successfully identified
and quantified in the one-pot SPROX analysis. From these assayed proteins, 36 peptide

hits that mapped to 31 different proteins were identified with Xe-induced changes to their
chemical denaturation behavior (Table 1, Supplementary Table 1, Supplementary Figure 3).
Of the 36 hit peptides, 12 of them were stabilized (log,(F.,,, ratio) > 0), and 24 of them were
destabilized (log,(F.., ratio) < 0) (Figure 5a).

The few protein-gas binding affinities that are known suggest that protein-gas binding
interactions are relatively weak compared to other protein ligands such as small molecule
drugs, enzyme co-factors, and other proteins. In turn, the low affinities for gas binding

to proteins make the expected magnitude of the protein stability shifts relatively small.
Although an absolute binding affinity of xenon to proteins cannot be obtained using the
one-pot SPROX approach, the relative magnitude of the binding affinity can be ascertained
by the log-2-transformed reporter ion ratio of the (=) and (+) Xe samples. These log-2-ratios
ranged from 0.15-0.85 for the methionine-containing peptide hits in SPROX and averaged
0.42. This average ratio of 0.42 is close to the ratio of 0.34 that can be calculated from the
metmyoglobin denaturation curves collected in this work (see Figure 3c). Therefore, it is
likely that most of the protein hits identified here have protein-Xe dissociation constants in
the 1-2 mM range, similar to that calculated for the model metmyoglobin-Xe interaction.
While protein-Xe binding interactions with tighter binding affinities would be readily
detected in the SPROX experiment, those with much lower affinities (i.e., K, values > ~10
mM) would not be detected in the experiment, as the expected shift in the denaturation
curves and resulting log,(F.., ratio) values would be small and within the experimental error.

STEPP-LiP.—In contrast to SPROX, which identifies global changes in a protein’s
unfolding/refolding equilibrium upon ligand binding, LiP probes the more local ligand-
induced conformational changes in a protein’s native three-dimensional structure. The
premise of LiP is that ligand engagement and subsequent shifts in a protein’s conformational
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stability result in differential susceptibility to proteolytic digestion using a protease with
broad specificity (e.g., proteinase K).16-17 When proteolysis is performed in the presence
and absence of the target ligand, proteins whose native conformations are significantly
perturbed can be identified by measuring ligand-induced differences in proteolytic cleavage
of the polypeptide backbone at specific regions of a protein’s structure, which is referred to
hereafter as protection or exposure.

The LiP workflow shown in Figure 4c was used to analyze the proteins in yeast cell lysates
prepared with xenon and air using the FPT protocol in Figure 2. The LiP experiment yielded
a total of 5,116 semi-tryptic peptide probes mapping to 947 yeast proteins. A total of 69
peptide hits mapping to 60 unique proteins with Xe-induced conformational changes were
identified (Table 1, Supplementary Table 2, Supplementary Figure 4) using hit selection
criteria identical to those used in SPROX. Of the 69 peptide hits, 34 peptides mapping to

30 proteins showed Xe-induced protection and 35 peptides mapping to 33 proteins showed
Xe-induced exposure (Figure 5b). There were 2 overlapping protein hits, PGI1 and HSP60,
in the one-pot SPROX and STEPP-LIiP experiments (Figure 5c).

Bioinformatic analysis of protein hits from SPROX and LiP experiments.

The peptide hit rates of 0.69% and 1.34% observed in our SPROX and LiP experiments
(respectively) were relatively low and only slightly higher than the expected false positive
rates. False positive rates of 0.04% and 0.09% have been previously reported for SPROX
and proteolysis experiments in a model protein-target discovery study using cyclosporine A
(CsA) and the proteins in a yeast cell lysate.23 However, in order to enable the identification
of more proteins with weaker binding affinities, our xenon binding study employed less
stringent hit selection criteria than those utilized in reference 23. Application of the same hit
selection criteria used in our xenon binding study to the SPROX and proteolysis model yeast
data sets in reference 23 yields false positive rates of 0.69 and 0.48%, which match or are
only slightly below the hit rates observed in our SPROX and LiP experiments.

The overlap in the differentially stabilized proteins detected in the SPROX and LiP
experiments was relatively low, and only included 2 proteins. This is perhaps not surprising
given that the two techniques probe different conformational properties of proteins (e.g.,
more global unfolding/refolding properties in SPROX and more local fluctuations in
secondary structure in LiP). They also rely on different readouts (e.g., the detection

and quantitation of methionine-containing tryptic peptides in SPROX and of semi-tryptic
peptides in LiP.

To better understand the nature of the hit proteins, the 31 proteins with Xe-induced

stability changes identified in the SPROX experiment and the 60 proteins with Xe-induced
conformational changes identified in the LiP experiment were subject to a bioinformatics
analysis to identify what biological pathways might be influenced by the xenon-interactome
and what biophysical properties might drive noble gas binding to proteins. A GO-term
analysis?®=27 of molecular functions and biological processes of the protein hits identified
in each technique revealed that the SPROX protein hits are enriched in both ATP binding
proteins and proteins with ATPase or ATP hydrolysis activity, and the LiP protein hits

are enriched in proteins involved in oxidation-reduction processes and glycolytic processes
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— more specifically, proteins that generate ATP from ADP (Figure 5d). Combining the
data from both techniques resulted in enrichment of glycolytic proteins and ATP-binding
proteins, suggesting these are specific classes of proteins that interact with xenon.

A total of 15 of the 31 xenon binding proteins identified in the SPROX experiments here are
known ATP-binding proteins, and 6 of these 15 known ATP-binding proteins were identified
as ATP-binding proteins in previously published studies using the SPROX methodology

to identify the ATP-interactome in yeast.10: 280ne of the 31 xenon binding proteins in

this work, inorganic pyrophosphatase (IPP1), is not formally annotated as an ATP binding
protein, but it was identified to have ATP-binding properties in our previous study using

the SPROX methodology to identify the ATP-interactome in yeast.1% Also interesting is that
IPP1 and all but one of the 15 xenon binding proteins identified in this work with previously
annotated ATP-binding properties were destabilized in the presence of xenon. This xenon-
induced destabilization is similar to the ATP-induced destabilizations we detected for a large
number of the ATP-binding proteins identified in our SPROX experiments to characterize
the ATP-interactome in yeast.10: 28 Indeed, all but one of the shared targets between the
ATP- and Xe-interactome studies are destabilized. This suggests that ATP and Xe may
interact with their protein targets by similar mechanisms (see Discussion).

Exploration of Xenon-Binding to Hit Proteins using Molecular Dynamics Simulations and
Xenon Docking Analysis.

Because of the strong correlation observed between protein-Xe interactions and protein-ATP
interactions, a molecular modeling strategy was used to explore potential Xe- binding
interactions with annotated ATP-binding proteins. Four known ATP-binding proteins

and one GTP-binding protein, all with known nucleotide-bound crystal structures, were
subjected to molecular dynamics (MD) simulations and docking analysis. The four ATP-
binding proteins included: two proteins, actin and endoplasmic reticulum chaperone BiP,
that were identified as (destabilized) hits in SPROX (PDB IDs: 1YAG and 3QFU); one
protein, phosphoglycerate kinase (3PGK), that was identified as having a xenon-induced
exposure in LiP, and ATP-dependent RNA helicase EIF4A, that was not identified as a hit
in either SPROX or LiP, but was co-crystallized with a LiP hit, eukaryotic initiation factor
4F subunit p150, with a xenon-induced protection. The non-hit GTP-binding protein was
elongation factor 1-alpha (PDB ID: 11JE).

MD simulations were carried out on each of the above five proteins using x-ray
crystallographic data obtained for each protein both with and without a nucleotide ligand
(e.g., ATP, ADP, AMP, or GDP). Xenon binding was assayed in all extracted MD

snapshots using visual molecular dynamics (VMD) followed by docking analysis with
Autodock4.2%-30 Docking was performed under three protocols for each protein: (i) docking
to extracted MD snhapshots of the holo-protein, (ii) docking to extracted MD shapshots

of the holo-protein with its nucleotide ligand removed prior to docking (to resemble an
apo-structure), and (iii) docking to extracted MD snapshots of the apo-protein. Favored
xenon binding sites were studied as a function of distance from the nucleotide binding site
for each protein. The total number of times xenon was found to dock on each protein was
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counted over a 5 A — 20 A distance from the center of mass of each protein’s respective
nucleotide ligand. The data from these simulations are shown in Figure 6.

In all four ATP-binding proteins studied, the frequency of xenon binding near the nucleotide
was significantly higher in at least one of the apo-structures compared to the holo-structure,
which is consistent with xenon binding in the nucleotide site of these proteins. The MD
simulations on the GDP binding protein revealed the frequency of xenon binding was
unchanged by the presence of nucleotide, consistent with the absence of a xenon binding
interaction at the GDP site in this protein. In the case of the two SPROX hits (Figures 6a—b)
higher docking frequencies were obtained with both the apo-structure and the holo-structure
with the nucleotide removed. This contrasts with observations from the two LiP hits (Figures
6¢—d), where only the MD simulations performed on the apo-crystal structure indicated a
higher frequency of xenon binding.

The MD simulations and xenon docking experiments on the four proteins above support

the hypothesis that xenon binds to the nucleotide binding site in these proteins. Previous
results indicate that xenon has a computed binding free energy of —5.1 to —6.4 kcal/mol

in sperm whale myoglobin D122N mutant (PDB 1D: 1J52).31 Experimental xenon binding
free energy values were determined in those studies to be 5.9 + 0.2 kcal/mol, similar

to their theoretical values, and to a previously calculated binding free energy of ATP to
glutamyl-tRNA synthetase, which was predicted to be 7 kcal/mol.32 These previous findings
indicate that xenon and ATP have nearly equal binding free energies, suggesting that xenon
and ATP may have similar binding preferences for cavities in proteins, as found in our study.

DISCUSSION

Biological Activity.

There are currently many hypotheses developed to explain the mechanisms behind inert

gas biological activities, with much focus on xenon due to its strikingly potent effects.
These hypotheses fall into two broad categories, defined as biochemical or biophysical
hypotheses, and they include a wide range of phenomena including: hypoxia, depression of
metabolism, cell membrane stabilization, decreased ion permeability, and interference with
ATP production.33 From this list, the biochemical hypotheses support the notion that xenon
interacts with specific proteins, such as respiratory enzymes, while biophysical hypotheses
imply that xenon interacts specifically with part of the cell, such as the cell membrane.3*
The xenon-interactome revealed in the current study provides a rich data set to evaluate
such hypotheses in the context of prior findings. Xenon’s biological effects were studied
previously in numerous animal models (rat, dog, rabbit etc.)35-39, bacteria??, cancer cells*!,
kidney cells*2, neurons#3-44, and human volunteers.>-46 Although carried out in a different
model system, our studies find protein targets that overlap with previously established
modes of action for xenon, specifically xenon’s ability to inhibit or influence the activity of
proteins with ATP-dependent activity.40. 47-50

The most notable therapeutic effects of xenon are its strong organoprotective properties,
specifically on the brain3% 44.51-52 and the heart.35-38 One hypothesis for how xenon
mediates its cardioprotective effects is through direct interplay with kinase signaling
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pathways that lead to downstream cytoskeletal remodeling, as shown in myocardial

cells.38. 53 Xenon has also been found to influence kinase signaling in other contexts.>*

The results of our proteomic studies provide additional support for xenon’s effects on similar
pathways, albeit in a different model system. We find a number of hit proteins from the
kinase protein class (CDC19/PYK1, PGK1, PCK1, DAK1), as well as heat shock proteins
that are readily phosphorylated by kinases (HSP60). Furthermore, we find significant
changes in the stability of actin and in the conformational dynamics of an actin-associated
protein (ABP1) from the yeast proteome. Actin is known to polymerize in response to

xenon’s influence on kinase signaling pathways and heat shock proteins in myocardial
cells.55-56

Other experiments that study xenon’s mode of action have implicated xenon’s direct
interaction with, and influence over, the activity of multiple proteins with ATP-dependent
activity, including Enterococcus hirae CopB ATPase*? and adenosine triphosphate-sensitive
potassium (K,r») channels present in the brain.4”=50 In our work, we find significant
Xe-induced stability changes, or conformational changes, in multiple ATPase pumps
including plasma membrane ATPase 1 (PMAL), a hydrogen ion pump; multiple subunits
of the V-type ATPase (VMAL, VMA?2), a proton pump present in vacuolar membrane
vesicles; and the alpha subunit of ATP synthase (ATP1), a proton pump present in the
mitochondrial membrane. PMA1 showed the strongest conformational changes of all the
limited proteolysis protein hits, having one peptide with a fold change 12 z-scores from
the average. Other ATPase pumps, particularly those identified as hits in SPROX, exhibited
potent destabilizations (i.e., 3+ z-scores away from average) compared to other protein
hits. These changes in stability have precedent, as xenon has been shown to decrease

the sensitivity of similar proton pumps to ATP in a concentration-dependent manner.>0
Electrolyte imbalance resulting from the changed activities of ion flow over the membrane
has also been proposed as an anesthetic mechanism of action for xenon.®’ Such past
observations suggest that xenon may be able to interact allosterically or directly with the
ATP sites of ion pumps, and thus alter their functions, leading to changes in ion flow.

Intermolecular Interactions.

We next consider the xenon-interactome identified by the SPROX and LiP techniques in

the context of long-standing hypotheses that xenon and other anesthetic gases typically
occupy small hydrophobic cavities in proteins, locking them in specific active or inactive
conformations.3* A computational study supporting this hypothesis analyzed 348 xenon
binding sites from 131 xenon-protein crystal structures in the Protein Data Bank (PDB) and
used them to predict noble gas binding sites in proteins.>® The most favorable binding sites
for Xe were found to be hydrophobic channels or small cavities with an average diameter of
4 A. A more recent in silico reverse docking study involving 127,854 protein structures and
five nonradioactive noble gases also revealed significant trends in the hydrophobic nature of
noble gas binding sites across a wide range of protein structures.>*There is some evidence in
our study that xenon is attracted to hit proteins containing exposed hydrophaobic cavities.

One key piece of evidence for xenon binding in such cavities originates from the most
stabilized hit in SPROX, SIP18. This protein contains a phospholipid binding site that
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may be an attractive hydrophobic cavity for Xe. SIP18 was shown to be stabilized by Xe

in the SPROX experiments as inferred by a decrease in methionine oxidation of multiple
methionine-containing peptide probes (Supplementary Table 1), suggesting that xenon may
interact directly with this protein.

Other evidence for xenon binding in hydrophobic cavities is supported by xenon’s attraction
to ATP-binding proteins. ATP-binding sites often include non-polar and hydrophobic
residues, such as valine and leucine, that favor protein-ATP binding.5? It has also been
shown in both biophysical and theoretical studies that ATP molecules associate with

lipid bilayers (primarily through their adenine ring), sharing a mechanism proposed for
xenon’s biological effects.51-62 Xenon has been shown to exert biophysical changes on lipid
bilayers, potentially effecting the function of membrane-bound proteins.53 In addition to

the attraction of both Xe and ATP to hydrophabic sites in proteins, both ligands have high
polarizabilities,* 4 which could help to explain their preference for similar binding sites in
proteins.

Another commonality between the protein-ATP interactions previously identified and
protein-Xe interactions discovered in this work is the apparent and consistent destabilization
of protein targets. Approximately half of the xenon protein targets identified by SPROX in
this work were annotated as ATP-binding proteins, with the majority of those targets (93%)
being destabilized in the presence of xenon (Supplementary Figure 3). Such destabilization
was also frequently seen in previously reported ATP-interactome studies in yeast, where

a large fraction of protein targets was destabilized by ATP.10: 28 The direct binding of a
ligand to a protein’s native three-dimensional structure generally results in a ligand-induced
stabilization in SPROX. However, the binding of ligands to non-native protein structures
(for example protein folding intermediates) can produce ligand-induced destabilizations in
energetics-based assays of protein-ligand binding interactions. In fact, this was shown to

be the case with ATP and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) from £.
coli, in which ATP stabilized a partially unfolded intermediate of the protein’s unfolding/
refolding pathway.4 65 It is possible that ATP and xenon both bind preferentially to states
other than their target protein’s native three-dimensional structure. The significant overlap of
ATP and xenon targets, and similarities in the types of stability changes induced upon ligand
binding, suggest that these two ligands target protein structures through similar mechanisms,
and possibly similar binding pockets.

The observation that our protein hits are enriched with those that also bind ATP (e.g.,
kinases), or have ATPase dependent catalytic activities (e.g., proton pumps, molecular
chaperones, heat shock proteins), adds to the evidence that there may be parallels in

the molecular nature of protein-ATP and protein-Xe interactions. To further explore this
hypothesis on a broader scale, our computational studies analyzed xenon localization in

the presence or absence of ATP (and related ligands) across four protein hits. The results

of these studies indicate that the presence of nucleotides has significant effects on the
frequency of xenon docking to their pockets in hit proteins, but not in a nonhit GDP-binding
protein which had no xenon-induced stability changes. This increased localization of xenon
to adenine nucleotide sites may be explained by the high polarizabilities of ATP and xenon
(although Xe’s polarizability is electronic in origin and ATP’s polarizability arises largely
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from nuclear motion), and therefore similarities in the types of pockets that attract their
binding.% 64 Previous computational studies have also revealed the proximity of noble gases
to ligand binding pockets, indicating that noble gases have the potential to interfere with
ligand binding and modulate protein function.>® Our observations provide further evidence
for the likelihood of xenon to interact competitively with such sites in ATP-binding proteins,
conceivably influencing the activity of the protein hits identified in this work.

The Protein Data Bank (PDB) currently includes X-ray crystallographic data on 131 protein
crystals from ~100 unique proteins in the presence of xenon. Only 2 of the 131 xenon-
protein complexes with X-ray crystallographic data in the PDB are yeast proteins. Neither
one of these proteins were assayed in the LiP experiment (i.e., semi-tryptic peptides from
these proteins were not detected). However, both of these proteins (MTF1 and POP2) were
assayed in the SPROX experiment (i.e., methionine-containing peptides mapping to these
proteins were detected). However, the detected peptides did not map to the xenon-binding
domain of these proteins, which may explain why these proteins were not identified as a hit
in SPROX.

Currently, there are 7 crystal structures of ATP binding proteins complexed with xenon in
the PDB. Direct comparisons of our computational results to the X-ray crystallographic

data on these 7 ATP-binding proteins complexed with xenon is difficult for several reasons.
Not only are these ATP-binding proteins from species other than yeast, but the protein
crystals used in these studies included a bound nucleotide or co-factor. Our SPROX and

LiP experiments were performed on cell lysates with these nucleotides and co-factors
removed. Additionally, xenon-containing protein crystals for X-ray crystallographic analyses
are prepared by pressurizing protein crystals with xenon gas. Thus, the resulting xenon
binding interactions may be different from those detected in our solution phase experiments.

Another major finding from our bioinformatic analyses of proteins with Xe-induced
conformational changes was the statistical overrepresentation of proteins involved in
glycolytic processes (Figure 6b, Supplementary Figure 4). Such metabolic enzymes rely

on conformational changes induced by substrate binding to perform their functions. If xenon
is able to interact directly with the hydrophobic cavities in these proteins, it is possible that
it may lock them into specific nonnative conformations that inhibit enzymatic activity, thus
leading to unique biological outcomes. Assaying such glycolytic proteins for xenon-induced
functional changes is an area for future study, as the influence of xenon on protein function
likely mediates its activity.

CONCLUSIONS

This study introduces an analytical methodology that can be used generally for the large-
scale analysis of protein-gas binding interactions. There are few analytical techniques that
can detect and quantify the binding constants of such interactions, both in solution and on
the proteomic scale. The hit proteins identified in this study of inert gas binding properties
are a first step toward understanding the biological activities and therapeutic effects of the
noble gases.
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The identification of the xenon-protein interactome in this work provides direct evidence
that xenon interacts with specific proteins to affect their stabilities and conformations,

and possibly their activities. Monitoring such stability changes revealed xenon’s effects on
proteins involved in ATP-driven and glycolytic processes. How xenon mediates its biological
effects through these pathways and protein classes is still under investigation; however,

our protein hits add to the arsenal of information used to understand xenon’s important
biological activities, and future studies may be used to link significant xenon-induced
stability and conformational changes to changes in function of key protein hits found in

this work. Further studies using this methodology could explore xenon protein targets in
clinically relevant samples, such as lysates from myocardial cells or neurons. Such studies
could also be expanded to other inert gases with known biological activities (e.g., argon).
Furthermore, it is possible that the protein targets identified in this study may be used to
motivate the synthesis of protein-like molecules for the detection, collection, and sensing of
gases.

MATERIALS & METHODS

Materials.

The following materials were from Sigma Aldrich (St. Louis, MO): glucose, guanidine
hydrochloride (GdmCl), S-methylmethanethiosulfonate (MMTS), urea, centrifugal filter units
(Amicon Ultra, 0.5 mL, 10 K MWCO), tris(hydroxymethyl)aminomethane hydrochloride
(Tris-HCI), trifluoroacetic acid (TFA), triethylammonium bicarbonate buffer (TEAB, 1 M,
pH 8.5), hydrogen peroxide (H»05,) (30% w/w), acetic acid, 2-mercaptoethanol, myoglobin
from equine heart, proteinase K from Tritirachium album, and phenylmethylsulfonyl
fluoride (PMSF). The following materials were from ThermoScientific (Waltham, MA):
acetonitrile (ACN, LC-MS grade), 4-(2-aminoethyl)-benzenesulfonyl fluoride hydrochloride
(AEBSF), bestatin, E-64, leupeptin, pepstatin A, TMT10-Plex isobaric label reagent set and
porcine pancreas trypsin (proteomics grade). Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) was from Santa Cruz Biotechnology (Dallas, TX). Phosphate-buffered saline 10X,
Molecular Biology Grade (PBS, pH 7.4) was from Corning (Corning, NY). Yeast extract and
peptone were from HiMedia (Mumbai, India). Adenine hemisulfate dihydrate was from MP
Biomedicals (Santa Ana, CA). Macrospin columns (silica C18) and Pi3 Methionine reagent
kit were from Nest Group (Southborough, MA). Research-grade xenon was from Airgas
(Randor, PA). Screw top GC vials and caps were from Agilent Technologies (Santa Clara,
CA).

Introduction of Xenon after Freeze-Pump-Thaw Degassing of Samples.

To ensure maximum levels of xenon in solution for gas binding analysis, a freeze-pump-
thaw sample preparation was used to degas buffers and protein stocks. A series of denaturant
buffers ranging from 0.5-3 M GdmCl in PBS (pH 7.4) and a protein stock of metmyoglobin
(5 mg/mL) were placed in 2 mL GC vials (290 uL each), capped, parafilmed, and frozen in
liquid nitrogen. The vials were placed on a vacuum line setup with syringe needles piercing
each septum to place the vials under an inert atmosphere. The headspace above each

frozen sample in the vial was pumped off under dynamic vacuum. The samples were then
allowed to thaw under static vacuum. After thawing, the samples were frozen again, and the
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freeze-pump-thaw process was performed a total of 3 times to guarantee the samples were
properly degassed and under static vacuum. Xenon was then introduced to each degassed
sample vial with a balloon full of pure xenon. After this freeze-pump-thaw method, it is
assumed that each vial will be filled with 1 atm of xenon. The solubility of xenon in water at
this pressure and at room temperature is ~ 5 mM.21

Quantitation of Xenon in Buffer using GC-MS Headspace Analysis.

To ensure that xenon was present in solution after freeze-pump-thaw degassing and
introduction of gas with balloon, a GC-MS headspace analysis was performed after using
sample preparation conditions in regular buffer (not containing denaturant). After 300 uL
of PBS was degassed and incubated with xenon under the conditions described, it was
incubated for 30 minutes on ice. The vial was then quickly uncapped, and the solution was
transferred from the original GC vial to a new headspace vial with a crimp cap. Standards
were prepared by using a syringe to inject known volumes of pure xenon into headspace
vials containing the same volume of buffer. The standards were then vortexed to encourage
proper mixing and solubilization of the gas. All standards and samples were sonicated at
35°C for 30 minutes in a water bath. Then, 10 pL of the headspace in each vial was injected
into the GC for the detection and quantitation of xenon.

GC-MS headspace analysis of Xe-incubated buffers was performed using a Shimadzu
GCMS-QP2010 gas chromatography mass spectrometer. The gas chromatograph was
equipped with a Carboxen ® 1010 PLOT fused silica capillary column (30 m x 0.32 mm)
for separation of inert gases. Instrument temperatures were 75°C for the initial column
oven temperature and 210°C for the injection port. The ion source temperature was 200°C.
Helium was used as the carrier gas and injections were conducted with a split ratio of 20.
MS data were acquired from 10-150 m/z. The temperature program was as follows: 75 °C
for 1 minute, 30°C/min ramp to 225°C, and a hold at 225 °C for 2 minutes. The total run
time for each sample was 8 minutes.

Method Development with Metmyoglobin Model System.

A UV-Vis Analysis of metmyoglobin stability after incubation with gas was employed to
detect ligand-induced stability changes upon binding of xenon. The absorbance of the heme
in myoglobin decreases as the protein unfolds and the heme group is exposed to solvent,
therefore, protein unfolding directly correlates with a reduction in absorbance of each
sample. A xenon-containing stock solution of metmyoglobin (5 mg/mL) was distributed
across the xenon-containing denaturant buffers ranging from 0.5-3 M GdmCl (0.17 mg/mL,
10 uM protein final). The same was done with denaturants and protein stocks that did not
undergo the freeze-pump-thaw and xenon introduction steps and served as control samples.
Both control and xenon incubated samples sat on ice for 1 hr before analysis by UV-Vis
spectroscopy. The absorbance of each sample was scanned from 350 nm to 650 nm. The
maximum absorbance of each sample was plotted vs. [GdmCI] to obtain protein stability
curves of metmyoglobin in the presence and absence of xenon. Each sample was normalized
to its pre- and post-transition baseline points to obtain final normalized protein stability
curves. These curves were fit to eq 1. to extract midpoint values for K, estimations. In eq

1. AG; is the estimated folding free energy of the protein, m is the estimated m-value of the
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protein, [GdmCI] is the concentration of denaturant, R is the ideal gas constant and T is the
temperature in Kelvin.

1 o _  _AG+m[GdmCI/RT
1_i_Kf,Kf—e (eq 1)

Midpoint values for each protein unfolding curve were calculated by dividing the estimated
folding free energy (AG) by the estimated m-value (m) determined from the fitting. This

entire process was also performed with metmyoglobin samples in the presence of nitrogen as
a control system in which no ligand-induced stability changes should occur.

K, Estimation of Metmyoglobin-Xenon Interaction.

The K, value of metmyoglobin-xenon was determined by first calculating the binding free
energy, A A G, from the midpoint difference between the control and xenon UV-Vis protein
denaturation curves using eq 2.

AAG; = —mAC,, (eq 2.)

In eq 2, m is the m-value estimated for metmyoglobin from the steepness of its denaturation
curves (~3.23 kcal/(mol*M)), and AC,,, was the shift in the C,,, value upon xenon binding
(AC/» = Cij enon — Cizcomnr)- The dissociation constant was then calculated using eq 3,

[L]
Ki=————
4= ,~AAG,/RT _| (ea3)

where [L] is the concentration of free ligand in the denaturant-containing buffers, R is the
ideal gas constant, T is the temperature in Kelvin, and A A G; is the change in folding free
energy determined in eq 2.

Cell Culture, Lysis & Ligand Incubation.

Yeast strain S288C was obtained from ATCC and cultured in YPAD medium (0.4 g of
adenine sulfate, 10 g of yeast extract, 10 g of peptone and 20 g of glucose in 1 L of
deionized (DI) water) according to standard protocols. Briefly, a yeast colony was incubated
in 50 mL of YPAD medium at 30°C. Following an overnight incubation to reach an ODggq
of ~1.6, a 20 mL portion of the culture was inoculated with the YPAD medium (1 L) to give
an ODgqg of ~ 0.3. The inoculated medium was incubated at 30°C until the ODggg of the
solution was between 1.2 and 2.0. Fractions of the final YPAD medium (250 mL each) were
centrifuged to generate yeast cell pellets.

Yeast cell pellets were lysed in PBS (1x, pH 7.4) containing the following protease
inhibitors: 1 mM AEBSF, 20 pM leupeptin, 10 uM pepstatin A, 500 UM bestatin, and

15 uM E-64. Cell lysis was accomplished by mechanical disruption using glass beads (0.5
mm) with 25 s disruption and 1 min intervals on ice for a total of 15 cycles. The lysed
cells were centrifuged at 14,0009 for 10 min at 4°C. The initial total protein concentration
in the supernatant from each cell lysate sample was determined by a Bradford assay. To
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remove small molecules, cell lysates were denatured in ~8 M urea at 37°C for 30 minutes.
Samples were then buffer-exchanged and renatured in 10 kDa molecular weight cutoff
filters with PBS (1x). The final protein concentration of each small molecule depleted

lysate was determined by a Bradford assay and normalized to 2 mg/mL. The normalized
lysates for each replicate were then divided into two equal aliquots; one aliquot underwent
freeze-pump-thaw and xenon incubation steps to generate the (+) ligand sample, and the
other aliquot underwent freeze-pump-thaw and air incubation steps to generate the (=) ligand
sample. Lysates were equilibrated with or without the target gas for 30-45 minutes at 4°C
for the SPROX experiments and 1 hr at RT for the limited proteolysis experiments.

One-Pot SPROX Analysis.

The (+) and (=) ligand samples were subjected to a one-pot SPROX analysis similar to that
previously described.23 Aliquots of the (+) and (=) ligand samples were distributed into

a series of 12 GdmcCl-containing buffers (PBS, pH 7.4), either xenon-incubated buffers or
control buffers respectively, where the final concentrations of GdmCl were equally spaced at
0.15 M intervals between 0.5 and 2.15 M GdmCl. The expected concentration of xenon in the
xenon incubated samples is ~5 mM based on GC-MS headspace analysis experiments, and
the total amount of protein in each sample was 20 ug. The samples in the GdmCl-containing
buffers were incubated for 1 h at 4°C. Methionine oxidation was initiated by adding 4

uL of 30% (v/v) H,0,, and the oxidation was allowed to proceed for 3 min. The final
concentration of H,O» in each reaction was 0.98 M. Methionine oxidation was quenched

by adding 250 uL of 1 M TCEP. Equal aliquots of the (+) ligand sample solutions were
combined, as were equal aliquots of the (=) ligand samples. The above procedure was
performed on 5 separate yeast lysates. This ultimately generated 5 (+) and (-) ligand sample
pairs for a total of 10 samples.

The resulting 10 samples were subjected to the same iFASP protocol described previously.56
Each sample was transferred into a 10 kDa MWCO centrifugal filter unit. Buffer exchange
was performed by adding 8 M urea in 0.1 M Tris-HCI (pH 8.5) followed by TCEP
reduction, MMTS alkylation, digestion with trypsin, and TMT10-plex labeling according to
manufacturer’s protocol. Labeled peptides were centrifuged through the filters after addition
of 0.5 M NaCl. Equal volumes from each TMT10-plex labeled sample were combined into
one final sample. This sample was enriched for methionine-containing peptides with the Pi3
Methionine reagent kit according to manufacturer’s protocol. After enrichment, the sample
was transferred to a C18 Macrospin column for desalting prior to LC-MS/MS analysis.

STEPP-LiP Analysis.

The (+) and () ligand samples were also subjected to a limited proteolysis analysis similar
to that previously described.23 Samples containing 100 pg of protein were reacted with 1

ug of proteinase K for 5 minutes at RT. Proteinase K digestion was quenched upon the
addition of 5 mM PMSF. Samples were concentrated and desalted using C18 columns (Nest
Group) and dried using a rotary evaporator. Dried samples were reconstituted in 100 uL

of UA buffer (0.1 M Tris, ~8 M Urea, pH 8.5) and allowed to incubate for 30 minutes.
Samples were then reacted with 1.5 mM TCEP for 1 hr at 30°C followed by 2.5 mM MMTS
for 10 min at RT. The proteinase K-digested samples were then reacted with TMT10-plex
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isobaric mass tag labeling reagents upon addition of 0.5 units of each tag and incubation
for 1.5 hr at RT. Labeling reactions were quenched with 5% hydroxylamine and all labeled
samples were pooled into one tube. This final sample was dried, dissolved in 2% TFA, and
desalted using C18 columns according to manufacturer’s protocol. Desalted samples were
dried, reconstituted in 0.1 M TEAB (pH 8.5) and digested overnight at 37°C with trypsin at
a ratio between 1:20 and 1:100 (w/w). NHS-activated agarose resin and 50 uL 0.5 M NaCl
were added to the trypsin-digested samples, such that the resin to total peptide ratio was
approximately 150:1 (w/w). The peptide mixture was allowed to react with the resin for 1.5
hr at RT. Samples were then directly acidified with 2% TFA, and added to C18 desalting
columns. The desalted peptides were analyzed using LC-MS/MS analysis.

Quantitative LC-MS/MS Analysis.

The LC-MS/MS analyses were performed on a Thermo Easy nanoLC 1200 coupled to

a Thermo Orbitrap Exploris 480 mass spectrometer system. The dried peptide material
generated from the one-pot SPROX and STEPP-LIP experiments were reconstituted in 1%
TFA, 2% acetonitrile in H,O, respectively. Aliquots of 1-2 pL (0.5-1 pg peptide) were
injected in triplicate into the UPLC system. The peptides were first trapped on a Thermo
Acclaim PepMap 100 75 um x 2 cm, nanoViper 2Pk C18, 3 um, 100 A trapping column.
The analytical separation was performed using an PepMap RSLC C18 2 ym, 100 A, 75 pm X
25 cm column (Thermo); the column temperature was set to 45°C.

Peptide elution was performed using a 95 min linear gradient of 4-40 %B (80:20
acetonitrile:water, 0.1% formic acid) at a flow rate of 400 nL/min. The MS data was
collected using a top 20 data-dependent acquisition (DDA) method which included MS1 at
120k and MS2 at 45k resolution. The MS1 normalized AGC target was set to 300%. For
MS2, the normalized AGC target was set to 300% with a max injection time of 105 ms.
The collision energy was set to 36%, and the scan range was 375-1500 m/z. The isolation
window was 1.2 and the dynamic exclusion duration was 45 s. The raw MS data generated
in this work has been uploaded to the PRIDE database (accession number PXD029353) and
is available for confidential review using the account, reviewer_pxd029353@ebi.ac.uk, and
the password, ZPCENeX®6.

One-Pot SPROX Proteomic Data Analysis.

Proteome Discoverer 2.3 (Thermo) was used to search the raw LC-MS/MS files against

the yeast proteins in the 2017-10-25 release of the UniProt Knowledgebase. The raw
LC-MS/MS data generated in the SPROX experiments was searched using fixed MMTS
modification on cysteine; TMT10-plex labeling of lysine side chains and peptide N-termini;
variable oxidation of methionine; variable deamidation of asparagine and glutamine; and
variable acetylation of the protein N-terminus. Trypsin (full) was set as the enzyme, and

up to two missed cleavages were allowed. For peptide and protein quantification, reporter
abundance was set as intensity, and normalization mode and scaling mode were each set as
none. All other settings were left as the default values. Only methionine-containing peptides
with protein/peptide FDR confidence labelled as “high” or “medium” (i.e., FDR < 1% or

< 5%) were used for subsequent analyses. Peptides with any of the ten TMT-tag signal
intensities equaling zero were removed.
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For each condition (TMT-tag), a normalization factor was calculated from the average

of all the intensities for that tag. The signal intensities used in the experiment were the
reporter ion intensities from the wild-type (nonoxidized) methionine-containing peptides
generated in Proteome Discoverer. For each identified wild-type methionine-containing
peptide in the SPROX experiment a ratio of the observed reporter ion intensities in the

(+) ligand sample to the (=) ligand sample was generated for each biological replicate.

The resulting ratio was divided by the normalization factor for each of the 5 biological
replicates. These final normalized protein stability ratios (fold changes) were then log-2-base
transformed, averaged, and subjected to a Student’s two-tailed t-test comparing to a mean
of zero. Hit peptides were identified based on three criteria: (i) the peptide must have a
significantly altered log,(fold change) value (=2¢ deviation from mean logs(fold change) of
all replicates), (ii) the log,(fold change) value must be significantly different from zero, as
determined by the Student’s two-tailed t-test (p-value < 0.05), and (iii) the observation of
similar hit behaviors between wild-type and modified versions of the same peptide.

STEPP-LiP Proteomic Data Analysis.

Proteome Discoverer 2.3 (Thermo) was used to search the raw LC-MS/MS files against
the yeast proteins in the 2017-10-25 release of the UniProt Knowledgebase. The raw
LC-MS/MS data generated in the LiP experiments was searched using fixed MMTS
modification on cysteine; TMT210-plex labeling of lysine side chains and peptide N-termini;
variable oxidation of methionine; variable deamidation of asparagine and glutamine; and
variable acetylation of the protein N-terminus. Trypsin (semi) was set as the enzyme, and
up to three missed cleavages were allowed. For peptide and protein quantification, reporter
abundance was set as intensity, and normalization mode and scaling mode were each set
as none. All other settings were left as the default values. Only semi-tryptic peptides with
protein/peptide FDR confidence labelled as “high” or “medium” (i.e., FDR < 1% or < 5%)
were used for subsequent analyses. Peptides with any of the ten TMT-tag signal intensities
equaling zero were removed.

For each condition (TMT-tag), a normalization factor was calculated from the average of all
the intensities for that tag. The signal intensities used in the experiment were the reporter
ion intensities from the semi-tryptic peptides generated in Proteome Discoverer. For each
identified semi-tryptic peptide in the SPROX experiment a ratio of the observed reporter
ion intensities in the (+) ligand sample to the (=) ligand sample was generated for each
biological replicate. The resulting ratio was divided by the normalization factor for each

of the 5 biological replicates. These final normalized protein stability ratios (fold changes)
were then log-2-base transformed, averaged, and subjected to a Student’s two-tailed t-test
comparing to a mean of zero. Hit peptides were identified based on three criteria: (i) the
peptide must have a significantly altered logo(fold change) value (=2o deviation from mean
log,(fold change) of all replicates), (ii) the logy(fold change) value must be significantly
different from zero, as determined by the Student’s two-tailed t-test (p-value < 0.05), and
(iii) the observation of similar hit behaviors between wild-type and modified versions of the
same peptide.
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Computational Methods.

For each protein selected, molecular dynamics (MD) simulations were carried out using
the native crystal structure both with and without the native ligand to sample the protein
structure. Proteins were energy minimized and equilibrated using both NVT and NVP
ensembles using the AMBER® force field. The MD simulations were performed at 300

K for 30 ns with an average pressure of 1 atm using a Langevin thermostat. The SHAKE
algorithm®8 was enabled to constrain all carbon-hydrogen bonds, allowing for longer step-
sizes for our MD simulations, which were carried out in water using the TIP3P solvent
model. A snapshot was extracted for every 2 picoseconds from trajectories.

Xenon binding was assayed to all extracted MD snapshots using VMD.29 For the case where
we included the native ligand bound in the MD simulations, we removed the ligand and
performed the MD both with and without ligand to explore how the molecule affected the
binding of xenon to the respective pocket. Therefore, in total, there are three cases where the
binding of xenon is investigated to its target protein. This computational approach was used
on each of the five previously mentioned proteins.

While there are many tools that can be used to dock ligands to proteins®®-70, the
AutoDock430 toolbox was used because it was validated for the assessment of noble gas
computational studies and was used to compute xenon gas binding sites and energetics.>8
AutoDock was found to identify Xe- binding sites that are consistent with molecular
dynamics simulations of xenon interactions for the NMDA receptors.”! The AutoDock4
software uses the AutoGrid and AutoDock packages. AutoGrid calculates grid maps of
pairwise interaction energies for different atom types for a given ligand or protein structure.
The grid map energies are calculated using only van der Waals and solvent-related energies.

AutoDock uses search algorithms to calculate the lowest energy terms of the outputted grid
parameter files from AutoGrid. AutoGrid’s default center of mass was utilized to select the
starting point for grid generation. Additionally, we always kept the grid size large enough to
sample the entire protein is sampled for potential docking sites. Force field parameters for
Xe were previously calculated and are as follows: R;; = 4.40A, espj; = 0.332 kcal/mol, vol =
12.000 A3 and solpar = —0.00100.10 Here, R;; is the sum of the van der Waals radii, espj; is
the van der Waals well depth, vol is the atomic solvation volume, and solpar is the atomic
solvation parameter.

The favored xenon binding positions were studied as a function of distance to the ATP
binding site for each protein. The total number of times xenon was found to dock was
counted for each protein over the distance range of 5 A — 20 A from the center of mass

of each protein’s respective ligand. In the case where ligand was removed from the protein
prior to docking, a cavity was defined by identifying all residues within a 5 A radius from
the center of mass of the site where the ligand was removed from the native structure. The
center of mass of each residue was calculated and averaged to define an origin from which
distances for xenon docking could be defined. The calculated energies were filtered by a
threshold of 4KgT and we plotted the frequency of occurrence of these docked positions
vs. distance for all proteins. It is assumed that xenon will not bind effectively if the binding
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energy is smaller than this threshold. Other energy thresholds and explored xenon binding
sites were tested, and it was found that the distance to the ATP binding site is robust.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
SPROX Stability of Proteins from Rates of Oxidation
LiP Limited Proteolysis
STEPP Semi-Tryptic Peptide Enrichment strategy for Proteolysis Procedures
NGs noble gases
FPT Freeze-pump-thaw
GdmCl guanidine hydrochloride
MD molecular dynamics
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Figure 1.

Overview of the proteome-wide survey of xenon-protein interactions proposed in this work.
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Schematic of the freeze-pump-thaw degassing technique followed by xenon saturation of
samples used in this work.
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Figure 3.
Detection and quantitation of MetMb-Xe interaction. (a) Workflow for obtaining protein

stability curves of metmyoglobin from UV-Vis data; (b) representative protein stability curve
from a single replicate of metmyoglobin after nitrogen purging shows no significant shift

in stability (< 0.05 M GdmCl) and (c) representative protein stability curve from a single
replicate of metmyoglobin after exposure to 1 atm xenon shows shift of 0.3 M GdmCl,
consistent with known binding affinity of xenon to metmyoglobin.
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Experimental workflows used in this work. (a) the sample preparation st

eps for incubation

of yeast lysates with xenon; (b) one-pot SPROX protocol to assay Xe-induced protein
stability changes in proteins; (c) STEPP-LIP protocol to assay Xe-induced conformational
changes in proteins; and (d) schematic representation of expected behavior of nonhit and hit

proteins assayed in this work.
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Figureb.
Analysis of protein stability and conformational changes in the presence of Xe using (a)

one-pot SPROX and of protein conformational changes in the presence of Xe using (b)
STEPP-LIP. Gray lines represent criteria used for the selection of differentially stabilized
proteins or differentially cleaved proteins (|peptide logy(fold-change)| = 2 STDEV from
average logy(fold change), p< 0.05). Red and blue dots represent hit proteins that passed the
selection criteria for destabilization and stabilization in SPROX, or protection and exposure
in LiP. (c) Venn diagram showing number of overlapping protein hits for SPROX and LiP
techniques and (d) GO Biological Process and Molecular Function analysis of protein hits
in SPROX and LiP experiments reveals the Xe-interactome is enriched in proteins with
ATP-dependent activities.
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Figure 6.
Xenon docking calculations with select protein hits and a protein nonhit. (a) actin (1YAG),

(b) endoplasmic reticulum chaperone BiP (3QFU), (c) phosphoglycerate kinase (3PGK),
(d) ATP-dependent RNA helicase EIF4A (2VS0), and (e) elongation factor 1-alpha (11JE).
Each curve represents one of the 3 cases in which binding of xenon to a protein was
investigated. The blue curve represents the case where the nucleotide ligand was present,
the green line represents the case where the MD simulations were done with the nucleotide
ligand but removed before docking, and the red curve shows the case where the nucleotide
ligand was not present. Distances are taken from the center of mass of the protein’s
respective nucleotide ligand and are sampled in the range of 5 A to 20 A. The y-axis shows
the log frequency of the number of times xenon was found at that distance.
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Table 1.

Proteomic coverage and hit rate for each LC-MS/MS sample analyzed in this study.

Experiment Assayed Peptides (Proteins)  Hit Peptides (Proteins) Hit Rate Peptide % (Protein %)
Yeast + Xe One-pot SPROX 5187 (1505) 36 (31) 0.69 (2.06)
Yeast + Xe STEPP-LIP 5116 (947) 69 (60) 1.34 (6.34)
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