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Abstract

Noble gases have well-established biological effects, yet their molecular mechanisms remain 

poorly understood. Here, we investigated both experimentally and computationally, the molecular 

modes of xenon (Xe) action in bacteriophage T4 lysozyme (T4L). By combining indirect gassing 

methods with a colorimetric lysozyme activity assay, a reversible, Xe-specific (20 ± 3)% inhibition 

effect was observed. Accelerated molecular dynamic simulations revealed that Xe exerts allosteric 

inhibition on the protein by expanding a C-terminal hydrophobic cavity. Xe-induced cavity 

expansion results in global conformational changes, with long-range transduction distorting the 

active site where peptidoglycan binds. Interestingly, the peptide substrate binding site that enables 

lysozyme specificity does not change conformation. Two T4L mutants designed to reshape the 

C-terminal Xe cavity established a correlation between cavity expansion and enzyme inhibition. 

This work also highlights the use of Xe flooding simulations to identify new cryptic binding 

pockets. These results enrich our understanding of Xe-protein interactions at the molecular level 

and inspire further biochemical investigations with noble gases.
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INTRODUCTION

Noble gases have well-documented functional activities in many biological processes, 

despite being chemically inert.1 Xenon (Xe) elicits the broadest clinical interest due to 

its useful radiological, neuroprotective, and anesthetic properties.2-5 The isotopes 129Xe 

and 131Xe possess I = 1/2 and 3/2 nuclear spins, respectively, and are suitable for nuclear 

magnetic resonance (NMR) spectroscopy and imaging. The NMR chemical shift of 129Xe 

bound to protein can vary greatly, making 129Xe a promising molecular imaging probe.6-13 

Polarean’s Xenoview system was recently FDA approved for generating hyperpolarized 

xenon and its use in human lung imaging. To date, Xe has been reported to bind to a 

wide range of sites in proteins, the best characterized are small hydrophobic cavities.14 

These weak but specific Xe binding interactions exert inhibitory effects on different 

types of proteins, e.g., xenon inhibition of membrane-bound NMDA receptors is the 

primary cause of Xe anesthesia.3, 15 Other membrane proteins including GLIC16 and MscL 

mechano-sensitive channel17 also demonstrate inhibition by Xe as evidenced by 2-electrode 

voltage clamping16 and patch clamping.17 In addition, Xe inhibits various enzymes, such 

as CopB copper ATPase,17 and pepsin18 as evidenced by colorimetric activity-based 

assays.17, 18 Xenon achieves many useful and interesting biological effects, and the potential 

for additional clinical applications motivates greater molecular-level understanding of Xe-

protein interactions.

Xe can inhibit a variety of biological processes,1 yet surprisingly little is known about 

how Xe exerts these effects. One of the challenges of studying Xe-protein interactions 

is that Xe gas is difficult to integrate with aqueous biochemical assays. Introduction of 

Xe into protein solutions requires careful experimental design to maintain native protein 

structure. A recent study emphasized the importance of indirect gassing and discovered 

that previously reported inhibitory effects of Xe on the enzymes tPA and UOX arose from 

protein damage caused by direct sparging.19 Moreover, traditional methods for studying 

protein-ligand chemistry, such as isothermal titration calorimetry (ITC), surface plasmon 
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resonance (SPR), and fluorescence depolarization (FP), are either challenging to perform 

in a sealed environment (to maintain pressure of exogenous gas) or make it difficult to 

quantify the amount of Xe in solution. The difficulty of employing typical biophysical 

solution-based techniques in a gas-tight system has precluded many other studies of Xe-

protein interactions at a molecular level. Static structural analysis techniques such as protein 

X-ray crystallography have proven insufficient as hyperbaric conditions are required to 

achieve useful site occupancy. In several published examples, such as porcine pancreatic 

elastase, T4 lysozyme (T4L), hemoglobin, albumin, and myoglobin, Xe binding minimally 

perturbed the crystallized protein structure.20-26

Herein, we used bacteriophage T4L as a model system to study the impact of Xe on 

protein activity, both experimentally and computationally. T4L is a well-studied enzyme27-30 

that facilitates phage infection by breaking down the bacterial cell wall and promoting 

the release of virus.31 This is a concerted process where the peptide side chain is 

recognized by C-terminal helices, and the β-1,4 glycosidic bond–between the repeating 

N-acetylmuramic (NAM) and N-acetylglucosamine (NAG) units that make up the cell 

wall peptidoglycan–is hydrolyzed at the active site.32, 33 In the catalytic cycle, lysozyme 

smoothly and continuously changes between “open” and “closed” conformations: substrate 

binding induces a change from open to closed conformation to initiate hydrolysis of the 

glycosidic bond.33-38 Once the bond is broken, enzyme/product complex adopts a more 

compact conformation and then the lysozyme “open form” is regenerated upon product 

release.36 Approximately 10% of lysozyme molecules are transiently paused at intermediate 

states between open and closed conformations when misalignment of substrate occurs.35 

T4L is a small globular protein composed of five major α-helices and three β-sheets that are 

connected by free loops (Figure 1). The C-terminal domain, spanning from helices D to J, is 

connected by 310 helices and contains a unique and well-characterized internal cavity. Point 

mutations inside this cavity, such as L133F and A129V, were used to study the hydrophobic 

packing effect inside protein.39 Other point mutations including L99A, L121A, L133A, and 

F153A, have been used to enlarge the cavity size, allowing T4L to serve as a paradigm 

for studying protein-ligand chemistry.40-42 Xe binding to the C-terminal cavity in various 

mutants of T4L has been established by X-ray crystallography and NMR studies,43, 44 but 

the effect of Xe binding on lysozyme activity has not been investigated previously. This 

study is the first to report an inhibitory effect of Xe on the T4L system, and the first to 

provide a molecular mechanism that can explain Xe inhibition in a small model protein. This 

work identifies surprising features linking Xe-protein binding to protein activity.

Materials and Methods

Plasmid Preparation.

The clone encoding pseudo-wildtype T4 lysozyme (WT*) was obtained from Addgene 

(plasmid #18111) developed in the laboratory of B. Matthews. T4L(WT*) is a cysteine-

free lysozyme with the C54T and C97A substitutions made to the wildtype T4 lysozome 

(UniProt P00720). Mutations were introduced to the T4L(L99A) (also cysteine-free) gene 

via site-directed mutagenesis using the forward and reverse primers, as listed in Table S1. 

The mutated plasmids were amplified in NEB-5α competent E. coli cells and purified using 
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Miniprep Kit (New England Biolabs). Then the plasmids were analyzed at the University 

of Pennsylvania Sequencing Facility to verify mutations. The gene encoding cysteine-free 

T4L(A129V/L133F) mutant was synthesized and cloned into pUCIDT-Amp Goldengate 

Ampicillin vector followed by DNA sequencing to confirm the mutation.

Protein Expression and Purification.

Lysozymes were transformed into BL21(DE3) competent E. coli cells (New England 

Biolabs). The cells were grown in 3 × 1 L of LB Miller broth with 100 μg/mL ampicillin. 

The protein expression was induced by adding IPTG to a final concentration of 1 mM to 

the cell culture at an OD of 0.8-1.0. Cells were incubated and harvested within 90 min 

at 30 °C, pelleted by centrifugation, and stored at −80 °C. Frozen cells were resuspended 

in lysis buffer containing 25 mM MOPS, 25 mM Tris, 10% glycerol, 1 mM PMSF, pH 

7.6. Cells were treated with benzonase nuclease (Sigma) and 1 mM MgSO4 to reduce the 

viscosity of the lysate. After stirring the suspension on ice for 30 min, cells were sonicated 

on ice to disrupt the bacterial cell wall and release the protein into the buffer. The lysates 

were clarified by centrifugation, and supernatants were collected for further purification. 

Proteins were purified on CM Sepharose cation exchange resin, washed with 50 mM NaCl, 

and eluted with 220 mM NaCl. The eluent was concentrated and further purified by size 

exclusion chromatography in 30 mM sodium phosphate and 200 mM NaCl buffer using 

a HiLoad 16/600 Superdex column (GE Life Sciences). Fractions containing pure protein 

were pooled and concentrated. Protein concentration was determined from the absorbance at 

280 nm (ε280 = 25,440 M−1 cm−1). The same procedure was carried out for the expression 

and purification of all T4L variants. Protein identity and purity were confirmed by SDS-

PAGE and MALDI-TOF-MS (Figures S1, S2). Protein structure was confirmed by circular 

dichroism (CD) spectroscopy (Figure S3).

Indirect Gassing.

An indirect gassing method was used to prepare Xe-saturated protein solution and avoid 

denaturation (Figure 2). The buffer solution was degassed through high vacuum line via a 

16-gauge Air-Tite needle inserted through the septum into the headspace. After degassing 

was complete, a 22-gauge Air-Tite needle was exchanged and inserted to the bottom of 

the vial to allow Xe gas to be bubbled into the buffer for at least 3 min, with a 21-gauge 

Air-Tite needle inserted at the top to vent the excess pressure.45 Then the protein solution 

(<10% in volume) was titrated into the Xe-saturated buffer through a 22-gauge Air-Tite 

needle with a suitable Hamilton syringe to make Xe-saturated protein sample. Estimated 

Xe concentration in final protein solution was roughly 90% of saturated Xe concentration 

of 5.05 mM, equivalent to 4.5 mM at 1 atm. The final protein solution was incubated for 

30 min to allow equilibration before use. N2-saturated protein was prepared using the same 

procedure.

Spontaneous Degassing.

Degassing of Xe from Xe-saturated protein solution was completed by opening the septum 

cap and allowing air to exchange for at least 30 min, then covering with parafilm and 

storing at 4 °C for at least 4 h to allow air to continue equilibrating with the solution. This 

spontaneous air exchange prevented protein damage caused by sparging and degassing.
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Activity Assay in a Sealed Environment.

Lysozyme activity was measured as previously described46 using lyophilized Micrococcus 
lysodeikticus (Sigma) cells resuspended at 0.15 mg/mL in 30 mM sodium phosphate buffer 

(pH 7.2) and monitoring the decrease of OD450 nm via Agilent Cary 3500 UV-Vis Multicell 

Peltier spectrophotometer. Xe-saturated protein was prepared as previously described using 

the indirect gassing approach. To ensure a Xe-saturated environment during the reaction, 

Xe-saturated Micrococcus lysodeikticus suspensions were also prepared by degassing of air 

followed by gassing with Xe (Figure 2). To start the activity assay, 300 μL of Xe-saturated 

lysozyme was delivered into a 1 cm-wide quartz cuvette with a septum cap (Sterna Cells) 

that contained 2.7 mL of /Xe-saturated Micrococcus lysodeikticus cell suspension through a 

22-gauge, 4-inch Air-Tite needle with a suitable Hamilton syringe. The reaction was mixed 

immediately by quickly inverting the cuvette three times and the activity was measured by 

monitoring the continuous change in absorbance at 450 nm at 25 °C without stirring. A 

blank measurement by titrating buffer instead of protein was also performed as a control. 

Enzymatic activity was recorded as activity unit, defined by the initial rate of change (slope 

measured in the first minute) in OD450 per minute at pH 7.2 and 25 °C. This activity assay 

was repeated three times for each concentration of T4L in air and in Xe. N2 was also 

introduced as a control gas using the same procedure described above.

Circular Dichroism (CD) Spectroscopy.

CD spectra of all three T4L variants (WT*, L99A, A129V/L133F) with and without Xe 

were collected on a Jasco J-1500 CD spectrometer equipped with a Peltier temperature 

controller. Spectra were measured from 10 μM protein in 30 mM sodium phosphate and 200 

mM sodium chloride (pH = 7.2) buffer inside a quartz cuvette with a 1 mm path length. 

Spectra were taken at 25 °C with a wavelength step of 1 nm.

Mass Spectrometry.

MS spectra were carried out on a Bruker Microflex LRF matrix-assisted laser desorption/

ionization -time of flight (MALDI-TOF) mass spectrometer (MS). The matrix used was a 

saturated solution of sinapinic acid in 70% acetonitrile with 0.1% trifluoroacetic acid.

Molecular Dynamics (MD).

MD simulations were performed with NAMD 2.14 software47 using the Bridges-2 Regular 

Memory system at the Pittsburgh Supercomputing Center (PSC).48, 49 Two different 

simulation approaches were used in this study to compare the effects of Xe on protein 

dynamics. The first approach, Xe-free simulations, was initiated with the protein in the 

absence of xenon to study free protein dynamics. Initial structures of T4L(WT)* and 

L99A were obtained from crystal structures (PDB codes: 1L63, 1L90). A129V/L133F 

was generated using PyMOL based on the L133F crystal structure (PDB code: 1P64). 

The second approach, Xe flooding simulations, created a highly concentrated Xe pool 

(146 mM) in surrounding solvent to allow Xe atoms an opportunity to diffuse into the 

protein and provide a detailed analysis of Xe-protein interactions. The Xe parameterization 

published by Verlet et al. was used.50 In each simulation, protein was solvated in a TIP3P 

water box51 and 150 mM NaCl was used to neutralize total charge. The energy of each 
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system was minimized with 1,000 steps, after which the system was equilibrated at a 

temperature of 300 K and a pressure of 1 atm using the Langevin thermostat and barostat 

methods. The CHARMM36 force field was used to perform all MD simulations.52 The Xe 

atom was treated with only non-bonded interactions.50 Periodic boundary conditions were 

employed, and the SHAKE algorithm was applied to constrain the lengths of all bonds that 

involve a hydrogen.53 Both approaches used the accelerated MD (aMD) simulation method 

adopted from Duan et al. 2019 to overcome the computer speed limitation.54 A robust bias 

potential energy was added to the actual potential energy to reduce the heights of local 

energy barriers, allowing a more efficient simulation using limited computing power. A 

0.6 ns simulation was used to generate aMD parameters for boost potentials as previously 

described.54 All aMD parameters are shown in Table S2. MD trajectories of at least 130 

ns were obtained from each simulation with 0.2 ns step size. Xe occupancy, internal cavity 

analyses, conformational changes, and ΔCα torsion angle analysis, were performed using 

VMD 1.9.3.53

Xe Occupancy Analysis.

Xe occupancy map was generated by calculating the average number of Xe atoms bound 

within 4 Å to any atom of the protein. The number of bound Xe atoms at 1) the N-terminal 

T4L active site, 2) the C-terminal T4L primary Xe binding site, and 3) a newly discovered 

cryptic site was plotted against simulation time for each T4L mutant (Figure S5, Table S3).

Internal Cavities Analysis.

Internal hydrophobic cavities were detected and analyzed by MDpocket algorithm,55 which 

traces cavities of interest over MD trajectories based on Voronoi tessellation. Solvent 

molecules and Xe atoms were stripped away from the MD simulations, and protein 

backbone structural alignment was carried out using VMD 1.9.3. MDpocket-defined cavity 

analysis relies on the concept of α-spheres – a sphere that contacts four atoms on its 

boundary and contains no internal atom.56 High hydrophobicity (-p 0.99) and small probe 

size (-i 5) were used to define internal hydrophobic cavities in T4L variants. The percentage 

of detectable cavities (number of frames that have detectable cavities/total frames) in the 

simulation time and the average cavity volume are summarized in Table 1.

Conformational Change Analysis.

The percentage of each T4L variant in the closed conformation in the simulation time 

was analyzed. The closed conformation was defined by the formation of the inter-domain 

salt bridge (E22-R137) at a cut-off donor-to-acceptor distance of 3.6 Å (Figure 3). The 

distribution of salt-bridge distances was included in Figure S6.

ΔCα Torsion Angle Analysis.

ΔCα torsion angles were calculated to identify dynamic protein backbone changes upon 

Xe binding. Cα torsion angles were defined by two values: φ and ψ. For each residue i, 

φ is the rotation angle between the Cα(i) and N(i) bond in the Cβ(i-1)-N(i)-Cα(i)-Cβ(i) 

plane, and ψ is the rotation angle around the Cα(i) and Cβ(i) bond in the N(i)-Cα(i)-Cβ(i)-

Ν(i+1) plane. The Cα torsion angle differences for each residue were calculated over MD 
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trajectories and plotted by subtracting the torsion angles for the Xe flooding simulation from 

those in the Xe-free simulation. The Cα torsion angles for open and closed conformations 

of T4L were calculated based on the crystal structures (PDB for open conformation: 172L, 

PBD for closed conformation: 3LZM). The difference map was plotted by subtracting the 

torsion angles for the closed conformation from those in the open conformation for each 

residue.

RESULTS

Xe Inhibition on T4L Variants.

The catalytic activity of different T4L mutants was investigated under gassing (air, N2, 

and Xe) and degassing conditions to examine the effect of Xe on enzyme activity and the 

potential for enzyme recovery after Xe removal. For T4L(WT*), no significant changes in 

activity were observed when N2 was introduced compared to the activity measured in air, 

(101 ± 5)%. In contrast, a (20 ± 3)% inhibitory effect was observed in the presence of Xe 

and this activity was recovered after degassing to achieve (103 ± 2)% of the original value 

(Figure 4).

Based on the results of the simulation analysis that Xe inhibition is associated with cavity 

size, two T4L mutants that were previously characterized with different cavity size were 

expressed, purified, and tested: A129V/L133F, which has a side-chain-occupied cavity,39 

and L99A, which possesses an enlarged cavity capable of accommodating three Xe atoms.43 

In A129V/L133F, similar inhibition and recovery effects were detected with a (19 ± 

2)% decrease in activity in the Xe-saturated system, and (95 ± 4)% recovery after Xe 

degassing, and no significant changes in N2-saturated enzyme solution (104 ± 3)% (Figure 

4). Interestingly, neither N2, (104 ± 6)%, nor Xe, (103 ± 6)%, had observable effects on 

L99A activity when compared to the activity measured in air (Figure 4). To confirm this 

Xe-specific inhibition effect was a general feature of T4L, the activity at various enzyme 

concentrations (1 to 9 μg/mL) in air and Xe-saturated buffer solution was investigated 

for each mutant. The same inhibition trend was consistently observed in WT* and A129V/

L133F in the presence of Xe, but no changes were observed in L99A (Figure 5).

CD Analysis.

CD spectra for all mutants were collected before and after gassing (Figure S3). All spectra 

before and after degassing share a similar CD trace and similar molar ellipticity at 222 

nm (α-helix) and 218 nm (β-sheet) compared to WT*, suggesting a preserved secondary 

structure regardless of the presence of mutations or xenon. The thermal stability of L99A 

and A129V/L133F decreased by 12.0 °C and 5.3 °C respectively, compared to the WT* 

melting temperature, Tm = 53.8 ± 0.3 °C (Figure S4). These melting temperatures agreed 

with the previously reported Tm values for WT* (51.8 °C) and L99A (36.1 °C),57 providing 

evidence that all variants maintain stable structures when performing activity assays in 

solution at 25 °C. Changes in protein thermal stability were insignificant in the presence of 

xenon (data not shown).
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Molecular Dynamics.

An aMD simulation of at least 130 ns was obtained for each T4L variant (WT*, L99A, 

and A129V/L133F) using both Xe-free and Xe-flooding approaches. Xe was observed to 

exchange between aqueous solvent and the internal hydrophobic cavities in all three variants 

during the Xe flooding simulations.

Xe Occupancy Map.

The interaction between Xe and T4L was previously identified using structural methods, 

including X-ray crystallography and proton NMR, which showed evidence of direct binding 

inside C-terminal internal cavity and strong interactions at helix C (Figure 1).43, 44 In order 

to verify these interactions in simulation results, Xe occupancy maps were generated from 

Xe flooding simulations for each T4L variant. The maps showed that Xe has highest affinity 

at the C-terminal helices, and low affinity at the active site protein (residues E11, D20, 

and T26) (n < 0.05) (Figure 6a, b). In WT*, high-affinity residues with n > 1.0 (residues 

M102, V111, F114, L118, and L133) (Figure 6a) coincide with residues in Xe binding sites 

identified in X-ray crystal structure (PDB: 1C6T) and proton NMR analysis.43, 44 A129V/

L133F also has similar high-affinity sites with n > 1.0, except that V111 has a slightly lower 

affinity of n = 0.8 (Figure 6a, b). The Xe binding site in L99A shifted towards residues 

L118, V87, and L99 with Xe affinity n > 0.7 (Figure 6a, b). Interestingly, the simulation 

results revealed that more Xe atoms were bound to the primary Xe binding cavity in WT* 

and A129V/L133F, compared to the L99A variant (Figure S5, Table S3). This contradicts 

the prediction from crystallography, which suggested that L99A would bind more Xe atoms 

and either A129V or L133F would be too occupied to bind with ligands.39, 43 However, it is 

important to note that X-ray crystallography applied 8 atm pressure to force Xe to bind with 

L99A, and no Xe binding experiments were tested for A129V/L133F. Our simulation results 

highlighted the dynamic interactions between T4L variants and Xe atoms, providing a new 

perspective on possible binding behaviors between Xe and T4L. Moreover, an additional 

cryptic site with high Xe occupancy located at helices C, D, and E (residues V75, I78, L84, 

I100, V104, and E108) was observed in all three variants, with highest Xe occupancy in 

WT* (4.29 bound Xe atoms, Figure 6a, S5, Table S3), and fewer bound Xe atoms in L99A 

and A129V/L133F, 1.50 and 0.88, respectively (Table S3). Among these residues, residues 

V78, I78, and E108 located at helix C were identified to have strong Xe interactions in NMR 

experiments, 43 but no binding site in this region was identified.

Internal Cavity Analysis.

The percentage of detectable cavities and their volumes increased in all three T4L proteins 

in Xe flooding simulations compared to Xe-free simulations. Among the three variants, 

WT* had the largest increase with 81.6% more detectable cavities and a 121 Å3 increase in 

total average cavity volume (Table 1). A129V/L133F showed a similar increase (65.0%) in 

detectable cavities with a 22.5 Å3 increase in volume (Table 1). L99A was least perturbed 

by xenon flooding, with only a 33% increase in detectable cavities, and 11.2 Å3 increase in 

cavity volume (Table 1).
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Conformational Change Analysis.

In WT*, 24.5% more of the simulated protein structures were in a closed conformation 

in the presence of Xe, and 12.3% more of the A129V/L133F simulated structures were in 

a closed state in the presence of xenon. In contrast, 34.9% more of the L99A simulated 

structures were in the open conformation in the presence of xenon. The corresponding data 

are summarized in Table 2.

ΔCα Torsion Angle Analysis.

To locate significant changes of the main-chain structure of T4L variants in the presence 

of Xe, the Cα torsion angle difference of each residue was plotted for each variant (Figure 

7).58 The largest Cα torsion angle differences were observed for three different types of 

main-chain structures: active site, free loops, and 310 helices near Xe binding site (Figure 7a, 

b). Changes in active-site conformation revealed a large contribution from E11 and D20 in 

both WT* and A129V/L133F, but only D20 in L99A (Figure 7c). In WT*, torsion angles 

from ψ (11, 20), and φ (12, 20, 21) were largely responsible. In A129V/L133F, alterations in 

ψ (12, 20), and φ (20, 21) were the most important. However, in L99A, only ψ (20) made 

a significant contribution. Changes in free loops were found at G30, T34, and T157 (Figure 

7c). G30 is located at the free loop inside the active-site pocket in T4L, whereas T34 and 

T157 are located at free loops that were solvent exposed (Figure 7c). In WT*, the torsion 

angles arising from φ (30) and ψ (157) represent the largest changes; in A129V/L133F, φ 
(34) changed the most; and in L99A, φ (34, 157) and ψ (157) showed the largest alterations 

(Figure 7c). Changes in 310 helices near a Xe binding site were mainly found at residues 

L84, S90, L91, M106, G107, and V111 to F114. The 310 helix is a variation where three 

amino acids are found in one turn compared to four in a standard α-helix. It occurs at 

the turning point of α-helices in T4L (Figure 7c). In WT*, ψ (90, 106, 112, 114), and φ 
(84, 91, 106, 107, 111, 113, 114) contributed the most to the changes in torsion angles; in 

A129V/L133F, φ (106) and ψ (107) demonstrated the largest changes. In L99A, ψ (107) 

remained as the largest difference, however, the value was half of that in A129V/L133F 

(Figure 7c).

DISCUSSION

Previous studies of Xe-enzyme interactions provided few mechanistic hypotheses to explain 

the biological effects that Xe can exert on protein function. Here we reported Xe-specific 

inhibition of 20% on the activity of T4L(WT*). Experiments employed an indirect gassing 

method to avoid protein denaturation (Figure 4) and were interpreted using aMD simulations 

to reveal global protein dynamic changes induced by the binding of a few Xe atoms at 

the C-terminal hydrophobic cavity (Figure 6). Experiments and simulations were conducted 

with three T4L variants, which provided additional hypothesis testing and cross-validation.

Xe-specific Allosteric Inhibition.

CD structural analysis confirmed a similar secondary structure after gassing (Figure S3). 

Control studies with N2 (a smaller, less polarizable gas molecule) revealed no activity 

changes, which confirmed that the observed inhibition is a Xe-specific effect and not a 

consequence of the gassing procedure (Figure 4). Xe inhibitory effect on T4L(WT*) is 
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also a reversible process as enzyme activity can be fully recovered after removal of Xe 

(Figure 4). These observations raise the question of how Xe exerts an inhibitory effect on 

T4L(WT*) without inducing experimentally observable structural changes. To understand 

the mechanism of this inhibitory effect, we first need to clarify how Xe binds to the 

protein. As the nature of the noble gas is to occupy small hydrophobic cavities, a high Xe 

occupancy (n > 1.0) was detected in Xe flooding simulations at residues that coincide with 

a hydrophobic cavity (M102, V111, F114, L118, and L133) previously determined by X-ray 

crystallography (Figure 6a).43 Interestingly, an extremely low Xe occupancy (n < 0.05) was 

observed at the T4L active site (E11, D20, and T26) (Figure 6a), probably due to the high 

solvent accessibility of these active-site residues (Figure S7). Because the C-terminal Xe 

binding site is far from the N-terminal active site (>17 Å) (Figure 6c), competitive inhibition 

of Xe at the active site seems impossible. Such high occupancy at the Xe binding site and 

low occupancy at the active site suggest an allosteric inhibition mechanism.

Xe Binding Promotes an Inactive Closed Conformation.

To explore how a small cavity with high Xe occupancy affects the overall protein dynamics, 

MDpocket analysis55 was carried out to calculate dynamic changes of cavity volumes. The 

increase in the percentage of structures with detectable cavities and the increase in their 

volumes (Table 1) both suggest that Xe occupancy of the hydrophobic site, as indicated 

in the Xe occupancy map (Figure 6a), expanded the cavity volume. This expansion is in 

agreement with observations in protein crystal structures where cavity volume progressively 

increases from unliganded cavity (PDB: 1L63) to the Xe complexes (PDB: 1C6T) with 

minimal changes to the backbone structure (RMSD = 0.161 Å).43 A similar phenomenon 

was observed for a series of small-molecule host-guest complexes, where Xe binding 

measurably expanded the cavity volume in the solid-state.59

Hinge-bending motion and substrate-induced conformational transition of T4L in solution 

is a key element in lysozyme catalysis.33-38 To investigate how Xe-binding-induced 

cavity expansion is associated with enzymatic activity changes, we first examined overall 

conformational changes of T4L upon Xe binding. The domain closure of T4L was evaluated 

by the formation of an inter-domain salt bridge (E22-R137) and compared in the absence 

and presence of Xe (Figure 3). We observe that protein preferentially remains in the open 

state in the absence of Xe and substrate (Table 2), as previously indicated by electron 

paramagnetic resonance (EPR) spectroscopy,34 single-molecule nanocircuit,35 fluorescence 

spectroscopy,36 and paramagnetic NMR spectroscopy.38 These techniques indicated that 

the structure of T4L is on average more open in solution than suggested by the closed 

conformation of the crystal structure. More importantly, high Xe occupancy in the C-

terminal site is found to promote the cleft closure of T4L(WT*) (Table 2). Because Xe 

mainly interacts with the hydrophobic residues in the C-terminal cavity (Figure 6), we 

hypothesize that the protein adopts this relatively high-energy (closed) state as a result of 

the large internal cavity expansion as Xe “squeezes” into the binding cavity. The increased 

population of closed conformations can impede lysozyme from accessing substrate and 

thereby affect the series of “open”- “closed”-“fully closed”-“open” conformational changes 

induced by substrate binding in the lysozyme catalytic cycle.36 As prior studies also revealed 

ligand-induced allostery intrinsic to all proteins and a conformation-dependent mechanism 
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for Xe inhibition of the NMDA-receptor,15, 60 our findings on the conformational changes 

induced by Xe binding provide a compelling Xe inhibition mechanism at the molecular 

level.

Active Site Distortion Through Long-range Transduction.

To localize residues that change upon Xe-induced conformational changes of T4L(WT*), 

a torsion angle difference map, inspired by Björkman and Mowbray’s analysis of the 

conformational changes of ribose binding protein (RBP),58 was generated. Interestingly, 

the active-site residue E11 demonstrates the largest distortion, with a Δψ of 83.6° and Δφ 
of −14.7° (Figure 7), whereas residues involved in the recognition of the short peptide 

that contributes to enzyme specificity, N116, S117 (helix G), N132, K135 (helix H), and 

R137 (helix I) via hydrogen bonding,61 show minimal changes (Figure 7). As T4L catalysis 

depends on both peptidoglycan binding at the active site for catalysis to occur and peptide 

binding at the C-terminal helices for enzyme specificity, 35, 37 our data further suggest that 

substrate accessibility can be lowered by the presence of Xe, and this decreased affinity 

likely comes from the distortion of the peptidoglycan binding site at the active site rather 

than the short peptide binding site, as a result of the Xe-induced global conformational 

changes. Other significant changes are located at either free loops of the protein (G30, T157) 

that connect helix-helix or helix-sheet structure, or at the 310 helix turning points (L84, S90, 

L91, M106, G107, V111 to F114) between helices E and F that comprise part of the Xe 

binding site (Figure 7). These relatively less stable 310 helices undergo backbone distortions 

in response to Xe-binding cavity expansion, and the dynamic change is then transduced 

from the Xe-binding site through 310 helices to the active site through the connection 

of free-loops, causing a distortion at the active site towards the peptidoglycan. Imperfect 

alignment of substrate at the active site reduces its binding and therefore leads to a decrease 

in lysozyme activity.

Xe Inhibition Correlates with Cavity Expansion.

To test our hypothesis that the global conformational changes and active-site distortion 

arise from Xe-induced pocket expansion, two variants that have been shown by X-ray 

crystallography to have either an enlarged binding pocket (L99A)43, 62, 63 or a side-chain-

occupied pocket (A129V/L133F)39 were investigated. MDpocket analysis confirmed that 

L99A possesses an enlarged cavity with higher detectable frequency, and A129V/L133F 

possesses a smaller cavity with lower detectable frequency compared to WT* (Table 1). 

As predicted, L99A with large binding cavity experiences less cavity expansion upon Xe 

binding (Table 1). However, A129V/L133F that was designed to not bind with Xe because 

of the small cavity, still experiences a large cavity expansion when Xe “squeezes” in (Table 

1). Protein flexibility in solution enables the hydrophobic cavities to expand and allow 

Xe binding. Remarkably, L99A with a smaller cavity volume increase in the presence 

of Xe demonstrates no statistically significant changes in enzyme activity (Figure 4, 5), 

whereas A129V/L133F with a larger pocket expansion upon Xe binding experiences a 19% 

inhibitory effect from Xe (Figure 4), analogous to WT*.

To explore further the Xe inhibitory effect on L99A and A129V/L133F at the molecular 

level, Xe occupancy at the surface of the protein, conformational changes of lysozyme, and 
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ΔCα torsion angle for each residue were analyzed for the two mutants. The Xe occupancy 

map suggests a stronger binding at C-terminal helices in A129V/L133F than in L99A 

(Figure 6). The conformational analysis reveals that Xe enhances cleft closure in A129V/

L133F in a similar manner as that in WT* but promotes cleft opening in the L99A variant 

(Table 2). This discrepancy in different variants can be explained by the different degrees 

of cavity expansion upon Xe binding. As Xe occupancy tends to expand the binding cavity 

in WT* and A129V/L133F, these proteins adopt a relatively high-energy (closed) state as a 

result of the large internal cavity expansion. Whereas in L99A, Xe is well accommodated by 

the existing cavity, and expands the cavity to a lesser degree. Therefore, the L99A protein 

preferentially remains at a relatively low energy (open) state in the presence of Xe. When 

more enzyme is in the open state in the presence of Xe, as in L99A, accessibility to the 

substrate is not rate-limiting, and hence no obvious changes in enzymatic activity were 

observed. The torsion angle difference map shows a larger distortion near active-site residue 

E11 in A129V/L133F than in L99A (Figure 7), which suggests a larger transduced effect 

in A129V/L133F and explains the higher degree of inhibition. Notably, the torsion angle of 

D20, another important residue in the active site, changes in both mutants and in WT*, but 

does not have a significant impact on the activity of L99A. This is possibly because E11 

plays a more crucial role than D20 in the catalytic mechanism. In the catalysis reaction, 

E11 acts as an acid to donate a proton to the glycosidic bond, and D20 acts as a base to 

remove a proton from water and makes water a better nucleophile to attack the glycosidic 

bond (Figure S8). Although this was shown previously to be a one-step mechanism where 

E11 and D20 act simultaneously to form the intermediate,33 E11 is deprotonated at neutral 

pH in our activity assay, thereby making proton donation a rate-determining step. Moreover, 

D20 has been shown to be more tolerant of mutations, e.g., D20C has nearly identical 

activity as WT*, but mutations at E11 completely abrogated activity.64-67 In addition, T26, 

a third residue at the catalytic site, exhibits minimal torsion angle changes (ΔCα < 3°) in 

all T4L variants, indicating the minimal effect at this site upon Xe binding. In the catalytic 

reaction, T26 does not participate in the chemistry of cleaving glycosidic bonds but acts 

to stabilize the deprotonated water,33, 67 suggesting a relatively minor role compared to 

E11. Thus, regardless of any distortions at D20 and T26, only changes near E11 contribute 

to the activity of T4L towards M. lysodeikticus. Meanwhile, the torsion angle difference 

map of A129V/L133F demonstrates smaller but similar deformation at 310 helices in the 

C-terminal domain compared to that of WT*, mainly at M106 and G107, implying a 

similar transducing effect of Xe binding through these 310 helices to the active site. L99A 

demonstrated the smallest 310 helix distortions, consistent with the smallest cavity volume 

expansion upon Xe binding, and minimal impact on activity in the Xe-saturated system. 

Our results provide an explanation for how Xe exerts long-range inhibitory effects on T4L, 

improving our understanding of general Xe-protein interactions, and suggesting further 

avenues for investigating the complicated biological roles of Xe.

Cryptic Site Buried in T4 Lysozyme.

Interestingly, Xe flooding experiments reveal a new cryptic site in T4L(WT*) located 

between helices E and C, surrounded by residues V75, I78, L84, I100, V103, and E108 

(Figure 6). This cryptic site is also observed in the L99A and A129V/L133F mutants, but 

with fewer average bound Xe atoms per residue compared to WT* (Figure S5, Table S3). 
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This cryptic site is thought to be innocent in lysozyme activity because it does not possess 

dihedral angle changes upon Xe binding (Figure 7). Static structural tools have demonstrated 

a strong interaction between this site and Xe but have not reported it as a binding site. 

Previous 1H NMR studies on T4L(WT*) revealed similar chemical shifts under Xe pressure 

at residues V75 and I78 to that of residues within the Xe binding site, and spin polarization 

induced Nuclear Overhauser Effect (SPINOE) studies detected not only enhanced proton 

signals at the primary Xe binding site but also at I78 and E108.44 Our simulation results and 

the prior NMR experiments indicate high-occupancy Xe binding at this cryptic site that was 

previously underappreciated. Identifying cryptic sites in proteins has long been a challenge 

because of their invisibility in the absence of ligands.68-71 Although the biological function 

of this cryptic site remains unknown and requires further investigation, this finding supports 

the possibility of employing Xe flooding simulations in search of not only internal cavities72 

in proteins but also new cryptic sites that could potentially be targeted with higher-affinity 

ligands.

CONCLUSION

In summary, we have demonstrated that Xe has a reversible inhibitory effect in the T4L 

system and revealed the relationship between the C-terminal hydrophobic cavity size of 

T4L and the effect of Xe on its activity. Our results strongly suggest that Xe can not only 

“squeeze into” and expand pre-existing small protein cavities but also dynamically promote 

the formation of new cavities, which differs from the picture that has often emerged from 

X-ray crystallography, showing xenon binding to a small number of static hydrophobic 

sites.6, 43, 44 Remarkably, the cavity expansion induced by the binding of a small cluster 

of Xe atoms near the C terminus promotes an overall, global closed conformation and 

induces dynamic changes in the protein, which are then transduced through a series of 310 

helices to the active site, leading to a large distortion at the active site that affects substrate 

accessibility and alignment. This work also highlights strong potential for using Xe flooding 

simulations to probe new cryptic binding sites in small proteins. These findings enrich 

our understanding of Xe-protein interactions at the molecular level and motivate further 

investigation of the effects of noble gases in Biochemistry and Medicine.
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Figure 1. 
Structural illustration of T4L(WT*) bound with Xe (blue sphere) (PDB: 1C6T). T4L is 

composed of five major α-helices (A, B, C, D - J, and K) (red), which contains 310 helices 

in helices D to J, and three β-sheets (yellow) that are connected by free loops (green). 

Mutations at L99, L133, and A129 are indicated as sticks.
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Figure 2. 
Scheme of indirect gassing technique followed by lysozyme activity assay.
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Figure 3. 
Overlay of “open” (in yellow, PDB: 172L) and “closed” (in blue, PDB: 3LZM) 

conformations of T4L. The inter-domain salt bridge (E22-R137) is formed in the closed 

conformation.
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Figure 4. 
Comparison of activities of different T4L enzymes at 7 μg/mL in saturated gas (air, nitrogen, 

or xenon) and degassed states. One-way ANOVA tests were performed to determine the 

significance of differences in activity measured in gassed/degassed states and in air. If 

p-value > 0.05, there is insignificant difference between the two groups (ns). If 0.01 < p 

< 0.05, there is a significant difference (*). If 0.001 < p < 0.01, there is a very significant 

difference (**). If p < 0.001, the difference is extremely significant (***).
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Figure 5. 
Activity of T4L variants (top: WT*, middle: L99A, bottom: A129V/L133F) in various 

concentrations measured in air and saturated Xe solution. One activity unit is ΔOD450 of 

0.001 per minute at pH = 7.2 at 25 °C using a suspension of Micrococcus lysodeikticus as 

substrate in a 3.0 mL reaction volume.
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Figure 6. 
(a) Average number of Xe atoms bound at the surface of WT* (top), L99A (middle), and 

A129V/L133F (bottom) in Xe flooding aMD simulations. Residues with more than 1.5 

bound Xe atoms are highlighted in dark red, larger than 1.0 bound Xe in red, and larger than 

0.7 bound Xe in light pink. Most of the residues that have highest Xe occupancy fall within 

the green region, corresponding to the primary Xe binding site. Other residues that have 

appreciable Xe occupancy are within the orange region, which corresponds to the cryptic 

binding site. Less than 0.05 Xe is bound to the active site residues (E11, D20, and T26) that 

are highlighted in the blue region. (b) Visualization of the Xe occupancy map on the T4L 

surface: WT* (top), L99A (middle), and A129V/L133F (bottom). (c) Visualization of Xe 

primary binding site, cryptic binding site, and active site on T4L. The distance between Xe 

binding site and the backbone of E11 in the active site is 17 Å.
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Figure 7. 
(a) Cα-torsion angle difference plot for the whole protein for WT* (top), L99A (middle), 

and A129V/L133F (bottom) obtained by subtracting the angle for the Xe flooding 

simulation from that for the no-Xe simulation. (b) Structural illustration for Cα-torsion 

angle difference in WT*. (c) Zoomed-in Cα-torsion angle difference plot for WT* (top 

row), L99A (middle row), and A129V/L133F (bottom row).
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Table 1.

Percentage of protein conformations that have detectable cavities, and the average cavity volumes (Å3) 

calculated by MDpocket.

T4L variants Simulation type
% conformations
with detectable

cavities

Average volume of
detectable cavities (Å3)

WT*
Xe-free 11.3% 85.9

Xe flooding 92.9% 206.9

L99A
Xe-free 63.4% 139.8

Xe flooding 96.4% 151.0

A129V/L133F
Xe-free 5.8% 88.1

Xe flooding 70.8% 110.6
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Table 2.

Percentage of protein in closed conformation in each of the T4L variants in the absence (Xe-free) and presence 

of Xe (Xe flooding). The closed conformation was estimated from the formation of the inter-domain salt 

bridge with a cut off at 3.6 Å.

T4L variants Simulation type % protein in closed conformation

WT*
Xe-free 33.4%

Xe flooding 57.9%

L99A
Xe-free 63.6%

Xe flooding 28.7%

A129V/L133F
Xe-free 67.4%

Xe flooding 79.7%
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