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. only weakly absorbed by biological tissues. By combining X-ray fluorescence, particle sizing and

molecular dynamics (MD) simulations, this work shows that the aggregation of these inert gases near
the hydrophobic active cavity of pepsin should lead to protein deactivation. Micro X-ray fluorescence
spectra show that a pepsin solution can contain a high concentration of Xe or Kr after gassing, and that
the gas concentrations decrease quickly with degassing time. Biological activity experiments indicate
areversible deactivation of the protein during this gassing and degassing. Meanwhile, the nanoparticle
size measurements reveal a higher number of “nanoparticles” in gas-containing pepsin solution, also
supporting the possible interaction between inert gases and the protein. Further, MD simulations
indicate that gas molecules can aggregate into a tiny bubble shape near the hydrophobic active cavity
of pepsin, suggesting a mechanism for reducing their biological function.

Despite their biologically inert nature, inert gases still play important roles in a diverse range of biological pro-
cesses including analgesia, anaesthesia, neuroprotection, tissue protection, antiapoptoticity, anxiolyticity, cyto-
protection, ischemic-perfusion injury prevention, anticonvulsion, memory, drug addiction, and more'=>.

To date, Xe and Kr have been reported to bind preferentially to hydrophobic regions in proteins and mem-
branes, acting as possible probes for investigating the structure—function relationship of the protein®-. They have
also proven useful for defining pathways for the diffusion of the ligand/substrate to an active site!®!!. It has been
reported that even weak nonspecific interactions between Xe and protein surfaces have a measurable effect on
the chemical shift of Xe, and that this effect changes upon protein denaturation'® !*. Franks et al. reported that
Xe inhibits NMDA receptors based on the measurement of NMDA-activated currents in cultured hippocampal
neurons'®. More recently, Turin ef al. claimed that Xe causes an electron spin change during general anaesthetics
in drosophila, as do some non-inert gas molecules of sulfur hexafluoride, nitrous oxide, and chloroform'. N, at
a high concentration in body tissues could cause narcosis effects'¢-%.

Although the intriguing biological effects of inert gases have been known for centuries , researchers
are challenged to understand the mechanisms behind these effects, as inert gases are very chemically stable and
are not easily absorbed on biological molecules due to a weak interaction energy. The inert gas binds directly to
proteins via a London dispersion of typically ~1-2kcal/mol, and it is easily removed from the surface by thermal
fluctuations'® 2. Although the Xe-protein interaction might be enhanced by the charge-induced dipole due to its
diffusive electron cloud, the biological effects induced by other biologically inert gases such as N, and Kr remain
difficult to understand®"-?.
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Herein, pepsin and biologically inert gases, Kr, Xe and N, are used as model systems to both experimentally
and numerically investigate the gas aggregation in a pepsin solution and the impact of inert gases on the biolog-
ical activity of a protein. Pepsin is the principal proteolytic enzyme in the stomach, and it has been widely used
to investigate the toxicity mechanism of many drugs and chemical components®. Pertinent to this study, pepsin
has a large apolar cavity, which is presumed to be the main binding site for gas molecules. Initially, micro X-ray
fluorescence absorption spectra is employed to measure the absorption intensity of Kr and Xe in a pepsin solution
after gassing and degassing. Enzymatic activity experiments are subsequently explored to study the ability of Kr,
Xe, and N, to inhibit pepsin activity. Nanosight particle tracking experiments for the system gassed by Xe pro-
vides the distribution of sizes and numbers of Xe-associated “nanoparticles”. The MD simulation further indicates
the binding sites and states of those inert gases on the pepsin molecule, which differ by gas type. Both modelling
and experimental results indicate that the aggregation of inert gases (Kr, Xe, and N,) cause inhibition of protein
activity and that this activity could be recovered after degassing.

Results
Figure 1 provides the main outline and some results of the study.

Gas molecule concentration in pepsin solution detected using micro X-ray fluorescence absorp-
tion spectra. The concentration of Xe and Kr dissolved in a pepsin solution was studied by measuring the
micro X-ray fluorescence absorption near the Xe L- edge and Kr K-edge of pepsin solutions with two concentra-
tions (0.1 mg/ml and 0.5 mg/ml) after gassing and degassing of Kr and Xe. The degassed water and HCl solution
without pepsin were used as controls.

Figure 2 shows the micro X-ray fluorescence absorption of Xe and Kr in 0.5 mg/ml pepsin, an HCl solution
without pepsin, and degassed water. Typical Xe L X-ray spectra are measured to resolve the individual Lo (or
L) X-ray transitions** % as showed in Fig. 2a. The fluorescence absorption of Xe with pepsin is about 10 times
stronger than that in the HCI solution without pepsin, suggesting a much higher concentration of Xe dissolved
in the pepsin solution. For the Kr system, there is also a higher concentration of Kr in the pepsin solution than in
the HCl-only solution (Fig. 2b).

The variation of Xe and Kr fluorescence absorption with time also measured at a concentration of 0.1 mg/ml
pepsin solution (Fig. 3). The results indicate that the intensity of Xe in this system decreases very quickly at the
beginning (before 3.0 hours) and then reaches a relatively low level (Fig. 3a). Similar results at the top right of
Fig. 1, showing that the absorption intensity of Xe decreases in a 0.5 mg/ml pepsin system after degassing for
about 2 hours, indicate that the observations may be universal for a range of pepsin concentrations. The absorp-
tion intensity of Kr K-edge (Ka) is strong at the beginning, but decreases quickly with degassing time, such as
1 hour (Fig. 3b). Compared to a Xe system, Kr may have a faster release time. After 1 hour the intensity decreased
by 50% for the pepsin-containing Xe system but 82% for the pepsin-containing Kr system. This fast release of
Kr is consistent with the experimental observation that the activity of pepsin in the Kr degassed state recovers
quickly compared to the activity in the Xe degassed state (see Fig. 1).

In order to explore the distribution of inert gases in the pepsin solution, the solutions were mapped by X-ray
fluorescence, using Xe as an example, (Supplementary Fig. 1). The result shows a non-uniform distribution of
Xe in the pepsin solution, suggesting some gas aggregations in the local area although the spatial resolution of
mapping is only several microns.

Reduction of biological activity of pepsin due to gassing and recovery under degassing of bio-
logically inert gases. The biological activity of pepsin under gassing and degassing was investigated to
examine the influence of a high concentration of Xe or Kr on the activity in a pepsin solution (Fig. 2), moreover
whether this activity can be recovered after degassing. The middle row of Fig. 1 shows that the relative enzy-
matic pepsin activity decreases to about 85.1 +0.9%, 86.8 = 0.9%, and 89.9 £ 0.9% with Kr, Xe, and N, saturated
gas, respectively. Activity recovery experiments were performed to further test if gassing causes the decrease in
enzyme activity. The samples with initial saturated gases are gently oscillated for 2 hours before adding a hemo-
globin substrate for the follow-up activity measurement. As shown in Fig. 1, the pepsin activities increase to
98.9+3.5%, 95.4 £2.5%, and 96.3 £ 1.6%, revealing a near complete recovery from the inhibition. Over all, the
relative activity of pepsin could be reversed by gassing and degassing, suggesting that biologically inert gases can
significantly manipulate the protein activity. It is worth noting that the trend in the reduction of pepsin activity by
the three gases in the saturated gas case has the ordering Kr > Xe > N, and the recovery in the Kr and Xe systems
shares the same order.

Nanoparticle tracking analysis. The Xe system is further examined to determine whether nanoscale gas
bubbles form in the pepsin solution after gassing. The distribution of “nanoparticles” was followed by tracking
analysis based on dynamic light scattering®. Figure 4 shows particle distribution in a 0.1 mg/ml pepsin solution
after gassing for about 2 hours in a Xe atmosphere, as well as in the pepsin solution before Xe gassing. The system
of Xe saturated solution without pepsin was also presented to compare with the system with pepsin. It was found
that the size distribution of “particles” measured in the pepsin solution with Xe is quite different from that in the
systems without Xe. The number of “particles” increases after gassing with Xe, which is consistent with micro
X-ray fluorescence absorption results. More importantly, “particles” with sizes 54nm, 80nm, 118 nm, 132 nm,
and 155 nm dominate the distribution after gassing, and it could be presumed that a large number of nanobubbles
form in the pepsin solution. The distribution of those peaks and number of “particle” are different from the sys-
tem of Xe saturated solution without pepsin even they also can form nanobubbles in solution. The change in par-
ticle distribution over time was also measured at different times within a Xe atmosphere. This showed the number
of “particles” smaller than 100 nm increased at times within a range of 70-210 min, also indicating the formation
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Figure 1. Outline and representative results in this study. The upper row shows micro X-ray fluorescence
measurements in the pepsin system during the saturated gassed and degassed states, using Xe as an example.
From left to right, the black and blue curves refer to the absorption of the pepsin system (0.5 mg/ml) without
Xe and after gassing with Xe, respectively. The right curve shows the absorption of Xe in the pepsin solution
after degassing for about 2 hours. The middle row shows the activity of pepsin measured in the saturated gas
and degassed states together with the control system. The bottom row displays the MD simulation results

of the backbone root-mean-square deviation (RMSD) and the conformations of pepsin with Kr, Xe, and N,
aggregations/bubbles and after degassing. In all results the black colour shows the data of the initial degassed
system while the light blue, blue, and red colours represent the data of Kr, Xe, and N,.

of numerous gas “nanoparticles” (Supplementary Fig. 2). In our experiment we could detect the “nanoparticles”
of about 20 nm but much smaller ones could not observed due to the limit of the resolution of NanoSight.

MD simulations of the dynamics of the interactions between biologically inert gas molecules
and pepsin. MD simulations were performed to study the binding of an inert gas to pepsin and the struc-
tural changes of pepsin induced by the inert gases. To identify the minimum bubble formation concentration of
Kr, Xe, and N, in the simulation systems, several MD simulations were performed for each gas by increasing its
concentration until a gas bubble was observed. As listed in Table 1 and shown in Fig. 1, when the numbers of Kr,
Xe, and N, reach 600, 600, and 750, respectively, an aggregation is formed around the pepsin. Both the Kr and Xe
bubbles form at the active site of pepsin (see bottom row in Fig. 1). Consequently, the Kr and Xe bubbles invade
the active site and hinder the access of the substrates. Moreover, in the case of Kr, the conformation of pepsin at
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Figure 2. Micro X-ray fluorescence absorption near (a) Xe L-edge and (b) Kr K-edge in a pepsin solution, HCI
solution without pepsin, and degassed water.
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Figure 3. Micro X-ray fluorescence absorption of (a) Xe and (b) Kr with degassing time in a solution of 0.1 mg/ml
pepsin.
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Figure 4. The distribution of “particles” measured in a pepsin solution with and without Xe as well as Xe
saturated HCl solution. The distribution of nanoparticles differs from the system without Xe. From the curves,
the number of “particles”, especially nanometre-scale particles, increases after injecting Xe in the pepsin
solution.

the active site is greater than it is in the case of Xe, which can be clearly observed by the RMSD analysis (bottom
row of Fig. 1). However, unlike Kr and Xe, the N, bubble is formed at the surface region of pepsin, which may
hinder the entrance of the cavity sterically. It is presumed that both Kr and Xe need smaller seeds to induce bubble
aggregation within the active site, while the N, aggregates around the hydrophobic active site are due to the need
for a larger seed to make the bubble grow. The RMSD analysis also shows that the N, bubble has much less influ-
ence on the conformation of pepsin at the active site. The extent of deformation at the active site affected by the

SCIENTIFICREPORTS|7:10176 | DOI:10.1038/s41598-017-10678-3 4



www.nature.com/scientificreports/

MD simulation Gas Gas

systems type number | Water | Pespin | Na/Cl
1 None 0 28473 1 54/58
2 Kr 600 27675 |1 54/58
3 Xe 150 28265 |1 54/58
4 Xe 300 28064 |1 54/58
5 Xe 600 27665 |1 54/58
6 N, 300 27884 |1 54/58
7 N, 500 27459 |1 54/58
8 N, 750 27061 1 54/58

Table 1. MD System parameters (number of molecules).
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Figure 5. (a) MD simulations of the degassing process over 80 ns. (b) Enlargement showing the range from
60ns to 80ns.

gas bubble (Kr > Xe > N,), is in agreement with the activity assay mentioned above: Kr exhibits the largest activity
inhibition, while N, results in the smallest inhibition.

MD simulations were also conducted to mimic the degassing process using the water replacement protocol
mentioned in the Method section. As shown in Fig. 5a, at the beginning of our degassing MD simulations, both
Kr and Xe aggregate heavily around the active site-there are more than 20 gas molecules within 10 A of the active
site. Interestingly, although the N, bubble does not form at the active site, a considerable but fluctuating number
of N, molecules is observed near the active cavity, which further explains the activity inhibition of pepsin by N,
gas. During the MD simulations of degassing, the Kr and Xe numbers around the active site decline rapidly in
the first 25 ns and become very small after 60 ns. Figure 5b shows that, most of the time from 60 ns to 80 ns, Kr,
Xe, and N, exhibit gas numbers of 1, 2, and 0 around the active site. This is consistent with both experiments on
pepsin activity recovery and the decrease in the gas molecule concentration in the pepsin solution, detected using
micro X-ray fluorescence absorption spectra after degassing. After 80 ns of degassing, all conformational changes
in pepsin influenced by inert gases have been recovered (bottom row of Fig. 1). The 4-strand anti-parallel 3 sheets
at the active site move back to their native conformation, indicating restored activity. We note that Xe molecules
are frequently observed in the protein crystals, which may correspond to the degassing phases here and should
not be used against the formation of Xe bubbles in biological processes.

Discussion

Combining from X-ray fluorescene absorptions and protein activity measurements revealed several physical
interactions between the inert gases and pepsin. It was demonstrated that Kr releases faster than Xe while degas-
sing the pepsin solution. This may be explained by the free energy of binding of bubbles with the inhibitor pep-
stain as showed in Table S1. The Xe bubble demonstrates the highest binding free energy of —16.08 kcal/mol and
the Kr bubble shows a comparable inhibitory property with the inhibitor pepstain. The N, bubble exhibits the
smallest binding affinity among three gas bubbles. Another point of interest is that different gases exhibit differ-
ent inhibition for pepsin activity. That is to say, the trend in the reduction of pepsin activity by the three gases
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in the saturated gas case has the ordering Kr > Xe > N,, and the recovery in the Kr and Xe systems shares the
same order. This might be understood from the different binding sites of gas with pepsin molecules as above MD
results. N, molecules do not aggregate near the hydrophobic active cavity of pepsin which leads to less inhibition
on pepsin activity. Our RMSF (root mean square fluctuations) data also showed in Fig. 4 further explains the
inhibitory mechanisms of pepsin in the presence of different inert gases.

Conclusions

X-ray fluorescence absorptions of Xe and Kr are significantly stronger in Xe- or Kr-injected pepsin solutions
compared to the case without pepsin, suggesting a higher concentration of Xe or Kr dissolved into the pepsin
than in a normal protein-free solution. Further pepsin activity experiments show that the biologically inert gases
Kr, Xe, and N, have an evident inhibition on the biological activity of pepsin, and this effect could be almost
fully recovered after the release of these gases. Interestingly, the extent of the inhibition and recovery of pepsin
activity differs according to which gas. X-ray fluorescence is also supported by nanoparticle size measurements
which indicate a higher number of “nanoparticles” in gas-containing pepsin solution. MD simulations further
show that Kr, Xe, and N, gas molecules aggregate near the active residues as bubble shapes, suggesting that the
reduced activity of the pepsin is due to the existence of gas molecule aggregations. Further simulation results indi-
cate that the degassing switches the aggregation state into a dispersed state, implying the reversibility of the gas
function. More importantly, both experiments and MD simulations share that the degrees of activity reduction
in the saturated gas state show the ordering of Kr > Xe > N,, in agreement with the proposed molecular mecha-
nism. Combining these observations, the aggregated gas molecules on the active residues result in a functional
reduction in the pepsin. This work not only provides fundamental insights into the functional roles of inert gases
in biological systems, but also increases our understanding of the mechanism of anaesthetics due to biologically
inert gases.

Methods

Micro X-ray fluorescence experiments. The x-ray absorption of Xe and Kr in pepsin solution was
measured by micro X-ray fluorescence mapping and absorption at the beamline 15 U in Shanghai Synchrotron
Radiation Facility (SSRF). The photon energy was set to be 10.0keV for Xe and 14.5keV for Kr measurements,
respectively. The flux was about 10" photons/s at the sample. A focused beam with spot size of about 2.2 x 2.5 um?
was used to excite the sample. The elemental distribution was acquired by raster-scanning the sample. The step
size was set to be 2.0 um and the collecting time for each step was 20 ms. Firstly, the water was degassed for
about 1.5 hours for removing dissolved gas in water. Then the concentration of pepsin in HCI buffer solution
(0.065 mol/L) was prepared to 0.1 mg/ml as activity measurements. Another 0.5 mg/ml pepsin solution was cho-
sen for comparison. Those pepsin solutions were kept in Xe atmosphere for 30 mins in a sealed chamber at about
10 atms. Then releasing pressure to one atmosphere and several microliter pepsin solution was quickly taken and
filled in liquid cell (with thickness of about 0.5 mm). The measurements of micro X-ray fluorescence absorption
were performed at one atmosphere and room temperature. Degassed water and HCI solution without pepsin were
also measured for comparison. Those experiments were repeated three times for each sample.

Pepsin activity measurement. The enzyme activity was determined by the Anson method with some
modifications?. Briefly, Pepsin (0.1 mg/ml, purchased from Sigma-Alrich) in 0.065 mol/L HCI buffer was gassed
with various gases (Kr, Xe and N, purchased from Maxtor’s special gas corporation, LTD., Shanghai) at 37°C
under 1.3 MPa pressure for 2.0 hours, and then 5.0 mL of 1% bovine hemoglobin (purchased from National
Institutes for Food and Drug Control) solution was added in. After 10 mins, 5.0 ml of 5% trichloroacetic acid was
added to terminate the above reaction. The mixture was put there for 15 mins statically and then centrifuged at
9000 rpm for 15 mins. The obtained supernatant was measured via OD 275nm using a UV-Vis spectrophotome-
ter (HTACHI corporation, U-3010 spectrophotometer). The relative activities of pepsin in the presence of gases
were obtained by the following equation: Relative activity = OD275 (pepsin-gas)/OD275 (pepsin).

Nanoparticle tracking analysis. A NanoSight (NS300, Malvern) instrument for nanoparticle tracking
analysis using a blue laser light source (70 mW, \ =405 nm) at room temperature was used to measure the sizes
and numbers of “nanoparticles” in pepsin solution. The Nanosight determines the size of individual particles
from their diffusion under Brownian motion using nanoparticle tracking. The detected range of nanoparticles
is 10nm-2000 nm. The concentration with sizes is directly determined by counting the number of particles
observed in a known volume. The tracking of numerous particles enables the size distribution of particles to be
determined. Gassing experiments were performed in a sealed chamber and solution was kept in Xe atmosphere
for different times. Several microliters pepsin solution was quickly taken and filled slowly into the pre-cleaned lig-
uid cell with syringe, then five movies at five injections, each for 60 s long, were captured at 25 frames/s. Equipped
with the analysis software, NTA 3.2 Dev Build 3.2.16, the camera level was set to15-20 for each time, the gain to
10, and analysis was conducted using a solution viscosity of water (1.00 cP).

MD simulations. The initial conformation of pepsin was taken from the crystal structure of human pepsin
(PDBid: 1psn). MD simulations were conducted by employing the GROMACS 4.6.5 package and OPLS all-atom
force field. Several MD systems, listed in Table 1, were prepared for investigating the bubble formation in the
presence of Kr, Xe and N,, respectively. First, the protein was centered into a periodic cubic box with the size of
9.67 X 9.67 x 9.67 nm° and the gas molecules were randomly dispersed into the box around the protein. The force
field parameters of Kr, Xe and N, used in this work are listed in Table 2. Note that a three-charge-site N, model
was adopted here and a massless dump atom set between the N-N atoms to account for the quadrupole moment.
Then, the systems were dissolved with tip3p water molecules. All the Asp and Glu residues of pepsin were pro-
tonated as well as the His residues which were protonated on both NE2 and ND1 atoms. 0.1 M NaCl was used to
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Kr? 169.0 3.675 0

Xe? 214.7 3.975 0

N30 36.4 3.318 —0.4048
Center-Of-Mass 0 0 0.8096

N-N 1.098

Table 2. Force field parameters for gas molecules Kr, Xe and N,, respectively. For the MD simulations

of the degassing process, we used the water replacement protocol (see Figure S3). First, we extended the

original simulation box (Box_A) along x-axis to double the system volume using the last frame from the

100 ns production run. Then we filled the empty area with TIP3P water molecules. After performing energy
minimization and a short equilibration, a 10ns NVT MD simulation was performed to let the gas molecules
diffuse in the dual-sized simulation box (Box_AB). Finally, we purged the water and gas molecules in Box_B
and refilled the system with new TIP3 water molecules. The process was repeated several times until the number
of the gas molecules around pepsin reaches an equilibrium.

balance the charge of the whole system. After a short time of energy minimization, the systems were equilibrated
in NPT ensemble for 1 ns. Then, the production runs were performed in NVT ensemble for 100 ns at 300 K. The
bond lengths attached with hydrogen atom were constrained by using the LINCS algorithm. A time step of 2fs
was used in all simulations. The particle-mesh Ewald method was used for the calculation of long-range interac-
tions with a cutoff of 1.2 nm.
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