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The effects of pressure on the 
energy landscape of proteins
Fabio Librizzi  1, Rita Carrotta  1, Judith Peters 2,3 & Antonio Cupane4

Protein dynamics is characterized by fluctuations among different conformational substates, i.e. the 
different minima of their energy landscape. At temperatures above ~200 K, these fluctuations lead 
to a steep increase in the thermal dependence of all dynamical properties, phenomenon known as 
Protein Dynamical Transition. In spite of the intense studies, little is known about the effects of pressure 
on these processes, investigated mostly near room temperature. We studied by neutron scattering 
the dynamics of myoglobin in a wide temperature and pressure range. Our results show that high 
pressure reduces protein motions, but does not affect the onset temperature for the Protein Dynamical 
Transition, indicating that the energy differences and barriers among conformational substates do not 
change with pressure. Instead, high pressure values strongly reduce the average structural differences 
between the accessible conformational substates, thus increasing the roughness of the free energy 
landscape of the system.

The peculiar dynamical properties of proteins arise from their complex nature, which can be well described in 
terms of a multi-minima energy landscape. In fact, proteins exist in a very large number of slightly different, 
hierarchically arranged, conformational substates (CS)1,2. At low temperature, each protein molecule is confined 
in one local minimum of the energy landscape, and the system behaves as a harmonic solid. On the contrary, at 
high temperature, typically above ~200 K, proteins start to fluctuate among different CS and this brings about a 
steep increase in all their dynamical properties, in particular in the Mean Square Displacements (MSD) of their 
atoms3,4. This phenomenon is usually referred to as Protein Dynamical Transition (PDT)4. The physical origin 
of the PDT and its relationship with the dynamical properties of hydration water and/or the external matrix, 
has raised debates in the literature, still being an open and intriguing question2,4–16. The motions arising above 
the PDT, which are specific for proteins, are believed to be important for functionality, since they give to protein 
molecules the flexibility which is necessary to perform their functions1.

PDT has been extensively studied during the last decades. Nevertheless, very little is known about the effects 
on it of pressure, the other important thermodynamic variable together with temperature. Studies of protein 
structural dynamics in general, and of the PDT in particular, as a function of pressure would be highly desirable17, 
both to help clarifying its physical origin and from a more biological point of view, since many biological systems 
live at high hydrostatic pressure18,19. Very few studies have addressed the problem of the pressure dependence of 
protein dynamics, and most of them have been concerned with samples in solution investigated near room tem-
perature. In general, high pressure values lead to a reduction of internal protein dynamics20–24. To compensate this 
reduction, a higher protein flexibility at high pressure has been suggested as an adaptive strategy for organisms 
living in such conditions, like Thermococcus Thioreducens25 or Thermococcus Barophilus26. As a matter of fact, 
however, experimental studies of the pressure effects on the PDT and on the protein energy landscape are lacking, 
probably because of the relevant experimental challenges. In 2007 Meinhold et al.27 investigated, by molecular 
dynamics simulations, the dynamical properties and the PDT of a lysozyme-water system at different pressure 
values. In this study, the onset temperature for the PDT (Ton) was found to not depend on pressure, which, on 
the contrary, had a strong reduction effect on the picosecond MSD of protein atoms, both below the PDT (in the 
“harmonic” temperature range) and at high temperature. Moreover, at high temperature, collective motions were 
found damped at high pressure, suggesting an increased roughness in the free energy landscape of the protein27. 
It must be noted, in this respect, that also in studies on the pressure dependence of protein folding processes, an 
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increased roughness in the free energy landscape of proteins was suggested as a possible origin for the observed 
slowing down of the folding and unfolding kinetics at high pressure values28–30.

We report here on Elastic Incoherent Neutron Scattering (EINS) experiments on an ultraviscous mixture of 
Myoglobin (Mb), glycerol and water31, in a wide range of temperature (20–300 K) and pressure (20–5000 bar), 
aimed at the investigation of the pressure dependence of the dynamical properties of the protein. The choice of 
the sample (50% Mb, 33% D8-Glycerol, 17% D2O, see Materials for a detailed description of sample preparation) 
was motivated by the fact that we had to go to cryogenic temperature to investigate the PDT and the dynamical 
properties of the protein, while keeping the protein in a (very viscous) liquid-like environment, suitable for pres-
sure transmission. The amount of water present in the sample was sufficient to allow the flexibility necessary for 
protein function32 and its high viscosity assures that overall protein diffusion and rotation have no influence on 
the dynamical properties measured in the time window of our experiment (~100 ps, see Materials and Methods). 
In this respect, it is worth of noting that the results that we obtained at low pressure are in excellent agreement 
with those relative to standard hydrated protein samples and in particular to myoglobin, as investigated by Doster 
et al.4 (see below).

As well known, EINS gives information on the MSD and on the dynamical properties of all non-exchangeable 
protein hydrogen atoms33,34. Since hydrogen atoms make up about half the atoms in a protein and are almost 
uniformly distributed within the molecule, this technique gives a global view of protein motions35. Only very 
recently, a dynamical transition, not present for hydrogen atoms, has been observed for the backbone atoms in an 
extremely dry per-deuterated protein sample16. On the contrary, for hydrated proteins, as it is in our sample, when 
the dynamical properties of non-exchangeable hydrogen atoms are compared to those of backbone atoms36 or of 
all atoms of the molecules35,37, analogous results are generally obtained. This holds, also, concerning our specific 
study, in investigations about the effects of pressure on protein dynamics27.

Results and Discussion
Figure 1a reports the scattering curves obtained at 295 K, at different pressure values. The total MSD at the tem-
perature of 295 K, obtained in the framework of the Gaussian Approximation33 (see Materials) in the q range 
0–2 Å−1, are reported as a function of pressure in Fig. 1b. The values obtained at the lowest pressure are in good 
agreement with data on hydrated myoglobin powders4 in the whole temperature range (see Supplementary 
Information), confirming the appropriateness of our experimental conditions for the investigation of protein 
internal motions. As a general trend, in agreement with Le Châtelier’s principle38, when increasing the pressure 
we observe a sizeable reduction of molecular motions, except when going from 2 kbar to 3 kbar, where the MSD 
increases. This effect can be attributed to the onset of a pressure-induced denaturation, or partial unfolding of 
the protein. Both these findings, general reduction of protein mobility and pressure induced unfolding, are in 
agreement with previous studies20–23,26. The reduction of motions at high pressure can be related to an increase 
of the density in the hydration shell of proteins, as measured by Small Angle X-Ray Scattering20. Concerning the 
pressure-induced cold unfolding, it is a very well-known phenomenon, discovered more than a century ago39. 
It can be driven by a decrease in the occupied volume of protein molecules upon denaturation, due also to the 
presence of cavities in the folded form40, as in the case of myoglobin. In fact, a very complete study by Roche et al. 
clearly demonstrated the role of cavities for pressure driven protein unfolding41. Pressure induced unfolding has 
been already associated to an increase in the MSD, measured by EINS22, and the same effect is known for tem-
perature denaturation42. As described in the Materials, measurements were performed on the same sample, from 
low to high pressure. Always on the same sample, at the end of the experiments, we measured again the elastic 
scattering at low pressure and high temperature. For this second measurement, the total MSD resulted signifi-
cantly larger than at the beginning (the red point in Fig. 1b), thus confirming the pressure-induced denaturation.

One of the purposes of our experiments was the investigation of the overall temperature dependence of 
the dynamical properties of the protein at the various pressure values. An important point, in particular, is the 
study of the pressure dependence of Ton. For a first analysis, not conditioned by any model, we consider the total 

Figure 1. (a) Neutron scattering curves at the temperature of 295 K, for different pressure values; (b) MSD at 
295 K, obtained within the framework of the Gaussian Approximation (i.e. from the slope of the straight lines 
shown in a).
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integrated scattered intensity, which is plotted in Fig. 2a as a function of temperature, for different pressures. As 
evident, the overall temperature dependence does not seem to be affected by pressure, as better shown in Fig. 2b, 
where the same data have been normalized for their maximum and minimum value, according to the following 
expression:

= − −I T I T I K I K I K( ) [ ( ) (300 )]/[ (20 ) (300 )] (1)N

All curves collapse on a unique pressure-independent master curve. This strongly suggests that Ton does not 
depend on pressure, in agreement with the above discussed molecular dynamics study27.

More detailed information can be obtained by analysing the data in the framework of the well-known 
two-state model4, i.e. assuming that each hydrogen atom can stay in two different wells, separated by a distance d 
and with a free energy difference ΔG. In fact, in spite of its simplicity, this model captures some important ther-
modynamic properties of proteins, since the two states can be considered as an average representation of their 
complex, multi-minima, free energy landscape. The scattering intensity as a function of q is given by4:
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is given by the sum of the MSD inside each single well Δx2
0
 and a second term, taking into account the existence 

of the hydrogen atoms in the two states.
High pressure neutron scattering data are in general more noisy than in standard experiments, because of the 

absorption and the relatively strong background signal of the pressure cell21. Given this fact, we analysed our data 
by using the smallest possible number of free parameters. Therefore, at each pressure, we performed a global 
analysis in terms of eq. 2 of all scattering curves obtained at the different temperatures, assuming an Arrhenius 
behaviour for the populations of the two states ( = −Δp p G RT/ exp[ /( )]2 1 , where R is the gas constant) and a 
temperature independent distance d between the two wells. Excellent fittings were obtained at all temperatures 
and pressures (examples are shown in Fig. 3). Thermodynamic parameters were found to be largely pressure 
independent, further confirming that Ton does not depend on pressure. Their values (ΔH = (9.7 ± 0.5) kJ/mol and 
ΔS/R = 2.5 ± 0.3) are in reasonable agreement with those found by Doster and coworkers in their seminal work 
on hydrated myoglobin powder4.

Figure 2. (a) Total scattered intensity as a function of temperature, for different pressure values. In (b), the 
same data are reported after normalization for their minimum and maximum value, according to eq. 1.
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The only parameter which is strongly affected by pressure is the distance d between the two wells, which is 
reported as a function of pressure in Fig. 4. At low pressure, we find the same value obtained for hydrated pow-
ders4. The behaviour with pressure is very similar to the one observed for the total MSD (Fig. 1b), indicating 
that, within the framework of the two-state model, the reduction of the total MSD brought about by increasing 
pressure is entirely due to a corresponding reduction in the separation between the two wells. Also the increase in 
the total MSD following pressure induced denaturation seems to be due to an analogous increase in the distance 
between the two wells, as shown by the value obtained at low pressure, after the end of the experiments (red point 
in Fig. 4).

As said before, the two wells in the two-state model can be considered as an average representation of the very 
large number of different minima in the free energy landscape of the system. In this context, our data indicate 
that the reduction with pressure of the non-harmonic contribution to molecular motions arises from the fact that 
at high pressure protein molecules explore CS characterized, on the average, by smaller structural differences 
between each other. The pressure independence of Ton indicates that high pressure values do not change neither 
the free energy difference between CS nor the barriers among them. As a consequence, we can infer that the 
transitions among different statistical substates do not imply significant variations in the volume occupied by the 
protein molecule, or, at least, that at high pressure values, only those transitions which do not imply significant 
volume variations are allowed, in agreement with the observed smaller value for the distance between wells in 
the two-state model. It must be noted that a sizeable effect of pressure on the populations of high tier CS was 
reported, in the case of the A substates of myoglobin43. This clearly implies a corresponding effect of pressure on 
the free energy differences between these substates and strongly suggests that a change of volume must occur in 
the transition between them. The reason is that the main difference between A substates of myoglobin resides in 
the position of a single residue, the distal histidine, in or out from the heme pocket, obviously involving a volume 
variation. In our case, the MSD obtained by neutron scattering are most likely affected by fluctuations among low 
tiers –statistical– substates, with completely different properties. In this case, i.e. for low tiers substates, it is per-
fectly plausible that we have transitions without significant volume variations, as indicated by our data.

The analysis in terms of the two-state model enables to estimate the average distance and the average energy 
difference between “neighbouring” CS in the free energy landscape of the protein; only the average distance is 
affected by pressure. In Fig. 5 we report the MSD values obtained from the analysis in terms of the two-state 

Figure 4. Distance d between the two wells in the two-state model as a function of pressure. The red point 
refers to the sample at low pressure after the end of the experiments.

Figure 3. Scattering data and fitting according to eq. 2 for the sample at a pressure of 20 bar (a) and of 2 kbar (b).
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model, both total and inside each single well (respectively Δx tot
2  and Δx2

0
 in eq. 3). As evident in Fig. 5b, also 

for the MSD inside the single wells we observe at high temperature some anharmonic contributions (i.e. devia-
tions from the linear behaviour with temperature), which are reduced at high pressure values. Pressure-induced 
denaturation seems to have on the MSD inside each single well a smaller effect, when compared to what observed 
for the total MSD. Data in Fig. 5 show that the low temperature harmonic behaviour and Ton do not depend on 
pressure, both for MSD inside each well and for total MSD. A pressure independent harmonic behaviour indicates 
that the curvature of the energy landscape close to its minima is not affected by a pressure increase, a result in 
contrast with the Molecular Dynamics results on hydrated lysozyme27. Further studies are needed to clarify this 
point. In summary, the effects of pressure on the energy landscape, as inferred from the analysis in terms of the 
two-state model, can be sketched as reported in Fig. 6. High pressure values lead to a reduction in the average 
structural differences between conformational substates, without any effect on the energy differences and barriers 
among them, and without effects on the curvature of the landscape close to its minima.

Figure 5. MSD, as obtained from the analysis in terms of the two-state model, as a function of temperature and 
pressure. (a) Total MSD; (b) MSD inside each single well.

Figure 6. Schematic representation of the effects of pressure on the protein energy landscape.
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Since the two-state model could be considered as an undue oversimplification of the complex energy land-
scape of proteins, a further discussion of our results from another perspective is highly desirable. This can be 
achieved by considering the MSD as arising from a random “diffusion” process occurring, within the time scale 
of the experiments, in a rugged protein energy landscape2,44,45. In this context, Fractional Brownian Diffusion 
(FBD) has been proposed as a valuable tool to model protein dynamics46–50. Within this frame, a sub-diffusive 
behaviour of the MSD has been found as a function of time, i.e. Δ α~x t Dt( )2 , where D is an effective diffu-
sion coefficient and α is the exponent characterizing the diffusion behaviour (we have normal diffusion for 
α = 1, and sub-diffusion when α < 1), and the proportionality coefficient depends on the dimensionality of the 
motions. In the above expression, D is an effective diffusion coefficient that depends on the ratio δ2/Δt, where 
δ is the average length of each random step and Δt is the average time interval between jumps, related to the 
“friction” experienced by the diffusing particle51. A sub-diffusive behaviour may arise from a random walk in a 
distribution of hierarchically arranged energy barriers52,53. In their FBD studies of the effects of pressure on the 
dynamics of lysozyme, Kneller and co-workers found that high pressure (3 kbar) reduces the extent of MSD to 
about 70% of their atmospheric pressure values, but maintaining the same identical sub-diffusive behaviour, 
with an exponent α = 1/2, not dependent on pressure46–48. To compare with our data, we note that our Mean 
Square Displacement can be expressed as MSD ~ Dτα, where τ is the time resolution of the neutron scattering 
spectrometer used (τ ≈ 100 ps for IN13), and that, at P = 3 kbar, we also observe a MSD reduction to about 70% 
(see Fig. 1b). The above observations strongly suggest that the distribution of barriers bringing about the sub-
diffusive behaviour of the MSD does not change with pressure, in agreement with the fact that the onset tem-
perature of the PDT is pressure-independent, and that the reduction in the extent of the MSD can be ascribed 
to a decrease of the average length of each random step or to an increase of the “friction”, or to both effects. This 
is clearly in agreement with the conclusion that, at high pressure, protein dynamics is determined by a more 
rugged accessible energy landscape, without substantially altering the barrier heights or their heterogeneity. 
Therefore, analysis in the framework of a random walk process in a rugged energy landscape corroborates the 
results of the two-state model analysis, while suggesting a possible role of friction in the pressure effects on 
protein dynamics.

A rugged energy landscape can clearly have a strong influence on the sub-nanosecond dynamics, as in our 
case, but it may also affect motions occurring on much longer time scales, up to those required for protein func-
tion or even for processes like folding and unfolding. It must be noted, in this respect, that recent works give 
more and more hints towards the understanding that the dynamics in proteins is coupled over decades in time 
and self-similar54,55. In fact, an increased roughness in the energy landscape has been suggested in studies on the 
effects of pressure on protein folding, to explain the slowing down of the folding and unfolding kinetics28–30, and 
also for the increased damping of collective motions observed by molecular dynamics simulation27. From our 
data, denaturation also seems to affect the roughness of the energy landscape accessible to proteins, an observa-
tion which claims for further investigations, also for its possible link with the presence of cavities in the folded 
form of the protein41.

In conclusion, our data clearly show that, independent on the model and detailed analysis used, high pres-
sure strongly affects protein dynamics only above the PDT; pressure effects consist mainly in a reduction of the 
observed MSD and can be traced to a decreased average distance between “neighbouring” minima of the protein 
energy landscape, which means an increased roughness of the landscape and/or increased friction. For these 
important findings, we have here a strong experimental evidence on a system, myoglobin-glycerol-water, which is 
a paradigm for studies on the dynamical properties of proteins and complex systems. To further extend the study, 
it would be of extreme interest to perform the same experiments and analysis on protein systems obtained from 
organisms adapted to extreme pressure conditions25,26.

Materials and Methods
Sample preparation. Horse skeletal muscle myoglobin and D2O were purchased from Sigma-Aldrich and 
used without further purification. D8-Glycerol was purchased from Cortecnet Europe (Voisins-Le-Bretonneux, 
France). Myoglobin was firstly dissolved in a D2O solution (50 mM phosphate buffer, pD 7.4) to allow H-D 
exchange, and then lyophilized after two-days equilibration. Following the procedure indicated by Jansson et al.31, 
the sample was prepared by successive slow additions of 500 mg of protein in 500 mg of a mixture of D8-Glycerol 
(67%) and D2O (33%). During the successive additions, the sample was gently mixed under nitrogen atmosphere, 
to allow protein solubilization. Since the sample obtained in this way was not completely homogeneous, excess 
D2O (500 mg) was added for a complete protein dissolution, and then removed by lyophilization until the desired 
sample weight and hydration were reached. At the end of preparation, the sample had the following weight propor-
tions: Myoglobin 50%, D8-Glycerol 33.5%, D20 16.5%. This gives a total hydration h = [grams of solvent]/[grams of 
protein] = 1, and a ratio D2O/protein ~0.33. 500 mg of the above sample were used for the measurements.

High Pressure Neutron Scattering Measurements. Elastic Incoherent Neutron Scattering experiments 
were performed on the IN13 backscattering spectrometer56, at ILL, Grenoble. At the elastic scattering position, 
IN13 makes use of a 2.23 Å incoming neutron wavelength and 0.2 to 4.9 Å 1 momentum transfer, with an energy 
resolution of 8 μeV, allowing to probe local motions up to ~100 ps. To obtain the intensities scattered by the sam-
ple, the scattering from the empty high pressure cell was subtracted. For each pressure value, the data were nor-
malized to the corresponding scattering intensity obtained at the lowest temperature (20 K). Data reduction was 
carried out using the LAMP software, available at ILL57. As a preliminary analysis, the total Mean Square 
Displacements Δx2  of non-exchangeable hydrogen atoms were obtained by using, in the q-range 0–2 Å 1, the 
Gaussian Approximation33:
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≈ − ΔI q e( ) (4)q x2 2

Over the past years, a new High Hydrostatic Pressure (HHP) equipment for biological samples in solution 
was developed in collaboration with the sample environment team SANE of the ILL. It consists of a pressure 
controller, which communicates with the instrument control software NOMAD, the high pressure stick58 and 
the cell59. Pressure is transmitted hydrostatically from the controller to the sample through a capillary using the 
FluorinertTM liquid60 that has a pour point of 178 K. As the stick is inserted in the cryostat to regulate and control 
temperature, one has to avoid that liquid freezes at the cold point of the cryostat, therefore it must be heated by a 
wire and isolated thermally from its environment by a secondary vacuum. The HHP cell is cylindrical, built of the 
high-tensile aluminium alloy 7075-T6, with an external diameter of 15 mm and an internal diameter of 6 mm. It 
withstands pressure up to 5 kbar. The sample solution was separated from FluorinertTM by a separator on the top 
of the cell. As a sample thickness of 6 mm would lead to multiple scattering and thus to the loss of information 
about the scattering angle, an Al cylinder of 4 mm diameter was inserted in the middle of the cell.

The same sample was used for all measurements at the different pressure values. The elastic scattering intensity 
was measured in the temperature range 20–300 K, and for pressure values from 20 bar to 5 kbar. For each pressure, 
starting from low to high values, the sample was firstly equilibrated for the pressure at 300 K and then brought 
down to 20 K, while keeping constant the pressure. The scattering intensity was continuously measured when 
going up in temperature at a rate of 0.26 K/min. Data were successively binned up, by attributing the average 
temperature value to the scattering curves.

After the measurement at the highest pressure value (5 kbar), the sample was brought again to low pressure 
(20 bar), and the scattering intensity was measured, only at high temperature, to check for hysteresis, or irrevers-
ible phenomena, after exposure to high pressure values.

Data availability. Data generated during the current study are available from the corresponding author on 
reasonable request.

References
 1. Frauenfelder, H., Parak, F. & Young, R. D. Conformational substates in proteins. Ann. Rev. Biophys. Biophys. Chem. 17, 451–479 (1988).
 2. Frauenfelder, H. et al. A unified model of protein dynamics. Proc. Natl. Acad. Sci. USA 106, 5129–5134 (2009).
 3. Parak, F., Knapp, E. W. & Kucheida, D. Protein dynamics. Mössbauer spectroscopy on deoxymyoglobin crystals. J. Mol. Biol. 161, 

177–194 (1982).
 4. Doster, W., Cusack, S. & Petry, W. Dynamical transition of myoglobin revealed by inelastic neutron scattering. Nature 337, 754–756 (1989).
 5. Schirò, G., Natali, F. & Cupane, A. Physical origin of anharmonic dynamics in proteins: New insights from resolution-dependent 

neutron scattering on homomeric polypeptides. Phys. Rev. Lett. 109, 128102 (2012).
 6. Schirò, G., Fomina, M. & Cupane, A. Protein dynamical transition vs. liquid-liquid phase transition in protein hydration water. J. 

Chem. Phys. 139, 121102 (2013).
 7. Schirò, G. et al. Translational diffusion of hydration water correlates with functional motions in folded and intrinsically disordered 

proteins. Nat. Comm. 6, 6490 (2015).
 8. Zaccai, G. How soft is a protein? A protein dynamics force constant measured by neutron scattering. Science 288, 1604–1607 (2000).
 9. Chen, S. H. et al. Observation of fragile-to strong dynamic crossover in protein hydration water. Proc. Natl. Acad. Sci. USA 103, 

9012–9016 (2006).
 10. Magazù, S., Migliardo, F. & Benedetto, A. Puzzle of protein dynamical transition. J. Phys. Chem. B 115, 7736–7743 (2011).
 11. Khodadadi, S. et al. The origin of the dynamic transition in proteins. J. Chem. Phys. 128, 195106 (2008).
 12. Cordone, L. et al. Proteins in saccharides matrices and the trehalose peculiarity: Biochemical and biophysical properties. Curr. Org. 

Chem. 19, 1684–1706 (2015).
 13. Cordone, L., Cottone, G., Giuffrida, S. & Librizzi, F. Thermal evolution of the CO stretching band in Carboxy-Myoglobin in the light 

of neutron scattering data. Chem. Phys. 345, 275–282 (2008).
 14. Librizzi, F., Vitrano, E., Paciaroni, A. & Cordone, L. Elastic neutron scattering of dry and rehydrated trehalose coated Carboxy-

Myoglobin. Chem. Phys. 345, 283–288 (2008).
 15. Benedetto, A. Low-temperature decoupling of water and protein dynamics measured by neutron scattering. J. Phys. Chem. Lett. 8, 

4883–4886 (2017).
 16. Liu, Z. et al. Dynamical transition of collective motions in dry proteins. Phys. Rev. Lett. 119, 048101 (2017).
 17. Kauzmann, W. Thermodynamics of unfolding. Nature 325, 763–764 (1987).
 18. Jannasch, H. W. & Taylor, C. D. Deep-sea microbiology. Annu. Rev. Microbiol. 38, 487–514 (1984).
 19. Oger, P. & Jebbar, M. The many ways of coping with pressure. Res. Microbiol. 161, 799–809 (2010).
 20. Ortore, M. G. et al. Combining structure and dynamics: non-denaturing high-pressure effect on lysozyme in solution. J. R. Soc. 

Interface 2009, S619 (2009).
 21. Erlkamp, M. et al. Influence of pressure and crowding on the sub-nanosecond dynamics of globular proteins. J. Phys. Chem. B 119, 

4842–4848 (2015).
 22. Marion, J. et al. Pressure-induced molten globule state of human acetylcholinesterase: structural and dynamical changes monitored 

by neutron scattering. Phys. Chem. Chem. Phys. 17, 3157–3163 (2015).
 23. Schummel, P. H., Haag, A., Kremer, W., Kalbitzer, H. R. & Winter, R. Cosolvent and crowding effects on the temperature and 

pressure dependent conformational dynamics and stability of globular actin. J. Phys. Chem. B 120, 6575–6586 (2016).
 24. Golub, M. et al. High hydrostatic pressure specifically affects molecular dynamics and shape of low-density lipoprotein particles. Sci. 

Rep. 7, 46034 (2017).
 25. Shrestha, U. R. et al. Effects of pressure on the dynamics of an oligomeric protein from deep-sea hyperthermophile. Proc. Natl. Acad. 

Sci. USA 112, 13886–13891 (2015).
 26. Martinez, N. et al. High protein flexibility and reduced hydration water dynamics are key pressure adaptive strategies in prokaryotes. 

Sci. Rep. 6, 32816 (2016).
 27. Meinhold, L., Smith, J. C., Kitao, A. & Zewail, A. H. Picosecond fluctuating protein energy landscape mapped by pressure-

temperature molecular dynamics simulation. Proc. Natl. Acad. Sci. USA 104, 17261–17265 (2007).
 28. Hillson, N., Onuchic, J. N. & Garcia, A. E. Pressure-induced protein-folding/unfolding kinetics. Proc. Natl. Acad. Sci. USA 96, 

14848–14853 (1999).
 29. Silva, J. L., Foguel, D. & Royer, C. A. Pressure provides new insights into protein folding, dynamics and structure. Trends Biochem. 

Sci. 10, 612–618 (2001).



www.nature.com/scientificreports/

8Scientific RepoRts |  (2018) 8:2037  | DOI:10.1038/s41598-018-20417-x

 30. Onuchic, J. N., Nymeyer, H., Garcia, A. E., Chanine, J. & Socci, N. D. The energy landscape theory of protein folding: Insights in the 
folding mechanisms and scenarios. Adv. Protein Chem. 53, 87–152 (2000).

 31. Jansson, H., Bergman, R. & Swenson, J. Role of solvent for the dynamics and the glass transition of proteins. J. Phys. Chem. B 115, 
4099–4109 (2011).

 32. Rupley, J. A. & Careri, G. Protein hydration and function. Adv. Protein Chem. 41, 37–172 (1991).
 33. Rahman, A., Singwi, S. & Sjölander, A. Theory of slow neutron scattering by liquids. I. Phys. Rev. 126, 986–996 (1962).
 34. Tehei, M., Daniel, R. & Zaccai, G. Fundamental and biotechnological applications of neutron scattering measurements for 

macromolecular dynamics. Eur. Biophys. J. 35, 551–558 (2006).
 35. Smith, J. C. Protein dynamics: comparison of simulations with inelastic neutron scattering experiments. Q. Rev. Biophys. 24, 227–291 

(1991).
 36. Cottone, G., Cordone, L. & Ciccotti, G. Molecular dynamics simulation of carboxy-myoglobin embedded in a trehalose-water 

matrix. Biophys. J. 80, 931–938 (2001).
 37. Smith, J. C., Cusack, S., Pezzeca, U., Brooks, B. & Karplus, M. Inelastic neutron scattering analysis of low frequency motions in 

proteins: a normal mode study of the bovine pancreatic trypsin inhibitor. J. Chem. Phys. 85, 3636–3654 (1986).
 38. Le Châtelier, L. H. Sur un Énoncé gènèral del lois des Équilibres chimiques. C. R. Acad. Sci. 99, 786–789 (1884).
 39. Bridgman, P. W. The coagulation of albumen by pressure. J. Biol. Chem. 19, 511–512 (1914).
 40. Royer, C. A. Revisiting volume changes in pressure-induced protein unfolding. Biochim. Biophys. Acta 1595, 201–209 (2002).
 41. Roche, J. et al. Cavities determine the pressure unfolding of proteins. Proc. Natl. Acad. Sci. USA 109, 6945–6950 (2012).
 42. Hennig, M. et al. Dynamics of highly concentrated protein solutions around the denaturing transition. Soft Matter 8, 1628 (2012).
 43. Frauenfelder, H. et al. Proteins and pressure. J. Phys. Chem. 94, 1024–1037 (1990).
 44. Fenimore, P. W., Frauenfelder, H., McMahon, B. H. & Parak, F. Slaving: Solvent fluctuations dominate protein dynamics and 

functions. Proc. Natl. Acad. Sci. USA 99, 16047–16051 (2002).
 45. Frauenfelder, H., Young, R. D. & Fenimore, P. W. Dynamics and the free-energy landscape of proteins, explored with the Mössbauer 

effect and quasi-elastic neutron scattering. J. Phys. Chem. B 117, 13301–13307 (2013).
 46. Calandrini, V. et al. Relaxation dynamics of lysozyme in solution under pressure: combining molecular dynamics simulations and 

quasielastic neutron scattering. Chem. Phys. 345, 289–297 (2008).
 47. Calandrini, V. & Kneller, G. R. Self-similar dynamics of proteins under hydrostatic pressure - Computer simulations and 

experiments. Biochim. Biophys. Acta 1804, 56–62 (2010).
 48. Calandrini, V. & Kneller, G. R. Influence of pressure on the slow and fast fractional relaxation dynamics in proteins: a simulation 

study. J. Chem. Phys. 128, 065102 (2008).
 49. Kneller, G. R. Quasielastic neutron scattering and relaxation processes in proteins: analytical and simulation-based models. Phys. 

Chem. Chem. Phys. 7, 2641–2655 (2005).
 50. Kneller, G. R. & Hinsen, K. Fractional Brownian dynamics in proteins. J. Chem. Phys. 121, 10278–10283 (2004).
 51. Codling, E. A., Plank, M. J. & Benhamou, S. Random walk models in biology. J. R. Soc. Interface 5, 813–834 (2008).
 52. Bouchaud, J. P. & Georges, A. Anomalous diffusion in disordered media: statistical mechanisms, model and physical application. 

Phys. Rep. 195, 127–293 (1990).
 53. Neusius, T., Daidone, I., Sokolov, I. M. & Smith, J. C. Subdiffusion in peptides originates from the fractal-like structure of 

configuration space. Phys. Rev. Lett. 100, 188103 (2008).
 54. Trapp, M. et al. Correlation of the dynamics of native human acetylcholinesterase and its inhibited huperzineA counterpart from 

sub-picosecond to nanoseconds. J. R. Soc. Interface 11, 20140372 (2014).
 55. Hu, X. et al. The dynamics of single protein molecules is non-equilibrium and self-similar over thirteen decades in time. Nat. Phys. 

12, 171–174 (2016).
 56. Natali, F. et al. IN13 backscattering spectrometer at ILL: Looking for motions in biological macromolecules and organisms. Neutron 

News 19, 14–18 (2008).
 57. Richard, D., Ferrand, M. & Kearley, G. J. Analysis and visualization of neutron-scattering data. J. Neutr. Res. 4, 33–39 (1996).
 58. Lelièvre-Berna, E. et al. 700 MPa sample stick for studying liquid samples or solid-gas reactions down to 1.8 K and up to 550 K. J. 

Neutr. Res. 19, 77–84 (2017).
 59. Peters, J. et al. High hydrostatic pressure equipment for neutron scattering studies of samples in solutions. High Press. Res 32, 97–102 (2012).
 60. Sidorov, V. A. & Sadykov, R. A. Hydrostatic limits of fluorinert liquids used for neutron and transport studies at high pressure. J. 

Phys. Condens. Matter 17, S3005–S3008 (2005).

Acknowledgements
We thank ILL for attributing beam time on IN13 and T. Forsyth, M. Haertlein from the Deuteration Lab of the 
ILL for furnishing us part of the D8-Glycerol, and C. Payre and J. Maurice for the technical assistance with high 
pressure equipments. We gratefully acknowledge very useful discussions with G. Cottone and G. Schirò.

Author Contributions
All the authors conceived the experiments, F.L., J.P. and A.C. conducted the experiments, F.L. and R.C. analysed 
the results. All the authors wrote and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20417-x.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-20417-x
http://creativecommons.org/licenses/by/4.0/

	The effects of pressure on the energy landscape of proteins
	Results and Discussion
	Materials and Methods
	Sample preparation. 
	High Pressure Neutron Scattering Measurements. 
	Data availability. 

	Acknowledgements
	Figure 1 (a) Neutron scattering curves at the temperature of 295 K, for different pressure values (b) MSD at 295 K, obtained within the framework of the Gaussian Approximation (i.
	Figure 2 (a) Total scattered intensity as a function of temperature, for different pressure values.
	Figure 3 Scattering data and fitting according to eq.
	Figure 4 Distance d between the two wells in the two-state model as a function of pressure.
	Figure 5 MSD, as obtained from the analysis in terms of the two-state model, as a function of temperature and pressure.
	Figure 6 Schematic representation of the effects of pressure on the protein energy landscape.




