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ABSTRACT 
Understanding how high hydrostatic pressure affects biomacromolecular interaction is important 
for deciphering the molecular mechanisms by which organisms adapt to live at the bottom of the 
ocean.  The relative effect of hydrostatic pressure on the rates of folding/unfolding reactions is 
defined by the volumetric properties of the transition state ensemble relative to the folded and 
unfolded states.  All-atom structure-based molecular dynamics simulations combined with 
quantitative computational protocol to compute volumes from three-dimensional coordinates 
allow volumetric mapping of protein folding landscape.  This, is turn, provides qualitative 
understanding of the effects of hydrostatic pressure on energy landscape of proteins.  The 
computational results for six different proteins are directly benchmark against experimental data, 
and show an excellent agreement.  Both experiments and computation show that the transition-

state ensemble volume appears to be in-between the folded and unfolded state volumes and thus 

the hydrostatic pressure accelerates protein unfolding. 

 

1. Introduction 

Life on Earth exists under a wide range of environmental conditions including high salinity, high 

and low pH, high and low temperatures and a range of hydrostatic pressures 1.  Importantly, the 

total biomass distribution is highly skewed towards environments with high hydrostatic pressure.  

According to recent estimates, over 90% of biomass on Earth is associated with the high pressure 

environments 2-3.  Thus, understanding the effects of pressure on structure, function and dynamics 

of biomacromolecules is of a particular interest 1.  However, since the realization that a vast 

majority of life on Earth exists under high pressure conditions it has become evident that there is 

a significant lag in experimental and computational studies of the effects of pressure on the 

biophysics of biomacromolecules.  In particular, while the effects of pressure on the equilibrium 

energy landscape of proteins have been well addressed 4-9, the computational analysis of the effects 

of pressure on protein folding/unfolding kinetics has been limited.   

The effects of perturbations such as increase in temperature or high denaturant 

concentrations on the rates of protein folding/unfolding reaction are analyzed within the 

framework of the transition state theory.  In the case when perturbation is high hydrostatic pressure, 

the pressure derivative of the rate constant, k, reflects the difference between the volume of the 

ground state (folded, VF, or unfolded, VU, state ensembles) and the volume of the transition state 

ensemble (TSE), VTSE:   

mailto:makhag@rpi.edu


−𝑅𝑇 (
𝜕ln⁡(𝑘𝐹)

𝜕𝑃
)
𝑇
= ∆𝑉𝐹

# = 𝑉𝑇𝑆𝐸 − 𝑉𝑈  

and 

−𝑅𝑇 (
𝜕ln⁡(𝑘𝑈)

𝜕𝑃
)
𝑇
= ∆𝑉𝑈

# = 𝑉𝑇𝑆𝐸 − 𝑉𝐹  

Knowledge of the value of VTSE relative to the values VF and VU provides additional information 

on the structural ensemble of the transition state (TS) ensemble.  The activation volume of folding, 

∆𝑉𝐹
#, and unfolding, ∆𝑉𝑈

#, is  equally important to understand how the rates of protein folding and 

unfolding will be affected by high hydrostatic pressures.  If for example, the volume of transition 

state ensembles is greater than the folded state volume, the rate of protein unfolding will decrease 

at higher pressures, in effect imparting kinetic pressure stability onto the protein 10. However, if 

the volume of the transition state is less than the native state volume, the rate of unfolding will 

increase at high pressure.   

In this paper, we report the results of all-atom structure based modeling (AA-SBM) of 

folding-unfolding reactions of six different proteins for which experimental data of the effects of 

hydrostatic pressure on folding/unfolding kinetics has been reported.  The experiments and 

computation are then compared is terms of volume changes between different states.   

 

2. Computational Methods 

All-atom structure based potentials were generated using SMOG (version 2.0.3) web server 

http://smog-server.org 11 with default parameter sets 12.  The following PDB entries, that include only 

heavy, i.e. non-hydrogen atoms, were used: 1UBQ – ubiquitin 13; 1OK0 – tendamistat 14; 1QTU - P13-

oncogene 15; 3WRP - Trp-repressor 16; 5AZU - azurin 17; 4RTI - PhotosystemII 23 kDa protein 18.  

The contacts were identified from PDB coordinates through use of the Shadow Contact Map 

algorithm 19 with a cutoff distance of 6 Å, shadowing radius of 1 Å and residue sequence 

separations of 3. Atom pairs that are not identified as contacts are assigned an excluded volume 

interaction. The bond lengths and angles, improper and planar dihedral angles of the protein are 

maintained by harmonic potentials. The potentials are assigned such that the native configuration 

of each bond and angle is considered the minimum.  The final form of the potential energy function 

for AA-SBM model is: 
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𝐹𝐷(𝜙) = [1 − cos(𝜙 − 𝜙𝑜)] + [1 − cos(3(𝜙 − 𝜙𝑜))] 2⁄  

 

Here the first five terms describe the bonded interactions, while the last two terms account for non-bonded 

interactions.  The following default values were used as suggested in 12:  εr = 100 kcal/mol, εθ = 20 kcal/mol, 



εχ = 10 kcal/mol, and εNC = 0.01 kcal/mol, σNC = 2.5 Å.  The values for ro, θo, χo, ϕo, and σij were given the 

values found in the native state 12.   

Gromacs 4.6.7 was used as the computation engine to run the simulations 20.  To enhance 

sampling efficiency and accelerate equilibration, the replica exchange molecular dynamics 

(REMD) method 21 as implemented in Gromacs 20 was used.  We used 20-24 replicas spaced by 

0.5 K that were centered around the transition temperature for a given protein.  Exchange was 

attempted every 5000 time steps, and coordinates were saved every 1,000 integration steps.  

REMD was combined with Langevin dynamics (time step τ = 0.5 ps) for 5·108 time steps per 

replica.  The fraction of number of native contacts (defined as any native pair within 1.5 times the 

native distance) formed as a function of time, Q, was used as a global reaction coordinate.  Potential 

energy as a function of Q from all replicas was analyzed by Weighted Histogram Analysis Method 

(WHAM) to calculate the free energy profiles F(Q) 22.  The Q-values corresponding to the ±20% 

of maximum F(Q) for a given protein were considered to be corresponding to the TS state.  

Simulations started from the folded state, and all replicas showed multiple folding-unfolding 

transitions.  The equilibration was assessed by comparing Cv vs T profiles calculated every 108 

time steps using WHAM analysis. 

Since sampling of the high-energy structures in the TS are rare events, the number of 

structures corresponding to TSE was set to 200, as it was the smallest denominator observed for 

the set of 6 proteins analyzed here.  To maintain similar sampling size for all states, a set of 200 

random structures for unfolded and folded states identified from the analysis of the free energy 

profiles were used.  These structures were energy minimized to adjust bond length and add 

hydrogens 23.  Energy minimization was performed with Gromacs 4.6.7 for 1,000 steps using the 

Steepest Descent minimization algorithm with GBSA implicit solvent model and dielectric of 80.  

The volume for each structure, VSE, was calculated using PV algorithm 24 with starting volume 

probe radius of 0.08 Å, surface probe minimum distance of 0.1 Å.  The volume of hydration was 

calculated from the polar and non-polar molecular surface areas as 23:  

VHyd = (kNP ∙ MSANP) + (kP ∙ MSAP)  

with kNP=0.38 Å and kP=0.03 Å.  The final volume VTot is the sum VSE and VHyd 
23.  This formalism 

to compute volumetric properties of proteins has been previously compared to other methods 24 

and benchmarked against experimental data 23. 

 

 

3. Results and Discussion 

3.1 Overview of the Experimental Data 

Experimental data on the activation volumes of folding/unfolding of six proteins have been 

reported to date.  Tendamistat (Protein Data Bank structure PDB:1OK0) is a small globular protein 

of 74 amino acid residues.  Equilibrium and kinetic studies of this protein have shown that its 

folding/unfolding reaction is closely approximated by a two-state transition.  The equilibrium 

unfolding studies of tendamistat performed at 35°C as a function of pressures up to 100 MPa 

showed that the protein is destabilized by increase in hydrostatic pressure 25.  This decrease in 

stability was well described by a negative equilibrium volume change of unfolding, ∆𝑉𝐸𝑥𝑝=-

41.6±2.7 cm3/mol.  Analysis of kinetics of GdmCl-induced folding/unfolding reactions at different 

pressures was done using Chevron plots.  It was found that the activation volume of folding is ∆𝑉𝐹
# 

= 25.0±1.2 cm3/mol while activation volume of unfolding is ∆𝑉𝑈
#= -16.4±1.4 cm3/mol 25.  There 

was an excellent agreement for the overall volume of unfolding as determined from equilibrium (-

41.6±2.7 cm3/mol) and kinetic (-41.4±2.0 cm3/mol) analysis.   



Thermodynamic stability and kinetics of folding of ubiquitin has been extensively 

characterized and shown to closely resemble a two-state folding mechanism.  Ubiquitin is a small 

globular protein of 76 amino acid residues (PDB:1UBQ).  Heberhold & Winter 26, used FTIR 

spectroscopy to characterize the effects of hydrostatic pressure on the stability of this protein.  

Experimental measurements were done on broad range of temperatures (from -10°C to 100°C) and 

pressures (up to 900 MPa).  The equilibrium volume change obtained from pressure-induced 

unfolding was found to be negative at ∆𝑉𝐸𝑥𝑝= -50±20 cm3/mol.  The pressure jump experiments 

performed at 21°C were used to obtain the activation volumes of unfolding, reported at ∆𝑉𝑈
#= -38 

cm3/mol.  Considering that both equilibrium and kinetic unfolding are two-state, the activation 

volume for folding of 12 cm3/mol was calculated as ∆𝑉𝐹
#=∆𝑉𝑈

#-∆𝑉𝐸𝑥𝑝.   

The small oncogenic product P13 protein, consists of 117 amino acid residues 

(PDB:1QTU), and shows unfolding transition that can be closely approximated by a two-state 

model 27.  Changes in the intrinsic fluorescence intensities as a function of pressure at 21°C were 

analyzed to obtain the total volume change of unfolding ∆𝑉𝐸𝑥𝑝= -105±15 cm3/mol.  The pressure 

jump unfolding experiments were closely approximated by a single-exponential fit which allowed 

to compute the activation volume of unfolding ∆𝑉𝑈
#=-79±35 cm3/mol 27.  Considering that both 

equilibrium and kinetic unfolding are two-state, the activation volume for folding of 26 cm3/mol 

was calculated as ∆𝑉𝐹
#=∆𝑉𝑈

#-∆𝑉𝐸𝑥𝑝.   

Azurin from Pseudomonas aeruginosa, a single chain polypeptide of 128 amino acid 

residues (PDB:5AZU), was studied by Cioni et al 28.  The kinetics of folding was monitored by 

changes in fluorescence intensity during pressure jumps at 50°C.  Somewhat different values for 

V#
U and V#

F were obtained from the experiments performed in the upward p-jump (∆𝑉𝑈
#= -

17.1±1.2 cm3/mol and ∆𝑉𝐹
#= 39.5±1.2 cm3/mol) and the downward p-jump (∆𝑉𝑈

#= -11.7±2.9 

cm3/mol and ∆𝑉𝐹
#= 48.6±2.4 cm3/mol).  However, overall these values are consistent with the 

results of independent experiments to obtain the equilibrium volume changes of unfolding ∆𝑉𝐸𝑥𝑝 

(50°C)=-54.5±0.5 cm3/mol 28.   

The 23-kDa protein from the spinach photosystem II (PII23kDa) is a monomer of 175 

amino acid residues (PDB:4RTI), and pressure induced fluorescence measurements suggest that 

both pressure-induced equilibrium unfolding and kinetics of folding/unfolding reactions are well 

approximated by a two-state model 29.  The equilibrium volume changes of unfolding is reported 

to be ∆𝑉𝐸𝑥𝑝(20°C)=-157.6 cm3/mol.  The corresponding activation volume of unfolding ∆𝑉𝑈
#= -

66.2 cm3/mol and folding ∆𝑉𝐹
#= 84.1 cm3/mol are consistent with the equilibrium measurements 

29.   

Trp-repressor is a dimer of 105 amino acid residues per monomer (PDB:3WRP).  The 

effects of high hydrostatic pressure on the folding/unfolding reaction of this protein have been 

monitored by fluorescence spectroscopy and infra-red absorption techniques 30.  It was found that 

unfolding of Trp-repressor follows a bimolecular two-state unfolding, whereby the dimer 

dissociation leads to unfolding of monomers.  The equilibrium volume of unfolding is reported to 

be ∆𝑉𝐸𝑥𝑝(21°C)=-162 cm3/mol per monomer.  The activation volumes, measured with pressure 

jump experiments are ∆𝑉𝑈
#= -65±6 cm3/mol and folding ∆𝑉𝐹

#= 114±8 cm3/mol 30.   

 

3.2 Computational Modeling and Comparison with the experiments 

The experiments summarized above, provide a comprehensive dataset to benchmark our 

computational work.  The goal of this work is to use computer simulations to characterize the 



volumetric properties of the transition state ensemble for protein folding.  It relies on two 

computational methods.   

The first is an all-atom molecular dynamics simulation of protein folding/unfolding 

reactions.  Energy landscape theory of proteins, and in particular the principle of minimal 

frustration, allows the development of an effective computational approach to map energy 

landscapes of individual proteins 31-34.  To this end structure-based models (SBM) of protein 

folding have been widely explored to rationalize the experimental ϕ-value analysis of protein 

transition states, effects of charged residues on the folding energy landscape, and dynamics within 

folded state ensemble 35-44.  The second is the recently developed semi-empirical computational 

framework to calculate volumetric properties of proteins in solution, the so-called ProteinVolume 

(PV) approach.  This method has been benchmarked against experimental data and shown to 

reproduce well the total volume changes upon protein unfolding 23-24, 45-46.   

Here we combine the SBM and PV to map volumetric properties of transition states upon 

protein unfolding.  The results of these calculations are compared to the experimental data 

available for the six aforementioned proteins that unfold according to a two-state model.  To further 

validate the PV algorithm for the six proteins used in SBM, we compared the results of the 

calculations, ⁡∆𝑉𝑇𝑜𝑡⁡, with the experimentally measured equilibrium volume changes upon 

unfolding of these proteins, ∆𝑉𝐸𝑥𝑝 (Figure 1). It is evident, that there is a very good correspondence 

between ∆𝑉𝑇𝑜𝑡⁡and ∆𝑉𝐸𝑥𝑝, thus providing rationale for applying the PV algorithm to the analysis 

of volumetric properties of structural ensembles from SBM.   

Molecular dynamic simulations using all-atom structure-based model AA-SBM were 

performed using standard protocol developed by Noel, Whitford and Onuchic 11-12, 19.  To accelerate 

equilibration, Replica Exchanged Molecular Dynamics (REMD) was employed 43-44.  The fraction 

of native contacts, Q, was used as a reaction coordinate.   

Figure 2 shows the results of analysis of AA-SBM simulations of six different proteins in 

terms of free energy profiles as a function of Q, computed at the corresponding transition 

temperatures.  In all cases, the transitions closely resemble a two-state with a single maximum 

corresponding to the TSE.  For larger proteins the transition state appears to be more diffused (i.e. 

spanning wider range of Q-values) than for smaller proteins.  Also notable is that the position of 

the TSE is different for different proteins, in agreement with previous observations for other 

proteins 35-36, 42.  The heat map of native contacts formed in the TSE is also shown in Figure 2.  

Again, depending on the protein, there is a unique set of contacts that remains populated in the 

TSE.   

Most importantly, the free energy profiles as a function of Q, allows us to perform 

volumetric analysis of all states, i.e. unfolded, folded and TS.  To this end, structures corresponding 

to each of these states was extracted from the trajectories and volumes of each structure was 

calculated using the PV algorithm 24.  The ensemble-averaged volumes for each protein are 

compared on the top right plot of each panel in Figure 2.  The same panel shows the experimental 

data, plotted with the unfolded state set as a reference.  The relative (to the folded and unfolded 

state volumes) positions of the volume of TSE in experiments and in calculations (based on SBM) 

are in a good agreement.  To further facilitate the comparison, we introduce a parameter βV defined 

as the ratio of the activation volume to the total volume of unfolding 47:   

 

𝛽𝑉,𝐹 = 1 − 𝛽𝑉,𝑈 =⁡
(𝜕𝐺𝑓

# 𝜕P⁄ )
𝑇
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𝑇
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#
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The 𝛽𝑉,𝐹 parameter is similar to βT, Tanford beta-parameter used in the analysis of the position of 

the transition state relative to the native and unfolded states in denaturant-induced kinetic 

experiments 48, and expressed as the ratio of the activation to equilibrium Gibbs energy, G: 

 

𝛽𝑇 =⁡
𝜕𝐺𝑓

# 𝜕[𝑑𝑒𝑛. ]⁄

𝜕𝐺𝑒𝑞 𝜕[𝑑𝑒𝑛. ]⁄
= ⁡

𝑚𝐹
#

𝑚𝐸𝑞

⁡ 

 

The 𝛽𝑉,𝐹values larger than 1 will indicate that the volume of the transition state is larger than the 

volume of the folded state.  In this case increase in hydrostatic pressure will slow down the rates 

of unfolding, thus making a protein kinetically more stable at higher pressures.  The 𝛽𝑉,𝐹 values 

less than 1 will indicate that the volume of the transition state is in-between the volumes of the 

folded and unfolded states. Furthermore, the values of 𝛽𝑉,𝐹 that are smaller than 0.5 will suggest 

that the volume of the transition state is closer to the unfolded state, while values larger than 0.5 

will indicate that the TSE is volumetrically closer to the native state.   

Comparison of experimental and computed 𝛽𝑉,𝐹 parameters is shown in Figure 3.  In all 

cases, 𝛽𝑉,𝐹 is less than 1, suggesting the volume of TSE for all six studied proteins is larger than 

the volume of unfolded state but smaller than the volume of the native state.  It is also evident that 

for two proteins, ubiquitin (1UBQ) and photosystem II 23kDa protein (4RTI) the transition state 

is closer to the unfolded state.  The remaining four proteins, judging by their 𝛽𝑉,𝐹 values, have 

their TSE closer to the native state.   

 

3.2 Conclusions 

It is remarkable, that the computed and experimentally derived βV values are rather similar.  

Based on this, one can argue, that the method presented here can be valuable for gaining additional 

insight into transition state ensembles, through the lenses of the volumetric properties of TSE.  

However, it also implies that because the volume of TSE appears to be, both from experimental 

data and our computational analysis, in-between the volumes of folded and unfolded states, 

hydrostatic pressure will impair protein kinetics stability by increasing the rates of unfolding.  

Thus, proteins from piezophilic organisms that live under high hydrostatic pressure will need to 

employ adaptation mechanisms that counteract it.  These mechanisms remain to be discovered. 
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Figure Legends 
 

 
 

Figure 1.  Comparison of the results of calculations, VTot (red), with the experimentally 

measured total volume changes upon unfolding of six proteins studied here, VExp 

(black).   
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Figure 2.  Comparison of the results of calculations from SBM and experiments on the activation 

volume of folding/unfolding reaction for six proteins studied here. A. Ubiquitin 

(1UBQ); B. Tendamistat (1OK0); C. P13-oncogene (1QTU); D. Trp-repressor 

(3WRP); E. Azurin (5AZU); F. PhotosystemII 23 kDa protein (4RTI).   Each of the six 

panels shows (clock counter-wise starting in the upper left corner): the cartoon of the 

corresponding protein structure, the contact plot based on the x-ray structure, color-

coded by fraction of contacts formed for the TSE, weighted probability of the potential 

energy as a function of Q (fraction of native contacts), and comparison of relative 

volumes of unfolded, TS and folded ensembles from the experiments (black) with 

computed, for each ensemble, values (red).  The width of the volume bar corresponds 

to the range of Q-values used to compute the volumes of TSE. 

  



 
 

Figure 3.  Comparison of the 𝛽𝑉 values from experiment (𝛽𝑉,𝐹⁡ - black, 𝛽𝑉,𝑈 - green) with 

calculations (𝛽𝑉,𝐹⁡ - red; 𝛽𝑉,𝑈 - blue).   

  

1UBQ 1OK0 1QTU 3WRP 5AZU 4RTI

b
V

,U
  
  
  
  
  
 b

V
,F

-1.00

-0.75

-0.50

-0.25

0.00

0.25

0.50

0.75

1.00



For Table of Contents Use Only 
 

 
 

Unfolded Ensemble

Folded Ensemble

TS Ensemble


