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ABSTRACT 

Piezophiles are extremophilic organisms that have evolved to survive at high 

hydrostatic pressures. They can be found at ocean depths of 11,000 meters where pressures 

reach 1,100 atmospheres and can even survive deep within in the Earth’s crust. Multitudes 

of thermophilic and piezophilic organisms thrive around hydrothermal vents where 

temperatures and pressures reach up to 400°C and 250 atm. 

The existence of organisms at these extreme conditions is remarkable as the 

building blocks of life, proteins and nucleic acids, require a specific native three-

dimensional structure to be functional, whereas environmental stressors like high pressure 

can denature these molecules and prevent organisms from growing at these conditions. 

Therefore, piezophiles must possess special adaptations in their macromolecules to handle 

these extreme conditions. To characterize these possible adaptations, we must first 

understand the relationship between pressure stability and properties of the 

macromolecule. 

The effect of pressure on macromolecular stability is directly related to the change 

in volume upon unfolding of a macromolecule, ΔVTot = (∂ΔGu/∂P)T. Experimentally, this 

value can range from -4 to +1% for proteins, indicating that pressure can either stabilize 

or destabilize proteins. The molecular details behind the magnitude and sign of volume 

changes upon unfolding have so far been unresolved. In addition, there exists a large 

discrepancy between the expected theoretical ΔVTot and the values observed from 

experiment, termed the “Protein Volume Paradox”. These are obstacles to obtaining a 

quantitative understanding of the volumetric changes that occur upon protein folding, 

denying insights into the strategies for imparting pressure stability to proteins. 

In the following chapters, we detail the steps taken to resolve this discrepancy 

through the creation of a geometric volume calculator for 3D structures (Chapter 2), the 

formulation of a rigorous volume decomposition scheme and calculation model for 

proteins, and the parameterization of the volumetric effects of hydration (Chapter 3). This 

resulted in excellent quantitative agreement with experimental ΔVTot values and resolution 

of the Protein Volume Paradox. We then extend the volumetric calculation model to 

encompass a temperature range of 280-340K to investigate the molecular determinants 

behind the positive temperature dependence of ΔVTot (Chapter 4), revealing that hydration 
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volume is the primary contributor to protein expansivity and change in protein 

expansivity. Finally, we apply the volumetric decomposition scheme and calculation 

methodology to nucleic acids (Chapter 5). We obtain quantitative agreement of ΔVTot 

values with experiment, demonstrating the robustness and generalizability of the volume 

decomposition and calculation method previously used for proteins. 

The work presented here demonstrates the possibility of quantitative calculation 

of the individual volumetric properties of proteins, nucleic acids, and their changes upon 

unfolding. It opens the possibility for a proteome-wide analysis of pressure-stable proteins 

to better understand the underlying volumetric and structural characteristics that lead to 

pressure stability. It also reveals the potential strategies for engineering increased pressure 

stability in proteins by positively increasing ΔVTot and Δα through the increase of non-

polar surface area upon unfolding and/or improvement of the protein packing efficiency. 
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1. Introduction 

Proteins and nucleic acids are the building blocks of cellular life. They catalyze 

biochemical reactions, allow for complex cell signaling, store genetic information which 

encodes the innate programming of the cell, and enable the evolutionary process - the 

recombination and transfer of information across generations. The myriad functions of 

proteins and nucleic acids require a specific three-dimensional fold to work. The 

surrounding environmental conditions, temperature and pressure, perturb the stability of 

this native fold and can result in the inactivation of the macromolecule 1. Therefore, 

evolution of native stability at the respective environmental conditions is of utmost 

importance2–5 since all life is dependent on the collective stability of these 

biomacromolecules. 

It is thus remarkable that extremophilic or extremotolerant organisms can survive 

or tolerate the most radical ranges of temperature and pressure. For example, the 

tardigrade (“water bear”) in its cryptobiotic state can withstand pressures of up to 74,000 

atm6, the vacuum of space 7, temperatures ranging from -253°C8 to 100°C9,10, and gamma 

radiation levels a thousand times higher than the lethal dose for humans 11. Organisms 

have been found living at the bottom of the Mariana trench12–15, where pressures reach 

1,100 atm, and even in the deepest layer of the ocean crust16, 1,300 meters below the ocean 

floor. It has been hypothesized that early life evolved in proximity to hydrothermal vents 

due to the supply of organic material and sufficient thermal energy for synthesizing early 

biomolecules17. The temperatures and pressures surrounding hydrothermal vents can 

reach up to 400°C and 250 atm, yet many thermophiles and piezophiles have been isolated 

from deep sea vents 18–20. Some of these organisms can only survive at those extreme 

conditions 15,18, revealing the extent of their adaptation. 

The abundance of life at these relatively extreme temperatures and pressures raises 

questions of the nature of the adaptations necessary for survival for extremophilic 

organisms and their constituent macromolecules. To understand how these adaptations 

might impart temperature or pressure stability to a macromolecule, we must first 

understand the thermodynamic relation between the effects of pressure and temperature, 

and the stability of a macromolecule. 
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The stability of a macromolecule is described by the change in Gibbs free energy 

upon unfolding, ΔGu. The equilibrium fraction of native to unfolded states favors the 

native state when ΔGu > 0, is equal at ΔGu = 0, and favors the unfolded state when ΔGu < 

0. The ΔGu can be expressed as a function of both temperature and pressure: 

 

 
∆𝐺(𝑃, 𝑇) = ∆𝐺0 − ∆𝐶𝑃 [𝑇 ∙ ln (𝑇

𝑇𝑜
⁄ − 1) + 𝑇𝑜] + ∆𝛼 ∙ (𝑃 − 𝑃𝑜) ∙ (𝑇 − 𝑇𝑜)

+ ∆𝑉Tot ∙ (𝑇 − 𝑇𝑜) + ∆𝛽 2⁄ ∙ (𝑃 − 𝑃𝑜)2 

(1.1) 

 

In this function, T0 and P0 refer to a reference temperature and pressure, usually 

taken to be 300K and 1 atm. The ΔG0 is the change in Gibbs free energy at the reference 

temperature and pressure. At a constant temperature, T - T0 = 0, the only terms that affect 

stability are the change in volume upon unfolding, ∆VTot, and the change in compressibility 

coefficient, Δβ = (∂ΔVTot/∂P)T. The Δβ value is very small and often ignored21, leaving 

only the change in volume upon unfolding as the determinant of pressure stability, as 

described by: 

 

 (
𝜕Δ𝐺u

𝜕𝑃
)

𝑇
= ∆𝑉Tot = 𝑉Tot,U − 𝑉Tot,N (1.2) 

   

This equation indicates that the sign of the change in volume upon unfolding, 

∆VTot, dictates whether pressure stabilizes or destabilizes a macromolecule. If the sign of 

∆VTot is positive, an increase in pressure will result in a positive increase the change in 

Gibbs free energy upon unfolding, ΔGu. This makes the unfolding process less 

energetically favorable and allows the macromolecule to remain stable at higher pressures, 

i.e. higher fraction of native to unfolded population. Conversely, a negative ∆VTot results 

in destabilization at higher pressures. 

Most proteins undergo a negative change in volume upon unfolding22–25, ranging 

from -4% to +1%, indicating that elevated pressure will destabilize the protein. 

Understanding the molecular reasons for this negative change in volume upon unfolding 

for most proteins would provide insight into the molecular determinants behind the effect 

of hydrostatic pressure on protein and nucleic acid stability. In addition, it would allow us 
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to pinpoint possible methods of engineering a more positive ∆VTot, i.e. pressure stability, 

for proteins and nucleic acids. However, understanding the volumetric changes on a 

molecular level requires a robust and quantitative method of volume decomposition of a 

macromolecule. 

The following chapters document the journey of creating this volumetric 

decomposition scheme and the investigation the volumetric changes on the molecular 

level. We first started by writing a software program to calculate the individual geometric 

volume components of a 3D PDB structure (Chapter 2). Then, we expanded the volumetric 

model to include the effects of hydration and showed that the model was sufficient to 

accurately calculate the changes in protein volume upon unfolding (Chapter 3). While 

agreement with experimental ∆VTot values was encouraging, the change in volume upon 

unfolding is not static but temperature dependent. Therefore, we investigated which of the 

volumetric components in our decomposition scheme were responsible for this volumetric 

temperature dependence (Chapter 4). Finally, the protein volume decomposition scheme 

was extended to nucleic acids to determine if the methodology was robust and 

generalizable (Chapter 5). 

Given the sheer number of piezophilic organisms on this planet and the theory that 

early life evolved in high pressure conditions around hydrothermal vents, there is a 

disproportionate lack of clear understanding of how piezophiles survive in these 

environments. Indeed, there is an immense biological significance to understanding the 

molecular reasoning behind pressure stability for the sake of learning about piezophilic 

evolution. It is our hope that the work enclosed in this document has aided in the search 

for this answer. 
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2. ProteinVolume: Calculating Molecular van der Waals and Void 

Volumes in Proteins 

2.1 Abstract 

2.1.1 Background 

Voids and cavities in the native protein structure determine the pressure unfolding 

of proteins. In addition, the volume changes due to the interaction of newly exposed atoms 

with solvent upon protein unfolding also contribute to the pressure unfolding of proteins. 

Quantitative understanding of these effects is important for predicting and designing 

proteins with predefined response to changes in hydrostatic pressure using computational 

approaches. The molecular surface volume is a useful metric that describes contribution 

of geometrical volume, which includes van der Waals volume and volume of the voids, to 

the total volume of a protein in solution, thus isolating the effects of hydration for separate 

calculations. 

2.1.2 Results 

We developed ProteinVolume, a highly robust and easy to use tool to compute 

geometric volumes of proteins. ProteinVolume generates the molecular surface of a 

protein and uses an innovative flood-fill algorithm to calculate the individual components 

of the molecular surface volume, van der Waals and intramolecular void volumes. 

ProteinVolume is user friendly and is available as a web-server or a platform-independent 

command-line version. 

2.1.3 Conclusions 

ProteinVolume is highly accurate and fast application software to interrogate 

geometric volumes of proteins. ProteinVolume is a free web server available on 

http://gmlab.bio.rpi.edu. Free-standing platform-independent Java-based ProteinVolume 

executable is also freely available at this web site. 

                                                 

This chapter previously appeared as: Chen, C. R. & Makhatadze, G. I. ProteinVolume: calculating molecular 

van der Waals and void volumes in proteins. BMC Bioinformatics 16, 1–6 (2015). 
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2.2 Background 

The volume that a protein occupies in solution is an important thermodynamic 

parameter: the change in protein volume upon unfolding defines the changes in stability 

as a function of pressure, ΔV = (∂ΔG/∂P)T. Experimental studies have shown that such 

changes upon unfolding of proteins are small and range from −4.0 to +1.0 %26–28. The 

volume of a protein in solution can be divided into its protein-solvent interaction volume 

and geometric volume. The protein-solvent interaction volume is affected by the 

hydrophobicity, polarity, and charge distribution of surface residues of the protein. The 

geometric volume is the solvent-excluded volume, which is enclosed within the solvent-

excluded surface (Figure 2.1). The solvent-excluded surface was termed the molecular 

surface by Richards in 197729. In this paper, we will refer to the solvent-excluded volume 

as the molecular surface volume (VMS). The molecular surface volume comprises of the 

intrinsic volume of protein atoms termed van der Waals volume (VvdW), and the 

intramolecular void volume (VVoid) that arises due to imperfect packing between protein 

atoms (Figure 2.1). The solvent accessible surface is the surface delineated by the center 

of a solvent probe rolling around the protein. The volume enclosed by this surface is 

termed the solvent accessible volume (VSA). The volume enclosed between the solvent 

accessible surface and molecular surface is the envelope volume (VE = VSA - VMS). It is 

well established that the voids in the native protein structure determine the pressure 

unfolding of proteins23,30. In this paper, we will focus on the calculation of the geometric 

volume of a protein enclosed within the molecular surface, which can be computed 

knowing the Cartesian coordinates of protein atoms found in PDB structure files. 
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Figure 2.1: Schematic diagram depicting surface and volume definitions. The solvent accessible surface 

is made by tracing out the center of solvent probes (blue circles) rolled around the entire protein surface. 

The molecular surface definition cleanly separates geometric or solvent-excluded volume (VSA) from the 

envelope volume (VE) reflecting to solute-solvent interactions. The molecular surface volume (VMS) is the 

sum of the van der Waals (VvdW) and void volumes (VVoid). 

Currently there are several algorithms to calculate geometric volumes of proteins. 

They can be divided into three distinct categories. The first is 3D grid-based calculations 

and include VOIDOO31, AVP32, 3V33, Voronoia34. The second category uses analytical 

methods and includes MSROLL35, VORLUME36 and ALPHAVOL37. The third category 

includes calculations based on Delaunay triangulation such as VADAR38 or Monte Carlo 

method such as MCVOL39. Each of these methods has its own advantages but more 

importantly some disadvantages. For example, 3D-grid methods have irreproducibility 

issues due to the positioning of protein structure on the grid. The Delaney triangulation 

does perform well in the protein interior but suffers from uncertainty of how protein 

boundaries are delineated. These issues are sometimes further amplified upon 

implementation in software packages that are usually written to evaluate a particular 

property (see comparison in Table 2.1). 
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Table 2.1: Comparison of different software packages for calculation of volumes of proteins. 

Software Volume 

Type 

Web- 

Server 

vdW 

radii 

vdW radii 

selectable 

Explicit 

Hydrogens 

Probe size 

adjustable 

Algorithm Issues 

ProteinVolume VMS 
VVoid 

VvdW 

Yes40 All-atom Yes Yes Yes Flood-

Filling 

 

MCVOL VMS 
VvdW 

VVoid 

No All-atom Yes Yes Yes Monte Carlo Slight deviation per run 

(<0.5%) 

VOIDOO VvdW 

VSA 

VVoid 

No All-atom Yes Yes Yes 3D-grid No VMS 

AVP VVoid No United No Yes Yes 3D-grid No VMS AVP produces VVoid 
volumes are 30% lower than 

all other programs. 

3
V VMS 

VvdW 

VVoid 

Yes41 All-atom Yes (not 

for web- 

server) 

Yes Yes 3D-grid Web server has a max grid 

resolution of 0.5A, which 

produces VMS that is 10-15% 

larger than other software. 

Voronoia VMS 
VVoid 

VvdW 

Yes42 United Noa No Yes 3D-grid Large overestimation of VMS 
due to radii set. Some heavy 

atoms missing from volume 

calculation. 

VADAR VMS 
parts of 

VE 

Yes43 United Nob No No Voronoi/ 

Delaney 
No VMS 

                                                 

a Selectable from ProtOr or Stouten 
b Selectable from Chothia, Eisenberg, Richards or Shrake 
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GEPOL VMS 
VvdW 

No All-atom Yes Yes N/A Numerical 

tessellation 

Limit to 100,000 surface 

points 

MSROLL VMS 
VvdW 

VVoid 

No All-atom Yes Yes N/A Analytical Susceptible to geometrical 

degeneracies 

VORLUME VvdW 

VSA 

No United No No N/A Alpha- 

Shapes 
No VMS 

ALPHAVOL VvdW 

VSA 

No United No Polar Only N/A Alpha- 

Shapes 
No VMS, limit 500 amino 

acid residues 

 

 



 

 9 

Several methods calculate VvdW and VSA. VOIDOO is a 3D grid-based algorithm 

that calculates the VvdW and/or VSA of a protein. VORLUME and ALPHAVOL are 

analytical alpha-shape methods that also calculate VvdW and/or VSA. Another method to 

calculate protein volume involves partitioning the space around each atom into Voronoi 

polyhedra, as implemented by Finney in 197044 and Richards in 197445. However, this 

method does not calculate any of the volumes individually, but instead calculate the sum 

of the VvdW, VVoid, and portions of the VE. Parts of the VE are assigned to surface atoms 

because the boundary separating protein and bulk solvent is drawn between the surface 

atoms and neighboring solvent molecules. Thus, the boundary separating protein and bulk 

solvent is highly dependent on the method used for the placement of the solvent molecules. 

Depending on the placement method, the volume and packing density of surface atoms 

will vary. Since parts of the VE are grouped with protein atoms, it is impossible to separate 

hydration or geometric volume components from the total volume computed using 

Voronoi polyhedra methods. 

It is crucial to separate geometric and hydration volumes of a protein to understand 

the magnitude of contribution of each of these components to the total volume of a protein 

in solution. Therefore, it is necessary to calculate the VMS of a protein instead of VSA and 

VvdW. Unfortunately, there are a limited number of non-grid based programs that can 

calculate VMS. MCVOL uses a Monte Carlo algorithm to approximate the VMS of a protein, 

whereas MSROLL analytically calculates VMS. However, both programs have inherent 

limitations. MCVOL will underestimate VVoid when the diameter along the shortest axis 

of a cavity is larger than 2.8 Å, because a point is considered part of the solvent if it is 

more than 1.4 Å away from the surface of any protein atom. MSROLL is extremely fast, 

but it suffers from lower robustness when encountering degenerate geometry. Finally, 

neither is available as a web-server. We present ProteinVolume, a robust method to 

numerically calculate VMS, VvdW and VVoid using a flood-fill algorithm to generate the 

molecular surface and fill the surface interior with high-resolution probes. Volume probes 

can dynamically reduce their radius when needed, increasing the accuracy of numerical 

approximation. 
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2.3 Implementation 

ProteinVolume is available as free-standing software as well as via a web-based 

interface from http://gmlab.bio.rpi.edu. Below we describe the overall properties of the 

ProteinVolume followed by the description of web-server. 

2.3.1 Surface Generation 

The surface of a protein is generated from the user provided Protein Data Bank 

(PDB) coordinates using a flood-fill algorithm operating in the spherical coordinate 

system, analogous to rolling a ball on the surface of a protein. The furthest atom from the 

protein center of mass is selected as the starting atom. Then, an exhaustive ray-sphere 

intersection test is carried out on all angles around the starting atom to find an unoccupied 

position for a probe with 1.4 Å radius. This is the starting position for the surface 

algorithm. The starting spherical coordinates are converted into Cartesian coordinates and 

then the surface is grown from that starting point using a flood-fill algorithm. A hashset is 

used to store all previously visited locations on each atom surface to prevent backtracking. 

To detect inter-atom surface probe collisions, all surface probes within nearby spatial bins 

are tested for distance below a minimum cutoff, the surface probe minimum distance 

(default value set to 0.1 Å). For reference, this method generates approximately 500,000 

surface probes for the native structure of ubiquitin (1UBQ, 76 residues, 1,231 atoms) in 

~2 seconds on a single core of an i7-3630QM. 

2.3.2 Volume Calculation 

The total volume and van der Waals volume of a protein is also calculated using a 

flood-fill algorithm (see Figure 2.2). The atom closest to the center of mass of the protein 

is selected as the starting point. A volume probe is then placed at the center of the starting 

atom and volume probes are grown outwards until they are 1.4 Å away from any surface 

probe, thus filling the molecular surface. Upon collision with any surface probe, a volume 

probe is replaced by 8 new volume probes with half its radius as to increase the volume 

calculation resolution. This process continually repeats itself upon collision until the new 

volume probe is less than the preset minimum volume probe radius. Volume probes are 

treated as cubes for the purposes of volume calculations. The sum of all volume probes is 
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calculated and reported as the total protein volume (VMS). Van der Waals volume is also 

calculated during the same step as the total volume calculation procedure, but with an 

additional check of whether the volume probe is within the van der Waals radius of a 

protein atom. A probe which lies on top of a van der Waals boundary will be randomly 

accepted based on its magnitude of overlap with the atom. This increases the accuracy of 

the van der Waals volume calculation and reduces the volume underestimation of 

numerical integration methods. The sum of all van der Waals volume probes is calculated 

and reported as van der Waals protein volume (VvdW). Void volume, VVoid, is calculated as 

the difference between the total volume and the van der Waals volume. 

 

Figure 2.2: Cartoon representation of probes filling the voids inside a protein. For illustrative purposes, 

this picture was generated with the probe size (yellow) fixed at 0.2 Å. Actual calculations were run with the 

starting probe size of 0.04 Å (see Figure 2.3). 

2.3.3 Optimizations 

Grid-based spatial binning is employed to reduce the number of collision checks 

when placing a new volume probe in the protein. The entire 3D coordinate space is divided 

into cubic spatial bins of 2 Å diameter. This value is slightly larger than the radius of the 

largest protein atom which will minimize the number of possible bins an atom can occupy. 
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Each existing protein atom and generated surface probe is added into a hashmap of spatial 

bins before volume calculation. The data structure of the hashmap is a spatial bin index 

and an ArrayList of atoms/probes. The spatial bin index is calculated from the 9 possible 

extreme edges of each sphere and duplicate bin indices are ignored. When testing for a 

collision between volume probes and surface atoms or nearby protein atoms, only spatial 

bins surrounding the volume probe are selected for collision testing as to reduce 

computational time. This results in an overall runtime complexity of O(n), where n is the 

number of atoms in the system. 

2.3.4 Language and Libraries 

ProteinVolume was programmed in Java (JDK 1.7) using the Trove collections 

library for higher performance and overall lower memory usage. ProteinVolume is 

platform independent and can be run on any platform with a Java runtime environment. 

2.3.5 ProteinVolume Web Interface 

ProteinVolume web interface allows users to upload PDB files and run 

ProteinVolume from any device without expending their local computing resources. We 

have strived to create a clean, user-friendly, and responsive interface for ease of use. All 

interactions with the server are AJAX-powered, which provides a native feel to the 

application. Users are presented with a form that allows them to upload file(s) of interest 

and fill in their names and email addresses. Anonymous users are allowed to upload one 

PDB file whereas users providing their name are allowed to upload up to ten PDB files. 

After the PDB files are uploaded, users are placed into a queue. As resources become 

available, the job is executed and the output of the program is displayed in real time to the 

user and a progress bar is displayed. The progress bar shows the percent completion value, 

estimated based on the total number of atoms in all submitted PDB files and the selected 

ProteinVolume options. 

2.3.6 Input Structure Preparation 

The default option of ProteinVolume uses explicit hydrogen atoms and Bondi46 

van der Waals radii for all atoms due to overestimation of van der Waals volumes when 

united atom radii are used. It is highly recommended to energy minimize all structures 
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before volume processing to reduce unfavorable steric clashes that will skew volume 

results and make volume comparisons inaccurate. For example, we routinely energy 

minimize our proteins using the CHARMM2747 all-atom forcefield in GROMACS48 for 

1 ps using the steepest decent method in implicit solvent and a 1 nm cutoff for electrostatic 

interactions. This will also add all hydrogen atoms to the structure. The user can add 

minimization as a preprocessing option to web server calculations. Alternatively, the 

hydrogen atoms can be explicitly modeled using REDUCE software49. In the executable 

version of ProteinVolume, the user can modify the van der Waals radii set by editing 

parameter file. If hydrogen atom radius is set to zero, hydrogens will be ignored in the 

calculations. 

2.3.7 Performance 

The volume calculation of a protein ranges from seconds to minutes depending on 

protein size and program options. On a single core of an i7-3630QM @ 2.4ghz, the 

structure of ubiquitin (1UBQ, 76 residues) takes ~1 minute to calculate with 0.08 Å 

starting probe size, 0.02 Å ending probe size, and 0.1 Å surface probe minimum distance. 

With the current server hardware, the same protein with the same parameter settings takes 

~9 min. The computational complexity of the algorithm is O(n) or linear, where n is the 

number of atoms in the system, due to spatial binning optimizations which limit the 

number of pairwise distance calculations. 

2.3.8 Robustness 

A set of 1,379 high-resolution (<1.7 Å) crystal structures had their native 

ensembles modeled and calculated with ProteinVolume. MODELLER50 was used to 

model the native ensemble, which contained 11 structures per protein. The range of protein 

sizes was between 40 to 1,052 amino acid residues. The total number of structures tested 

was 15,169. For all structures, ProteinVolume successfully calculated volumes without 

runtime errors. 
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2.4 Results 

2.4.1 The Effects of the Probe Size Parameters 

Three parameters, starting probe size, ending probe size, and surface probe 

minimum distance, have a significant effect on the running time and accuracy of the 

algorithm. 

The starting probe size is the initial radius of probes prior to collision with protein 

atoms or surface probes. Probes halve in radius upon collision with protein atoms or 

surface probes to increase the accuracy of calculations. The ending probe size specifies 

the minimum radius of all probes. Probes that would become smaller than the ending probe 

size after division are prevented from dividing. Increasing the starting and ending probe 

sizes speeds up computational time at the expense of volume accuracy due to imperfect 

packing of the probes around the edges of protein atoms and the protein surface. The 

default value of starting and ending probe sizes is 0.08 Å and 0.02 Å, respectively, which 

provides a good balance between runtime and accuracy (see Figure 2.3A). 

 

Figure 2.3: The effects of the probe size parameters on the running time and accuracy of the 

algorithm. Panel A. Dependence on the starting probe size. Panel B. Dependence on the surface probe 

minimum distance. Blues lines – the running time; Red bars – default parameters used in all calculations 

(see text for details). 
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The surface probe minimum distance is the minimum distance at which two 

surface probes can be placed next to each other. When this value is increased, surface 

probe density decreases which causes a significant reduction in pairwise distance 

calculations made and reduces processing time taken. The default value for surface 

resolution is 0.1 Å. Increasing this up to 0.4 Å will decrease computational time at the 

expense of accuracy of the calculations (Figure 2.3B). A surface probe minimum distance 

of 0.1 Å generates a very high-resolution surface of approximately 5,000 probes per a 

single isolated atom. 

2.4.2 Benchmarking 

ProteinVolume was benchmarked against two volume calculation programs: 

MCVOL and MSROLL. MCVOL uses a Monte Carlo algorithm to approximate the VMS 

and VVoid of a protein. MSROLL analytically calculates the VMS of a protein. Triangles 

occupying the intersection volume between atoms are discarded. VMS is calculated by 

summing the volume of each triangular pyramid formed by the tessellated surface to the 

center of each atom. 217 ultra-high resolution (0.7-1.2 Å) crystal structures51,52 were 

selected for benchmarking volume calculations. These two were selected because they 

directly compute VMS. The average VMS deviation between ProteinVolume and MCVOL 

or MSROLL was 0.2 % and 0.7 %, respectively (Figure 2.4). The excellent agreement of 

ProteinVolume, with MSROLL and MCVOL shows that ProteinVolume is accurately 

calculating VMS. Since VOIDOO, Vorlume, and AlphaVol directly compute VSA instead 

of VMS, direct comparison with ProteinVolume volumes is not possible, yet the VvdW 

computed by for example VOIDOO is in excellent agreement with VvdW computed by 

ProteinVolume (Figure 2.4). To test whether ProteinVolume accuracy was dependent on 

crystallographic resolution, calculations performed on a set of proteins, solved to an ultra-

high resolution (0.7 - 1.2 Å, n = 217) was compared to a set solved to high resolution (1.2 

- 1.7 Å, n = 1,161). As expected53, both sets display the same slope and intercept for the 

dependence of volume on the protein size (Figure 2.4). This indicates that accuracy of 

ProteinVolume is independent of the crystallographic resolution. 
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Figure 2.4: The size scaling behavior of geometric of volumes of proteins and comparison of the 

volumes calculated using ProteinVolume with other software packages. Panel A. Dependence of the 

molecular surface volume (circles, VMS), the van der Waals volume (triangles, VvdW) and void volumes 

(upside-down triangles, VVoid) on number of amino acid residues in proteins (Naar) from ultra-high 

crystallographic resolution (0.7-1.2 Å) set (red symbols) and high crystallographic resolution (1.2-1.7 Å) set 

(open symbols) calculated using ProteinVolume. The linear regression lines for ProteinVolume calculations 

on ultra-high and high-resolution sets are indistinguishable, indicating that ProteinVolume results are not 

dependent on crystallographic resolution. The results from ProteinVolume are also compared to relevant 

volumes calculated using McVol (blue squares) and MSROLL (green triangles). The van der Waals (VvdW) 

volumes calculated by VOIDOO are shown in cyan circles. Panel B. Dependence of fraction of void volume 

on protein size for ultra-high crystallographic resolution (0.7-1.2 Å) set (red circles) and high 

crystallographic resolution (1.2-1.7 Å) set (open squares) calculated using ProteinVolume. 

2.4.3 Scaling Behavior of Geometric Volumes of Proteins 

Figure 2.5A compares the dependences of VMS, VvdW and VVoid on the number of 

amino acid residues in proteins. The dependence is linear in all three cases suggesting that 

as the protein size increases, the corresponding geometric volumes also increase. The 

slopes of the dependences, however is not the same, it is the largest for VMS and smallest 

for VVoid. In other words, as the total volume of protein increases the fraction of void 

volume, fVoid = VVoid/VMS increases nonlinearly. In fact, smaller proteins have smaller fVoid 

than the larger ones (Figure 2.5B). The dependence plateaus at ~200-250 amino acid 
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residues which is considered to be an upper limit of protein domains54,55. Longer proteins 

with more than ~250 amino acid residues usually consist of multiple structural domains56. 

 

Figure 2.5: The size scaling behavior of geometric volumes of proteins. Panel A. Dependence of the 

molecular surface volume (circles, VMS), the van der Waals volume (triangles, VvdW) and void volumes 

(upside-down triangles, VVoid) on number of amino acid residues in proteins (Naar). Panel B. Dependence of 

fraction of void volume on protein size. 

The void volumes inside the proteins, i.e. the magnitude of VVoid, have been 

implicated in determining the pressure unfolding of proteins23,30. The prediction based on 

the scaling behavior of VVoid is that larger proteins will be more prone to unfold under 

pressure. This prediction still awaits experimental validation. 

2.5 Conclusions 

We present ProteinVolume, a volume calculator that reports the van der Waals 

(VvdW), void (VVoid), and total volume (VMS) enclosed within the molecular surface a 

protein. The VMS, or solvent-excluded volume, can be thought of as the geometric volume 

contribution of a protein which consists of van der Waals and intramolecular void volume. 

This allows us to clearly separate the volume contribution of the protein geometry (VMS) 

and the protein-solvent interactions (hydration volume). The sum of these two components 

should result in a better approximation of the apparent volume of a protein molecule in 

solution than other computational models which are based on the volume enclosed by the 
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accessible surface area. Finally, partitioning the volume components into intrinsic (VMS) 

and hydration components will lead to a quantitative insight of each term, and will allow 

rational engineering of volume changes in proteins. 
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3. Molecular Determinant of the Effects of Hydrostatic Pressure on 

Protein Folding Stability 

3.1 Abstract 

Hydrostatic pressure is an important environmental variable that plays an essential 

role in biological adaptation for many extremophilic organisms (e.g. piezophiles).  

Increase in hydrostatic pressure, much like increase in temperature, perturbs the 

thermodynamic equilibrium between native and unfolded states of proteins.  

Experimentally it has been observed that increase in hydrostatic pressure can both increase 

and decrease protein stability.  These observations suggest that volume changes upon 

protein unfolding can be both positive and negative.  The molecular details of this 

difference in sign of volume changes have been puzzling the field for the past 50 years.  

Here we present a comprehensive thermodynamic model that provides in-depth analysis 

of the contribution of various molecular determinants to the volume changes upon protein 

unfolding.  Comparison with experimental data shows that the model allows quantitative 

predictions of volume changes upon protein unfolding, thus paving the way to proteome-

wide computational comparison of proteins from different extremophilic organisms. 

3.2 Introduction 

Many extremophilic organisms, the so called barophiles, evolved to live under 

high hydrostatic pressure57,58.  These organisms generally populate the deep ocean floor 

where hydrostatic pressure can reach 1,100 atm59,60.  Evolving to live under high 

hydrostatic pressure is not exclusive to single cell organisms.  For example, the segmented 

microscopic animal tardigrade (“water bear”) can tolerate in their dormant state pressures 

up to 6,000 atm2.  Pompeii worms (Alvinella pompejana) are species of polychaete worms 

that live at high pressures and temperatures near hydrothermal vents on the ocean floor61.  

Bacterial species have been isolated from 1,351 meters into the Earth’s crust where 

temperatures reach 102C and pressure is estimated to be in excess of 3,000 atm16,62.  

                                                 

This chapter previously appeared as: Chen, C. R. & Makhatadze, G. I. Molecular determinant of the effects 

of hydrostatic pressure on protein folding stability. Nat. Commun. 8, 14561 (2017). 
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There are also reports of prokaryotic organisms at the bottom of oil well sediments and 

deep in the Arctic ice63.   

 

What are the potential physico-chemical implications for adaptation to high 

hydrostatic pressure?  Biomacromolecules (proteins, DNA, RNA, lipid membrane) adopt 

unique three-dimensional structures (native or folded state) that are required for their 

biological function.  The stability of these structures is very important for their function 

and thus biomacromolecules need to evolve to remain folded under the respective living 

conditions2–5.  Increasing pressure, much like increasing temperature, perturbs the 

thermodynamic equilibrium between native folded state, N, and denatured unfolded state, 

U. 

 

 N ⇄ U (3.1) 

 

The response of the system to changes in pressure or temperature is governed by 

Le Chatelier’s principle.  Le Chatelier’s principle is “the tendency of a system to return to 

equilibrium by moving in the direction opposite to that caused by external perturbation”64.  

For a two-state equilibrium between N and U states, the temperature response is described 

by a well-known van’t Hoff equation.   

 

 𝑙𝑛𝐾 = −
∆𝐻

𝑅𝑇
+

∆𝑆

𝑅
 (3.2) 

 

where ΔH=HU-HN is the enthalpy change upon unfolding, K is the equilibrium 

constant and R is the universal gas constant.  For a two-state equilibrium between N and 

U states, the pressure response is defined by a sign of the volume change upon unfolding, 

ΔVTot,  

 

 (
𝜕𝑙𝑛𝐾

𝜕𝑃
)

𝑇
= −

∆𝑉𝑇𝑜𝑡

𝑅𝑇
= −

𝑉𝑇𝑜𝑡,𝑈 − 𝑉𝑇𝑜𝑡,𝑁

𝑅𝑇
 (3.3) 
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Combining equations 3.2 and 3.3 allows deriving the pressure-temperature phase 

diagram for protein stability65:  

 

 ∆𝐺(𝑃, 𝑇) = ∆𝐻 − ∆𝑆 ∙ 𝑇 − ∆𝐶𝑃 [𝑇 ∙ ln (𝑇
𝑇𝑜

⁄ − 1) + 𝑇𝑜] + ∆𝛼 ∙ (𝑃 − 𝑃𝑜) ∙

(𝑇 − 𝑇𝑜) + ∆𝑉𝑇𝑜𝑡 ∙ (𝑇 − 𝑇𝑜) + ∆𝛽 2⁄ ∙ (𝑃 − 𝑃𝑜)2  

(3.4) 

  

where ΔH, ΔS, and ΔVTot are the unfolding enthalpy, entropy, and volume changes 

at a reference temperature, To, and reference pressure, Po, ΔCp is the heat capacity change 

of unfolding.  The reference temperature, To, and pressure, Po, according to the 

biochemical convention are usually chosen to be 300 K and 0.1 MPa (=1 atm).  The change 

in compressibility upon unfolding, Δ, defined as Δ = (∂ΔV/∂P)T is very small and often 

ignored66.  The change in thermal expansivity upon unfolding, Δ, defined as Δ = 

(∂ΔV/∂T)P is known to be positive59.  Therefore ΔVTot is the key parameter in defining the 

effect of hydrostatic pressure on protein stability.  According to Le Chatelier’s principle, 

if ΔVTot =VTot,U-VTot,N<0, the increase in pressure will shift the equilibrium from N to U, 

i.e. will lead to a decrease in stability.  Similarly, if ΔVTot =VTot,U-VTot,N >0 the increase in 

pressure will shift the equilibrium from U to N, i.e. will lead to an increase in stability.   

 

Here we will limit our discussion to only one type of biopolymers - proteins, but 

some of the issues can be pertinent to nucleic acids and to a lesser degree biological 

membranes.  Experimental studies of the effects of hydrostatic pressure on protein stability 

have shown that most proteins unfold with an increase in pressure (negative ΔVTot), 

although some are actually stabilized (positive ΔVTot).  The volume changes estimated 

from these experiments and also from direct measurements using pressure perturbation 

calorimetry are very small and range from -4% to +1%, relative to the total volume of the 

protein, i.e. ΔVTot/VTot,N,22,25,28,67.  Such small in amplitude and variable in sign changes in 

ΔVTot have been puzzling the field for the last 50 years68–70.  Since the first high-resolution 

structures of proteins have been solved, it has become evident that the native state of 

proteins contains a large number of voids (space inside protein that is not occupied by 

protein atoms) and cavities (voids large enough to accommodate a water molecule but 
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may or may not be occupied by water)29.  It has been shown that the volume fraction of 

the native protein that is occupied by voids ranges between 20% and 30%29,71,72.  The 

presence of voids in the native state qualitatively explains the higher volume of the native 

state relative to the unfolded state.  However, the magnitude of the negative volume 

changes due to the voids is much larger than the total negative volume changes observed 

experimentally and moreover cannot explain the experimentally observed positive volume 

changes.  This led to a suggestion that possibly the volume changes due to the hydration 

of atoms inaccessible to the solvent in the native state and becoming exposed upon 

unfolding might lead to the positive contribution that offsets the negative void volume 

changes73,74.  However, the transfer of model compounds from non-polar solvent into 

aqueous solution was also shown to be accompanied by negative volume changes74.  This 

discrepancy between experimental volume changes and volume changes expected from 

protein structure and transfer studies has been termed the “Protein Volume Paradox”74,75.  

We performed detailed analysis of the two major assumptions (1. all voids in the native 

state contribute to the total volume change upon unfolding and 2. hydration leads to a 

decrease in volume) that led to the formulation of this apparent paradox and showed that 

they are both oversimplified.  We show that the volume changes upon protein unfolding 

can be calculated by explicitly modeling the volumes of the unfolded state ensemble and 

using a proper thermodynamic transfer model to account for the volume changes upon 

hydration. 

3.3 Results  

3.3.1 Definitions 

The volume that a protein molecule occupies in solution is an additive quantity29 

and can be separated into the geometric volume of the protein (VSE), and the volume 

changes in solvent due to the interactions with the protein surface (VHyd).  The geometric 

volume is the volume that is encompassed by the molecular surface as first defined by 

Richards et al29 and will be referred here as solvent-excluded volume (VSE).  The VSE of a 

protein is comprised of its van der Waals (VvdW) and void volume (VVoid) (Figure 3.1).   

 

 𝑉SE = 𝑉vdW + 𝑉Void (3.5) 
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The van der Waals volume is the volume occupied by protein atoms, each given a 

specific van der Waals radius, while the void volume is the space inside the protein that is 

not occupied by protein atoms and is inaccessible to the solvent molecules modeled as 

spherical probes.  The total volume of the protein in solution, VTot, can be defined as the 

sum of two components:  

 

 𝑉Tot = 𝑉SE + 𝑉Hyd (3.6) 

 

The volume changes upon protein unfolding are defined as the difference in total 

volumes of the unfolded, VTot,U, and native, VTot,N, states (Figure 3.1).   

 

 ∆𝑉Tot = 𝑉Tot,U − 𝑉Tot,N = ∆𝑉SE + ∆𝑉Hyd (3.7) 

 

In the following section, we will discuss the volumetric properties of the native 

and unfolded states and the contributions of the individual components, ∆VSE, and ΔVVoid, 

to the total volume changes upon unfolding of proteins.  

 

Figure 3.1: Pictorial definitions of volume changes upon protein unfolding.  The volume enclosed by 

the molecular surface (red line) is the geometric or solvent-excluded volume (shaded area, VSE).  Molecular 

surface is calculated by using solvent probe of 1.4 Å (blue spheres).  The solvent-excluded volume consists 

of van der Waals volume (dark yellow area, VvdW), i.e. the volume occupied by protein atoms, and void 

volume (grey area, VVoid).  Upon protein unfolding the molecular surface of the protein increases and some 

of the voids become solvent exposed. 
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3.3.2 Modeling the Native State Ensemble 

The properties of the native state are often modeled based on the x-ray and to a 

lesser degree NMR structures.  However, the native state of a protein is not static, as 

portrayed by crystal structures, but dynamic.  Thus, any property of the native state, such 

as volume, should be described by the properties of the ensemble.  This allows the 

determination of not only the average property, but also the width of the distribution of 

volumes as reported by the standard deviation.  Considering that molecular dynamics 

simulation is a well-established method to provide information about protein 

conformational fluctuations, we have used this method to model the fluctuations of native 

proteins76.  As a test case for all calculations we have selected a non-redundant set of over 

200 proteins of different size for which structures were solved with ultra-high (0.73 - 1.2 

Å) resolution (see Table 3.1 for the information on PDB structures used).  For each protein, 

all-atom explicit solvent MD simulation was run starting from the x-ray coordinates as 

provided in the PDB file (see Methods for experimental details).  The criterion for 

equilibration was the stable values of all-atom RMSD and stable values of solvent-

excluded volume77.  The average values of volume of structures from MD simulations 

were similar to the volumes obtained using the energy-minimized x-ray structure (Figure 

3.2).  
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Figure 3.2: Comparison of the solvent-excluded volumes of proteins in the native state based on the 

x-ray structure (VSE,preMD) with the solvent-excluded volumes calculated using native state ensemble 

obtained using MD simulations (VSE,postMD). The standard deviations of VSE,postMD values are smaller than 

the symbol size. 

The VSE,N values for the native state ensembles scale linearly with protein size 

(Figure 3.3A).  The void volume also scales linearly with protein size (Figure 3.3A) and 

the resulting packing density, defined as the ratio of van der Waals volume to solvent-

excluded volume, varies between 0.7 - 0.8 (Figure 3.4) as was reported previously for 

other proteins29,71,72. 

 

Figure 3.3: Contributions of van der Waals (VvdW, squares) and void (VVoid, triangles) volumes to the 

total geometric volume (VSE, circles) in the native (Panel A) and unfolded (Panel B) state ensembles 

as a function of protein size.  Lines show linear regression fit. 
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Figure 3.4: Comparison of packing densities of the native (circles) and unfolded (squares) state 

ensembles. Packing density is defined as the ratio of the van der Waals volume to solvent-excluded volume. 

3.3.3 Modeling of the Unfolded State Ensemble 

To draw conclusions about the volumetric properties of the unfolded state, it is 

necessary to explicitly model the unfolded state ensemble.  Experimental characterization 

of the structural properties of the unfolded state remains very challenging.  Available 

indirect data suggests that the unfolded state can contain residual helical structure, 

hydrophobic clusters and native-like contacts78–80.  Other studies showed that the 

dimensions of the unfolded state ensemble have properties characteristic of a random coil 

polymer or even statistical coil81–83.  The random and/or statistical coil representation of 

the unfolded state can, arguably, be considered the most extended conformational 

ensemble.   

 

There are a number of ways to generate unfolded state ensembles82–86.  It is well 

known that all-atom explicit solvent molecular dynamics simulations produce overly-

compact or even highly helical structural ensembles, which has been attributed to the 

artefacts of the current force-fields87.  The empirical models or polymer based models are 

free from such artefacts86.  More importantly, the unfolded state ensembles, even those 

that differ by over 50% in the radius of gyration (Rg), have very similar volumes (see 

Figure 3.5).  This includes unfolded ensembles that incorporated significant fraction of 
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helical structure.  This underlines the fact noted by Fitzkee and Rose that Rg is a very 

coarse property to describe the unfolded state ensemble and, not a sufficient criterion to 

assess the lack of or presence of, for example, secondary structure in the unfolded state 

ensemble82.  This also suggests that the use of any of these ensembles will produce 

qualitatively similar volumetric results. 
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Figure 3.5: Characterization of various unfolded state ensembles generated using 

TraDES 1 (Rg=22.5 Å), flexible-meccano 2 (FM, Rg=25.0 Å), Statistical Coil 3 (SC, Rg=31.4 Å), 

Fitzkee & Rose4 approach (Rg=24.0), Fitzkee & Rose-like approach (Rg=28.0 Å), or CAMPARI 

5, 6 (Rg=18.6, 27.4 and 34.2 Å). The listed CAMPARI simulations at Rg=18.6 Å and 34.2 Å nm 

were generated by sampling the Theta solvent and EV (excluded volume) ensembles, 

respectively. The Theta solvent ensemble was generated by turning off attractive and repulsive 

LJ forces and randomly sampling backbone dihedral angles from grid files for each respective 

amino acid type. The EV ensemble was generated by setting attractive LJ force to 0 and 

repulsive LJ force to 1. The simulation at Rg=27.4 Å was generated by setting the attractive LJ 

force to 0 and repulsive LJ force to 0.001. The Fitzkee/Rose-like simulations were carried out by 

generating an all-atom structure-based model from the crystal structure of using SMOGv27, 8. All 

pairwise interactions were removed so the Hamiltonian has only parameters for bonds, angles, 

and dihedral angles remaining. Residues with secondary structure were identified in the native crystal 

structure and had their respective dihedral angles fixed in the structure-based model. The 

simulation was then run at 120K to generate an unfolded state that still maintained its native 

secondary structure. Data, shown for illustrative purposes, was computed from the 
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conformational ensembles of ubiquitin (PDB:1UBQ). Panel A shows ribbon traces of 10 

representative structures from each structural ensemble with the corresponding ensemble average 

Rg. Central insert shows a comparison of the volumes for these ensembles. VSE (black bars) VHyd 

(red bars) and VTot (green bars). In addition, volumes of other ensembles, generated using 

CAMPARI, with intermittent Rg are also shown. Panel B. Comparison of secondary structure 

content in the unfolded state ensembles. Secondary structure content was calculated using DSSP 

2.2.188. Helical structure is the sum of 3-, 4-, and 5-turn helices, sheet structure is the sum of β- 

bridges and β-sheets, and other includes turn and bend. Panel C. Comparison of contact maps of 

the unfolded ensembles calculated as averaged distance matrices consisting of the smallest 

distance between residue pairs generated using the GROMACS utility g_mdmat. Central insert 

shown fractal dimensions of the unfolded state ensembles calculated as the average distance 

<Rij> between Cα atoms of residues i and j as a function of sequence separation |i-j| 10. 

 

Based on these initial observations and on the fact that three computational models, 

statistical coil model of the unfolded state (SC)83, trajectory directed ensemble sampling 

(TraDES)84, and flexible-meccano (FM)85, have been benchmarked against NMR derived 

parameters such as chemical shifts and J-coupling constant83,89,90, we generated 1,000 

unfolded conformations for each protein in our dataset (see Table 3.1 for the list of 

proteins).  As expected, all ensembles show a lack of specific long-range contacts or 

secondary structure (see Figure 3.5).  Furthermore, the radius of gyration (Rg) compares 

well with the experimentally determined power-law dependence of Rg on protein size (i.e. 

number of amino acid residues, see Figure 3.6).  The SC ensemble produces somewhat 

higher values of Rg
83,86, while TraDES and FM produce smaller values of Rg and show 

remarkable agreement with the experimental values.  There is ample evidence that 

pressure and chemical unfolding of proteins results in similar volume change91.  Thus, the 

unfolded state ensembles generated this way are consistent with the only currently 

available experimental data, i.e. power law scaling of Rg for polymers in a good solvent.  

Although TraDES and FM show the closest agreement with experimental Rg values 

(Figure 3.6), due to limitation in the maximum sequence length in FM, TraDES was 

selected for all detailed calculations as a model of the unfolded state ensemble. 
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Figure 3.6: Radii of gyration (Rg) of unfolded state ensembles generated using TraDES, FM, and SC 

compared to experimentally measured radii of gyration of unfolded proteins as a function of protein 

size.  TraDES and FM-generated unfolded state ensemble shows a dependence of radii of gyration on protein 

size similar to experimentally measured values92.  Red triangles show the experimentally measured (using 

SAXS) values of Rg of proteins of various sizes.  Open squares show the Rg values calculated using SC-

generated ensemble, gray circles show the values calculated using TraDES ensemble, and open triangles 

show the results for the FM-generated ensemble.  For clarity only every fifth data point is shown. 

 

The VSE,U values for the unfolded state ensemble also scale linearly with protein 

size but, as expected, the dependence is less steep than VSE,N (see Figure 3.3A and Figure 

3.3B).  Importantly, the unfolded state ensemble also contains a significant amount of void 

volume that also scales linearly with the protein size (Figure 3.3B).  The packing density 

of the unfolded state ensemble (see Figure 3.4), defined as a ratio of van der Waals volume 

to solvent-excluded volume, is very uniform, 0.824±0.005 (max=0.841; min=0.815). 
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3.3.4 Calculating ΔVSE 

The solvent-excluded volume (VSE) of a protein describes the geometric or 

structural contribution to protein volume.  The changes in this volume upon protein 

unfolding then can be calculated by subtracting the VSE values of unfolded (U) and native 

(N) state ensembles:   

 

 ∆𝑉SE = 𝑉SE,U − 𝑉SE,N = (𝑉vdW,U + 𝑉Void,U) − (𝑉vdW,N + 𝑉Void,N) = 

(𝑉vdW,U − 𝑉vdW,N)  + (𝑉Void,U − 𝑉Void,N) = ∆𝑉vdW + ∆𝑉Void 
(3.8) 

 

By this definition, the ΔVSE has two contributions, one from changes in the van der 

Waals volume, ΔVvdW, and another from the changes in void volume, ΔVVoid.  The van der 

Waals volume of the native state is always slightly lower than the van der Waals volume 

of the unfolded state (Figure 3.3).  This lower VvdW of the native state is mainly associated 

with the extensive intramolecular hydrogen bonding in the native state77,93.  Indeed, there 

is direct correlation between the difference in the average number of hydrogen bonds in 

the native and unfolded ensembles and the ΔVvdW (Figure 3.7).  However, the ΔVvdW will 

not contribute to the total volume changes upon protein unfolding, ΔVTot, because protein-

protein hydrogen bonds broken upon unfolding will reform with solvent. 

 

Figure 3.7: Difference in the van der Waals volumes of native and unfolded state ensembles (∆VvdW) 

is due to the larger number of hydrogen bonds in the native relative to the unfolded state ensemble. 

Dependence of ∆VvdW on the average change in the number of hydrogen bonds upon unfolding is linear with 

a Pearson correlation coefficient of 0.96. The average number of hydrogen bonds for each ensemble was 

calculated using DSSP 2.2.188. 
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As expected, the difference in void volumes between unfolded and native states 

ΔVVoid is negative.  When the polymer properties of the unfolded state ensemble are 

explicitly taken into account, ΔVVoid=VVoid,U-VVoid,N, the change in void volume upon 

protein unfolding is much smaller (-7±2%) than the -20 to -30% previously defined by the 

elimination of all void volume of the native state (ΔVVoid=-VVoid,N) (Figure 3.8).  This 

suggests that the first postulate in the Protein Volume Paradox grossly overestimates the 

contribution of void volume to the total volume changes upon protein unfolding. 

 

Figure 3.8: Comparison of the void volume changes expected by considering that all void volume of 

the native protein contributes to the ΔVVoid= -VVoid,N,  upon unfolding (triangles) with the volume 

changes that explicitly take into account the void volume of the unfolded state ensemble ΔVVoid=VVoid,U-

VVoid,N (circles). 

3.3.5 Calculating Volume of Hydration ΔVHyd 

When a protein unfolds, groups buried in the native state become exposed and will 

interact with water.  These interactions can possibly lead to volume changes and thus must 

be accounted for when considering volume changes upon protein unfolding.  Historically, 

this unfolding reaction was modeled as a transfer from non-polar solvent to water68,69,74.  

It has been shown that volume change upon such transfer, usually attributed to the volume 

changes upon hydration, is always negative, i.e. volume of a solute in aqueous solution is 

always smaller than that in non-polar solvent68,69,74.  However, transfer from non-polar 

solvent to aqueous solution has been proven to be inadequate to model thermodynamics 

of hydration (see e.g.94,95).  In the case of volume changes, the larger size of non-polar 
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solvent than that of water leads to an overestimation of the volume that a solute occupies 

in the non-polar phase96 (see Figure 3.9). 

 

Figure 3.9: Pictorial definition of hydration volume.  Volume of solute in non-polar phase (V,NP) includes 

volume that a solute occupies in non-polar solvent (red area).  The difference between the volume in the gas 

phase (VSE) and the partial volume of solute in water (V,aq) accounts only for the volume changes due to the 

interactions with water.  Thus, the hydration volume can be defined as VHyd = V,aq - VSE.  

It has been well established that transfer from gas phase into aqueous solution is a 

more appropriate way to model thermodynamics of hydration95,97–99.  This is also the case 

for modeling the volume changes upon hydration (Figure 3.9).  To understand the volume 

changes upon hydration in more detail, we analyzed the experimentally measured volume 

change upon transfer of over 150 different model solutes (aromatic and non-aromatic 

compounds, oligopeptides, and N-acetyl amides of amino acids) from gas phase into 

aqueous solution at 25C100.  The hydration volume upon transfer from gas phase into 

water, VHyd, is equal to the experimentally measured partial volume of a solute in water 

minus the geometric volume of this solute (i.e. VSE) (Figure 3.9).  This volume will, in a 

first approximation, depend on the number of water molecules that can directly interact 

with the solute and thus is proportional to the molecular surface area of the solute 

molecule.  Figure 3.10A shows the dependence of the hydration volume, VHyd, on the total 
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molecular surface area of various solutes, MSATot.  Two major observations can be made 

from the plot shown in Figure 3.10A.  First, the hydration volume is always positive, i.e. 

transfer of any (polar or non-polar) solute into aqueous solution leads to an increase in 

volume.  Second, the increase in the molecular surface area leads to an increase in the 

corresponding hydration volume.  However, there is a large spread in this trend (Figure 

3.10A).  Interestingly, the correlation becomes much more pronounced (R2=0.94) if we 

plot only non-polar MSA (MSANP) as a function of VHyd (see Figure 3.10B).  This suggests 

that the solvent interactions with non-polar surfaces make up a major contribution to the 

volume changes upon hydration.  This observation is in line with some previous reports101, 

however present analysis has been done on a much larger and more diverse data set.  

Importantly, not all variance in VHyd can be explained by MSANP.  Therefore, we performed 

a fit to both non-polar, MSANP, and polar, MSAPol, surface areas 

 

 𝑉Hyd = 𝑎 + 𝑘NP ∙ 𝑀𝑆𝐴NP + 𝑘Pol ∙ 𝑀𝑆𝐴Pol (3.9) 

 

where kNP and kPol are the contributions of a given type of MSA to the hydration 

volume for non-polar and polar surfaces, respectively.  The fit to equation 3.9 provides a 

much better description (R2=0.97) of the variance in VHyd (see Figure 3.10B) and 

correspondingly leads to better statistics of the fit than just a one parameter fit using only 

non-polar MSA.  The kNP coefficient is larger (0.38±0.2 Å) than kPol (0.03±0.03 Å).  The 

small value for the polar coefficient can be easily rationalized as hydrogen bonding of 

water with polar groups, while the large value of the kNP coefficient suggests that water 

molecules move away from non-polar groups due to the hydrophobic effect77,102–104. 
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Figure 3.10: The dependence of hydration volume, VHyd, of model compounds at 25C on the total 

(MSATot, Panel A) or nonpolar (MSANP, Panel B) surface area.  Non-polar groups make a major 

contribution.  Aromatic model compounds (); non-aromatic model compounds (); oligopeptides (n=3-5) 

(); N-acetyl amides of amino acids (); N-acetyl amino acids ().  In panel B, the scatter in the gray circles 

calculated with equation 3.9, matches the scatter in VHyd data and the line shows linear regression of VHyd 

versus MSANP. 

 

Having empirically established the contribution of polar and non-polar groups to 

the volume of hydration and, assuming that such proportionality can be extrapolated to 

much larger surfaces, we can calculate the volume changes due to changes in hydration 

upon protein unfolding.  Volume as a thermodynamic quantity is an additive state function 

which allows for the use of the thermodynamic cycle shown in Figure 3.11.  In this 

hypothetical thermodynamic transfer cycle, a native state ensemble is first transferred into 

the gas phase.  This step essentially accounts for the volume change upon dehydration of 

the native state ensemble.  The volume changes are calculated as: 

 

 −𝑉Hyd,N = −(𝑎 + 𝑘NP ∙ 𝑀𝑆𝐴NP,N + 𝑘Pol ∙ 𝑀𝑆𝐴Pol,N) (3.10) 

 

where the minus sign signifies that the transfer is from aqueous phase into gas 

phase (the opposite of hydration, i.e. dehydration). 

The second step is unfolding of a protein in the gas phase, which corresponds to 

the changes in the geometric volume:  
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 ∆𝑉SE = 𝑉SE,U − 𝑉SE,N (3.11) 

 

Finally, the unfolded state ensemble is transferred back to aqueous solution.  This 

step corresponds to volume change upon hydration of the unfolded state ensemble and is 

calculated as  

 

 𝑉Hyd,U = 𝑎 + 𝑘NP ∙ 𝑀𝑆𝐴NP,U + 𝑘Pol ∙ 𝑀𝑆𝐴Pol,U (3.12) 

 

The sum of equations 3.10 and 3.12 reflects the change in hydration upon 

unfolding.  Assuming that the proportionality coefficients kNP and kPol, derived from model 

compounds (i.e. equation 3.9), can be extrapolated to much larger surfaces, the changes in 

hydration volume upon unfolding can be calculated as:   

 

 ∆𝑉Hyd = 𝑘NP ∙ ∆𝑀𝑆𝐴NP + 𝑘Pol ∙ ∆𝑀𝑆𝐴Pol (3.13) 

 

where ΔMSANP=MSANP,U-MSANP,N and ΔMSAPol=MSAPol,U-MSAPol,N are the 

differences in the non-polar and polar surface areas of the unfolded and native states, 

respectively.  These can be calculated using the native and unfolded state ensembles 

modeled as described in previous sections.  The resulting ΔVHyd is always positive due to 

two factors: 1. The MSA of the unfolded state is larger than the MSA of the native state; 

2. both kNP and kPol coefficients are positive.  This suggests that the second postulate in the 

Protein Volume Paradox misrepresents the contribution of hydration volume (which is 

actually positive and not negative) to the total volume changes upon protein unfolding. 



 

 37 

 

Figure 3.11: Thermodynamic cycle for separating the contributions of hydration of native, VHyd,N, and 

unfolded, VHyd,U, state ensembles from the contribution of geometric volume changes, ΔVSE, to the 

total changes in volume, ΔVTot, upon protein unfolding in aqueous solution.  The sum of all three steps 

is equal to the volume of unfolding of the protein in aqueous solution, ΔVTot, as defined by equation 3.14.  

It must be emphasized that this process is valid because volume as a thermodynamic parameter is a state 

function and there are no conformational changes in the native or unfolded state ensembles upon transfer to 

and from the gas phase. 

3.3.6 Comparison of Computed and Experimental Values for ΔVTot 

Results presented in the previous sections allow us to calculate the expected total 

changes in volume upon protein unfolding as:  

 

 ∆𝑉Tot = 𝑉Tot,U − 𝑉Tot,N = ∆𝑉Void + ∆𝑉Hyd (3.14) 

 

and analyze the relative contributions of each component. Figure 3.12A shows the 

protein size dependence of the calculated changes in the ΔVTot and analyzes the 

contributions from the changes in void, ΔVVoid, and hydration, ΔVHyd, volumes.  The 

contribution of void volume to the total volume upon protein unfolding is relatively large 

and negative.  It originates from the fact that there is larger void volume in the native state 



 

 38 

than in the unfolded state ensemble, represented here using the maximally unfolded 

polymer-based model (see also Figure 3.6 and Figure 3.8).    The volume changes due to 

hydration are also positive and comparable in absolute values to the corresponding 

absolute values of ΔVVoid.  This leads to rather small relative volume changes upon 

unfolding (Figure 3.12B).  Importantly, the balance between these two factors can produce 

both positive and negative changes in the total volume upon protein unfolding.  This is in 

excellent qualitative agreement with the general experimental observations that proteins 

can be both stabilized (positive ΔVTot) and destabilized (negative ΔVTot) by hydrostatic 

pressure22,25,28,30,67,105. 

 

Figure 3.12: The dependence of the total volume changes upon unfolding (ΔVTot, calculated using 

equation 3.14) on protein size.  Panel A.  Contributions of void (ΔVVoid, triangles) and hydration (ΔVHyd, 

upside-down triangles) volume changes to the total volume (ΔVTot, circles) changes upon unfolding as a 

function of protein size.  Panel B.  Fractional changes in the total volume ΔVTot/VTot,N as a function of protein 

size. 

 

In order to test the reliability and accuracy of the presented formalism we have 

compared the calculated (using equation 3.14) and experimentally measured values of 

volume change upon unfolding for eight proteins:  lysozyme, pancreatic trypsin inhibitor, 

ribonuclease A, ubiquitin, acylphosphatase, eglin c, tryptophan zipper, and staphylococcal 

nuclease Δ+PHS variant28,30,106.  Figure 3.13 shows that predicted values are in very good 

agreement with experimental values.  In particular the predicted values recapitulate not 
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only the sign of the volume changes but also the magnitude.  Thus the formalism to 

calculate the volume changes upon protein unfolding presented here appears to provide 

near quantitative prediction of the expected volume changes.  Furthermore, our results 

present a quantitative molecular picture of how hydrostatic pressure modulates the 

conformational equilibrium of proteins.  Finally, the structure-based prediction of volume 

changes upon protein unfolding can now be applied to a proteome-wide comparison of 

proteins from organisms living under ambient pressure with those from organisms that 

evolved to live under extreme pressures.  The expectation is that the proteins from 

barophilic organisms could have evolved to have volume changes upon unfolding that 

were either less negative or even positive relative to those of the mesophilic homologs, by 

decreasing the void volume in the native state and/or increasing the fraction of buried non-

polar residues. 

 

Figure 3.13: Direct comparison of experimentally measured (black bars) and calculated using 

equation 3.14 (red bars) volume changes upon unfolding of eight globular proteins (Lyz - hen egg white 

lysozyme PBD:4LZT; BPTI - bovine pancreatic trypsin inhibitor PBD:6PTI; RNAse - bovine pancreatic 

ribonuclease A PDB:7RSA; Ubq - human ubiquitin PDB:1UBQ; SNase - ΔPHS variant of staphylococcal 

nuclease PDB:3BDC; Egl-c - leech eglin c PDB:1EGL; Acp - human acylphosphatase PDB:2ACY; TrpZ - 

Tryptophan Zipper PDB:1LE3).  Experimental data (25C SNase; 40C - RNase, 50 C - Acp, Egl and Lyz, 

90C BPTI, and 80C TrpZ) are taken from references28,30,106.  It is important to note that volume changes 

are temperature dependent67 which can also contribute to the observed differences between experimental 

and calculated values.  Error bars show standard deviation of averaging the experimental data over measured 
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temperature range or of the multiple (n=3-8) repeats of MD runs for the native state (see Methods section 

for details). 

3.4 Methods 

3.4.1 Sampling of Native and Unfolded Ensembles  

A non-redundant set of proteins with X-ray structures solved to ultra-high 

resolution (0.73 - 1.2 Å resolution, see Table 3.1) was selected for modeling.  

Native state all-atom explicit solvent molecular dynamics simulations were carried 

out in GROMACS 4.6.348 using the CHARMM27 force field and TIP3P water model47.  

The native crystal structure was solvated in a dodecahedron box, with dimensions such 

that all protein atoms are at least 10 Å deep in the box, and neutralized with 0.1 M excess 

NaCl, followed by energy minimization for 1,000 steps.  All simulations underwent 200 

ps of constant volume equilibration, 100 ps of constant pressure equilibration, and 50 ns 

of production simulation at 300 K and 1 bar.  We used the Parrinello-Rahman107 pressure 

control with a 2 ps relaxation time and a compressibility of 4.6 x 10-5 atm-1, and v-scale 

temperature coupling48.  LINCS108 and SETTLE109 algorithms were used to constraint 

high-frequency bond vibrations which allowed the use of a 2 fs integration step.  The 

electrostatic interactions were modeled by the smooth particle mesh Ewald (PME) 

method110, using a 75x75x75 grid, with fourth-order charge interpolation and a real space 

cutoff of 1.0 nm.  A native ensemble of 50 structures was extracted from the production 

trajectory (1 structure/ns).  Equilibration criteria were stable all-atom RMSD with respect 

to the crystal structure (< 2 Å) and stable values (drift 0.5%) of solvent-excluded volume 

throughout the production trajectory.  The low frequency motions are expected to 

introduce only small corrections to the solvent-excluded volume, though further study 

would be warranted for proteins that undergo large-scale conformational fluctuations. 

Sampling of the unfolded state ensembles was carried out using three generators: 

Trajectory Directed Ensemble Sampling (TraDES)84, Statistical Coil Library (SC)83, and 

Flexible-meccano (FM)85.  Each unfolded state ensemble consisted of 1,000 structures.  

TraDES ensembles were generated with the all-coil sampling flag (-c T) to remove all 

secondary structure propensity.  Coil and FM ensembles were generated using default 

settings.  SC and FM generate only the protein backbone, so Scwrl4111 was used to add 
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side-chains.  Prior to the volume calculations, the structures generated by TraDES, SC, or 

FM were energy minimized in implicit solvent (GBSA) with protein and solvent dielectric 

constants of 80 in GROMACS 4.6.3.  This step also explicitly incorporates all hydrogen 

atoms.  The disulfide bridges for 3 individual proteins (BPTI, RNase and Lys) modeled 

into the TraDES unfolded state ensemble by performing restrained all-atom MD 

simulations using the following protocol in GROMACS 4.6.3 with TIP3P water and 

CHARMM27 force field.  First the structures were energy minimized for 800 steps prior 

to enabling distance restraints.  Distance restraints were gradually shortened in four 5 ps 

steps, where distance restraints were 3, 1, 0.5, and 0.2 nm respectively.  Upon reaching 

0.2-0.3 nm distance between sulfur atoms the structure was energy minimized in the 

CHARMM27 force field for 1,000 steps in implicit solvent, using the steepest descent 

algorithm. 

3.4.2 Model Compounds 

The experimentally measured at 25oC partial molar volumes in aqueous solution, 

Vϕ,aq, of 150 model compounds  relevant to proteins (alkanes, aromatic compounds, 

alcohols, diols, amines, amides, diamines, diamides, dicarboxylic acids, hydroxyamides, 

hydroxy acids, ketones, polyethylene glycols and ureas) were taken from100,112.  For each 

of these model compound PDB structures were generated using the CORINA 

webserver113.  Additionally, we included into our analysis more complex model 

compounds such as oligopeptides (3-5 residues), N-acetyl amino acid amides, and N-

acetyl amino acids that represent protein components, for which the experimentally 

measured partial molar volumes in aqueous solution, Vϕ,aq, are also reported66,114,115.  For 

these compounds, structures were generated using the same protocol as for the native 

proteins (see above).  The hydration volume is calculated as a difference between partial 

molar volume of a compound in aqueous solution, Vϕ,aq, and corresponding solvent-

excluded volume, VSE, (see also Figure 3.9).  MSMS software package116 was used to 

analytically calculate MSA per atom for all structures of model compounds.  Each 

structure had its MSA broken down into carbon, nitrogen, oxygen, and sulfur surface 

areas.  Hydrogen surface areas were combined with the surface area of their parent heavy 

atom.  Carbon and sulfur molecular surface areas were combined into non-polar MSA 
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(MSANP).  Nitrogen and oxygen molecular surface areas were combined into polar MSA 

(MSAPol).  

3.4.3 ProteinVolume Calculations 

The ProteinVolume software package has been described by us previously117.  

Briefly, it uses a flood-fill algorithm to first calculate the molecular surface based on the 

coordinates, and then fill the enclosed volume with 0.02 Å probes.  The sum of all volume 

probes is calculated and reported as the solvent-excluded protein volume (VSE).  Van der 

Waals volume (VvdW) is also calculated during the same step as the solvent-excluded 

volume calculation procedure, but with an additional check of whether the volume probe 

is within the van der Waals radius of a protein atom.  A probe which lies on top of a van 

der Waals boundary is stochastically accepted with the acceptance probability based on 

its magnitude of overlap with the atom.  This increases the accuracy of the van der Waals 

volume calculation and reduces the volume underestimation of numerical integration 

methods.  The sum of all van der Waals volume probes is calculated and reported as van 

der Waals protein volume (VvdW).  Void volume, VVoid, is calculated as the difference 

between the solvent-excluded volume and the van der Waals volume.  ProteinVolume uses 

all-atom Bondi radii set46.  United atom radii are slightly larger to represent the additional 

radius of bonded hydrogen atoms averaged across the entire atom surface and this leads 

to an overestimation of van der Waals volume.  Volume changes upon ionization 

(electrostriction) vary between different protein groups (see Table 3.2).  Importantly most 

charged groups are on the surface of native proteins and thus at most 1-2 protons will be 

released or absorbed upon protein unfolding.  This might have an effect for smaller 

proteins <100 residues, however small proteins rarely have buried charged groups51.  

Continuum electrostatics calculations using, h++ server118, of net charge in the native and 

unfolded ensembles for eight proteins that were quantitatively compared to the 

experimental ΔV values (e.g. Figure 3.13) show that there is no change in the net charge 

upon unfolding of these proteins (see Figure 3.14). 
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Figure 3.14: Comparison of the net charge of the native and unfolded state ensembles calculated using 

h++ server. Error bars are the standard deviations of the mean. 

 

Table 3.1: Ultra-high-resolution protein set (0.73 - 1.20 Å): First 4 letters are PDB code, fifth letter is 

chain id.  In parenthesis - number of amino acid residues and crystallographic resolution in Å. 

PDB ID # AA Resolution  PDB ID # AA Resolution 

2ERL_ 40 1.00  2CE2X 166 1.00 

1P9GA 41 0.84  1OBOA 169 1.20 

1CNR_ 46 1.05  1AMM_ 174 1.20 

2A26A 50 1.20  2AU7A 175 1.05 

1BRFA 53 0.95  1EB6A 177 1.00 

2CS7C 55 1.20  2C2UA 178 1.10 

1G6XA 58 0.86  1I4UA 181 1.15 

1OAIA 59 1.00  1WC2A 181 1.20 

2FMAA 59 0.85  1KT6A 183 1.10 

2G6FX 59 0.92  2AT7X 184 0.98 

1NKD_ 59 1.07  1PMHX 185 1.06 

2IGD_ 61 1.10  1QV0A 185 1.10 

1G2BA 62 1.12  2BBRA 189 1.20 

1V6PA 62 0.87  2PTH_ 193 1.20 

2SN3_ 65 1.20  2CARA 196 1.09 

1C9OA 66 1.17  1QQ4A 198 1.20 

1HG7A 66 1.15  1Z0WA 203 1.20 
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1TUKA 67 1.12  1JM1A 204 1.11 

1VFYA 67 1.15  1IXBA 205 0.90 

2DLBA 70 1.20  2AB0A 205 1.10 

2B97A 71 0.75  2C71A 205 1.05 

1WM3A 72 1.20  1HDOA 206 1.15 

1WXCB 72 1.20  1G66A 207 0.90 

1CC8A 73 1.02  1H4GB 207 1.10 

1I27A 73 1.02  1KWNA 207 1.20 

1L9LA 74 0.92  1SFSA 213 1.07 

1OK0A 74 0.93  1ME3A 215 1.20 

2BWFB 77 1.15  1K4IA 216 0.98 

1USMA 77 1.20  1W66A 218 1.08 

1UCRB 78 1.20  1FYEA 220 1.20 

1XMKA 79 0.97  1O08A 221 1.20 

1IQZA 81 0.92  2A6ZA 222 1.00 

1R6JA 82 0.73  1OLRA 224 1.20 

1ZZKA 82 0.95  1UAIA 224 1.20 

2D8DB 83 1.15  2AWKA 224 1.15 

1B0YA 85 0.93  1KG2A 225 1.20 

1CTJ_ 89 1.10  1FSGC 233 1.05 

1U07A 90 1.13  1K7CA 233 1.12 

2BT9A 90 0.94  1YMTA 235 1.20 

1X6IB 91 1.20  1JBC_ 237 1.20 

2FHZB 93 1.15  1GVKB 240 0.94 

1C5EA 95 1.10  1QL0A 241 1.10 

1LNIB 96 1.00  1HBNC 248 1.16 

1CZPA 98 1.17  2J27A 250 1.15 

2AIBA 98 1.10  1ZJYA 251 1.05 

1NQJA 98 1.00  1QXYA 252 1.04 

1KZKB 99 1.09  1XQOA 256 1.03 

1MN8D 100 1.00  1MOOA 256 1.05 

1PSRB 100 1.05  1P1XA 260 0.99 

1M2DA 101 1.05  1UWCA 261 1.08 
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2DKOB 103 1.06  1NYMA 263 1.20 

2H3LA 103 1.00  1ARB_ 263 1.20 

1LKKA 105 1.00  1XDNA 265 1.20 

1TQGA 105 0.98  1WUIS 267 1.04 

2GBAA 105 0.92  1KQPA 271 1.03 

1M9ZA 105 1.05  2CI1A 273 1.08 

2FRGP 106 1.19  1WXCA 273 1.20 

1V8HA 107 1.20  1IC6A 279 0.98 

1GMXA 108 1.10  2BOGX 280 1.04 

1J0PA 108 0.91  1E9GB 283 1.15 

2AGYD 108 1.10  1QTWA 285 1.02 

1BKRA 109 1.10  1LC0A 290 1.20 

1RWYA 109 1.05  2EUTA 291 1.12 

2FHZA 109 1.15  1RTQA 291 0.95 

1H4XA 110 1.16  2J45B 297 1.14 

1I8OA 114 1.15  2CIWA 298 1.15 

2CHHA 114 1.00  2BLNA 298 1.20 

1F86A 115 1.10  8A3HA 300 0.97 

1SAUA 115 1.12  2CNQA 301 1.00 

1O7IA 119 1.20  1V0LA 302 0.98 

2ICCA 119 1.20  1ZL0B 303 1.10 

2F01B 120 0.85  1Z2NX 311 1.20 

1W0NA 120 0.80  2IAVA 312 1.07 

1VR7A 120 1.20  1T2DA 315 1.10 

1WN2A 121 1.20  1PWMA 316 0.92 

2GUDB 121 0.94  1YS1X 320 1.10 

1LWBA 122 1.05  1DS1A 323 1.08 

2FWGA 122 1.10  1RYOA 324 1.20 

1VL9A 123 0.97  1OEWA 328 0.90 

1DY5A 123 0.87  2BW4A 334 0.90 

1GU2A 124 1.19  2C1VA 335 1.20 

1UNQA 124 0.98  1YFQA 342 1.10 

1NWZA 125 0.82  1YQSA 345 1.05 
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2FJ8A 125 1.19  1M15A 356 1.20 

1VZIA 126 1.15  1C0PA 363 1.20 

1JBEA 126 1.08  1VYRA 363 0.90 

4LZT_ 129 0.95  1GA6A 369 1.00 

1KNLA 130 1.20  1N8KA 374 1.13 

1JF8A 131 1.12  3SIL_ 379 1.05 

1OH0B 131 1.10  1KJQB 385 1.05 

1C7KA 132 1.00  1MUWA 386 0.86 

1IFC_ 132 1.19  1RA0A 423 1.12 

1TU9A 134 1.20  1UG6A 426 0.99 

2AXWA 134 1.05  2BMOA 437 1.20 

1NKIA 135 0.95  1HBNB 442 1.16 

1CZ9A 139 1.20  2BF6A 449 0.97 

1RG8A 146 1.10  1M1NA 477 1.16 

1EXRA 148 1.00  2FBAA 492 1.10 

1A6M_ 151 1.00  1QW9A 497 1.20 

1QTNA 152 1.20  1GWEA 498 0.88 

1GWMA 153 1.15  1JETA 517 1.20 

2C9VA 153 1.07  1M1NB 522 1.16 

1J98A 153 1.20  1Q6ZA 524 1.00 

2FLHB 155 1.20  1WUIL 532 1.04 

1UOWA 159 1.04  1HBNA 543 1.16 

1Y93A 159 1.03  1UWKB 553 1.19 

1P6OB 161 1.14  2BHUA 580 1.10 

1L3KA 163 1.10  1SU8A 633 1.10 

1TT8A 164 1.00  1N62B 804 1.09 

1WKQA 164 1.17  1QWNA 1014 1.20 

1N62A 166 1.09  
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Table 3.2: Volumes of ionization for various protein groups. 

 

Protein Group Volume (Å3)c 

N terminus -8.0 

Arg -9.1 

Lys -9.8 

His -2.3 

Asp -20.1 

Glu -19.6 

C terminus -17.4 

 

                                                 

c Volume changes are for the reactions 𝐴𝐻 → 𝐴− +𝐻+ and 𝐵 + 𝐻+ → 𝐵𝐻+  where A is the acid and B is 

the base.  The volumes of ionization can be used to predict the volumes of a protein in the native or unfolded 

state by adding the following term to (3.6 in the main text: 

 

𝑉𝑒𝑙 = 𝑓𝑁𝑡𝑒𝑟 ∙ 𝑉𝑁𝑡𝑒𝑟 + 𝑓𝐶𝑡𝑒𝑟 ∙ 𝑉𝐶𝑡𝑒𝑟 + ∑ 𝑓𝑖 ∙ 𝑁𝑖 ∙ 𝑉𝑖

𝑖=𝐷,𝐸,𝑅,𝐾,𝐻

 

 

where Ni is the number of a given type of ionizable group, fi is fraction exposed, and Vi is the ionization 

volume66.  
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4. Molecular Determinants of Temperature Dependence of Protein 

Volume Change upon Unfolding 

4.1 Abstract 

Pressure is a well-known environmental stressor that can either stabilize or 

destabilize proteins. The volumetric change upon protein unfolding determines the effect 

of pressure on protein stability, where negative volume changes destabilize proteins at 

high pressures. High temperature often accompanies high pressure, for example in the 

ocean depths near hydrothermal vents or near faults, so it is important to study the effect 

of temperature on the volumetric change upon unfolding. We previously detailed the 

magnitude and sign of the molecular determinants of volumetric change, allowing us to 

quantitatively predict the volumetric change upon protein unfolding. Here we present a 

comprehensive analysis of the temperature dependence of the volumetric components of 

proteins, showing that hydration volume is the primary component that defines 

expansivities of the native and unfolded states and void volume only contributes slightly 

to the folded state expansivity. 

4.2 Introduction 

Extremophilic organisms such as piezophiles and thermophiles can live under 

extreme pressures or temperatures 57,58. The eukaryote Xenophyophores and other 

microbacteria have been discovered living in the Mariana Trench, where pressures reach 

up to 1,100 atm 14. Hydrothermal vents are oceanic structures exposed to high pressures 

and temperatures, >150 atm and 400°C, that facilitate diverse communities such as 

chemosynthetic bacteria 119 and larger organisms such as giant tube worms 120. 

The presence of myriad organisms living in such extreme conditions suggests 

unique adaptations in their biological processes, body structure, and even cellular 

machinery (i.e. proteins) 1, as the high temperatures and pressures can unfold proteins 

from mesophiles and abolish their activity 102,121,122. Conversely, some of these 

extremophiles cannot survive when extracted from their extreme environments 18, hinting 

                                                 

This chapter has been submitted to: Chen, C. R. & Makhatadze, G. I. Molecular Determinants of 

Temperature Dependence of Protein Volume Change upon Unfolding. J. Phys. Chem. B (2017). 
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that their extremophilic proteins require specific pressure and temperature ranges to 

remain folded. 

The application of pressure is known to perturb the thermodynamic equilibrium 

between the native and unfolded states. Specifically, the pressure stability of a protein is 

directly related to its volumetric change upon unfolding, ΔVTot: 

 

 
(

𝜕Δ𝐺

𝜕𝑃
)

𝑇
= ∆𝑉Tot = 𝑉Tot,U − 𝑉Tot,N (4.1) 

 

Proteins that are capable of withstanding high pressures would theoretically have 

less negative or even positive changes in volume. The total volume of a protein can be 

calculated by partitioning of geometric components (VSE) and volume changes due to 

hydration (VHyd) i.e. interactions with the solvent. Geometric volume is the volume 

enclosed within the molecular surface as defined by Richards29 and is also referred to as 

the solvent-excluded volume (VSE). 

 

 

Figure 4.1: Pictorial representation of protein volume. The molecular surface (red line) encloses the 

solvent-excluded volume (VSE). The solvent-excluded volume (shaded area) consists of van der Waals 

volume (grey area, VvdW), and void volume (yellow area, VVoid). The solvent probes are shown as blue 

spheres. 
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The VSE of a protein is comprised of its van der Waals (VvdW) and void volume 

(VVoid) (Figure 4.1).  The van der Waals volume is the volume occupied by protein atoms, 

while the void volume is the volume within the molecular surface that is not occupied by 

protein atoms, a result of the imperfect packing of spherical protein atoms. The total 

volume of the protein in solution, VTot, can be defined as the sum of three components: 

 

 𝑉Tot = 𝑉SE + 𝑉Hyd = 𝑉vdW + 𝑉Void + 𝑉Hyd (4.2) 

 

The volume changes upon protein unfolding are defined as the difference in total 

volumes of the unfolded, VTot,U, and native, VTot,N, states. The van der Waals volume of 

the native state is somewhat smaller than the unfolded state due to the extensive 

intramolecular hydrogen bonding in the native state93. However, the ΔVvdW will not 

contribute to the total volume changes upon protein unfolding, ΔVTot, because protein-

protein hydrogen bonds will reform with solvent upon protein unfolding.   

 

 ∆𝑉Tot = 𝑉Tot,U − 𝑉Tot,N = ∆𝑉Void + ∆𝑉Hyd (4.3) 

 

In our previous study, we had discussed the contributions of the individual 

components, ∆VvdW, ΔVVoid and ΔVHyd, to the total volume changes upon unfolding of 

proteins. We demonstrated that explicitly simulating the native and unfolded states, 

calculating ΔVVoid considering unfolded state void volume, and calculating ΔVHyd using 

non-polar and polar coefficients fit from empirical data can quantitatively predict 

experimentally measured ΔVTot
123.  

The change in volume upon unfolding has a positive temperature dependence and 

is expressed as a positive change in expansivity, Δ𝜀 = (
𝑑Δ𝑉Tot

𝑑𝑇
)

𝑃
, and implies that the 

unfolded and native states possess different expansivities, 𝜀 = (
𝑑𝑉Tot

𝑑𝑇
)

𝑃
. Therefore, a 

protein that unfolds at higher temperatures will undergo a more positive ΔVTot than the 

same protein at a lower melting temperature. However, the underlying cause of this 

difference has heretofore been conflicted, with internal voids 124 or hydration 125 being 

implicated. Since a steeper change in expansivity leads to more positive ΔVTot (i.e. 
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pressure stability) at higher temperatures, proteins evolving to have a larger difference in 

unfolded and native expansivity is one possible way to maintain stability in high pressure 

and high temperature environments such as near deep sea vents. Therefore, understanding 

the molecular determinants behind ε and Δε is critical for understanding the mechanisms 

used by extremophilic proteins to remain folded in extreme conditions. 

We previously developed a structural thermodynamic model that computes the 

individual molecular determinants of volumes of native and unfolded states. In this work, 

we expand this formalism to compute the temperature dependence of the individual 

volumetric components, VVoid and VHyd, of the native and unfolded states and their 

contributions to the temperature dependence of total volume changes upon unfolding of 

proteins. 

4.3 Methods 

4.3.1 Computational Modeling of Native and Unfolded Ensembles 

The native state of a protein is not static, but a dynamic ensemble of structures.  

Therefore, ensemble sampling is necessary to determine the volumetric properties of the 

native state.  Considering that molecular dynamics simulation is a well-established method 

to provide information about protein conformational fluctuations, we have used this 

method to model the fluctuations of native proteins76.  As a test case for all calculations 

we have selected 8 proteins that were studied experimentally before: bovine pancreatic 

trypsin inhibitor (BPTI), eglin C (Egl), bovine ubiquitin (UBQ), human acylphosphatase 

(ACP), ribonuclease A (RNase), hen egg white lysozyme (Lyz), staphylococcal nuclease 

(SNase), and staphylococcal nuclease PHS variant (SNase PHS).  

For each protein, all-atom explicit solvent MD simulation were carried out using 

identical  settings as our previous study123, with the change of simulation length which 

here was extended to 400 ns.  In brief, we used the molecular dynamics software package 

GROMACS 4.6.348 to simulate all structures using the CHARMM27 force field and 

TIP3P water model47.  Simulation conditions were 0.1 molar excess NaCl, 1 bar of 

pressure, and temperatures ranging from 300 to 400 K in 20 K increments.  All protein 

simulations underwent 1,000 steps of energy minimization, 200 ps of constant volume 

equilibration, 200 ps of constant pressure equilibration, and 400 ns of production 
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simulation.  A native ensemble of 400 structures was extracted from the production 

trajectory (1 structure/ns).  Equilibration criteria were stable all-atom RMSD with respect 

to the crystal structure (0 - 5 Å) and stable values (drift 0.5%) of solvent-excluded volume 

throughout the production trajectory.  Simulations were started from the three-dimensional 

coordinates as provided in the PDB file, BPTI - PDB:6PTI, Egl - PDB:1EGL, Ubq - 

PDB:1UBQ, ACP PDB:2K7J, RNase - PDB:7RSA, Lyz - PDB:4LZT, SNase - 

PDB:1EY0, and SNase PHS – PDB:3BDC, and remained folded throughout the 

simulation at all temperatures (Figure 4.2 and Figure 4.3). 

 

Figure 4.2: Temperature dependence of various metrics for the native state of BPTI (black circles), 

Eglin (blue squares), Ubiquitin (red triangles), Acylphosphatase (green inverted tringles), 

Ribonuclease (cyan diamonds), Lysozyme (pink hexagons), SNase (open circles), and SNAse ΔPHS 

(red squares).  Panel A. Radius of gyration, Panel B. backbone RMSD, Panel C. number of hydrogen bonds, 

and Panel D. secondary structural content.  Rg remain low and stable, RMSD increases slightly with 

temperature mostly due to the increased flexibility of termini and loops, the number of hydrogen bonds 

decreases only slightly with temperature, and secondary structure content remains the same indicating that 

the proteins are remaining folded across 300 - 400K. Error bars are standard error of the mean. 
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Figure 4.3: Backbone RMSD between native MD ensembles at 300K and their starting crystal 

structure. All proteins have a low RMSD in the core region. Proteins that display relatively large average 

RMSD (>0.2) at 300K have highly flexible N or C termini regions. 

In addition, volume calculations were performed directly (i.e. omitting MD 

simulations) on the crystal structures of RNase (PDB: 1-9RAT) and Lyz (5-6LYT) that 

were solved at different temperatures.   Prior to the volume calculations, the structures 

were energy minimized using the CHARMM27 force field and implicit solvent 

(Generalized Born surface area, GBSA, model) with protein and solvent dielectric 

constants of 80 in GROMACS 4.6.3 to incorporate all hydrogen atoms.   

Explicitly modeling the unfolded state ensemble is important to draw conclusions 

about the volumetric properties of the unfolded state123.  There are multiple computational 

ways to generate the unfolded state ensemble, including statistical coil model of the 
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unfolded state (SC)83, trajectory directed ensemble sampling (TraDES)84, and flexible-

meccano (FM)85.  We have shown previously, TraDES generated unfolded state ensemble 

shows remarkable agreement to experimental values of Rg as a function of protein size82.  

Typically, our TraDES-generated unfolded state ensemble consists of 1,000 structures that 

are generated with the all-coil sampling flag (-c T) to remove all secondary structure 

propensity.  Prior to the volume calculations, the structures are energy minimized in 

implicit solvent using the Generalized Born surface area (GBSA) model with protein and 

solvent dielectric constants of 80 in GROMACS 4.6.3.  This step also explicitly 

incorporates all hydrogen atoms.   

The unfolded ensemble of three proteins, BPTI, RNase, and Lyz were simulated 

with their disulfide bonds intact using the structure-based model (SBM) generator 

SMOG126–128. The crystal structure files of BPTI (PDB:6PTI), Ribonuclease 

(PDB:7RSA), and Lysozyme (PDB:4LZT) were appended with the sulfur atom numbers 

participating in the disulfide bond. The modified PDB files were then input into SMOG 

and processed with the all-atom and shadow contact models. The resulting output were 

GROMACS-compatible coordinate and topology files. The output topology files were 

stripped of all pairwise interactions, leaving only the Lennard-Jones, bond, angle, dihedral, 

and improper contributions to the energy function. Binary run input files (tpr) files were 

generated from the coordinate and modified topology files. The SBM simulations were 

run at 150 K for 108 steps with a time step of 0.2 fs. The simulation conditions were no 

solvent, no periodic boundaries, no charges, and a short-range neighbor list and vdW cut-

off of 1.2 nm. Equilibration of radius of gyration was seen after 500 ps, so extraction of 

PDB structures started from 500 ps in 10 ps intervals, resulting in a total of 1,950 unfolded 

structures per disulfide bond-containing protein. 

To better understand the effects of temperature on the volumetric properties of the 

unfolded state ensemble, we have also performed all-atom explicit solvent MD 

simulations of PAPf39, an intrinsically disordered peptide with the sequence 

GIHKQKEKSRLQGGVLVNEILNHMKRATQIPSYKKLIMY.  Simulations were done 

using enhanced sampling approach using replica exchange molecular dynamics (REMD).  

48 replicas spanning the temperature range from 280 K to 450 K were used, and simulation 

was carried out for 1.1 sec per replica (~53 sec total) using the CHARMM27 force field 
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and TIP3P water model.  The volumetric properties were calculated using structural 

ensembles of the peptide at different temperatures from the last 300 ns of simulations. 

4.3.2 Model Compounds for Calculating Volume of Hydration 

The experimentally measured partial molar volumes in aqueous solution, Vϕ,aq, of 

106 model compounds relevant to proteins (alkanes, aromatic compounds, alcohols, diols, 

amines, amides, polyethylene glycols, carboxylic acids, and acetals) were taken from 

101,129–140. Partial molar volumes in aqueous solution for these model compounds were 

experimentally measured at different temperatures, typically ranging from 273 K to 328 

K (0 to 55°C). Each of these model compound PDB structures were generated using the 

CORINA webserver 113. Additionally, we included into our volumetric analysis more 

complex model compounds such as oligopeptides (3-5 residues), N-acetyl amino acid 

amides, and N-acetyl amino acids with neutralized carboxyl termini that represent protein 

components 66,114. For these compounds, structures were generated using the same 

protocol as for the native proteins. 

The hydration volume is calculated as a difference between partial molar volume 

of a compound in aqueous solution, Vϕ,aq, and corresponding solvent-excluded volume, 

VSE. MSMS software package 116 was used to analytically calculate MSA per atom for all 

model compound structures. For each structure, MSA was broken down into carbon, 

nitrogen, oxygen, and sulfur surface areas. Hydrogen surface areas were combined with 

the surface area of their parent heavy atom. Carbon and sulfur molecular surface areas 

were combined into non-polar MSA (MSANP). Nitrogen and oxygen molecular surface 

areas were combined into polar MSA (MSAPol). 

4.3.3 ProteinVolume Calculations 

The ProteinVolume (http://gmlab.bio.rpi.edu) software package has been 

described by us previously117.  The input is a PDB-formatted coordinates file, which is 

used to generate the accessible surface using a flood-fill algorithm operating in the polar 

coordinate space.  The Bondi radii set46 is used for all-atom representation.  The enclosed 

volume within the accessible surface is flood-filled with probes of variable length, ranging 

from 0.08 Å to 0.02 Å, depending on the complexity of the volume.  The flood-fill 
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algorithm stops at 1.4 Å from the accessible surface.  The existing volume probes describe 

the volume enclosed within the molecular surface, or solvent-excluded volume (VSE).  

Probes that lie within the volume of a protein atom are considered to be part of the van der 

Waal’s volume (VvdW). A probe which lies on top of a van der Waals boundary is 

stochastically accepted with the acceptance probability based on its magnitude of overlap 

with the atom.  Void volume, VVoid, is calculated as the difference between the solvent-

excluded volume and the van der Waals volume. 

4.3.4 Structural Analysis 

Contact maps, Rg, and number of hydrogen bonds were analyzed using 

GROMACS 4.6.348 utilities g_mdmat, g_gyrate, and g_hbond. Secondary structure was 

calculated using DSSP 88. The number of nearby atomic contacts was calculated using 

SCM 127 using a flat cutoff distance of 4 Å. 
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4.4 Results and Discussion 

4.4.1 Calculating Volume of Hydration and its Change upon Unfolding 

When a protein molecule is solvated, there are changes in the surrounding solvent 

volume, relative to the bulk, due to interactions with the protein surface. This volume 

change is referred to as hydration volume (VHyd). In our previous work123, volumetric data 

at 25°C of 150 model compounds was used to formulate a hydration volume model that 

scales linearly with non-polar and polar molecular surface area: 

 

 𝑉Hyd = 𝑎 + 𝑘NP ∙ 𝑀𝑆𝐴NP + 𝑘Pol ∙ 𝑀𝑆𝐴Pol (4.4) 

 

The volume of a solute changes with temperature, therefore we wanted to 

understand the degree of volumetric expansion that was originating from VHyd. To this 

end, we analyzed the experimentally measured partial molar volumes for over 100 model 

solutes in aqueous solutions at temperatures ranging from 273-363 K (0 - 90°C) with the 

majority of data obtained in the 280-340 K range66,101,114,129–140. These compounds contain 

functional groups relevant to proteins, i.e. alkanes, aromatic compounds, alcohols, diols, 

amines, amides, polyethylene glycols, carboxylic acids, acetals, oligopeptides, and N-

acetyl amino acid amides.  Hydration volume, VHyd, is equal to the volume change upon 

transfer of a solute from gas phase into water, i.e. the partial volume of a solute in water 

minus the geometric volume of this solute. A linear regression fit was performed on the 

hydration volumes per model compound across the temperature range of 280-340 K.  The 

temperature dependence of the hydration coefficients kNP and kPol is shown in Figure 4.4, 

while the quality of the fit is shown in Figure 4.5. 
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Figure 4.4: Temperature dependence of hydration coefficients kNP and kPol, indicating that kNP (black 

circles) has stronger temperature dependence than kPol (red inverted triangles).  Open symbols show 

linearly extrapolated values.  Error bars are standard error of the mean.  Numerical values are given in Table 

4.1. 

 

Figure 4.5: Comparison between experimental and fitted values of hydration volumes for 106 

different model compounds at four different temperatures.  The solid lines are drawn to show diagonal.  

The coefficients of determination, R2, in four cases are 0.95. 
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Table 4.1: Hydration coefficients kNP and kPol from 280 to 400K. SD, standard deviation. SE, standard 

error of the mean. 

Temp kNP kPol SDNP SDPol SENP SEPol 

280 0.37 0.04 0.11 0.09 0.01 0.01 

290 0.38 0.05 0.11 0.09 0.01 0.01 

300 0.39 0.05 0.10 0.08 0.01 0.01 

320 0.42 0.06 0.10 0.08 0.01 0.01 

340 0.44 0.07 0.11 0.09 0.01 0.01 

360 0.46 0.08 0.13 0.10 0.01 0.01 

380 0.48 0.08 0.14 0.12 0.01 0.01 

400 0.50 0.09 0.17 0.14 0.02 0.01 

 

The kNP coefficient has larger value at 280 K and shows relatively steep linear 

dependence on temperature in the experimental range (280-340 K).  In contrast, kPol 

coefficient at 280 K has smaller value than kNP coefficient and shows a more moderate 

linear dependence on temperature (Figure 4.4).  The small value for the polar coefficient 

is due to polar groups hydrogen bonding with water, while the large value of the kNP 

coefficient suggests that water molecules move away from non-polar groups due to the 

hydrophobic effect77,102,104. The increase in kNP and kPol with temperature can be 

interpreted as the increase in equilibrium distance between solvent and the protein surface 

due to increased kinetic energy. The kNP coefficient increases more steeply with 

temperature compared to kPol because polar surfaces hydrogen bond with solvent and 

reduce the expansion of the hydration volume around polar surfaces with temperature.  

With the non-polar and polar hydration coefficients known, assuming that the 

proportionality coefficients kNP and kPol derived from model compounds (i.e. equation 4.4) 

can be extrapolated to much larger surfaces, contribution of hydration to the native and 

unfolded states, and to the changes in hydration volume upon unfolding, ΔVHyd, can be 

calculated as: 

 

 𝑉Hyd,N = 𝑘NP ∙ 𝑀𝑆𝐴NP,N + 𝑘Pol ∙ 𝑀𝑆𝐴Pol,N (4.5) 
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 𝑉Hyd,U = 𝑘NP ∙ 𝑀𝑆𝐴NP,U + 𝑘Pol ∙ 𝑀𝑆𝐴Pol,U (4.6) 

 

 ∆𝑉Hyd = 𝑘NP ∙ ∆𝑀𝑆𝐴NP + 𝑘Pol ∙ ∆𝑀𝑆𝐴Pol (4.7) 

 

where ΔMSANP=MSANP,U-MSANP,N and ΔMSAPol=MSAPol,U-MSAPol,N are the 

differences in the non-polar and polar surface areas of the unfolded and native states, 

respectively. 

4.4.2 Expansivity of the Native State 

The partial volume of native proteins in aqueous solution increases with 

temperature101,124.  It has been argued that this volumetric expansion is due to the increase 

in void volume as internal fluctuations in the protein rise due to the increase in thermal 

motion.  To test this hypothesis, we have performed all-atom explicit solvent simulations 

of the native state ensembles for eight different proteins at six different temperatures 

ranging from 300 K to 400 K in 20 K increments (Methods section for simulation details 

and Figure 4.2).  Analysis of these structural ensembles allowed us to compute the solvent-

excluded, VSE,N, and void, VVoid,N, volumes at these temperatures. 

Figure 4.6 shows the temperature dependencies of VSE,N, and VVoid,N.  It is evident 

that both VSE,N and VVoid,N functions do not show a significant changes at 400 K compared 

to 300 K (since VvdW is temperature independent).  The relative changes for the 8 proteins 

obtained from molecular dynamics simulations are 0.5±0.4% (max 1.1%, min 0.1%) and 

2.1±1.5% (max 4.3%, min 0.5%) per 100 K for VSE,N and VVoid,N respectively. 
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Figure 4.6: Temperature dependence of native protein volume from 300 to 400K for eight different 

proteins.  The increase in VTot (red inverse triangles) and VHyd (blue diamonds) with temperature is of similar 

magnitude, while VSE (black circles) only increases slightly due to the small increase in VVoid (green squares), 

indicating that VHyd makes a major contribution to the temperature dependence of VTot. Open symbols show 

linearly extrapolated values of hydration volume.  Error bars are standard error of the mean and are of the 

size of the symbols. 
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The absolute changes for the 8 proteins obtained from molecular dynamics 

simulations are 80±70 Å3 (max 186 Å3, min 15 Å3) per 100 K for VSE,N and VVoid,N. 

 

Figure 4.7: Dependence of the number of nearby atomic contacts on temperature in the native state 

for 8 proteins. BPTI (black circles), Eglin C (blue squares), Ubiquitin (red triangles), Acylphosphatase 

(green inverted tringles), Ribonuclease (cyan diamonds), Lysozyme (pink hexagons), SNase (red squares), 

and SNase ΔPHS (open circles).  Error bars are standard deviation. 

To understand why VSE,N and VVoid,N increases with temperature, we analyzed the 

number of contacts within 4 Å as a function of temperature (Figure 4.7), which revealed 

a strong negative linear dependence of nearby contacts on temperature.  Considering that 

VvdW is temperature independent, the small increase in VVoid,N and thus in VSE,N is likely 

caused by the reduction of intramolecular contacts which results in the expansion of void 

volume in between the previously contacting but non-covalently-bonded protein atoms. 

 

Figure 4.8: Temperature dependence of VSE,N (green squares) and VVoid,N (black circles) with 

temperature observed in crystal structures of RNase 1 solved at temperatures ranging from 98K to 

298K. 
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This slight increase in VSE and VVoid with temperature has also been observed in 

crystal structures of RNase141 and Lyz142 solved at temperatures ranging from 98K to 

298K.  Ribonuclease displayed a 63 Å3 (0.4% and 1.8%) increase in VSE, and VVoid per 

100K (see Figure 4.8), which is very similar to our value of 145 Å3 (0.9%) increase in VSE 

per 100K calculated from our MD simulation. Likewise, increases in volumes for Lyz are 

120 Å3 (0.7% and 3.1%) per 100 K for VSE, and VVoid, respectively, similar to 187 Å3 

(1.1%) obtained from MD simulations.  This similarity of the computed and experimental 

volume changes with temperature provides additional support that force fields can 

simulate realistic equilibrium distances and internal fluctuations within a protein across 

wide temperature ranges. 

The contribution of hydration to the volume of the native state, VHyd,N, taken into 

account using equation 4.5, shows a significant temperature dependence and thus appears 

to be a major determinant for the temperature dependence of the volume of the native 

proteins, i.e. VTot,N (Figure 4.6).  Average increase in VHyd,N per 100K for the 8 proteins is 

530±140 Å3 (min 330 Å3, max 690 Å3).   

The temperature dependence of hydration volume is dependent on MSANP,N, 

MSAPol,N, kNP, and kPol (equation 4.5). To understand which of these components are 

responsible for the thermal expansion of hydration volume, we analyzed their magnitudes 

from 300 - 400K.  As we have shown above, the kNP and kPol coefficients demonstrate 

positive temperature dependence, with kNP increasing much more quickly with 

temperature.  There is also a slight increase in MSANP,N and MSAPol,N with temperature 

(Figure 4.9) but their increase across 300 - 400K is only ~7% whereas kNP increases by 

28% (Figure 4.4 and Table 4.1). 
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Figure 4.9: Temperature dependence of polar and non-polar molecular surface areas in the native 

and unfolded states from 300 to 400K for 8 proteins: MSANP,N (black circles), MSAPol,N (red inverted 

triangles), MSANP,U (gray squares), and MSAPol,U (pink triangles). Error bars are standard deviation. 
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Such minor increases in surface area with increasing temperature is expected given 

the overall nativeness of the MD ensembles (see Figure 4.2).  Since the relative increase 

in kNP and kPol with temperature is much larger in magnitude than the increase in MSANP,N 

and MSAPol,N, the temperature dependence of the hydration volume is primarily due to the 

increasing kNP and kPol coefficients with temperature.  

To summarize, the folded proteins display a positive expansivity ε=(V/T)P 

which has contributions from temperature dependencies of both VVoid,N or VHyd,N.  Our 

analysis also shows that the thermal expansion originating from the hydration volume is 

primarily responsible for the thermal expansion of total volume, contributing ~85% to the 

expansivity of the native state. 

4.4.3 Expansivity of the Unfolded State 

As described in the previous section, the expansivity of the native state is primarily 

a function of hydration volume (85-90%) with minor (10-15%) contributions from void 

volume. The compact three-dimensional structure of the native state maintained by long-

range interactions allows void volume to undergo slight expansion with temperature due 

to weakening of intramolecular interactions. However, due to the lack of the long-range 

specific contacts in the unfolded state, increase in temperature can only affect the overall 

dimensions of the polypeptide chain, leading to its expansion as characterized by, for 

example, increase in radius of gyration (Rg) as a function of temperature.  The increase in 

Rg within the unfolded state ensemble should not lead to significant changes in the void or 

solvent excluded volume and they can be assumed to be temperature-independent.   

 

Figure 4.10: Temperature dependence of radius of gyration, Rg, (Panel A) and polar and non-polar 

molecular surface areas MSANP,N (black circles) and MSAPol,N (red inverted triangles) (Panel B), from 

300 to 400K for PAPf39 peptide. 
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This assumption was tested using a 39 amino acid long intrinsically-disordered 

peptide that due to its small size can be simulated using extended (>1 microsec) all-atom 

explicit solvent molecular dynamics simulations (see Methods for details).  The average 

Rg values increase gradually as the temperature increases (see Figure 4.10A).  However, 

the corresponding void and solvent excluded volumes at 300 K and 400 K are the same 

within the error of calculation (Figure 4.11). 

 

Figure 4.11: Characterization of volumetric properties of unfolded state ensemble of a 39-residue 

intrinsically-disordered peptide PAPf39.  The increase in VTot (red inverse triangles) and VHyd (blue 

diamonds) with temperature is of similar magnitude, while VSE (black circles) only increases slightly due to 

the small increase in VVoid (green squares), indicating that VHyd makes a major contribution to the temperature 

dependence of VTot. Open symbols show linearly extrapolated values of hydration volume.  Error bars are 

standard error of the mean and are of the size of the symbols. 

Moreover, the corresponding MSANP, and MSAPol are also independent of 

temperature (see Figure 4.10B).  This supports the validity of the assumption that the 

unfolded state ensemble VSE, VVoid, MSANP, and MSAPol are independent of temperature. 

This establishes that the VSE and VVoid of the unfolded state for the 8 proteins 

considered here are independent of temperature.  Thus, VHyd is the only volumetric 

component that increases with temperature in the unfolded state and can calculated by 

equation 4.6, using the values of MSANP and MSAPol and the respective kNP and kPol 

coefficients from 300 - 400K.  Consequently, the expansivity of the unfolded state is 

exclusively defined by the expansivity of its hydration volume (Figure 4.12). 
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Figure 4.12: Temperature dependence of unfolded protein volume across 300 to 400K range for eight 

different proteins.  The increase in VTot (red inverse triangles) and VHyd (blue diamonds) with temperature 

is of similar magnitude, while VSE (black circles) only increases slightly due to the small increase in VVoid 

(green squares), indicating that VHyd makes a major contribution to the temperature dependence of VTot. Open 

symbols show linearly extrapolated values of hydration volume.  Error bars are standard error of the mean 

and are of the size of the symbols. 
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4.4.4 Change in Expansivity (Δε) upon Protein Unfolding and Comparison with 

Experiment 

Most proteins undergo a negative volumetric change upon unfolding at lower 

temperatures around 300K22,28, indicating that the volume of the unfolded state is smaller 

than the volume of the native state. However, at higher temperatures around 360K, the 

volumetric change upon unfolding becomes less negative and sometimes even positive28, 

indicating that the unfolded state volume has expanded to become larger than the native 

state due to the higher expansivity of the unfolded state compared to the native state25,143.  

This experimental observation is recapitulated in our computational analysis.  Indeed, the 

temperature dependence of the unfolded state computed for 8 proteins studied here are 

steeper than the temperature dependence of the native state (compare the slopes of VTot vs 

temperature in Figure 4.6 and Figure 4.12).   

The changes in expansivity upon unfolding can be calculated as: 

 

 
Δ𝜀 = 𝜀U − 𝜀N = (

𝑑∆𝑉Tot

𝑑𝑇
)

𝑃
= (

𝑑∆𝑉Void

𝑑𝑇
)

𝑃
+ (

𝑑∆𝑉Hyd

𝑑𝑇
)

𝑃

= Δ𝜀𝑉𝑜𝑖𝑑 + Δ𝜀𝐻𝑦𝑑 (4.8) 

 

This allows for the analysis of the contributions of the individual volumetric 

components, i.e. changes in expansivity of the void volume, ΔεVoid, and the hydration 

volume, ΔεHyd, to the overall Δε.  We have established in the previous sections that: 1) 

hydration volume is the primary contributor to expansivity of both native and unfolded 

states (Figure 4.6 and Figure 4.12); 2) hydration volume is directly proportional to polar 

and non-polar MSA (equation 4.5 and equation 4.6); and 3) the unfolded state has a much 

higher polar and non-polar MSA than the native state (Figure 4.9).  Therefore, the unfolded 

state will always have a higher expansivity than the native state because the unfolded state 

has more hydration volume, the primary component of the thermal expansivity of both 

states. Although the void volume expansivity contributes slightly to the native state 

expansivity and has no contribution to unfolded state expansivity, its magnitude is much 

smaller than the difference in hydration volume expansivity between the unfolded and 

native states and therefore the unfolded state expansivity remains higher.  The contribution 

from changes in void volume with temperature, ΔεVoid, to the overall expansivity is 
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negative, i.e. ΔVVoid decreases with increase in temperature (Figure 4.13).  The 

contribution from changes in hydration volume with temperature, ΔεHyd, to the overall 

expansivity is positive and larger in absolute magnitude than the negative ΔεVoid (Figure 

4.13).  This leads to the positive overall change in expansivity, Δε, for all proteins studied 

here (Figure 4.13) which has been observed experimentally28,144. 

 

Figure 4.13: Temperature dependence of contributions from changes in void ΔVVoid (green squares) 

and hydration ΔVHyd (blue diamonds) volumes to the total volume change upon unfolding ΔVTot across 

the temperature range from 300 to 400K for 8 different proteins.  ΔVVoid does not change significantly 

with temperature, indicating that ΔVHyd is a major contributor to the temperature dependence of the ΔVTot. 

Open symbols show linearly extrapolated values of hydration volume.  Error bars are standard error of the 

mean. 
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Figure 4.14 compares experimental and computed values of overall changes in 

expansivity.  It is evident that there is good qualitative agreement between the magnitude 

of calculated and experimental Δε values with a coefficient of determination, R2, of 0.76.  

Therefore, while there appears to be a systematic overestimation of Δε, the model can 

predict relative differences in Δε between proteins with remarkable accuracy. 

 

Figure 4.14: Comparison between calculated (black) and experimental (red) Δε, showing that the 

model can reasonably predict the relative differences of Δε between different proteins. Error bars are 

standard error of the mean. 

4.5 Concluding Remarks 

We have analyzed the contributing factors to the expansivity of native and 

unfolded states, which revealed that hydration volume is the primary contributor to the 

temperature dependence of volume, with void volume playing a minor role in expansivity. 

These findings explain why the native state has a lower expansivity than the unfolded 

state, i.e. due to the lower molecular surface area in the native state and consequently 

lower hydration volume in the native state compared to the unfolded state. 

Our model can compute the relative differences in V123 and Δε (this work) 

reasonably well.  This will allow for the computational prediction of expected differences 

in V and  for unfolding of homologous proteins and in the longer run, optimization of 

proteins with more positive changes in volume at higher temperature. The possible 
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avenues for increasing V and Δε are 1) burying more non-polar surface area within the 

protein core via polar to non-polar mutations or small to large non-polar mutations and 2) 

improving the packing of the core by mutating large bulky residues to smaller non-polar 

residues. It is important to note that the two methods seemingly counteract each other, as 

mutating a small non-polar residue to a larger one may increase the native state expansivity 

through the disruption of packing and reduction of intramolecular interactions which 

increases the native state void volume. Likewise, substituting a large non-polar residue 

within the core with a smaller non-polar residue may decrease the expansivity of the 

unfolded state to a greater magnitude, due to the reduction in unfolded state non-polar 

surface area, than it decreases the expansivity of the native state through better packing. 

Nonetheless, the general finding that hydration volume contributes the majority share to 

thermal expansivity of proteins hints that the first method of modulating the exposed 

surface area upon unfolding will produce greater results for engineering changes in Δε, 

with the important caveat that the protein core is not significantly destabilized. 

4.6 Supporting Information 

Parameters characterizing native state ensembles of 8 proteins (Figure 4.2 & 

Figure 4.3), quality of fit for hydration (Figure 4.5), temperature dependence of volumes 

from x-ray (Figure 4.8), changes in the molecular surface areas of 8 proteins as a function 

of temperature (Figure 4.9) and parameters characterizing the unfolded state ensemble of 

a model peptide (Figure 4.10), coefficients of volume of hydration as a function of 

temperature (Table 4.1), volumes of hydration as a function of temperature for model 

compounds (Table 4.2). 

Table 4.2: Model compounds, their non-polar and polar surface areas, and hydration volumes at 300 

to 400K which were used to parameterize hydration coefficients kNP and kPol from 300 to 400K. 

Model 

Compound 

VSE MSA

NP 

MSA

Pol 

VHyd 

300K 

VHyd 

320K 

VHyd 

340K 

VHyd 

360K 

VHyd 

380K 

VHyd 

400K 

Methanol 37.8 35.4 23.4 25.3 25.5 25.7 26.2 26.6 27.0 

Ethanol 55.8 56.2 22.8 35.3 35.6 35.9 36.6 37.3 38.0 

Propanol 74.2 75.1 22.8 42.1 42.7 43.4 44.8 46.1 47.5 

Butanol 92.5 93.9 22.8 49.7 50.7 51.7 53.6 55.6 57.6 
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Pentanol 110.8 112.7 22.8 55.6 57.3 59.1 62.6 66.1 69.6 

Propanediol 83.4 62.6 45.7 35.2 35.7 36.2 37.1 38.1 39.0 

Butanediol 101.7 81.5 45.7 44.2 44.7 45.3 46.4 47.6 48.7 

Pentadiol 120.1 100.3 45.7 52.0 52.8 53.7 55.4 57.2 58.9 

Hexadiol 138.6 119.1 45.7 59.4 60.6 61.8 64.2 66.6 69.0 

Octane-1,8-diol 175.0 156.8 45.7 74.3 76.4 78.5 82.6 86.8 91.0 

Nonane-1,9-diol 193.3 175.6 45.7 80.9 83.6 86.3 91.6 97.0 102.3 

Ethylene_Glycol 65.2 43.9 45.2 24.2 24.9 25.6 26.9 28.3 29.6 

Diethylene_Glyc

ol 110.8 84.5 55.0 40.3 41.4 42.5 44.7 46.9 49.1 

Triethylene_Glyc

ol 156.7 125.2 64.8 54.8 56.5 58.2 61.6 65.0 68.4 

Tetraethylene_Gl

ycol 202.2 165.8 74.6 69.8 72.0 74.3 78.8 83.3 87.8 

Ethylene_glycol_

dimethyl_ether 101.7 108.2 21.2 55.7 56.8 57.9 60.1 62.3 64.5 

Diethylene_glyco

l_dimethyl_ether 147.3 148.8 31.0 69.9 71.7 73.5 77.1 80.7 84.2 

Triethylene_glyc

ol_dimethyl_ethe

r 193.4 189.5 40.8 84.4 86.7 89.1 93.7 98.4 103.1 

Tetraethylene_gl

ycol_dimethyl_et

her 239.1 230.1 50.6 99.0 101.9 104.9 110.8 116.7 122.6 

2-

Methoxyethanol 83.5 76.0 33.2 39.9 40.8 41.7 43.4 45.1 46.9 

2-Ethoxyethanol 101.5 96.9 32.7 48.3 49.4 50.4 52.5 54.5 56.6 

2-Propoxyethanol 119.7 115.7 32.7 55.9 57.2 58.6 61.4 64.1 66.9 

2-Butoxyethanol 138.2 134.5 32.6 62.9 64.7 66.5 70.1 73.7 77.3 

Benzene 84.9 106.6 0.0 48.9 51.1 53.3 57.7 62.2 66.6 

Toluene 103.0 125.0 0.0 48.8 52.6 56.4 64.0 71.7 79.3 

2-

methoxyethanol 83.5 76.0 33.2 39.5 40.5 41.5 43.4 45.3 47.2 
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Acetic_Acid 57.9 40.9 40.1 25.3 26.8 28.4 31.5 34.6 37.8 

Propanoic_acid 75.7 60.8 38.2 33.9 35.6 37.2 40.6 43.9 47.2 

Acetamide 60.6 40.0 44.0 30.9 31.7 32.5 34.2 35.8 37.5 

Propionamide 78.9 60.0 42.2 36.6 38.0 39.3 42.0 44.7 47.4 

Methylphenol 112.2 112.2 22.5 52.5 53.5 54.5 56.5 58.5 60.5 

Butylamine 96.1 93.1 27.2 46.3 47.8 49.3 52.3 55.3 58.3 

3-Hexanol 129.2 131.1 18.9 63.0 64.5 66.0 69.0 72.1 75.1 

2,5-Hexanediol 138.9 118.0 40.3 59.9 60.8 61.8 63.6 65.5 67.3 

Cyclopentanol 99.6 97.2 21.2 47.7 48.2 48.7 49.7 50.6 51.6 

Cyclohexanol 116.8 109.6 21.8 53.6 54.6 55.6 57.6 59.5 61.5 

Cycloheptanol 131.5 120.8 22.1 60.9 62.1 63.3 65.7 68.1 70.5 

1,4-

Cyclohexanediol 126.3 96.8 43.6 47.3 48.1 48.8 50.3 51.8 53.3 

Trimethylene_oxi

de 64.2 72.7 13.1 35.9 36.9 37.9 39.8 41.8 43.8 

Tetrahydrofuran 81.3 90.1 11.9 44.6 45.8 47.0 49.4 51.8 54.2 

Tetrahydropyran 98.4 104.8 10.9 49.6 51.1 52.6 55.6 58.6 61.6 

1,3-Dioxolane 72.2 69.8 24.1 35.3 37.0 38.6 41.9 45.2 48.5 

1,3-Dioxane 89.6 86.2 22.3 39.6 41.6 43.5 47.4 51.3 55.3 

1,4-Dioxane 89.5 86.7 22.1 42.6 44.3 46.0 49.4 52.9 56.3 

1,3-Dioxepane 105.8 101.4 20.2 49.8 51.6 53.4 57.0 60.6 64.2 

1,3,5-Trioxane 80.8 66.8 34.0 32.2 34.1 36.0 39.8 43.6 47.4 

Dimethoxymetha

ne 84.1 88.6 19.0 47.8 49.2 50.5 53.2 55.9 58.6 

Diethoxymethane 121.5 131.2 16.8 66.2 67.7 69.2 72.2 75.2 78.1 

1,2-

Dimethoxyethane 101.7 108.2 21.2 54.6 55.9 57.1 59.6 62.1 64.6 

Diethyl_ether 92.3 109.2 10.3 56.6 57.5 58.5 60.4 62.4 64.3 

Urea 54.4 7.4 70.2 16.5 17.8 19.1 21.6 24.2 26.8 

Methylurea 73.0 41.1 56.3 28.5 29.5 30.6 32.7 34.8 36.9 

Dimethylurea 90.6 108.5 38.0 40.8 41.7 42.7 44.6 46.5 48.4 

Tetramethylurea 122.4 123.8 19.0 67.3 68.8 70.2 73.1 76.0 78.8 

Ethylurea 91.2 61.3 55.5 37.5 38.7 39.9 42.4 44.8 47.3 
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Diethylurea 128.2 108.5 38.0 58.5 59.9 61.2 63.8 66.5 69.1 

Butylurea 127.7 99.0 55.5 53.0 54.8 56.7 60.5 64.2 68.0 

Methylformamid

e 61.5 53.5 30.9 30.3 31.6 32.9 35.5 38.1 40.7 

Dimethylformam

ide 80.1 84.7 18.4 41.8 42.2 42.6 43.4 44.2 45.0 

2-Pyrrolidinone 86.1 74.3 33.9 28.1 32.6 37.1 46.1 55.2 64.2 

Dimethylacetami

de 97.0 101.0 18.4 43.4 45.7 48.0 52.7 57.3 62.0 

Methyl-2-

pyrrolidinone 105.3 107.2 19.9 43.9 45.8 47.6 51.4 55.2 59.0 

Dimethylamine 59.7 66.4 16.2 37.5 37.7 37.9 38.2 38.6 39.0 

Ethylacetate 94.1 94.9 26.1 50.4 52.2 54.1 57.8 61.5 65.3 

Methylethylketon

e 85.1 92.7 15.8 49.5 50.8 52.1 54.6 57.2 59.7 

Diethylene_glyco

l_diethyl_ether 183.7 190.5 29.9 85.6 87.7 89.8 94.0 98.2 102.3 

GGG 176.0 78.0 123.5 49.6 50.9 52.2 54.9 57.6 60.3 

GAG 195.4 97.2 120.8 60.5 61.9 63.3 66.1 68.9 71.7 

GVG 235.0 130.8 115.2 70.1 71.9 73.8 77.5 81.2 84.9 

GLG 253.1 147.4 118.4 78.2 80.6 82.9 87.6 92.3 97.1 

GIG 253.6 146.9 116.1 78.0 80.8 83.5 89.0 94.5 100.0 

GSG 205.1 84.5 140.8 50.4 51.8 53.2 56.0 58.7 61.5 

GTG 224.9 103.8 135.9 56.8 58.5 60.2 63.7 67.1 70.6 

GNG 230.6 86.3 161.1 56.6 58.9 61.2 65.9 70.5 75.2 

GQG 250.3 102.5 159.8 57.9 59.9 61.8 65.8 69.7 73.7 

GFG 276.4 167.2 118.6 81.2 83.9 86.7 92.2 97.7 103.2 

GYG 286.4 154.5 138.7 74.9 77.5 80.0 85.1 90.2 95.4 

GWG 309.2 178.5 133.1 78.7 81.2 83.8 89.0 94.2 99.3 

GHG 255.0 124.2 143.5 68.1 70.2 72.3 76.6 80.8 85.1 

GCG 216.5 115.8 117.8 60.7 62.5 64.4 68.0 71.7 75.3 

GMG 254.8 151.6 119.0 76.4 79.4 82.3 88.2 94.2 100.1 

GDG 224.0 86.5 154.9 53.3 55.2 57.2 61.1 64.9 68.8 
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GEG 243.1 105.2 152.4 61.0 63.0 65.0 69.0 73.0 77.0 

GKG 269.3 136.0 150.4 62.2 64.4 66.5 70.9 75.3 79.7 

GRG 286.6 124.5 178.5 57.2 59.4 61.5 65.8 70.0 74.3 

GGGG 229.0 102.7 149.7 56.1 57.8 59.5 62.9 66.2 69.6 

GFAG 352.7 207.4 137.0 96.1 99.7 103.4 110.6 117.9 125.1 

GFSG 363.3 196.8 156.2 81.9 85.3 88.7 95.5 102.2 109.0 

GSTG 310.0 134.0 176.7 64.9 67.2 69.4 73.9 78.5 83.0 

GNAG 304.4 129.7 179.9 69.4 71.7 74.0 78.7 83.4 88.1 

GGGGG 284.0 127.8 174.0 61.5 63.5 65.5 69.6 73.7 77.8 

GFVGG 446.1 260.1 154.5 110.2 114.2 118.2 126.1 134.0 141.9 

GGSAG 332.7 152.8 179.6 71.5 74.0 76.5 81.4 86.3 91.2 

Ace-A-NH2 132.5 84.3 70.5 42.7 44.6 46.5 50.3 54.1 57.9 

Ace-D-NH2 160.6 73.0 105.9 36.2 38.4 40.6 45.0 49.3 53.7 

Ace-E-NH2 179.0 92.8 103.2 44.8 47.0 49.2 53.5 57.9 62.3 

Ace-F-NH2 212.0 154.1 67.8 65.1 68.1 71.2 77.2 83.3 89.3 

Ace-G-NH2 113.4 65.2 72.8 34.4 35.8 37.3 40.2 43.2 46.1 

Ace-I-NH2 190.2 133.2 66.1 62.2 64.3 66.4 70.6 74.8 79.1 

Ace-L-NH2 189.4 134.1 68.6 64.8 67.4 69.9 75.1 80.2 85.4 

Ace-M-NH2 191.1 138.4 69.1 59.0 61.3 63.7 68.4 73.1 77.8 

Ace-P-NH2 158.7 110.8 61.3 46.8 49.0 51.2 55.5 59.9 64.2 

Ace-Q-NH2 185.7 92.0 111.3 44.8 46.9 49.0 53.2 57.4 61.6 

Ace-V-NH2 170.9 117.1 67.0 54.9 57.0 59.1 63.2 67.4 71.5 

Ace-W-NH2 244.2 167.6 84.9 70.0 73.1 76.1 82.3 88.4 94.5 

Ace-Y-NH2 221.1 142.7 88.8 60.4 63.4 66.4 72.5 78.5 84.6 
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5. Molecular Determinants of the Change in Nucleic Acid Volume 

upon Unfolding 

5.1 Abstract 

Nucleic acids are one of the earliest building blocks of life. It is hypothesized that 

on early earth they were chemically synthesized by natural processes near hydrothermal 

vents where pressures and temperatures could reach up to 250 atmospheres and 400°C. 

Pressure affects the thermodynamic equilibrium of folded and unfolded state of nucleic 

acids through the volumetric change upon unfolding: ΔVu = (∂ΔGu/∂P)T. In other words, 

structures that undergo a positive volume change upon unfolding will become increasingly 

stable at higher pressures, and vice versa. Due to the extreme conditions surrounding early 

nucleic acid structures, it is possible that they possessed higher pressure stability due to 

having positive changes in volume upon unfolding. We previously described the 

molecular determinants of volumetric change upon unfolding for proteins and adopt the 

same methodology in this study to calculate the volumetric components of 7 nucleic acids 

and their changes upon unfolding. The calculated ΔVTot values at 20°C for all 7 structures 

are negative and agree well with experimental ΔV values, indicating that the methodology 

of 1) explicitly simulating the native and unfolded states, 2) decomposing volume into van 

der Waals, void, and hydration components, and 3) parameterizing for non-polar and polar 

hydrational coefficients is robust, accurate, and can be extended to nucleic acids. 

5.2 Introduction 

Nucleic acids are one of the most essential biomolecules for life. They function to 

store the genetic code of the cell, i.e. the programming that dictates when genes are turned 

on and off, what proteins the cell can express, and is the medium of propagation of 

information across generations. Certain ribonucleic acid structures even possess 

enzymatic activity. Termed ribozymes, they possess the ability to aid in the synthesis of 

proteins145, duplication of nucleotide sequences146, cleavage of polynucleotide chains147, 

and many other enzymatic activities crucial for early life. The most well-known ribozyme 

is the ribosome which catalyzes the synthesis of proteins145. The ability of RNA to carry 

out both storage of genetic information and enzymatic activity lends credence to the RNA 
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world hypothesis, which posits that RNA was the first complex macromolecule formed by 

natural chemical reactions occurring on early earth148,149. 

Early earth was subject to many meteorite impacts150 which made the surface of 

the earth uninhabitable and high levels of oceanic volcanic activity148 which heated the 

oceans to temperatures of up to 80-100°C151. Due to the catastrophic effects of meteorite 

impacts, early life at or below the ocean floor would have had the best chance of 

survival152. In addition, it is hypothesized that hydrothermal vents provided many of the 

necessary conditions for production of RNA molecules, due to the presence of thermal 

energy and the ample supply of organic molecules17. The environment around 

hydrothermal vents can reach temperatures and pressures up to 400°C and 250 atm, 

requiring the macromolecules that were synthesized there to remain stable at elevated 

temperatures and pressures, as nucleic acids and proteins must adopt a specific three-

dimensional fold to remain functional, whether it be for storage or enzymatic activity. 

Due to the historical relevance of nucleic acids being progenitor building blocks 

of life, which may have evolved at extreme temperatures and pressures, it is important to 

understand the biophysical characteristics that allowed early nucleic acids to remain stable 

and functional at high temperatures and pressures. To address that topic, we first need to 

understand the effect of pressure on nucleic acid structure. Pressure is an environmental 

variable that perturbs the thermodynamic equilibrium of folded and unfolded states. The 

pressure stability of a macromolecule is directly related to its volumetric change upon 

unfolding, ΔVTot. 

 

 
(

𝜕Δ𝐺

𝜕𝑃
)

𝑇
= ∆𝑉Tot = 𝑉Tot,U − 𝑉Tot,N (5.1) 

 

We previously detailed the volumetric components of proteins, van der Waals 

(VvdW), void (VVoid), and hydration (VHyd) volumes, and the magnitude and sign of their 

changes upon unfolding by explicitly simulating the native and unfolded states of 

proteins123. The total change in volume upon unfolding, ΔVTot, was shown to be slightly 

negative but very close to zero, due to void and hydration volume changes upon unfolding 

that were very similar in magnitude but opposite in sign. The resulting theoretical ΔVTot 
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agreed very well with experimental ΔVTot values for 8 individual proteins and qualitatively 

most larger proteins (>200 residues) displayed a negative ΔVTot at 25°C, which matched 

experimental observations that ΔVTot ranges from -4% to +1% 22. 

In this study, we apply the same methodology of explicit simulation of native and 

unfolded states of nucleic acids, volumetric decomposition into VvdW, VVoid, and VHyd 

components, and parameterization of non-polar and polar hydration coefficients using 

model compounds related to nucleic acids to explore the volumetric properties of nucleic 

acids and to determine the validity of our volumetric calculation model across different 

macromolecular systems. We find that our volumetric model used for proteins is robust 

and applicable to nucleic acid systems by demonstrating that nucleic acid volume can be 

described by the same three volumetric components, and that the change in volume upon 

unfolding (helix-to-coil), ΔVTot, for nucleic acids can be accurately calculated using the 

methodology described above. 

5.3 Methods 

5.3.1 Definitions and Calculation of Volumes 

The volume of proteins in solution can be decomposed into three components: van 

der Waals (VvdW), void (VVoid), and hydration (VHyd) volumes 123. We will apply these same 

principles to calculate the volumetric properties of nucleic acids. 

 

 𝑉Tot = 𝑉vdW + 𝑉Void + 𝑉Hyd (5.2) 

 

The van der Waals volume represents the volume enclosed within solute atoms, 

each with a specific radius based on element. The void volume is the solvent-inaccessible 

volume enclosed within the molecular surface of the solute that is not occupied by van der 

Waals volume. The sum of the van der Waals and void volume make up the solvent-

excluded volume. 

 

 𝑉SE = 𝑉vdW + 𝑉Void (5.3) 
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Hydration volume is the volume change that occurs when a solute interacts with 

solvent, for example the disruption of hydrogen bonding around hydrophobic groups. It is 

proportional to the non-polar and polar molecular surface area (MSA) of the solute: 

 

 𝑉Hyd = 𝑎 + 𝑘NP ∙ 𝑀𝑆𝐴NP + 𝑘Pol ∙ 𝑀𝑆𝐴Pol (5.4) 

 

The changes in the volumetric components upon unfolding are calculated as 

follows: The van der Waals volume decreases slightly upon unfolding due to the breaking 

of hydrogen bonds within the protein or nucleic acid. However, any solute-solute 

hydrogen bonds broken upon unfolding will reform with solvent, the change in van der 

Waals volume upon unfolding is negligible and treated as zero. The void volume change 

upon unfolding is calculated as the difference in the native and unfolded state void 

volumes. 

The change in volume upon nucleic acid unfolding, also referred to as helix to coil 

transition, is the change in the individual volumetric components upon unfolding: 

 

 ∆𝑉Tot = 𝑉Tot,U − 𝑉Tot,N = ∆𝑉Void + ∆𝑉Hyd (5.5) 

 

5.3.2 Parameterization of Hydration Coefficients 

The hydration volume VHyd of a solute is equal to the total volume minus the 

solvent-excluded volume, VTot – VSE, and can be described by differential hydration 

contributions from non-polar and polar surface areas, i.e. kNP and kPol hydration 

coefficients (equation 5.4). 

A set of 20 model compounds (purine, pyrimidines, nucleobases, and, nucleosides) 

related to nucleic acids with available experimental VTot values at 25°C was selected for 

the fitting of kNP and kPol hydration coefficients. The PDB structure of each model 

compound was generated using the CORINA webserver113 and the VSE calculated using 

ProteinVolume. MSA per atom for all model compound structures was analytically 

calculated using the MSMS software package 116. Each structure had its MSA broken 

down into carbon, nitrogen, oxygen, and sulfur surface areas. Hydrogen surface areas were 
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combined with the surface area of their parent heavy atom. Carbon and sulfur molecular 

surface areas were combined into non-polar MSA (MSANP). Nitrogen and oxygen 

molecular surface areas were combined into polar MSA (MSAPol). 

5.3.3 Native State Simulations of Nucleic Acids 

The B-form helical conformations of CCATCGCTACC, CGCCTAATCG, 

GGCATTACGG, CGCCTATATCG, and dA14•dT14 and the A-form helical 

conformations of rA14•dT14 and rA14•rU14 were generated from sequence using the 

computational toolkits NAB 153 and 3DNA 154. Molecular dynamics simulations were run 

using these starting nucleic acid structures. Each structure was placed in a dodecahedral 

box with dimensions such that there was 1nm distance from the structure to each box edge. 

Structures were then solvated with TIP3P water, neutralized with 0.1M excess NaCl, and 

passed through 1,000 steps of steepest descent energy minimization, 2ns of NVT 

equilibration, 2ns of NPT equilibration, and 400ns of NPT production. A 2fs time step 

was used for all equilibration and production runs. Three different forcefields were used 

to benchmark the effect of forcefield parameters on the resulting volumetric properties of 

the native ensemble: CHARMM27 47, BSC0155, and BSC1 156. Three different excess salt 

concentrations were used for the BSC0 and BSC1 forcefields: 0M, 0.1M, and 0.2M NaCl, 

to determine the effects of salt on native nucleic acid structure. 

3DNA starting structures were also energy minimized in the BSC1 forcefield for 

1,000 steps in implicit solvent (GBSA) to compare the ΔVTot values calculated from the 

3DNA starting structures to those calculated from the BSC1 MD ensembles. 

5.3.4 Unfolded State Simulations of Nucleic Acids 

The unfolded states of CCATCGCTACC, CGCCTAATCG, CGCCTATATCG, 

GGCATTACGG, dA14•dT14, rA14•dT14 and rA14•rU14 were simulated using the structure-

based model (SBM) generator SMOG126–128. The structure files of these nucleic acids were 

generated using 3DNA and then input into SMOG and processed with the all-atom and 

shadow contact models. The resulting outputs were GROMACS-compatible coordinate 

and topology files. The output topology files were stripped of all pairwise interactions, 

leaving only the Lennard-Jones, bond, angle, dihedral, and improper contributions to the 
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energy function. Binary run input files (tpr) files were generated from the coordinate and 

topology files. The SBM simulations were run in GROMACS 4.6.348 at 150K for 100 

million steps with a time step of 0.2 fs. The simulation conditions were no solvent, no 

periodic boundaries, charges, and a short-range neighbor list and vdW cut-off of 1.2nm. 

Equilibration of radius of gyration was seen after 500ps, so extraction of PDB structures 

started from 500ps in 50ps intervals, resulting in a total of 990 unfolded structures per 

chain per nucleic acid. All structures then underwent energy minimization for 1,000 steps 

in explicit TIP3P solvent and 0.1M excess NaCl using CHARMM27, BSC0, and BSC1 

forcefields, with protein dielectric constants of 80 in GROMACS 4.6.3. 

5.3.5 Calculating the Expected Experimental Rg of Single-Stranded Nucleic Acids 

The dimensions of a single-stranded nucleic acid can be characterized using the 

general scaling law 𝑅g = 𝐴0𝑁𝑣. Previous studies have characterized the Rg of poly-A and 

poly-T ssDNA as a function of polymer length and salt concentration, allowing them to 

fit for the A0 coefficient and v exponent 157. Linear and logarithmic regression were 

conducted on the A0 and v values respectively as a function of salt concentration for poly-

A and poly-T to interpolate the A0 and v values at 0.1M NaCl. The Rg of dA14 and dT14 

were then calculated knowing the values of A0, N, and v for poly-A and poly-T at 0.1M 

NaCl. 

5.3.6 Solvent-Excluded Volume Calculations 

The ProteinVolume (http://gmlab.bio.rpi.edu) software package has been 

described by us previously117,123.  The input is a PDB-formatted coordinates file, which is 

used to generate the accessible surface using a flood-fill algorithm operating in the polar 

coordinate space.  The Bondi radii set46 is used for all-atom representation.  The enclosed 

volume within the accessible surface is flood-filled with probes of variable length, ranging 

from 0.08 Å to 0.02 Å, depending on the complexity of the volume.  The flood-fill 

algorithm stops at 1.4 Å from the accessible surface.  The existing volume probes describe 

the volume enclosed within the molecular surface, or solvent-excluded volume (VSE).  

Probes that lie within the volume of a protein atom are considered to be part of the van der 

Waal’s volume (VvdW). A probe which lies on top of a van der Waals boundary is 
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stochastically accepted with the acceptance probability based on its magnitude of overlap 

with the atom.  Void volume, VVoid, is calculated as the difference between the solvent-

excluded volume and the van der Waals volume.  

5.4 Results and Discussion 

5.4.1 Adapting the Protein Volume Model to Nucleic Acids 

In our previous study 123, we showed that the volume of proteins in solution can be 

decomposed into three components: van der Waals (VvdW), void (VVoid), and hydration 

(VHyd) volumes. We will apply these same principles to calculate the volumetric properties 

of nucleic acids. In brief: 

 

 𝑉Tot = 𝑉vdW + 𝑉Void + 𝑉Hyd (5.6) 

 

The change in volume upon nucleic acid unfolding, also referred to as helix to coil 

transition, is the change in the individual volumetric components upon unfolding, where 

the ΔVvdW is treated as 0 due to reformation of solute-solute hydrogen bonds with solvent 

upon denaturation: 

 

 ∆𝑉Tot = 𝑉Tot,U − 𝑉Tot,N = ∆𝑉Void + ∆𝑉Hyd (5.7) 

 

5.4.2 Calculating Hydration Volume of Nucleic Acids 

Nucleic acids share the same non-polar and polar elements as in proteins: carbon, 

nitrogen, oxygen, and hydrogen. However, nucleic acids uniquely have charged phosphate 

groups on their backbone which form electrostatic interactions with water and other ions 

and affect the hydration properties of the macromolecule. In addition, nucleic acids have 

aromatic bases which can participate in pi stacking with other bases and polar-pi 

interactions. We refit the non-polar and polar hydration coefficients, kNP and kPol, with 

model compounds related to nucleic acids (purine, pyrimidines, nucleobases, and, 

nucleosides) (Table 5.1) to accommodate for these changes in polarity. 
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The model compounds used did not have phosphate groups and were 

electrostatically neutral. Therefore, the non-polar and polar hydration coefficients are 

treated as unaffected by the negative charge of the phosphate backbone, the hydrational 

effects of which are calculated with its respective negative ionization volume (see methods 

section for details). 

The hydration volumes of all model compound are then fit to a two-parameter 

function of non-polar and polar molecular surface area (equation 5.4). The fit of hydration 

volume as a function of MSANP can be seen in Figure 5.1. The coefficient of determination, 

R2, is 0.81. 

 

Figure 5.1: Hydration volume as a function of non-polar surface area for nucleic acid model 

compounds. 

 

Table 5.1: Nucleic acid model compounds and their non-polar and polar molecular surface areas and 

hydration volumes at 25°C. 

Structure MSANP MSAPol VHyd 

2'-Deoxyadenosine 121.5 110.7 61.2 

2'-Deoxycytidine 109.6 104.8 52.8 

2'-Deoxyguanosine 116.9 129.0 56.1 

2'-Deoxythymidine 137.7 93.6 60.2 
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2'-Deoxyuridine 114.6 98.2 51.7 

3'-Deoxyadenosine 126.4 110.2 56.9 

6-Methylpurine 92.3 46.8 51.3 

Adenine 60.7 72.8 36.9 

Adenosine 108.0 129.9 54.7 

Cytidine 103.4 120.2 40.5 

Cytosine 50.3 67.9 27.0 

Guanosine 95.1 150.7 58.0 

Hypoxanthine 60.9 69.0 31.6 

Inosine 107.2 125.4 47.1 

Purine 73.2 47.9 40.8 

Pyrimidine 75.4 21.1 41.2 

Thymidine 137.7 93.6 60.8 

Thymine 69.6 61.8 37.2 

Uracil 50.7 63.3 27.7 

Uridine 106.6 115.1 41.6 

 

The resulting hydration coefficient values are 0.36±0.05 for kNP and 0.003±0.04 

for kPol. These values are close to the protein hydration coefficients of 0.38±0.02 and 

0.03±0.03, indicating that neutral model compounds related to nucleic acids demonstrate 

similar hydrational properties to neutral model compounds related to proteins (alkanes, 

aromatic compounds, alcohols, diols, amines, amides, diamines, diamides, dicarboxylic 

acids, hydroxyamides, hydroxy acids, ketones, polyethylene glycols, and ureas). The 

slightly smaller kNP and kPol coefficients can be rationalized by an increase in polarity due 

to the aromaticity of the nucleic acid model compounds. 

5.4.3 Simulation of the Native State of Nucleic Acids 

The native state of nucleic acids is not a static structure but a dynamic ensemble 

of structures. Molecular dynamics is a well-known method of generating the native 

ensembles of proteins and nucleic acids. Recent forcefield advances for nucleic acids have 

shown good recapitulation of experimental observables158. Therefore, we employed 

molecular dynamics simulations to generate native ensembles of the seven test nucleic 
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acid sequences: CCATCGCTACC, CGCCTAATCG, CGCCTATATCG, 

GGCATTACGG, dA14•dT14, rA14•dT14 and rA14•rU14. These sequences were chosen for 

the availability of experimental data for changes in volume upon helix formation from 

complimentary strands 159. The starting structures for these simulations were generated 

using the ab initio computational tools nucleic acid builder (NAB)153 and 3DNA154 as the 

structures for these sequences have not been experimentally solved. 

Multiple settings in molecular dynamics simulations can affect the outcome 

ensemble properties, such as the starting structure, the forcefield, and the salt 

concentration. The starting structure of the system can determine the energy landscape 

simulated if there isn’t enough sampling outside the starting energy basin. The forcefield 

used in molecular dynamics simulations has been shown to significantly impact the 

ensemble properties of native proteins and nucleic acids158, with some force fields 

artificially stabilizing single-stranded nucleic acids158, and others being unable to 

recapitulate tetraloop formation160. The concentration of salt is also well-documented to 

affect the stability of nucleic acids due to screening of the repulsive forces from the 

negatively-charged phosphate backbone. 

Two different starting structures, generated with NAB and 3DNA, were used to 

determine the effect of starting structure on the ensemble volumetric properties of nucleic 

acids. Three forcefields were used, CHARMM27, BSC0, and BSC1, to determine the 

effect of forcefield on the volumetric properties of nucleic acids. Three different salt 

concentrations, 0M, 0.1M, and 0.2M, were used with the BSC0 and BSC1 forcefields to 

determine the effect of salt on the structural and volumetric properties of nucleic acids. 

The starting structure and forcefield used to simulate the native nucleic acids 

appears to have a negligible effect on the ensemble volumetric properties of the 5 DNA 

structures, CCATCGCTACC, CGCCTAATCG, CGCCTATATCG, GGCATTACGG, 

and dA14•dT14 (Figure 5.2). When modulating the starting structure but using the same 

forcefield, the average absolute difference in VTot for DNA ensembles was 3Å3 (min 1Å3, 

max 5Å3), but for ensembles that contained RNA bases, rA14•dT14 and rA14•rU14, the same 

metric was 45Å3 (min 10Å3, max 111Å3).  When modulating the forcefield but using the 

same starting structure, the average VTot standard deviation for DNA ensembles was 6Å3 

(min 1Å3, max 14Å3), whereas for RNA it was 33Å3 (min 18Å3, max 42Å3). 
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Figure 5.2: Average total volumes of nucleic acids from simulations starting from a structure 

generated by NAB or 3DNA and simulated in CHARMM27, BSC0, and BSC1 forcefields. There is 

moderate dependency of RNA volumes with starting structure and forcefield, whereas the dependency of 

DNA volumes on those parameters is negligible. 

This indicates that the starting structure and forcefield used to simulate nucleic 

acids has little influence on the resulting volumetric properties DNA sequences studied 

here, but has a large impact on the volumetric properties of RNA. The starting structure 

especially affects the volumetric properties of rA14•dT14 simulations in CHARMM27 and 

rA14•rU14 simulations in all forcefields, where there can be VvdW, VVoid and VHyd differences 

of up to 43Å3, 64Å3, and 85Å3 respectively.  

Due to the differences in native volumetric properties of RNA ensembles 

depending on starting structure and forcefield, we concluded that all explicit structural 

modeling of the native ensemble of nucleic acids and subsequent volumetric analysis 

would require a realistic model of the starting structure and accurate force field. We chose 

3DNA as the primary starting structure generator due to its much larger database of nucleic 

acid fiber structures154 and BSC1 as the primary forcefield for simulations of nucleic acids 

due to its excellent agreement with experimental observables158. Salt concentration was 

the final MD simulation parameter to test before conducting volumetric analysis. 

The effect of salt concentration on the volumetric properties of the native state of 

nucleic acids simulated in the BSC1 forcefield appears to be very minor (Figure 5.3). The 

VTot and Rg standard deviation between the 5 DNA structures simulated in 0M, 0.1M, and 

0.2M excess NaCl is 2Å3 and 0.001nm respectively, whereas for RNA structures it is 14Å3 
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and 0.022nm. In general, there are no large-scale conformational changes between the 3 

ensembles simulated in different salt concentration. Therefore, we conducted all 

volumetric studies in 0.1M excess NaCl concentration due to the physiological relevance 

and the abundance of experimentally-measured volumetric data at that salt 

concentration159. 

 

Figure 5.3: Average total volumes of nucleic acids from simulations ran in 0M, 0.1M, and 0.2M excess 

NaCl concentration in the BSC1 forcefield. 

5.4.4 Simulation of the Unfolded State of Nucleic Acids 

The unfolded state structures of nucleic acids are single-stranded polymers with 

negatively-charged phosphate backbones that electrostatically repel each other, leading to 

more expanded radii of gyration than proteins of similar molecular weight 157. Increasing 

concentrations of salt has also been shown to reduce the radius of gyration, compacting 

the unfolded state due to screening of the heavily unfavorable repulsive electrostatic 

interactions from the negatively-charged backbone157. Therefore, to capture accurate 

structural and volumetric properties of the unfolded state of nucleic acids, the simulated 

unfolded nucleic acid structures should match the experimentally-measured dimensional 

properties of unfolded single-stranded nucleic acids at a specific salt concentration, as 

described by radius of gyration. 

The unfolded states of the 7 nucleic acids were simulated using the structure-based 

model (SBM) generator SMOG at 150K in reduced temperature units without pair 

interactions (see methods for more details), resulting in separation and extension of 
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complementary strands. To determine if these extended conformations were realistic 

models of unfolded nucleic acids, we compared the radius of gyration of simulated 

unfolded dA14 and dT14 with experimentally-measured Rg values for the respective 

structures at 0.1M NaCl (see methods for details on the calculation process). 

The experimental radius of gyration in 0.1M NaCl is 1.78±0.02nm for dA14 and 

1.80±0.02nm for dT14 
157. The calculated radius of gyration for our unfolded SBM 

ensembles is 1.76±0.01nm for dA14 and 1.75±0.02nm for dT14. The Rg values of dA14 and 

dT14 obtained from SBM simulations and experiment are almost identical even though 

structure-based models do not include hydrogen bonding or pi stacking. This indicates that 

barring unique stacking interactions of single-stranded nucleic acids, we are simulating 

realistic dimensions of the unfolded state of nucleic acids at 0.1M NaCl. All further 

unfolded state simulations for the remaining nucleic acids were carried out using the same 

protocol as described above. 

5.4.5 Volumetric Properties of the Native and Unfolded State of Nucleic Acids 

The individual volume components, VvdW, VVoid, and VHyd, of native and unfolded 

nucleic acids scales linearly with the number of base pairs per nucleic acid molecule 

(Figure 5.4A). 

 

Figure 5.4: Volume components (a) VvdW, VVoid, and VSE and (b) VSE, VHyd, and VTot of the native (black) 

and unfolded (red) states as a function of nucleic acid size. Volume components follow a linear trend. 
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VSE is larger in the native state due to presence of higher VVoid. The hydration volume, VHyd, of native and 

unfolded states are very close to 0 due to significant amounts of ionization volume from the negatively 

charged phosphate backbone. The unfolded state has a higher hydration volume than the native state due to 

exposure of the bases which possess both non-polar and polar molecular surface areas. Error bars are 

standard deviation and are of the size of the symbols. 

This volumetric linear size dependency has been previously observed for 

proteins123, and in the same fashion, the unfolded state contains less void volume than the 

native state of nucleic acids due to lack of voids present in between complementary strands 

in the native state, resulting in a smaller VSE,U than VSE,N. As expected, the van der Waals 

volume of the native and unfolded states are almost identical, with the native state having 

slightly lower VvdW due to greater hydrogen bonding between complementary strands. 

One large difference between proteins and nucleic acids, however, can be observed 

in the magnitude and size dependency of hydration volume for nucleic acids. Although 

hydration volume is linearly proportional to the size of the nucleic acid molecule, the 

overall magnitude of VHyd is close to 0 and is almost size independent for the unfolded 

and, to a lesser extent, native state of nucleic acids. This is due to the large negative 

ionization volume from the solvent-exposed phosphate backbone of both unfolded and 

native nucleic acids overwhelming any positive contribution to VHyd from non-polar 

surface area. This has implications for the thermal expansivity of nucleic acids, as 

demonstrated in chapter 4 that hydration volume is the primary contributor to thermal 

expansivity for proteins and likely nucleic acids as well. 

The total volumes of native and unfolded states are very similar, as seen in the 

overlap of diamond symbols in Figure 5.4B, due to the counterbalancing effect of the 

higher void volume and lower hydration volume in the native state, and vice versa for the 

unfolded state. 

5.4.6 Calculating ΔVVoid, ΔVHyd, and ΔVTot upon Nucleic Acid Unfolding 

The difference in total volume between the unfolded and native state, ΔVTot, is 

driven by the negative change in void volume and the positive change in hydration volume 

due to exposure of non-polar surface area upon unfolding. The size dependence of these 

individual volume changes, ΔVVoid, ΔVHyd, and ΔVTot is linear (Figure 5.5A). The 

magnitude of ΔVVoid and ΔVHyd is very similar, with ΔVVoid being slightly larger, resulting 



 

 90 

in an overall negative ΔVTot for all nucleic acid structures studied here. As mentioned in 

the previous section, since the total volumes of the native and unfolded states are very 

similar, slight changes in magnitude of the ΔVVoid and ΔVHyd can potentially change the 

sign of ΔVTot from negative to positive. The slopes of the size dependency of ΔVVoid, ΔVHyd 

are almost identical, leading to a very slight negative size dependence of ΔVTot at 20°C. 

 

Figure 5.5: (a) Change in void ΔVVoid, hydration ΔVHyd, and total ΔVTot volumes and (b) fractional 

volume change ΔV/VTot upon unfolding at 25°C as a function of nucleic acid size. Error bars are standard 

deviation. 

The fractional volume change upon unfolding, ΔV/VTot, ranges around -1 to -2% 

for the seven nucleic acid structures (Figure 5.5B). This is qualitatively in good agreement 

with the magnitude of volumetric changes of helix-to-coil transitions of nucleic acids, 

which was shown to be negative at temperatures below 50°C161. 
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5.4.7 Comparison of Calculated and Experimental ΔVTot 

 

Figure 5.6: Comparison of calculated using 3DNA MD ensembles (black), 3DNA starting structures 

(red), and experimental (green) change in total volume upon unfolding, ΔVTot, at 25°C and 0.1M NaCl. 

Error bars are standard deviation. 

The change in volume upon unfolding, ΔVTot, for 7 nucleic acids was calculated 

using equation 5.7 with the MD ensembles and 3DNA starting structures as native states 

and the SBM structural ensembles as unfolded states. The calculated ΔVTot values display 

good agreement with the experimental ΔVTot values from literature159, especially for DNA 

structures when the native state calculations are based on the 3DNA starting structure (SS) 

(Figure 5.6). Two possible explanations for the slightly better experimental ΔVTot 

agreement using 3DNA starting structures instead of BSC1 MD ensembles are 1) the 

native state of DNA is slightly better represented with fiber models instead of a dynamic 

ensemble in MD due to forcefield inaccuracies and 2) the unfolded state of DNA, 

especially sequences rich in purines157, are more extended than the ensembles simulated 

with our SBM model, which would result in a smaller VTot,U and a more negative ΔVTot. 

The ΔVTot agreement is slightly worse for the DNA-RNA hybrid rA14•dT14 and 

poor for the pure RNA duplex rA14•rU14. These discrepancies could be due to 1) 
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inaccuracies in the forcefield parameters of RNA molecules leading to errors in native 

volumetric and structural properties of RNA MD ensembles, a theory supported by the 

relatively large variance in volumetric and structural properties of the native RNA 

simulations across forcefields, or 2) there are non-fully-extended structures present in the 

single-stranded ensemble of RNA, which is well-documented as ssRNA can form 

secondary structure such as hairpin loops, junctions, and pseudo-knots162–164, which would 

produce a less negative ΔVTot as the unfolded state VTot becomes smaller due to lower VHyd. 

5.5 Conclusions 

The same methodology of decomposing volume into VvdW, VVoid, and VHyd
123 and 

parameterizing of hydration volume coefficients using representative model compounds 

as was done for proteins is applied to nucleic acid molecules in this study. The resulting 

volumetric components display a linear dependency with the size of the nucleic acid 

molecule, similar to proteins. The magnitudes of ΔVVoid and ΔVHyd are very similar, with 

ΔVVoid being slightly larger, resulting in a change in total volume upon unfolding, ΔVTot, 

at 20°C that is slightly negative for all 7 nucleic acid structures studied here. This agrees 

qualitatively with the observation that the ΔVTot of nucleic acids is negative when the Tm 

is less than 50°C161. Quantitatively, our calculated ΔVTot for DNA structures had excellent 

agreement with experimental values, however the ΔVTot agreement for structures 

containing RNA was noticeably worse due to potential secondary structure in the unfolded 

state of RNA molecules which our SBM-unfolded ensembles do not model. 

In general, the model of decomposing a macromolecule’s volume into three 

individual components, VvdW, VVoid, and VHyd, and fitting for hydration coefficients using 

representative model compounds, seems to be robust for both proteins and nucleic acids. 

It has been observed that pressure stabilizes nucleic acids with melting temperatures above 

50°C, i.e. their ΔVTot is positive. This observation awaits further investigation using a 

similar approach as our study on the temperature dependence of proteins. It is very likely, 

given the small and negative ΔVTot for the 7 nucleic acids studied here, that the larger kNP 

and kPol coefficients at 340 K as seen with proteins (Chapter 4) will be sufficient to produce 

positive ΔVTot values for nucleic acids with higher melting temperatures. 
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6. Concluding Remarks and Future Directions 

The findings presented in this document describe four milestones in the 

computational journey of macromolecular volume calculation: 1) the formulation of a 

software program, ProteinVolume, to calculate the geometric components of volume, 2) 

the resolution of the discrepancy between theoretical and experimental volume changes 

upon protein unfolding, 3) the discovery that hydration volume is the primary contributor 

to the thermal expansivity of proteins, and 4) the successful extension of the protein 

volumetric calculation methodology to nucleic acids, demonstrating the generalizability 

of the model. 

These four chapters reveal the basic principles for further computational and 

experimental investigation into the engineering of pressure stability: through the 

optimization of the change in volume upon unfolding, ΔVTot, or the change in the 

coefficient of thermal expansivity upon unfolding, Δα. The key strategy to engineering 

both values to be more positive would be to maximize the amount of non-polar surface 

area exposed upon unfolding while maximizing the packing efficiency of the protein. 

One way to screen for possible pressure-stable candidates would be to use a genetic 

algorithm to generate small to large non-polar residue mutations within the protein, model 

the mutations onto the wild-type structure, and run the modeled structure through 

molecular dynamics to determine its stability and core packing efficiency. The unfolded 

state would be simulated using TraDES, and the change in volume upon unfolding would 

be calculated as the sum of ΔVVoid and ΔVHyd between the unfolded and native states. The 

genetic algorithm would then proceed to select the sequences with the most positive ΔVTot 

per generation, crossing them to produce more “fit” sequences with more positive changes 

in volume upon unfolding. Depending on the accuracy and sampling necessary for 

molecular dynamics to detect fatally destabilizing mutations, this protocol would ideally 

be able to produce multiple candidate sequences with positive ΔVTot compared to the wild-

type sequence within a few weeks. The top few candidate sequences would then be able 

to be expressed and volumetrically characterized using calorimetry. This protocol awaits 

to be tested. 

A proteome-wide investigation into the structural and volumetric characteristics of 

pressure-stable proteins is also a viable option to optimize the fitness function and possible 
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mutations of the aforementioned genetic algorithm. As it has been observed that pressure-

stable proteins contain a higher percentage of small non-polar residues in the core, it 

appears that the optimization of core packing has been prioritized in nature over 

maximization of non-polar surface exposure upon protein unfolding which is theorized to 

be more effective in producing a more positive ΔVTot and Δα. This raises the question of 

whether single small to large residue mutations are generally too disruptive to core 

packing and whether the reduction of void volume in the core of proteins is a more realistic 

strategy for the engineering of a more positive ΔVTot. This project is currently being carried 

out. 

A final capstone to the volumetric work done on nucleic acids in chapter 5 would 

be to extend the hydration volume calculations to span the temperature range of 280-360K, 

identical to the work done for proteins in chapter 4. It is anticipated that the hydration 

coefficients at higher temperatures around 340K would be sufficient to produce positive 

changes in volume for helix to coil transitions of nucleic acids, i.e. disfavoring unfolding 

at higher pressures. It is expected that early nucleic acid structures would have had high 

melting temperatures due to evolution near hydrothermal vents, thereby also imparting 

pressure stability to the structure. Quantitative characterization of the thermal expansivity 

of nucleic acids awaits to be completed, but based on the thermal expansivity work done 

on proteins it is likely that hydration volume is also the primary contributor to the thermal 

expansivity of nucleic acids. 

The work presented in the previous chapters has led to a more quantitative 

understanding of the volumetric changes on the molecular scale, the resolution of 

theoretical models in the field of pressure stability, and new insight into strategies for 

engineering changes to ΔVTot. The theoretical strategies discovered of optimizing non-

polar surface area upon unfolding and improvement of core packing also provide us with 

hypotheses as to how extremophilic proteins and early life might have adapted to remain 

functional in environments of high temperature and pressure. While much remains to be 

done to refine these strategies and test these hypotheses, the new computational 

approaches detailed here have laid the foundation for further quantitative inquiry into the 

field of pressure stability. 
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