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ABSTRACT 

 

 

 The aim of this study was to investigate the stability contribution of buried 

ionizable amino acids in proteins.  To study the stability contribution of a naturally 

occurring buried aspartic acid, two stabilized forms of RNase Sa designated 7S and 8S 

were used.  In 7S, aspartic acid 79 has an elevated pK of 7.4 due to its location in the 

hydrophobic protein core.  The stability contribution of this buried anion was calculated 

by comparing the Δ(ΔG) of 7S at pH 6, 7, and 9 with that of 8S.  The stability 

contribution of ionized Asp79 in RNase Sa 7S is estimated to be -1.8 kcal/mol.   

To investigate the stability contribution of non-native buried ionizable groups, 

we introduce aspartic acid, lysine, and alanine residues at positions 70, 71, and 92 in 7S 

and 8S, and measure the change in stability, Δ(ΔG).  Positions 70 and 92 are in close 

proximity to Asp 79, whereas position 71 is further away and partially shielded by a β-

sheet.  All mutants were less stable than the parental protein, and the magnitude of the 

stability change is dependent on the specific location in the protein.    

Since structural changes can account for differences in the environment of buried 

charges, it is important to determine whether buried charge mutations alter the structure 

of our mutant proteins.  To date, the structures of the 7S I71A and 8S I71D variants have 

been resolved by X-ray crystallography.  Using software to align crystal structures based 

on geometries of the residue side-chains, we find that 7S I71A and 8S I71D are 

comparable in structure to both RNase Sa WT and to each other.  Crystal structure 
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analysis indicates that the ionizable groups of the mutant residues are isolated from 

aqueous solvent.   

The differences in stabilities of variants were measured in 7S and 8S over a pH 

range to determine pK values of the mutant ionizable residues. In instances where the pK 

of buried ionizable mutant side chains are shifted, there is an apparent positive 

correlation between the magnitude of the pK shift and the magnitude of the change in 

stability.   Thus, the buried ionizable mutants that are the least likely to be charged at 

physiological pH were observed to have the largest stability contribution.  The calculated 

pK values were then used to assign charge values to the ionizable groups.  Once charge 

values were assigned, the stability contribution of electrostatic interactions was 

calculated using Coulomb’s law.  We calculated the difference in stabilities due to 

electrostatic effects in the presence or absence of Asp79 in 7S and 8S, respectively.  

Coulombic interactions were estimated in a range between -0.9 – 1.8 kcal/mol.  Lastly, 

we investigate the localized effect of buried ionizable mutants on the dielectric constant.  

We find that introducing buried Asp mutants in 7S increases the dielectric constant, 

whereas making buried Lys mutations decreases the dielectric constant at each location.  
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CHAPTER I 

INTRODUCTION  

In an aqueous environment, most proteins assume a higher-order three 

dimensional shape that is more structured than the molten-globule structure of the 

denatured state.
1
  The formation of the final structural state, known as the folded state, 

depends on the amino acid sequence of the protein and the interaction of the amino acids 

with the protein’s environment.  When globular proteins unfold, the interior of the 

protein is more exposed to solvent and we define this state as the unfolded state.  The 

denatured state has been shown to retain residual structure and it may resemble a molten 

globule more than an extended and fully solvated peptide.
2, 3

  Generally, there exists an 

equilibrium in protein structure that can readily transition between the folded and 

unfolded states, and the relative population of each state is dependent on solvent 

conditions.  If no apparent intermediate thermodynamic states exist, this equilibrium 

closely approaches a two-state mechanism that adheres to LeChatlier’s classical 

chemical principle of solute equilibrium and can be defined by the equation: 

 

Folded  ⇌  Unfolded      (1) 

 

Equation 1 describes a chemical equilibrium in which: the folded state and unfolded 

states exist as separate populations, the combined population of states is finite, the only 
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source of one state is the other state, and that at some point, the populations 

(concentrations) of the states will be equal.  Willard Gibbs famously described this 

relationship in thermodynamic terms when the temperature and pressure were known 

and derived an equation for the free energy required to move between states: 

 

ΔG = GU – GF = -RTlnKeq     (2) 

Keq = [U]/[F]       (3) 

 

From equations 2 and 3, ΔG will be negative when conditions favor the unfolded 

states.  Conversely, ΔG will be positive when the folded state is favored.  When the 

equilibrium constant (Keq) is 1, or [U] = [F], and ΔG = 0.  Of note is that ΔG is 

dependent on temperature.  Rearrangement of the derivation gives the Gibbs-Helmholtz 

equation and shows the temperature dependence of ΔG.  Equation 4 introduces the 

change in enthalpy (ΔH) and heat capacity (ΔCp).   

 

ΔG = ΔHTM(l - T/TM) – ΔCp[(TM - T) + T ln(T/TM)] (4) 

 

When T = TM, ΔG = 0 and the temperature is known as the melting temperature (TM).  

Setting equations 2 and 4 equal to zero shows that TM is the temperature where [U] = 

[F], by equation 3.  Conformational stability is defined as the free energy required to 

transition from the folded state to the unfolded state.  Since energy is conserved, the 
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transition in the opposite direction has the same magnitude, but opposite sign.  

Therefore, protein stability can be viewed as an intrinsic characteristic that depends on 

the amino acid sequence and its interaction with the environment. 

Typically, proteins are only marginally stable (5-10 kcal/mol) under 

physiological conditions, and the native stability is the additive contribution of all forces 

acting to stabilize and destabilize both the folded and unfolded state.
2, 4-11

  For example, 

ionizable amino acids in soluble globular proteins are favorably located on the solvent-

exposed protein surface, whereas non-polar amino acids are typically found in the 

solvent-inaccessible protein interior.  One would expect an increase in stability as 

proteins get larger, as more hydrophobic residues are removed from solvent.  Generally, 

the marginality of stability has been determined to be independent of size, as it appears 

that some larger proteins bury more destabilizing ionizable residues to compensate for 

the increased stability.
10, 12-14

   

The current hypothesis is that the small difference in energy required to transition 

between states is to allow for efficient protein turnover or optimal catalysis/function.
15-18

  

Function is lost if the protein is unfolded, but activity is also diminished if the protein 

becomes too stable.
19

  Trevino et al. show that stabilized variants of RNase Sa have 

reduced substrate binding, but increases in catalytic efficiency, suggesting that minimal 

stability might optimize efficient substrate docking.
20

  Additional evidence suggests that 

under physiological conditions, many proteins are maintained in a more unfolded-like 

state until functionally required, further supporting the importance of maintaining 

marginal stability.
21-23

  That is not to say that the contributing forces are marginal or 



 

4 

 

miniscule, per se, as many of them can be quite large collectively, but that opposing 

forces are additive and their sum is small under biologically relevant conditions.
4, 9, 24-26

  

Forces that contribute to maintaining the folded state include the hydrophobic effect, 

disulfide bond formation, ionic interactions, hydrogen bonds, and van der Waal 

interactions.
2, 4, 7, 8, 24, 27-39

  The latter includes dipole-dipole interactions, induced dipole 

interactions, and London dispersion forces.  The largest contributing force favoring the 

unfolded state is conformational entropy.
4, 5, 7, 8, 17, 18, 24, 37, 40-44

  All of the contributing 

forces except disulfide bonds are non-covalent weak atomic forces.  It should be stressed 

that the “weak” designation should not diminish the view of the collective contribution 

of those forces to protein stability.  A brief description of each follows. 

 

The hydrophobic effect 

As eloquently stated by John Bernal, “… a force of association is provided which 

is not so much that of attraction between hydrophobe groups, which is always weak, but 

that of repulsion of the groups out of the water medium.”
45, 46

  The magnitude of the 

repulsion would not be widely accepted until after Walter Kauzmann’s seminal paper on 

the subject of the hydrophobicity of amino acids.
47

  The tendency of water to drive 

hydrophobic non-polar side-chains to the interior of proteins is a major force driving the 

final structure of globular proteins with each buried aliphatic carbon contributing 

approximately 1.1 kcal/mol to protein stability.
47-52

  The process of “water hating” 

residue sequestration by aqueous solvent is an example of the hydrophobic effect and the 
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residues are called hydrophobic resides.
45

   There are other forces that contribute to 

maintaining the structure of proteins that are widely known that will be discussed below.   

The hydrophobic amino acids (Ala, Val, Ile, Leu, Met, Phe, Trp, and Pro) are 

those that are uncharged and non-polar.
47-49, 53-57

  Phenylalanine and tryptophan have 

aromatic side-chains, containing carbon-rich rings, and Met is the only sulfur containing 

non-polar residue.
47, 48, 53, 55, 56

 The rest of the hydrophobic residues have carbon-rich 

side-chains with different carbon content and configuration.  On average, 80% of non-

polar residues are buried.  The protein core more resembles a solid than a liquid and tight 

packing results in optimized van der Waal’s interactions between residue side-chains.
58

  

Van der Waal’s interactions are further discussed below.  The propensity for residues to 

be buried was determined by phase partition experiments into organic solvents/vapor or 

amphipathic detergent micelles to create hydrophobicity scales.
48, 53, 56-58

  These scales 

have been used extensively to estimate the level of polar group burial.  In addition, the 

hydrophobicity of the residues has been combined with other physical properties, such as 

surface area, to give a more detailed picture of residue interactions and solvation.
7-9, 51, 52, 

57, 59-61
  Multiple laboratories, including our own, have used hydrophobic residue 

substitutions in proteins to determine their contribution to protein stability.  The stability 

calculations are comparable, with each additional -CH2- group observed to contribute 1.1 

kcal/mol to the stability.
49-51, 62, 63

    In RNase Sa, the hydrophobic effect was estimated 

to contribute 110 kcal/mol to protein stability.
2
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Disulfide bonds 

 Intramolecular disulfide bonds in proteins are formed from the sulfur (thiol) 

groups of cysteine side chains.  The disulfide bond in peptides is formed spontaneously, 

though inefficiently.
64, 65

   John Beckwith’s lab showed that formation of the bond in 

vivo requires an oxidative environment and in E. coli is facilitated by the now well-

known Dsb pathway.  Thus, cytosolic proteins in E. coli do not typically form permanent 

disulfide bonds in the more reducing environment of the cytosol.   

The formation of a disulfide bond “locks” two cysteine side chains together, 

generally shifting the structure to a more folded state-like conformation.
9, 28, 66-68

  

Contrarily, disulfide bonds can also contribute to the adoption of the unfolded state by 

introducing strain into the protein backbone, thereby shifting the structure away from the 

folded state.
24, 69

  Typically, the structural cost to the unfolded state is higher than the 

cost to the folded state, resulting in a net stabilizing contribution, and the magnitude of 

the stability change upon forming the bond is related to the size of the loop of peptides 

between the cysteines involved.
9, 28

  In some cases, like RNase A, disulfides are 

necessary to maintain the folded state.
8, 9

  In other proteins, the magnitude of the 

contribution to stability from a single disulfide bond can vary when multiple disulfide 

bonds are present.  For instance, stability was calculated for disulfide bonds in RNase T1 

and was estimated to be 3.4 kcal/mol up to as high as 7 kcal/mol.
24, 28

   

Engineering disulfides into proteins for the purpose of increasing stability is 

attractive and some success was seen in T4 lysozyme.
70

  However, attempts in subtilisin 

proved to be problematic and only slightly increased stability.
8, 9, 70-73

  The slight increase 
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in stability is likely a result of using candidate positions with a backbone topology and 

geometry that had already been evolutionarily optimized without the need for a disulfide. 

 

Ionic interactions

 An ionic interaction is a non-covalent interaction between charged species.  The 

type of species, the polarity of their environment, and the distance between them directly 

affect the strength of the interaction.  The resultant free energy based on those 

interactions is described by Coulomb’s Law (equation 5): 

 

ΔG =  
𝐪𝐢𝐪𝐣

𝐃𝐫𝐢𝐣
𝒋       (5) 

 

where ΔG is the free energy of the interaction as it relates to fixed species j and i, qn are 

the interacting charges of the species, D is the dielectric constant, a metric describing the 

ability of the medium to transfer charge, and rij is the distance between the charges.  

When a point charge is positive, q = 1, and when a point charge is negative, q = -1.  

Based on Coulomb’s equation, the free energy of interaction between two charged 

species at some distance “r” in a medium with dielectric constant of “D” will be positive 

and unfavorable for ions of the same charge and negative and favorable for ions of 

opposite charge.  Thus, electrostatic interactions in unfolded proteins are diminished as 

charged groups are farther apart and in the highly polar environment of aqueous solvent 

with a dielectric constant near 80.
39
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In proteins, charged species result from the ionizable amino acids Tyr, Cys, His, 

Arg, Lys, Asp, Glu and from the N- and C-termini.  These groups are labeled polar-

uncharged or polar-charged based on whether they are ionized at physiological pH.  The 

polar-uncharged groups are Tyr, Cys, and His, as they have a predominantly neutral 

charge at pH = 7.4.  The polar-charged amino acids are Arg, Lys, Asp, Glu and the 

termini.  Arg and Lys are positively charged at pH = 7.4 and are called “basic residues.” 

Asp and Glu are negatively charged at pH 7.4 and are called “acidic residues.” The 

ionization state can be defined mathematically based on the proton concentration by 

using the Henderson-Hasselbalch equation, equation 6: 

 

pK = pH – log10([B]/[A])      (6) 

 

where pH = -log10[H
+
], [H

+
] is the proton concentration, [B] is the concentration of the 

deprotonated conjugate base species, and [A] is the concentration of the protonated 

conjugate acid species.  The pK of any ionizable group is the pH at which half the 

species in solution are ionized, [B] = [A].  The groups are protonated below the pK and 

deprotonated above the pK.  Model compound pK values for the ionizable amino acids 

are shown in Table 1.
48, 74, 75

  Since ionizable amino acids in proteins are surrounded by 

other amino acids, pK values were measured in pentapeptides with the form Ala-Ala-X-

Ala-Ala.  This is a better model for these groups in a protein than free amino acids in 

solution.
13, 76

  The pentapeptide pK values are termed intrinsic pK values and are 

reported in Table 1 along with the pK values for the N- and C- termini.   Table 1 also 
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includes the classical values reported for ionizable residues in order to illustrate how 

values deviate between the two. 

The pK of ionizable amino acids that are located in the hydrophobic interior of 

proteins is typically shifted to neutralize the charge of the side chain as it is energetically 

unfavorable to transfer a charged group from a polar environment to the non-polar 

environment of the protein core.
10, 13

  His and Cys are the most abundant buried polar 

groups found in proteins, as their pK values are closest to pH 7.
10

  Buried Asp and Glu 

residues will have pKs that are typically elevated so that the carboxyl groups stay 

protonated and the pKs of the side groups of Lys and Arg are depressed to keep them 

deprotonated.  For instance, the pK of the native buried and unpaired Asp 79 in RNase 

Sa has one of the highest pKs for an Asp measured to date at 7.37.
20

  In contrast, recent 

studies in Staphylococcal Nuclease (SNase) have shown that Arg pKs are unaltered 

regardless of whether they are found on the protein surface or in the protein interior.
77

  

This phenomenon may be anomalous due to the penetration of water into the protein 

interior of SNase (discussed below), or the physical properties of the Arg side group, 

like the delocalized charge on the guandino group.
78

   

Calculations of the electrostatic contribution to stability using Coulomb’s Law 

are difficult for two reasons.  First, the ionizable functional group of Asp, Glu, Arg, Lys, 

His, and the protein termini are resonant and do not act as simple point charges.  In these 

cases, the groups have charges that spread out over multiple atoms.  A common 

approach is to use the N- group for Lys, His, Arg, and the N-terminus, and the carboxy-

carbon of Asp, Glu, and C-termins for the distance measurement of “r”.
79
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Table 1.  Model compound and intrinsic pK values for ionizable amino acids. 

     Group     pKNT
a
    pK

b
 

Termini 

     Carboxyl     3.8    3.7 

     Amino     7.5    9.1 

Polar-Uncharged 

     Cys      9.5    8.6 

     His      6.3    6.5 

     Tyr      9.6    9.8 

Acidic 

     Asp      4.0    3.9 

     Glu      4.4    4.3 

Basic 

     Arg      12.5
c
    - 

     Lys      10.4    10.4 
a
From Nozaki et al. (1967).

74
 

b
From Grimsley et al. (2009).

13
 

c
From Dawson et al. (1959).

75 

   

 

The second reason lies in the value of the dielectric constant “D.”  More polar 

environments have higher dielectric constants.  The dielectric constants of a pure 

vacuum, hexane, octanol, ethanol, and water have been measured as 1, 4, 10, 25, and 80, 

respectively.
80-83

  The dielectric constant in proteins is surely not a constant and 

estimates must be used.
83

  As the dielectric can change based on interactions within its 

environment, any estimation of the value of the dielectric constant must be a function of 

the boundaries between non-polar and polar environments.  The change is non-linear and 
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is affected by cavitation, solvation of the non-smooth molecular surface of the protein, 

and the ordering and distance between polar and non-polar species.
78, 80-85

  Warshel 

points out that the term dielectric “constant” is typically a misnomer and that the true 

value of “D” is dependent on the model being used to determine the value.
82

 Thus, the 

value of D can be an issue of contention between laboratories using different models.  

The dielectric constant calculated for the interior of folded proteins has been empirically 

determined over a wide range from 6 – 45.
79, 80, 85, 86

    In previous studies, our lab has 

found good agreement in electrostatic calculations when using a value of D = 45 for 

RNase Sa WT and an RNase Sa mutant with multiple lysine substitutions on the surface 

of the protein.
79

 

 The estimated value of the dielectric constant is important when calculating the 

magnitude of electrostatic interactions.  For example, recent techniques using a 

probabilistic approach (Gaussian) have been used to decrease the Root Mean Square 

Deviation (RMSD) of dielectric constant values in a set of 91 proteins that were less than 

70% similar.
85

   Simply, the protein interior was treated as a collection of separate 

smooth boundaries with different dielectric densities between them (termed Epsilon) 

instead of the traditional approach of layering two large, smooth non-polar and polar 

rigid surfaces.
79

  In doing this, the dynamic nature of proteins upon ionization of 

individual groups is accounted for.  Of note is that the authors found that in using D = 10 

for the interior SNase instead of the widely used D = 20, that pK calculations for buried 

ionizable amino acids were more accurate (RMSD = 1.77 vs. RMSD = 2.44).
85

  The 

lower and more accurate estimations are seemingly contradictory to other research 
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suggesting that the protein interior of SNase is cavitated and transiently accessible to 

bulk water, which would raise the dielectric constant.
78

  Taken together, these results 

suggest that the interpretation of data collected from studies using SNase as a model 

remains challenging.    

Intuitively, the magnitude of the energy of electrostatic interactions is greater in 

the more compact folded state versus the unfolded state as: 1) the distance between ionic 

groups is decreased, and 2) the hydrophobic environment of the protein core has a 

smaller dielectric constant.
82, 83

 

Ion pairs and salt bridges are distinct types of electrostatic interactions that 

contribute to protein stability.
5, 9, 81, 87-92

  Both are a result of the non-covalent interaction 

of charged ions.  The first type, ion pairing, occurs when the two oppositely charged ions 

are less than 5 Å apart and can be stabilizing or destabilizing to proteins depending on 

their location and the context of their interaction.
10, 87, 91

  For instance, an attractive 

interaction can be favorable for holding a protein in a more native-like structure or can 

introduce unfavorable strain, which holds the protein in a more unfolded state.  On 

average, a 100 residue protein will have one repulsive ion pair for every 4 attractive ion 

pairs.
93

  Ion pairs in the protein interior have been shown to contribute between 2-6 

kcal/mol to stability.
61

  Salt bridges in proteins are typically formed between the 

hydrogen group of positively charged nitrogens or basic residues and a negatively 

charged carboxylate.
88, 94

  They have been experimentally determined to contribute 

between 3 – 5 kcal/mol to protein stability in the protein interior, and less on the solvent 

exposed protein surface.
10, 61, 92, 94-96

  Studies suggest that the formation of ion pairs and 
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salt bridges in the non-polar environment of the protein interior would mitigate the 

desolvation penalty of removing charged residues from water and provide an attractive 

approach for increasing stability.  In one case, hydrophobic substitutions for any one, 

two, or all three residues of a buried charge triad were found to increase stability in the 

Arc repressor of bacteriophage P22.
89

  In the thermophile Thermococcus celer L30e 

protein, the magnitude of the stability contribution of charge-to-alanine mutations was 

shown to be dependent on the location of the mutation.
97

  That is not to say that salt 

bridges cannot be stabilizing.   

In RNase Sa, buried Asp33 forms 3 hydrogen bonds and when removed by 

mutation to Ala, decreases stability of RNase Sa by an estimated 6 kcal/mol.
79, 98

  

Additionally, hydrogen bonding can affect the pK of ionizable groups.  For example, 

Asp70 in T4 lysozyme and Asp76 in RNase T1 have three and four hydrogen bonds, 

respectively, and both have a pK near 0.5!
99

  Statistical analysis of proteins reveals most 

native buried ionizable groups are involved in forming either ion pairs or salt bridges, 

but only one in five ion pairs is buried.
58, 100, 101

  In all, experiments testing the response 

of protein stability to changes in pH show that electrostatic interactions collectively 

contribute up to 10 kcal/mol, about 1/10 that of either the hydrophobic effect or van der 

Waal’s interactions.
2, 10, 24, 39, 51, 102, 103

   

 

Hydrogen bonds 

 A hydrogen atom has a single proton in the nucleus and a single electron.  During 

the formation of a covalent bond with another atom, the electron is shared.  The 
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electronic sharing induces a duality in the electromagnetic field of the hydrogen atom, 

making the hydrogen atom a partial dipole.  By taking on a positive charge character on 

the non-bonded side of the atom, the hydrogen becomes attracted to other 

electronegative atoms.  In proteins, hydrogen bonds are formed between hydrogen atoms 

and the lone electron pairs of nitrogen, oxygen, and sulfur.  The strength of hydrogen 

bonds depends on both the geometry of the interacting groups and the polarizability of 

the local environment in which the bond is formed.
104

  For instance, Gao et al. show that 

hydrogen bonds are ≈1 kcal/mol stronger in a non-polar environment than a polar 

environment.
105

  Multiple hydrogen bonds are formed between the peptide backbone 

amides and carboxyl oxygen groups to shape and maintain the major secondary 

structural elements of proteins such as α-helices and β-sheets which determine the 

overall tertiary structure.
47, 106

  Approximately 70% of all hydrogen bonds in proteins are 

formed between groups of the peptide backbone.
101

  Of note is that hydrogen bonds are 

formed in almost every case in which conditions are favorable for their formation.
101, 107-

110
   

 The magnitude of the contribution of hydrogen bonds in protein stability and 

folding has classically been an area of contention.  The debate will not be covered here 

for the sake of brevity.  Pace has provided a good primer on the subject.
101, 111

  

Additionally, a recent study by Pace et al. concludes that the contribution of hydrogen 

bonds on protein stability is: 1) favorable, 2) context dependent, 3) similar for side chain 

and peptide groups, and 4) similar in small and large proteins.
101
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 The importance of hydrogen bonds is emphasized by studies that show that 90% 

of all polar residues in proteins are hydrogen bonded.
110

  In some cases, the pK of polar 

groups will be shifted in order to optimize favorable hydrogen bonding interactions.
101

  

Though hydrogen bonds are considered “weak” electrostatic interactions, their collective 

contribution to protein stability is second only to the hydrophobic effect (see above).
111

  

Although hydrogen bonding can induce steric strain, they are generally stabilizing, as 

decreases in conformational stability are larger when removing groups that are hydrogen 

bonded versus those that are not.
101

  Some of the first experimental evidence for the 

favorable contribution of hydrogen bonds concluded that that each hydrogen bond 

contributes ≈1 kcal/mol to protein stability.
112

  That value is in good agreement with 

later studies.
2, 24, 52, 101, 102, 111, 113-115

  The average number of hydrogen bonds is ≈1 

hydrogen bond/residue. The free energy of a hydrogen bond depends on their 

environment and is near 1 kcal/mol per residue but in individual cases has been 

estimated as high as 5 kcal/mol.
58, 59, 101

  Thus, the average free energy contribution to 

stability from hydrogen bonds for a 100 residue protein would be ≈100 kcal/mol.
111

  For 

example, RNase Sa has 96 residues, and hydrogen bonds contribute approximately 90 

kcal/mol to the conformational stability of the protein.
39

   

 

Van der Waal interactions 

 The non-covalent electrostatic interactions between permanent and induced 

dipoles are called van der Waals interactions.  When a dipole comes into proximity of 

another molecule, it induces a dipole in the second molecule.  London dispersion forces 
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result from an induced dipole-induced dipole interaction between non-polar molecules.  

For instance, the hydrogen atoms that are connected to carbons in nonpolar residue side-

chains only have one electron to share.  In doing so, they can produce to a dipole 

moment.  The dipole moment subsequently induces a dipole in neighboring non-polar 

molecules.  Though weak in comparison to hydrogen bonds or ionic bonds, van der 

Waal interactions may play a major role in protein stability and structure due to the 

packing density of residues in the folded state.
9, 116

  For example, in T4 lysozyme, 

mutations that remove -CH2- groups and introduce cavities in the protein show that 

larger cavities result in larger changes in conformational stability due to loss of favorable 

van der Waal interactions.
117

  This result suggests that van der Waal interactions may 

even make larger stability contributions than non-polar surface burial.
39, 118

 

 Lennard-Jones estimated the energy of van der Waal interactions.  The 

magnitude of the energy is based on the distance, r, between atoms.  The distance giving 

this minimum magnitude of the energy is called the van der Waal radius.  

Mathematically, the energy of the interaction can be defined by equation 7: 

 

𝐄 =
𝐁

𝐫𝟏𝟐
−

𝐀

𝐫𝟔
      (7) 

 

where E is the energy of the interaction, the B term describes the physical interaction of 

the atom electron clouds (steric effects), and A describes the electrostatic interactions 

between the atoms (polarizability). 
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The generally compact form of the native state of globular proteins brings the 

atoms of the amino acids in close proximity.  Consequently, van der Waal interactions 

undoubtedly contribute to the stability of a protein, possibly on the scale of the 

hydrophobic effect.
88, 116, 119

 

 

Conformational entropy 

 The largest force contributing to the unfolded state of proteins is conformational 

entropy.
9
  The force arises from the rotational degrees of freedom that exist around every 

covalent bond in the protein.  The degrees of freedom are reduced as a protein folds.  

The confinement of residues decreases the entropy of the unfolded state ensemble and is 

experienced both by the protein backbone and separately by the amino acid side 

chains.
36, 47, 120-123

  Furthermore, the reason disulfide bonds are stabilizing is that they 

decrease the degrees of freedom of the backbone, thereby decreasing the conformational 

entropy of the denatured state.
28, 71

  It is estimated that conformational entropy 

contributes ≈2 kcal/mol per residue to the stability of the native state.
39, 124

 

 

Division of amino acid populations in proteins 

 The 20 amino acids that are used by living organisms to build proteins can be 

divided into three distinct chemical groups.
47-49, 53, 55, 56

  The first group is the non-polar 

amino acids that are typically located in the interior of soluble proteins with minimal 

contact with aqueous solvent.  The second group is the polar-uncharged group, whose 

side chains readily interact with water, and are believed to play largely a structural role 
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through hydrogen bonding and van der Waal’s interactions.
59, 63

  The last group is the 

polar-charged residues that are typically charged at physiological pH and are generally 

found on the protein surface where they are solvated.  The latter group includes the basic 

residues, Lysine and Arginine, that are positively charged and the acidic residues, 

Glutamic and Aspartic acid, that are negatively charged at pH 7, respectively.  Taken 

together, these three groups establish a useful foundation for this work and provide a 

simple way to think about how single amino acid residues contribute to protein stability 

and structure.   

Though descriptions of the forces that contribute to protein stability in the 

previous sections provide a primer on the energetics of maintaining the folded state, it 

must be noted that the locations of amino acids in proteins is diverse.   In 1959, 

Kauzmann called proteins, “…oil droplets wearing a polar coat.”  Since then, multiple 

investigations have shown there to be exceptions to our basic rules of thumb.
5, 24, 45

  For 

instance, the occasional polar residue gets buried in the protein core and non-polar 

residues can be solvent exposed.  A brief summary of the population diversity is below. 

Non-polar residues 

 The hydrophobic effect describes the result of an interaction between non-polar 

residues and polar water.
47

  Non-polar residues cannot form hydrogen bonds with water.  

Consequently, in an attempt to maximize its own hydrogen bonding requirements, water 

forces non-polar residues out of solution.
47, 125

  When more than one non-polar species is 

present, water will tend to group the species together to decrease the accessible surface 
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area of contact.
47, 125, 126

  It makes sense then, that the majority of non-polar residues are 

found in the interior of soluble globular proteins away from aqueous solvent. 

Using a non-redundant database of 106,000 proteins, the total proportion of each 

type of residue (non-polar, polar-uncharged, polar-charged) has been estimated.
127

  The 

values reported are more stringent than previous studies using far fewer proteins.
5, 128

  

Hydrophobic residues make up ≈48% of proteins.  The average solvent accessible 

surface area of hydrophobic groups was estimated to ≈14%.
57

  Taken together, an 

estimated 40% of residues are buried and hydrophobic and 8% are solvent exposed 

hydrophobic residues.  Previous research indicates that surface hydrophobic residues can 

increase overall oligomer stability by increasing subunit affinity or by increasing the 

binding affinity of the hydrophobic face of substrates.
129-131

  Values are summarized for 

all group types in Table 2. 

Polar-uncharged residues 

 The polar-uncharged residues are those that contain an oxygen and/or nitrogen or 

sulfur in the side-group, but are generally uncharged near pH  7.  Members of this group 

serve diverse functions.  For instance, Cys can form disulfides to increase stability and 

the near physiological pK of 6.5 for His allow it to act as both a nucleophile and 

electrophile during catalysis in the active site of many enzymes, including RNase Sa.
133-

136
  Additionally, and depending on their protonation state, members of the group can 

form hydrogen bonds and salt bridges to increase stability.
101, 111

  Blaber et al. show that 

the loss of hydrogen bonds between residues was observed to be destabilizing in T4 

lysozyme.
137

  Takano et al. concluded that forming hydrogen bonds was not the only 
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role of the polar-uncharged groups when studying Thr to Val mutants in RNase Sa.
59

  

Thus, the local environment of these groups dictates whether or not they require 

hydrogen bonds.  Additionally, the incorporation of polar-uncharged groups has been 

implicated in the optimization of packing during protein folding.
55, 116, 138-141

  In all, this 

group has a diverse role in protein folding, stability, and function. 

 

Table 2.  Proportion of residue types found in the protein interior and surface. 

     Residue type Total in proteins
a
  Surface

b
  Buried

c
 

     Nonpolar
e
 48% 8% 40% 

     Polar-uncharged
e
 30% 18% 12% 

     Polar Charged
e
 22%

d
 15% 7% 

a
Values from Trinqier and Sanejouand (1998).

127
  

b
Values are the proportion of each residue type as determined by Trinqier and Sanjouand (1998) 

multiplied by the average accessible surface area calculated by Lesser and Rose (1990).
57, 127

 
c
Values are calculated by multiplying the total proportion of each residue type as determined by 

Trinqier and Sanejouand (1998) by the average solvent accessible surface area determined by 

Lesser and Rose (1990) and subtracting from the total.
57, 127

 
d
Kim et al. report that the proportion of buried polar groups increases with increased protein 

size.
132

 
e
Non-polar groups include Gly, Ala, Val, Leu, Ile, Met, Pro, Phe, and Trp.  Polar-uncharged 

groups include Ser, Tyr, Thr, Gln, Asn, His, and Cys.  Polar charged groups include Arg, Lys, 

Glu, and Asp. 
 

 

The polar-uncharged residues have been estimated to make up 30% of the 

residues in a large group of proteins in a non-redundant database.
127

  On average, ≈60% 

of all the polar-uncharged amino acids found in proteins will have solvent exposed 

surface area.
57

  Taken together, 12% of the residues in the hydrophobic core are polar-
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uncharged, whereas 18% are solvent exposed.  Values are summarized for all group 

types in Table 2. 

 Polar-charged residues 

 The polar-charged residues include Arg, Lys, Asp, and Glu.  At pH near 7, the 

side chains of this group are charged.  The basic residues, Arg and Lys, are positively 

charged below their pK’s of 12.5 and 10.4, respectively.
75, 76

  The acidic residues, Asp 

and Glu, are negatively charged above their pK’s of 3.7 and 4.3, respectively.
76

  Other 

than Arg, these values are the empirically determined dissociation constants in a 

pentapeptide with the Ala-Ala-X-Ala-Ala motif.
76

  Since these residues are charged, they 

are readily solvated in aqueous solution.
48, 49, 53, 57

  The polarity of these groups explains 

why they are typically found on the protein exterior of soluble globular proteins.  

Additionally, solvent-exposed charged residues have been shown to be important in 

modulating the solubility of proteins.
10, 103, 142

  Of course, not all polar-charged groups 

are exposed.  In fact, not only are some charged groups buried, the number of buried 

charge-groups buried may increase with protein size.
132

  Kim et al. estimated 1 of every 

50 polar-charged groups is buried in proteins of approximately 100 residues, and that 

number increases to about 1 in every 25 for a protein of about 300 residues.
132

  In 

agreement, Kajander et al. find that 65% more polar groups are buried in a 700 residue 

protein versus a protein of 100 residues.
19

  Multiple studies conclude that an increase in 

the number of buried charged-groups may allow for proteins to maintain marginal 
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stability, and this is supported, by studies that show that the removal of buried charged 

groups can increase protein stability.
10, 19, 20, 58, 143

 

 The polar-charged residues are estimated to comprise approximately 22% of the 

residues in proteins.
127

  Of those, the average solvent accessible surface area for the 

groups is 68%.
57

  Taken together, polar residues make up ≈7% of the residues in the 

hydrophobic protein interior and ≈15% of the residues on the solvent exposed protein 

surface.  In general, the magnitude of the contribution of polar-charged residues to 

protein stability is dependent on their environment.  That is, whether the groups are 

solvent exposed, non-covalently interacting by being part of an ion pair or salt bridge, 

involved in other electrostatic interactions, or a combination of these factors.  The 

contribution to stability of each of the non-covalent electrostatic interactions between 

these groups is described above. Values for the proportion of groups buried are 

summarized for all group types in Table 2. 

Surface charged groups have been shown to increase stability by forming ion 

pairs and salt bridges.  Akke and Forsén measured the free energy of unfolding for acidic 

residue amide analog mutants (Glu  Gln; AspAsn) on the surface of a Bovine 

calbindin D derivative.
144

  They found that acidic charged groups contributed 1-3 

kcal/mol to stability compared to their polar-uncharged analogs.  However, the 

contribution to stability of surface charge groups has been shown to be context 

dependent, as acidic to basic substitutions at surface positions can be stabilizing or 

destabilizing.
34
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The free energy cost to fully bury polar-charged groups in the interior of a 

protein has been calculated to be 19 kcal/mol, which is almost 4 fold higher than the gain 

from burying a hydrophobic group.
4, 145-147

  Therefore, burying a charged group is more 

destabilizing than burying a hydrophobic group is stabilizing.  The desolvation penalty is 

typically mitigated by electrostatic interactions, including: ion pairing, salt bridge 

formation, and/or pK shift to deionize the side chain.
8, 13, 34, 59, 79, 81, 88, 100, 132, 147

  Honig et 

al. estimated the cost of burying an ion pair to be 7 kcal/mol and a salt bridge to be 6-10 

kcal/mol when transferred to media of low dielectric constant of 2.4.
145-147

   

The pK of many buried ionizable groups on polar-charged amino acids will often 

be shifted in the hydrophobic interior of a protein so that the group either becomes 

neutral or stays charged in order to fulfill a biological or structural role.
10, 13

  In some 

cases, the shift can be substantial and is context dependent.
10, 98, 148, 149

  For instance, the 

carboxyl of Asp79 in RNase Sa forms no apparent hydrogen bonds and has a pK = 7.4, 

whereas Asp76 in RNase T1 forms three hydrogen bonds and has a pK = 0.5.
20, 98

  The 

differences in pK values of 3.7 and -3.2 relative to values measured in model 

pentapeptide studies respectively represent two of the largest pK shifts for buried 

ionizable groups reported to date.
10, 98

  In recent studies of SNase, buried ionizable group 

contributions to stability were measured by making substitutions at different positions in 

the protein.
150-152

  The authors found that: the pK of Glu residues were generally 
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Figure 1.  Ribbon diagrams of RNase and 7S.  Secondary structures are colored to differentiate 

between helices (blue), β-strands (red), β-turns (magenta), and random coil (green).   A) RNase 

Sa, from 1rgg.pdb.
153

  B) RNase Sa with 7 positions in turns and loops highlighted that form 7S 

after mutations: D25K, S31P, S42G, S48P, E74K, T76P, and Q77G.
36

  Mutation of Asp79 to 

Phe in addition to the other residues forms 8S.
20, 44

  The contribution to stability of the mutations 

is detailed in Table 3.  C) 7S, modified from the crystal structure of 7SI71A mutant determined 

in the laboratory of Kazufumi Takano, Kyoto, Japan.  Reversion of Ala71 to the native Ile was 

perfomed in silico using the program PyMol.
154

  The side-change conformer of highest 

probability was chosen for determination of the final structure after mutation.  D) Structural 

alignment of (A) RNase Sa WT (blue) and (C) 7S (green).  Alignments are based on the peptide 

bond geometry of conserved residues between models.  Backbone topology for all diagrams is 

calculated using the program PyMol.
154
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increased to ≈7, Lys residues could be shifted to as low as ≈6, and Arg residues 

exhibited no change in pK.
77, 150, 151

  The contribution to stability of the ionization of 

buried Glu was determined to be between 3-7 kcal/mol.
151

  The contribution of 

ionization of buried Lys to the stability of SNase was estimated to be between 2-7 

kcal/mol.
150

  Lastly, the contribution to stability of buried and charged Arg was reported 

to be between 2-10 kcal/mol.
77

  These results may need to be approached with caution 

as, 1) the authors defined “buried” groups “...as those in which the Cα–Cβ vector of a 

side chain points toward the protein interior,” instead of on solvent accessible surface 

area of the side chain, 2) SNase has a protein interior that appears to be accessible to 

bulk water , 3) the protein interior of both SNase and the stabilized mutant used in their 

studies appear to have a high dielectric constant, and 4) packing density within the 

protein core of SNase has been shown to be dynamic upon buried group ionization.
78, 149, 

152, 155, 156
.  Additionally, Uversky et al. report that SNase has been shown to form 

folding intermediates at different salt concentrations, in the presence of anions at low 

pH, and when self-associating.
157, 158

  Thus, the wide range of free energy values 

calculated for contributions to stability in SNase ionizable group mutants may be a 

consequence of inadvertently measuring the stability contribution of an intermediate 

state induced by the presence of a buried ion mutant. 

 

RNase Sa stabilized mutants as a model system  

 The model systems used in this work are stabilized variants of the eponymous 

enzyme Ribonuclease Sa (RNase Sa) from Streptomyces aureofaciens (Figure 1A).
159
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RNase Sa is a 96-amino acid secreted endoribonuclease that preferentially cleaves RNA 

by hydrolyzing the 3’,5’-phosphodiester linkage of guanylic acid via a 2’-3’ cyclic 

intermediate.
135, 160, 161

  The active site residues responsible for catalysis are His53 and 

Glu54.
135, 162

  The protein contains one disulfide bond between Cys 7 and Cys 96.  

RNase Sa is a good model system as it contains all the most commonly represented 

protein secondary structures:  a single α-helix, a 6-strand β-sheet, β-turns between the 

strands, and random coil (Figure 1A). Furthermore, RNase is highly soluble (≈2 mg/ml) 

and expression in E. coli yields 50-100 mg dry weight of protein per liter of bacterial 

culture.
2, 163

 

 

  

Figure 2.  Circular dichroism spectra of RNase Sa wild-type obtained between 260-220 nm 

wavelengths.  RNase Sa exhibits a unique CD absorbance peak at 234 nm.   
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As described in previous sections, the desolvation penalty for burying ionizable 

groups in the hydrophobic interior of a protein is high.  Consequently, stabilized variants 

of RNase Sa were used to study the effects of burying ionizable groups (Figure 1C).   

Highly destabilizing mutations would cause the wild-type (WT) protein to be too 

unstable, and thus unfolded, at the all conditions under which protein stability could be 

studied.  To circumvent that possibility, two stabilized variants of RNase Sa were used.   

RNase Sa 7S (7S) and RNase Sa 8S (8S) were previously made and are named based on 

the 7 or 8 stabilizing mutations they contain, respectively (Table 3, Figure 1B,C).
20, 36, 44, 

164
  RNase Sa 7S was constructed by: 1) improving protein-solvent interactions by 

making two acidic to Lys mutations on the protein surface (D25K, E74K) and 2) 

improving β-turn dynamics and structure by introducing Gly mutations (S42G, Q77G) to 

reduce strain and Pro mutations to decrease the entropy of unfolding (S31P, S48P, and 

S76P).
164

  The latter approach reduces the conformational entropy of the unfolded state 

to collectively increase stability by 4.4 kcal/mol (Figure 1C).
36, 44

  Taken together, 7S is 

5.8 kcal/mol more stable than WT RNase Sa (Table 3).
44

  Structural alignments of 

RNase Sa WT and 7S show comparable backbone topology (Figure 1D). Additionally, 

7S contains two buried aspartic acids at position 33 and 79.
10, 13, 20, 79, 101

  The side chain 

of Asp33 is 100% buried, makes three hydrogen bonds, and has a depressed pK of 2.4.
79, 

101
  The side chain of Asp79 is 89% buried, makes no hydrogen bonds, and has an 

elevated pK of 7.2.
20, 79

  The lack of hydrogen bonds with Asp79 made it attractive for 

stability studies.  
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Table 3.  Stability contribution of individual mutations in RNase Sa 7S and 8S. 

     Mutation Type Mutation
a
 Δ(ΔG) (kcal/mol)

b
 

     Surface Charge 
D25K 0.9 

E74K 1.1 

     β-Turn 

S31P 0.7 

S42G 0.7 

S48P 1.3 

S76P 1.0 

Q77G 0.8 

     7S Total  5.8 

     Buried Charge D79F 2.6
d
 

     8S
b 

Total  8.2 
a
From Fu et al. (2009) and Fu et al. (2010)

36, 44
 

b
Adapted from Fu et al. (2009) and Fu et al. (2010).

36, 44
  

c
The value for 8S Total was determined in Fu et al. (2010), independently of the individual 

contribution of D79F in wild-type RNase Sa from Trevino et al. (2005).
20, 44

 
d
From Trevino et al. (2005). 

 

 

The 8S variant is derived from 7S by making a D79F substitution in 7S.
44

  The 

D79F variant was estimated to be the most stabilizing mutation in a study where the 

native buried Asp79 of WT RNase Sa was replaced with 14 other amino acids.
20, 44

  

Stability was increased by 3 kcal/mol over WT RNase Sa and 2.6 kcal/mol over 7S when 

making the D79F mutation in each background, respectively (Table 3).
44

  In addition to 

the stabilizing mutations, both 7S and 8S contain an inactivating H85Q mutation that 

prevents endonuclease activity.  The inactive mutation was made to prevent non-specific 

ribonuclease activity in vivo during protein expression and purification.  The H85Q 

mutation makes no appreciable change in protein stability.
162
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The folded state of RNase Sa is studied by following a unique ellipticity 

absorbance peak at 234 nm wavelength using circular dichroism spectroscopy (CD) 

(Figure 2).
165

  This unique peak is thought to result from the absorbance of buried Tyr 

residues and the electronic interactions of the aromatic rings of the side chains with their 

environment.
165

  As RNase Sa unfolds, the Tyr residues become unstacked, exposed to 

solvent, and the strength of the optical signal decreases.  The change in the magnitude of 

CD absorbance between the folded and unfolded conformations of RNase Sa provides a 

useful method to follow RNase unfolding under changing conditions.
9
  

 

Research objectives 

 The aim of this study is to investigate the contribution to stability that buried 

ionizable groups have on the stabilized variants, 7S and 8S, of RNase Sa.  Stability is 

defined as the free energy of unfolding of buried ionizable group mutants.  A group is 

defined as buried if the side chain of the native group being replaced has a 0% solvent 

accessible surface area as determined by the in-house program pfis (see Materials and 

Methods).
114

  As seen in Table 2, approximately 59% of the surface area of all residues 

is buried.  With such a large proportion of residues on the interior of the protein, it is 

important to understand the contribution to stability different types of groups have on the 

free energy of unfolding.  Consequently, these measurements contribute to the overall 

stability requirements of proteins as they obtain their folded structure.  Specifically, 

ionizable amino acids make up 7% on average of buried residues.  Furthermore, polar-

uncharged groups have been suggested to contribute more to stability than buried 
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hydrophobic residues.
138

  For these reasons, we investigate the small, but important, 

group of buried polar-charged amino acids and their contribution to protein stability.  

Here, we measure the contribution to stability of buried ionizable group mutants at 

solvent inaccessible positions by following the unfolding reaction during thermal 

denaturation, as monitored by circular dichroism spectrometry. 

 The objectives of this work are to: 1) determine the contribution to stability of 

ionization of the native and buried Asp79 in 7S by comparing the stability of 7S and 8S 

over a pH range in which ionization occurs 2) determine the change in stability for 

substituting an ionizable group at 3 buried positions whose native residue is the 

hydrophobic residue Ile, 3) determine the pK of buried ionizable group mutants, 4) 

calculate the electrostatic contribution between buried acidic and basic ionizable group 

mutants and the native buried Asp79, and 5) determine if buried ionizable group mutants 

alter protein structure or allow water access to the protein core by analyzing crystal 

structures of the variants resolved by Kazufumi Takano, Graduate School of Life and 

Environmental Sciences, Kyoto Prefectural University, Kyoto, Japan.   
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CHAPTER II 

MATERIALS AND METHODS 

   

Reagents 

 All reagents were molecular biology grade or higher and were purchased from 

Fisher Scientific (Pittsburg, PA) or Sigma-Aldrich (St. Lois, MO).  All buffers were 

filter sterilized and made in filtered autoclaved ddH2O.  Water used for large batch 

buffers, such as succinate buffers used in protein purification, was filtered using 

autoclaved Whatman #3 filters before use to remove any particulates. 

 

RNase Sa 7S and 8S plasmids 

The RNase Sa 7S and 8S genes are in the pHFSa plasmid, which is a pETDuet 

derivative containing two multiple cloning sites under the control of a T7 promoter.
36, 44

  

The sequence encoding barstar, an RNase Sa activity inhibitor, is in the upstream 

multiple cloning site.  The down-stream multiple cloning site encodes RNase Sa 7S or 

8S with the additional 25 residue N-terminal phoA cleavable signal sequence.   The 

phoA tag directs protein secretion into the periplasmic space of E. coli, and is cleaved 

off by signal peptidase I, releasing full length RNase Sa into the periplasmic space for 

later osmotic shock purification (see below).  The pHFSa plasmid was constructed by 

Hailong Fu as previously described.
36
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Picking buried positions using PDB_File Information Software (pfis) 

The solvent accessible surface area of the amino acid side chains in the crystal 

structure of RNase Sa (rgg_h.pdb) were calculated computationally by the pfis 

program.
114

  The program exposes the protein surface to a sphere approximately the size 

of a water molecule and determines the percent of side chain accessible surface area that 

comes in contact with the sphere as proposed by Lee and Richards.
126

   There are 10 

residues in 7S that are ≈100% buried excluding glycine:  Ala15, Asp33, Leu44, 

Thr56/82, Val 57, Ile70/71/92, and Phe89.  The 3 isoleucine residues are chosen as 

substitution candidates based on the following reasons: the side chains of were 100% 

buried in RNase Sa, and isoleucine had the highest population of a single type of residue 

(n=3).  Position 70 and 71 are adjacent, but face in opposite directions on the third β-

strand.  Position 92 is 5Å away from, and on the same side of the β-sheet as Ile70, but on 

β-strand five.  Both Ile70 and Ile92 are within direct contact distance (6 Å) of the native, 

85% buried Asp79 side chain, allowing us to test electrostatic effects with Asp79.  In 

contrast, Ile71 is 11Å from Asp79 and lies out of direct contact with Asp79.  

Additionally, the side chain of Ile71 is separated from Asp79 by other residues in the 

core of the protein, whereas   Ile70 and Ile92 are not.  The dichotomy of the local 

environments and distances between Ile70 and Ile92, Ile71, and Asp79 provide a 

convenient system for testing the effects of the native Asp79 on other ionizable group 

mutants.  
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Mutagenesis 

All RNase Sa mutants were made by nicked single-strand DNA amplification 

PCR using the QuikChange™ mutagenesis kit from Agilent Technologies (Santa Clara, 

CA).  Cloning and mutagenesis primers were ordered from and created by IDT 

(Integrated DNA Technologies, Corallville, IA).  Lyophilized primers were reconstituted 

in ddH2O to a working concentration of 100 μmol/μL.  Final concentrations in reaction 

tubes were between 5-25 pmol/μL. Mutagenesis primers and thermocycler parameters 

were designed according to the QuikChange kit protocol.  Briefly, all mutagenesis 

primers were designed to have a melting temperature (TM) near 60 °C, annealing 

temperatures were 4-5 degrees below the TM, and the extension temperature was 68 °C.  

Annealing temperatures were adjusted as needed and usually were dropped or raised by 

1-2 degrees depending on a lack of mutation or non-specific binding, respectively.  After 

DpnI incubation, plasmids were transformed into E. coli strain XL-1 Blue using standard 

protocols.
166

  Plasmids were isolated using a Qiagen Mini-prep kit (Valencia, CA).  

Standard DNA sequencing was performed by Eton Bioscience (San Diego, CA) and the 

sequences checked for the correct mutation. 

 

Protein expression and purification 

RNase Sa and mutant proteins were purified as previously described.
163

  Briefly, 

pHFSa plasmid containing a mutant RNase Sa gene was transformed into E. coli BL21 

C43 (DE3) cells and grown overnight with moderate shaking (180 RPM) at 37 °C.  

Protein was harvested from the periplasmic space by osmotic shock.  The cells were 
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removed from culture media by centrifugation at 3000xG for 20 min and equilibrated in 

180 ml of 20% Sucrose –15 mM Tris buffer for 10 min.  The cells were once again 

pelleted for 20 min at 8000xG and the supernatant put aside.  Pellets were resuspended 

in ice-cold non-sucrose 15 mM Tris buffer, shaken on ice for 45 min at 180RPM, and 

centrifuged for 30 min at 8000xg.  Supernatants were combined and unwanted proteins 

precipitated by adding enough succininc acid to bring the final concentration to 50 mM 

succinic acid and the pH adjusted to 3.25 with 1 M HCl.  The acid precipitation was 

allowed to reach room temperature before precipitants were removed by a 45 min 

centrifugation at 3000xg.  The supernatant was decanted and loaded onto a 4 x10cm 

chromatography column containing cation exchange resin equilibrated in loading buffer 

(50 mM succinic acid, pH 3.25) overnight.  RNase Sa and its mutants were purified by 

cation exchange on SP Sephadex C25 by fractionation.  A pH gradient maker holding 

500 ml each of 50 mM succinic acid buffer at pH 3.25 and 20 mM succininc acid + 100 

mM NaCl at pH 10 was used to release protein from the resin since RNase Sa and 

mutants have a pI between 3.8 and 4.1.  Fractions containing protein, as determined by 

absorbance of light at λ = 280, were flash frozen by putting the flask containing pooled 

fractions in dry ice and 100% ethanol and then lyophilized.  The lyophilized protein was 

desalted over a 4 x100 cm Sephadex G50 column.  Lyophilized protein was 

resolubilized in 15 mL of degassed ABC buffer (4 g ammonium biocarbonate/L H2O) 

and allowed to fully enter the resin by gravity before eluting with 4 L degassed ABC 

buffer.   Fractions were collected in 12 mL aliquots after approximately 700 mL of 
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buffer had passed through the resin.  The elutate containing protein, as determined by the 

absorbance at λ = 280, was frozen, lyophilized, and stored at -20 °C until needed.  

 

SDS-PAGE/MALDI protein identification and confirmation 

RNase Sa identification was confirmed by SDS-PAGE.  Briefly, 10 μg of protein 

(dry wt.) was boiled in 30 μL Laemmli sample loading buffer for 10 minutes before 

being loaded into precast 16% acrylamide SDS-PAGE gels from BioRad (Hercules, 

CA).
166

  Proteins were separated for 1 hr at 120 mAmps.  RNase Sa and mutants have an 

approximate molecular weight of 10 kDa and were visualized in the gels by exposure to 

Coomassie Stain for 4 hours followed by destaining in 10% glacial acetic acid + 40% 

methanol (vol/vol).  Additionally, all samples that were positive for protein presence as 

determined by SDS-PAGE were sent for mutant identification by mass spectrometry.  

Matrix-assisted laser desorption ionization- time of flight (MALDI-TOF) mass 

spectrometry was performed on each purified RNase Sa mutant in the Protein Chemistry 

Lab of Texas A&M University.  The mass of RNase Sa 7S is 10.492 kDa and was used 

as a control for all MALDI-TOF mass determinations. 

 

Circular dichroism wavelength scan and thermal denaturation 

All RNase Sa variant solutions for experimentation were made in 30 mM MOPS 

buffer that was subsequently filter sterilized and degassed before use.  All CD 

experiments were conducted using an Aviv 202:CD spectrometer (Aviv Biomedical, 

The spectra of RNase Sa has a unique positive Inc., Lakewood Township, NJ).
37
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absorbance peak at 231 nm when measured by circular dichroism spectrometry (CD) and 

exhibits unfolding consistent with a two-state unfolding mechanism (Figure 2, 3).
165

  

The unique peak decreases when Tyr residues in the protein are exposed to solvent.
165

  

Consequently, CD spectra were obtained from 220-240 nm for each protein (10 sec 

averaging time per 1 nm wavelength step) before every thermal denaturation experiment 

to ensure that proteins are both folded and at a concentration that produces minimal 

   background noise (0.05 – 0.2 mg/ml: dry wt/vol).

 

 

 
 

Figure 3.  Thermal denaturation of RNase Sa wild-type.  At temperatures below 40 °C or above 

55 °C, RNase Sa WT is either 100% in the folded or unfolded state, respectively.  The midpoint 

of the transition state is at 48 °C, and is the point the fractional population of each state is 50% 

and is called the melting temperature (TM).  RNase Sa has one transition and is deemed “two-

state.”  The line is added to guide the eye. 

 



 

37 

 

Thermal denaturation curves of each protein are followed at 234 nm where the 

difference in the maximum and minimum absorbance is greatest between the obtained 

spectra for the folded and unfolded states (Figure 3).  The experimental parameters for 

thermal denaturation at λ = 234 nm are as follows: 0.1 mg/ml protein in a 1 cm quartz 

cuvette, temperature range: 5 – 95 °C, 3 min. equilibration time per 1 °C temperature 

step, and a 30 sec. averaging time per wavelength.   A reverse scan from 95 – 5 °C 

follows every  

run to determine if the protein reversibly folds.  In instances where the thermal stability 

of mutants was very low, the starting temperature was lowered to -5 °C in order to 

acquire sufficient data points in the pre-transition region.   

All melting temperatures (TM) were determined and calculated from a minimum 

of four independent replicates at pH = 7 except in the case of determining the 

contribution to stability at different pH (described below).  The TM is the temperature at 

which the fraction of folded to unfolded protein is equal and is visualized on thermal 

denaturation curves as the mid-point of the transition region (Figure 3).  A shift to higher 

transition or melting temperature indicates increased stability and vice versa.  The TM is 

calculated as previously described in detail and in “Free energy calculations” below.
37

   

 

Free energy calculations 

All TM, ΔG, and ΔH values were determined and calculated from four 

independent replicates of thermal denaturation curves as previously described.
37, 167
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To calculate the TM, the data obtained from thermal denaturation monitored by CD at 

234 nm were fit to equation 8: 

 

𝐲 =
 𝐲𝐅+𝐓𝐌𝐅 + 𝐲𝐔+𝐓𝐌𝐔 ∙𝐞

 −∆𝐇𝐓𝐌 ∙ 

𝟏
𝐓+𝟐𝟕𝟑.𝟏𝟓

 − 
𝟏

𝐓𝐌+𝟐𝟕𝟑.𝟏𝟓
𝐑

  

𝟏+𝐞
 −∆𝐇𝐓𝐌 ∙ 

𝟏
𝐓+𝟐𝟕𝟑.𝟏𝟓

 − 
𝟏

𝐓𝐌+𝟐𝟕𝟑.𝟏𝟓
𝐑

  

  (8) 

 

where y is the ellipticity measured at temperature (T), yN is the y-intercept of the linear 

extrapolation of the pre-transition (folded state) region baseline with slope mF, yU is the 

y-intercept of the linear extrapolation of the post-transition (unfolded state) region 

baseline with slope mU, TM is the mid-point of the transition region (melting 

temperature), R is the gas constant, and ΔHTM is the van’t Hoff enthalpy of unfolding at 

the melting temperature.    Fits were performed in the Origin Lab 6.1 program (Origin 

Lab Corp., Northampton, MA) using consecutive iterations of the Levenberg-Marquardt 

non-linear least squares regression until obtaining a Χ
2
-minima (minimum error 

deviation from the fit). 

Obtained values for TM and ΔHTM were used to calculate the free energy of 

unfolding using the heat capacity change (ΔCp) calculated by Fu et al. for 7S or 8S, 

respectively, using equation 4 which has been previously described in detail.
36, 44, 167
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pK shift calculations 

  Samples prepared in buffers at different pH values were made as previously 

described  using the following filtered and degassed buffers: ddH2O at pH 1 and 1.5, 30 

mM glycine at pH 2 and 3, 30 mM sodium acetate at pH 4 and 5, 30 mM MES at pH 6, 

30 mM MOPS at pH 7, 30 mM diglycine at pH 8 and 9, and 30 mM glycine at pH.
167

  

Using the difference in the calculated free energy (see Calculations) between the wild-

type and the mutant thermal denaturation curves at each pH, the pK of the mutant 

substitutions was indirectly determined as previously described.
76

  Briefly, the pK is 

determined by fitting the difference in free energy between a variant and parental protein 

at each pH to equation 9: 

 

∆𝐆𝐇+ = ∆𝐆𝐇+→∞ + 𝐑𝐓 𝐥𝐧 
𝟏+

𝐊𝒊𝐅
[𝐇+]

𝟏+ 
𝐊𝒊𝐔
[𝐇+]

𝒏
𝒊=𝟏     (9) 

 

where ΔGH
+ 

is the free energy of unfolding, ΔGH+ →∞ is the free energy change when all 

ionizable groups are protonated, R is the gas constant, T is the temperature in °K, KiF is 

the dissociation constant for group “i” in the folded state, and KiU is the dissociation 

constant of the group in the unfolded state.  The values for KiF have been determined for 

all ionizable groups in RNase Sa and are reported in Table 4.  The latter, KiU, is based on 

the experimental pentapeptide values reported by Grimsley et al. and in Table 1.
13

  The 

reagents chosen for use in each buffer is based on the low heat of ionization for the 

reagent at the indicated pH value.   
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Table 4.  Ionizable group pKs in RNase Sa. 

     Position Residue pK
a
 

     1 Asp 3.4 

     14 Glu 5.0 

     17 Asp 3.7 

     25 Lys           10.4 

     33 Asp 2.4 

     40 Arg           12.5 

     41 Glu 4.1 

     53 His 8.7 

     54 Glu 3.4 

     63 Arg           12.5 

     65 Arg           12.5 

     68 Arg           12.5 

     69 Arg           12.5 

     74 Lys           10.4 

     78 Glu 3.1 

     79 Asp 7.3 

     84 Asp 3.0 

     93 Asp 3.1 
a
Measured values are previously reported.  

 

 

Electrostatic interaction calculations 

 The electrostatic contribution of interacting ionized groups with buried native 

Asp79 in 7S can be calculated using a variant of equation 5, equation 10: 

 

ΔGe =  
𝐪𝐃𝟕𝟗𝐪𝐣

𝐃𝐫𝐃𝟕𝟗:𝐣
𝒋       (10) 

 

where ΔGe is the free energy contribution of the electrostatic interaction, qD79 is the 

partial charge of ionized Asp79 (-0.5), qj is the charge on interacting ion j, D is the 
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dielectric constant, and rD79:j is the Euclidian distance between the γ-carbon of Asp79 and 

the interacting species determined.  When a point charge is positive, q = 1, and when a 

point charge is negative, q = -1.  Based on Coulomb’s equation (equation 10), the free 

energy to keep two charged species at some distance “r” in a medium with dielectric 

constant of “D” will be positive for ions of the same charge (repulsive) and negative for 

ions of opposite charge (attractive).  Electronic resonance can shift the position of 

electrons in ionizable groups (e.g. carboxylic acid) and thus shift the location of the 

charge.  Thus, the nearest carbon atom is used as the point of reference for distance 

measurements and the group is given a ½ charge value of -0.5 or +0.5 for resonant 

anions or cations, respectively.  Values for the Cartesian position of each atom were 

modeled from the structure file of 7S I71A and used to calculate r using equation 11: 

 

 

𝐫 =   𝐱𝐣 − 𝐱𝐃𝟕𝟗 
𝟐 +  𝐲𝐣 − 𝐲𝐃𝟕𝟗 

𝟐 +  𝐳𝐣 − 𝐳𝐃𝟕𝟗 
𝟐 (11) 

 

 

where xj, yj, and zj are the coordinates of the ion groups and xD79, yD79, and zD79 are the 

coordinates of the Asp79 carboxyl.  The structure file for 7S was obtained by reversion 

of 7SI71A to 7S by in silico mutagenesis using the PyMol program.
154

  The rotamer of 

highest probability for Ile71 was used for backbone topology calculations in PyMol.  

The structure file for 7S I71A was obtained from Kazafumi Takano, Graduate School of 
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Life and Environmental Sciences, Kyoto Prefectural University, Kyoto, Japan.   It must 

be pointed out that the distance between charges may be different between the crystal 

and the protein in solution at a different pH values.
168

    

 

Free energy of unfolding for buried ionizable groups in RNase Sa 7S 

 The total free energy of unfolding in buried ionizable variants of RNase Sa 7S 

and 8S includes the contribution from burying the group and from electrostatic 

interactions with that group.  Buried ionizable group variants of 7S will have the 

additional contribution of electrostatic interactions conferred by Asp79 compared to 8S, 

which contains the D79F mutation.  To isolate the contribution of a burying an ionizable 

group in the protein interior, the free energy contribution from electrostatic interactions 

was subtracted from the total free energy of unfolding as described above using equation 

12: 

 

ΔGj = ΔGT – ΔGe     (12) 

 

where ΔGj is the free energy contribution of the mutant buried ionizable group, ΔGT is 

the free energy of unfolding for an RNase Sa 7S or 8S variant, and ΔGe is the calculated 

electrostatic interactions.  The ΔGe values resulting from and interaction between buried 

ionizable groups and Asp79 were estimated by subtracting the free energy of unfolding 

for 7S from 8S variants, as an electrostatic interaction between Asp79 and the mutants 

will be absent in 8S.   
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X-ray crystallography 

X-ray crystallography and structural determination was performed in the 

Kazufumi Takano Lab at the Graduate School of Life and Environmental Sciences, 

Kyoto Prefectural University, Kyoto, Japan. Briefly, crystals were grown in 

CombiClover Junior plates by the sitting drop vapor diffusion method.  A description for 

the parameters for each mutant was provided by Kazufumi Takano (personal 

correspondence) and follows. 

7S I71A 

A 10 mg/mL stock protein solution was made in 0.1 M citric acid and 0.2 M 

phosphoric acid at pH 5.  A 200 μL reservoir solution stock was made consisting of 2 M 

ammonium sulfate and 0.1 M citric acid at pH 5.5.  Protein drops are made by adding 2 

μL of the protein stock solution to 2 μL of the reservoir stock solution and stored at 20 

°C until crystal formation occurred. 

8S I71D 

A 10 mg/mL stock protein solution was made in 0.2 M sodium phosphate at pH 

7.  A 200 μL reservoir solution stock was made consisting of 1.6 M ammonium sulfate, 

10% vol/vol 1,4-dioxane, and 0.1 M citric acid at pH 6.5.  Protein drops are made by 

adding 2 μL of the protein stock solution to 2 μL of the reservoir stock solution and 

stored at 20 °C until crystal formation occurred. 
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CHAPTER III 

CONTRIBUTION OF ASPARTIC ACID 79 TO THE STABILITY OF        

RNASE SA 7S 

Introduction 

Ionizable groups on the side chains of amino acids are crucial for protein  

activity, solubility, and stability.   Polar-charged groups are typically found on the 

protein surface where they readily interact with the polar environment of aqueous 

solvent; though, not all polar-charged groups are solvent exposed.   
47-49, 53, 57

Approximately 14% of polar-charged groups are buried into the non-polar environment 

of the protein interior during folding, >90% of which are the carboxyl groups of 

glutamic and aspartic acid.  Buried ionizable groups likely aid in protein turnover 
57, 127

  

or increase flexibility to optimize enzyme activity.  
15-18

  

To mitigate the large desolvation penalty of burying charged groups in the non-

polar protein core, proteins use multiple strategies including forming ion pairs, hydrogen 

bonding, and shifting the pK of the side group to a neutral charge state.   In doing 
4, 9, 17, 24

so, proteins can not only neutralize the destabilizing effects of buried carboxyl groups, 

but in many instances carboxyl groups can be stabilizing.  For instance, the buried 

Asp70 of T4 lysozyme forms a salt bridge with His31 that contributes 3-5 kcal/mol to 

stability.
95

  The side chain of RNase T1 Asp76 is 99% buried, forms three intramolecular 

hydrogen bonds and one intermolecular hydrogen to water, and to date has one of the 

lowest recorded pKs measured at pK = 0.5.   This suggests that the charge is 
10, 13, 76, 98, 101

 

required for the stabilizing property of the buried carboxyl.  In support of this, when Asp 
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is mutated to Asn, the stability of RNase T1 decreases by 3.1 kcal/mol.  Similarly, 

RNase Sa Asp33 is 100% buried, forms three hydrogen bonds, and has a pK of 2.4.
10, 13, 

The pK of Asp33 increases when hydrogen bonding partners are removed by 
79

  

mutation.  In agreement with this, Anderson et al. state,  “The unfolded state is   

stabilized only if acidic groups in the folded state have lower pK values than in the 

unfolded state.”
95

 When Asp33 is mutated to Ala, the conformational stability decreases 

In contrast, RNase Sa Asp79 is 89% buried, forms no hydrogen bonds, by 6 kcal/mol.
98

  

and has an elevated pK of 7.4.
10, 13, 20, 76, 101

  When Asp79 is mutated to an Ala, the 

stability increases by 3.3 kcal/mol.
20

  Therefore, the stability change due to burying an 

Asp carboxyl can vary by ≈9 kcal/mol!  The decrease in stability measured for Asp79 

results from the unfavorable Born self-energy of burying an unpartnered charge in the 

non-polar interior of RNase Sa.  Basically, the Born energy is the difference in energy to 

move a charged sphere of some radius between a vacuum and a medium with a non-zero 

dielectric constant.  Trevino et al. suggest replacing buried charges as a means to 

Of interest is the stability contribution of an isolated buried increase protein stability.
20

  

charge in the protein interior.  The focus of this study is to measure the stability 

contribution of a buried charge by measuring the contribution of the ionized aspartic acid 

carboxyl of Asp79 in RNase Sa 7S, a stabilized variant tolerates destabilizing 

substitutions.  

Stability is the additive contribution of all forces acting to fold or unfold a 

protein.   Therefore, stability is an intrinsic property of proteins based on their 
4, 7, 9, 17, 24, 58

amino acid sequence and environment.  The typical approach to determining the 
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contribution to stability of buried ionizable groups is to use mutagenesis to replace the 

group and measure the resultant change in free energy.
20, 77, 90, 97, 99, 112, 143, 150-152

  

Interpretation of the results from these studies can be difficult, as packing and cavitation 

are important to protein stability.  
50, 55, 116, 169-172

  

Another approach is to test the contribution of ionizable groups in their ionized 

and non-ionized states.  A complication to taking this approach is that the pK of buried 

ionizable side chains can be shifted towards or near physiological pH when put in the 

hydrophobic environment of the protein interior.   Consequently, the isolation of 
10, 13, 76

the contribution to stability of the group of interest is difficult to separate from the 

contribution from His and Cys.  To circumvent this, we use a stabilized variant, 7S, of 

the 96 amino acid endonuclease RNase Sa, that has a single native buried group (aspartic 

acid) containing a carboxyl side-group that ionizes in the pH range of 6-9.  The pK 

values of ionizable groups in RNase Sa WT are reported in Table 4.   

RNase Sa 7S is a variant of RNase Sa WT with 7 stabilizing mutations.  7S 

contains the native buried aspartic acid at position 79 (Asp79).  The pK of Asp79 is 7.2.  

Thus, at physiological pH of 7.4, 7S Asp79 is half ionized.  The pK values of every 

ionizable group in RNase Sa have been previously determined, and there are no other 

ionizable groups in 7S that ionize within 1 pK unit of 7.4 (Figure 4).   By calculating the 

difference in free energy of unfolding below and above the pK of Asp79 (at pH = 6 or 

9), the magnitude of the contribution to stability of a single buried anion can be 

measured.  In order to minimize background contributions to stability from the 

ionization of the carboxyl of Asp79 in calculations, the results are compared to 
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experiments in a 7S variant in which Asp79 is mutated to a Phe residue (8S).  Taken 

together, an isolated buried anion is measured to contribute 1.8 kcal/mol to the stability 

of RNase Sa 7S. 

 

 

 
Figure 4.  pK values of ionizable groups in RNase Sa.  The pK values (squares) of ionizable 

groups in RNase Sa have been previously determined and are reported in Table 4.  Acidic residues 

are negatively charged at pH values above their pK (red area).  Basic residues are positively 

charged at pH values below their pK (blue area).  The pK of Asp79 is 7.2 (white line) and the 

gradient demarks the pH range 6-9.  Asp79 is completely protonated and uncharged below a pH = 

6 and completely ionized (anionic) above pH = 9. 

 

 

 

Asp79 
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Results 

CD spectra of RNase Sa 7S and 8S 

To test that 7S and 8S have the indicative absorbance peak described above (see 

Materials and methods), CD spectra were obtained for both proteins over a range of 222-

240 nm (Figure 5).  Both 7S and 8S exhibit the unique peak and were analyzed by CD to 

obtain the free energy of unfolding as determined by thermal denaturation.  CD spectra 

were also obtained for 7S and 8S at pH 6, 7, and 9 to ensure that the proteins are folded.  

The fully folded state is further indicated by UV-Vis spectrometry analysis of the 

samples, as a blue shift that results from unfolding was not observed in the absorbance 

peak at 280 nm in 7S and 8S (data not shown). 

Thermal denaturation of 7S and 8S at pH 6, 7, 9. 

To compare the stability contributions in the presence and absence of Asp79, thermal 

denaturation curves of 7S and 8S at pH 6, 7, and 9 were followed by measuring  the CD 

at 234 nm over a temperature range of 5 – 95°C (Figure 6). Four independent replicate 

curves (n=4) were obtained for pH 6 and 9.  For pH 7, 12 independent replicates were 

obtained (n=12).  The data were analyzed as previously described (see also Materials 

and methods).
37

  Using the linear extrapolation method and the equations 13 and 14 to 

 determine the fraction folded (fF) and unfolded (fU)
7
:
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Figure 5.  Circular dichroism spectra of RNase Sa 7S and 8S obtained between 222-

240 nm wavelengths.  7S (A) and 8S (B) are in the folded state as indicated by the 

absorbance peak observed at 233 nm. 

 

B 

A 
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y =  𝑓FyF + 𝑓UyU      (13) 

 𝑓F + 𝑓U = 1       (14) 

∴ 𝑓U =
 y − yF 

 yU − yF 
; 𝑓F = 1 − 𝑓U 

 

 
where y is the ellipticity measured by CD, yN is the y-intercept of the pre-transition 

region, and yD is the y-intercept of the post-transition region.  The slope of the pre- and 

post-transition regions is typically non-zero. In those cases, the equation for a line is 

substituted for the yN or yD values (e.g. yi = mx + yF, for yF).  The line of the pre-

transition region along its slope is treated as 100 % folded and the line of the post-

transition region along its slope is treated as 0% folded as previously described.
7, 167

  

Data are normalized between 0% - 100% folded.  The fraction folded for each set is 

averaged to produce a single curve at each pH (Figure 6).  The free energy of unfolding, 

Δ(ΔG), are calculated as previously described (see also Materials and methods).
8, 37, 167

  

Briefly, TM, ΔH, and the heat capacity (ΔCp) are used to determine the free energy of 

unfolding of the proteins using equation 4.  The change in stability is more similar for 

IleAla controls when the ΔCp used in calculations is the heat capacity change 

calculated by Fu et al. for 7S and 8S, or 1.68 and 1.07 kcal/mol/K, respectively.
44

  

Values for TM, ΔH, ΔG and Δ(ΔG) are reported in Table 5. 
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Figure 6.  Thermal unfolding curves of RNase Sa 7S and 8S.  The thermal unfolding curves of 

7S (A) and 8S (B) for pH 6 (black), 7(grey), and 9 (open).  Data were analyzed as previously 

described (see also Materials and methods).
37

  Calculations are based on thermodynamic 

parameters reported in Table 5 and lines are added to guide the eye. 

 

A 

B 
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Table 5.  Parameters characterizing the thermal denaturation of RNase Sa 7S and 

8S at pH 6, 7, and 9.  

     Mutant pH
a
 TM

b
 (°C) ΔH

b
(kcal/mol) ΔG(kcal/mol)

c
 

     7S 

6.0 68.8 ±0.8 98.0 ±4.1 0.9 ±0.2 

7.0 65.4 ±0.8 89.2 ±5.3 0.0 ±0.0 

9.0 59.1 ±0.6 99.0 ±3.4 -2.0 ±0.1 

     ΔG7SpH9-ΔG7SpH6
d
   -2.9 ±0.3 

     8S 

6.0 75.9 ±0.8 89.4 ±3.2 0.2 ±0.2 

7.0 75.1 ±0.6 81.6 ±4.9 0.0 ±0.0 

9.0 71.3 ±0.3 83.6 ±4.0 -0.9 ±0.1 

     ΔG8SpH9-ΔG8SpH6
d
   -1.1 ±0.3 

     Stability contribution of a buried anion
e
  -1.8 ±0.6 

 

a 
pH values are measured within ±0.01units. 

b
The melting temperature, TM, is the midpoint of the thermal unfolding curve.  ΔH is the 

estimated enthalpy change at the TM.  Values reported are the average of 4 independent replicates 

(n = 4) for pH 6 and 9, and 12 independent replicates for pH 7 (n = 12).   
 c
The free energy of unfolding was calculated as previously described using ΔCp values 1.68 and 

1.07 for 7S and 8S from Fu et al., respectively.  The free energy was calculated at the TM of each 

variant at pH 7 as the reference temperature “T” in the modified Gibbs-Helmholtz equation, 

giving ΔG = 0.0 at pH 7. 
d
Values represent the effect of pH on stability over the range in which Asp79 ionizes and was 

calculated by subtracting ΔG at pH 6 from ΔG at pH 9 for each variant. 
e
The stability contribution of a buried anion is the difference in the pH effect on stability 

between 8S and 7S Δ(ΔG7SpH9-6) -  Δ(ΔG8SpH9-6). 

 

 

Contribution to stability of a buried anion  

The pK of the native buried Asp79 of 7S is 7.2.
20, 79

  Aspartic acid has a neutral 

charge below the pK and a negative charge (anionic) above the pK.  The stability 

contribution of the carboxyl anion was calculated by monitoring thermal denaturation of 

7S at pH 6,7, and 9.  At pH 6, Asp79 will be completely protonated and uncharged.  At 

pH 9, Asp79 will be completely deprotonated and anionic.  The stability effect of 

ionization is calculated by subtracting the free energy of unfolding at pH 9 from the free 

energy of unfolding at pH 6.  The total contribution to stability from the ionization of 
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buried Asp79 in 7S was calculated as -2.9 kcal/mol.  To measure the intrinsic change in 

stability (background stability) in the absence of Asp79 between pH 6 - 9, the previous 

approach was repeated for 8S.  The 8S variant contains a D79F mutation in addition to 

all other 7S mutations.  The pH effect on stability for 8S between pH 6 and 9 was 

calculated as -1.1 kcal/mol.  Subtracting the pH effect on stability for 8S from the 

stability estimated for 7S over the pH range of 6 to 9 gives the contribution to stability of 

the buried anion of -1.8 kcal/mol (Table 5).   

 

Discussion 

In RNase Sa WT, the aspartic acid at position 79 is 89% buried.
20

  As a result, 

the pK of Asp79 has been elevated from 3.9 to 7.4, which shifts the carboxyl functional 

group of Asp79 to a more protonated and neutral state at physiological pH.
20, 79

  To 

determine the stability contribution of Asp79, the free energies of unfolding for Asp79 

mutants were studied in RNase Sa WT (WT).
20

  The difference in free energy (Δ(ΔG)) 

between the WT and the WT D79A and D79F mutations is comparable and increased 

protein stability by 3.3 and 3.7 kcal/mol, respectively.
13, 20

   The total contribution to 

stability from the ionization of Asp79 in RNase WT was measured at pH 3.0 and pH 

8.5.
20

  The wild-type has 8 residues that have pK values within 1 pH unit of pH 3 (Table 

4, Figure 4).   Therefore, the magnitude of the calculated change in stability from the 

ionization of Asp79 may include contributions from the variable ionization states of 

those 8 residues at low pH.  To abate any variance that may result from those ionizable 
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groups in free energy calculations in this study, RNase Sa 7S and 8S are studied over a 

limited pH range of 6 - 9 in which only Asp79 fully ionizes.   

The change in stability for 7S from pH 6-9 is -2.9 kcal/mol.  Therefore, the shift 

in pH from 6 to 9 is destabilizing.  The difference in free energy between pH 6 - 9 in the 

8S variant was calculated as -1.1 kcal/mol.  The value differs from the -4.0 kcal/mol 

difference that was measured between pH 3 – 8.5 in the WT D79F mutant (Table 5).  

The difference between the 8S variant and WT calculations for WT is that WT 

calculations used the average TM of all mutants as the reference temperature and Δ(ΔG) 

values were the difference between mutants and the WT at each pH.
20

   By using both 

the TM and stability of 7S and 8S at pH 7 as a reference, any inherent difference in force 

contributing to stability that was not a result of the ionization of Asp79 (background 

stability contribution) is subtracted out (Table 5).  This includes packing density 

differences that result from removing the side chain of Asp when making a D79A 

mutation or substitution of the aromatic ring of Phe for Asp in 8S.   

As previously stated, the pK of Asp79 is 7.4, and no other group in 7S fully 

ionizes between pH 6 – 9 (Figure 4).  Having a pK isolated within a range of ±1 pH units 

provides the unique opportunity to determine the contribution of not just a buried 

ionizable residue, but the ion itself in the nonpolar environment of the protein interior.  

This is in contrast to the traditional approach testing the stability contribution of buried 

ionizable residues that uses mutagenesis to change the ionizable residue to different non-

ionizable residues.    Careful consideration of the contributing forces after mutation must 

be considered.  For example, the contribution of a single methyl group to protein 
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stability has been determined to be ≈1.5 kcal/mol, and that contribution has to be 

considered in any mutation that includes methyl group removal.
138, 173, 174

    Studies have 

indicated that the forces contributing to protein stability are additive.
24

  By using the 

change in stability at pH 7 as the standard reference in our models, variance is mitigated.   

Intrinsic additive changes in stability are subtracted out for calculations within each 

mutant, which may not occur when subtracting stability changes between a wild-type 

and mutant at two different pH.  From that, a true comparison can be made between the 

changes in stability for 7S and 8S at pH 6 and pH 9 by using the TM of each parent.  

Thus, the calculated stability contribution of the carboxyl anion of Asp79 in RNase Sa 

7S is destabilizing and has a magnitude of -1.8 kcal/mol.  The stability contribution 

partially results from the desolvation of the charge, but also includes electrostatic 

interactions with other charged groups in 7S.  The magnitudes of electrostatic 

contributions have been calculated and are reported in Chapter VI. 

  



 

56 

 

CHAPTER IV 

THE STABILITY EFFECT OF BURYING IONIZABLE GROUPS IN 

STABILIZED RNASE SA MUTANTS, 7S AND 8S 

Introduction 

       Protein stability is the additive contribution of all forces acting to fold and unfold 

a protein and is described by the free energy change Δ(ΔG) in the reaction shown in 

equation 1.  The forces contributing to the folded state include: the hydrophobic effect, 

hydrogen bonding, van der Waal’s interactions, and stabilizing electrostatic interactions 

like ion pairs.
58

  The largest contributor to destabilization is conformational entropy.  

The burial of ionizable groups in the protein interior is also destabilizing.  The 

desolvation penalty of moving ionizable groups from polar solvent to the protein interior 

has been calculated  to be ≈19 kcal/mol.
4
  This penalty must be overcome if polar 

residues are to be buried in the hydrophobic protein interior as proteins fold.  Polar 

groups minimize the penalty for being buried by addressing the charged state of the side 

chain in one of three ways: 1) hydrogen bonding, 2) non-covalent electrostatic 

interactions (including van der Waal’s interactions), or 3) shifting the pK to neutralize 

the charge.  In doing so, the polar groups can be more readily buried as chemically they 

more resemble the nonpolar environment of the protein core.  In some cases, buried 

polar residues contribute more to stability than buried hydrophobic residues.  Pace 

estimated that buried polar groups can contribute up to 30 cal/(mol Å
3
) more to stability 

than hydrophobic groups when comparing Asn  Ala to Leu  Ala or Ile  Val 

mutations.
138
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The number of buried polar groups generally increases as protein size 

increases.
19, 132

  This is thought to be an evolutionary optimization of protein stability 

and enzyme catalysis.  For example, with increasing numbers of hydrophobic residues 

buried and the ratio of exposed residues to buried residues decreasing as protein size 

increases, one would expect protein stability to increase.  In actuality, protein stability 

stays relatively unchanged, most likely as a result of burying more ionizable groups as 

size increases.
14, 132

  The level of burial has been calculated by measuring the average 

surface area buried for different amino acid classes.
57

  Polar groups on average comprise 

22% of amino acids in proteins and approximately 32% of those are buried (Table 2).
57, 

127
  Furthermore, many algorithms that predict protein folding and structure use the 

lowest free energy to direct the folding pathway in their protein folding software.  

Therefore, understanding the level of stability imparted by buried charges will enhance 

the accuracy of predictive programs and will also add a deeper understanding of the 

contribution these groups make to protein structure and function. Thus, the stability 

contribution of buried ionizable residues is of great interest.   

 Since ionizable group burial is destabilizing, our model for testing the effects of 

buried ionizable groups is a stabilized variant of RNase Sa.   Using site-directed 

mutagenesis, Fu et al. made seven stabilizing mutations in RNase Sa that optimized 1) 

protein solvent interactions on the surface and 2) β-turns that “locked” RNase Sa in a 

more folded state-like conformation or decreased steric strain (see also Materials and 

Methods).
36

  Together, the 7 mutations provide a net increase to stability of 5.2 kcal/mol 

(Table 3) and the variant is named RNase Sa 7S (7S). 
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Two criteria are used to determine the buried residues to mutate to ionizable 

groups in 7S: 1) accessible surface area (ASA) and 2) the population of individual amino 

acid type.  Buried is defined as those residues with side chains that have a 0% solvent-

accessible surface area, as determined by an in-house computer program pfis (see also 

Materials and methods).
114, 164

  There are 10 residues in 7S that are ≈100% buried.  Ile 

had the highest population (n=3) and are located at positions Ile70, Ile71, and Ile92.  

Consequently, these residues were chosen as candidate positions for substitution with 

polar ionizable groups to minimize variability when making substitutions. 

 Inspection of the positions of Ile70, Ile71, and Ile92 within the putative crystal 

structure of 7S (Figure 1, see also Chapter I) show that Ile70 and Ile92 are closer in 

space to one another than either of those positions to Ile71 (Figure 7).  The side chain of 

Ile71 is on the opposite face of the 7S β-sheet.  Additionally, positions Ile70 and Ile92 

are in much closer proximity to a native 89% buried aspartic acid at position 79 (Asp79), 

which lies on the same side of the β-sheet.  Therefore, positions 70 and 92 are in a 

different local microenvironment than position 71.  Consequently, this system allows us 

to test for the stability contribution of different microenvironments. 

 Site-directed mutagenesis was used to test the effects that buried substitutions at 

positions 70, 71, and 92 have on the stability of 7S, a stabilized variant of RNase Sa that 

can tolerate buried ionizable mutations more than RNase Sa WT.  At each position, Ile is 

replaced with Ala, Asp, or Lys.  Alanine serves as a small structural and internal control.  

Packing of nonpolar groups is important in the protein interior and an IleAla mutation 

removes 3 -CH2- groups which has been shown in multiple studies to contribute 
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approximately 3 kcal/mol.
2, 55, 116, 139, 140, 172, 173

  If any of the three candidate positions is 

sensitive to differences in core packing, a change in the magnitude of the contribution to 

stability will be observed.  Additionally, the validity of any measurement made at each 

location is enhanced when IleAla mutations result in a change in stability of ≈3 

kcal/mol.  Aspartic acid was chosen as the acidic substitution (negative charge group) 

because the side chain has a smaller molecular volume than glutamic acid (Glu).  

Additionally. the molecular mass of Asp (≈115 Da) is similar to Ile (≈113 Da) and the 

molecular mass of Glu (≈129 Da) is larger than Ile.  The choice of Asp helps to 

minimize the variability that would result from attempting to pack the larger Glu in an 

area that natively holds Ile during folding.  The same reasoning is used for the choice of 

the basic residue (positive charge group) Lys.  Arginine has a large and bulky guandino 

group on the δ-carbon of the side chain, whereas Lys has an amine connected to the ε-

carbon. Thus, the molecular volume of Lys is smaller and closer to Ile than that of Arg.   

The close proximity of the native buried Asp79 of 7S to positions 70 and 92 

versus that of 71 allows us to determine the stability effect of having two ionizable 

residues buried in close proximity.  Both the 70 and 92 positions are within 6 angstroms 

(Å) of the 79 position.  Ile71 is 10 Å away from the carboxyl of Asp79 and is separated 

by the 7S β-sheet.  Taken together, Ile70 and Ile92 are in different microenvironments 

than Ile71.  To test the effects on stability of having two buried ionizable groups in close 

proximity, all buried ionizable mutations were made both in 7S and in RNase Sa 8S 

(8S), which has all of the 7S mutations plus a D79F mutation.  Positive free energy 
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Figure 7.  Ribbon diagram of 7S with native buried isoleucines 70, 71, 92, and aspartic acid 79.   

Ile70, Ile71, and Ile92 (green) have 0% solvent-accessible surface area.  Ile70 and Ile92 are on 

the same side of a 5-strand β-sheet. The distances between the δ-carbon of Ile70, Ile71, Ile92 and 

the carboxyl carbon of Asp79 (red) are 6.2, 10.2, and 5.5 Å, respectively.  The shortest distances 

between the nearest -CH2-  group and Asp79 for Ile70, Ile71, and Ile92 are 4.3, 8.1. and 5.5Å, 

respectively.  The crystal structure is modified from the original structure of 7S I71A by in silico 

mutagenesis of Ala71 to Ile.   The program PyMol was used for structural analysis and 

modeling.
154 

 

 

differences denote an increase in stability.  In RNase Sa WT, the D79F mutation 

increases the stability of WT by 3 kcal/mol.
20

  In 8S, the increase in stability due to the 

D79F mutation measures 2.6 kcal/mol at pH 7.  In all, the 7S and 8S mutants provide an 

excellent model system to measure the contribution to stability of buried ionizable 

groups and the interactions between them.   
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Figure 8.  Thermal unfolding curves of RNase Sa 7S buried ionizable mutants.  Fraction folded 

is on the y-axis and temperature (°C) is on the x-axis.  Thermal unfolding curves of ionizable 

mutants separated by A) substitution position and B) amino acid mutation.  In (A), Ile70 mutants 

are in the top panel, Ile71 mutants are in the middle panel, and Ile92 mutants are in the bottom 

panel.  Each panel gives the thermal unfolding curve for RNase Sa 7S (black), substitutions of 

Ala (green), Asp (red), and Lys (blue).  In (B), Ala mutants (green) are in the top panel, Asp 

mutants (red) are in the middle panel, and Lys mutants (blue) are in the bottom panel.  Each 

panel has curves for mutations at position 70 (diamonds), 71 (squares), and 92 (triangles).    

Curves were obtained by monitoring the CD absorbance at 234 nm.  

 

A B 
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Table 6.  Parameters characterizing the thermal denaturation of RNase Sa 7S 

buried ionizable group mutations.  

  7S Mutant TM(°C)
a
 ΔH(kcal/mol)

a
 

Δ(ΔG7SMut-7S) (Avg TM) 

(kcal/mol)
b
 

     I70A 48.7 ±0.6 80.0 ±3.2 -3.8 ±0.1 

     I70D 34.3 ±0.1 75.8 ±1.2 -6.5 ±0.3 

     I70K 28.6 ±0.5 62.9 ±4.9 -6.9 ±0.1 

     I71A 51.9 ±0.0 90.9 ±1.6 -3.0 ±0.0 

     I71D 50.7 ±0.1 90.0 ±0.4 -2.3 ±0.0 

     I71K 33.0 ±0.6 66.0 ±4.1 -6.0 ±0.2 

     I92A 50.5 ±0.3 84.8 ±1.7 -3.4 ±0.1 

     I92D 34.1 ±0.6 71.4 ±1.6 -6.5 ±0.3 

     I92K 40.1 ±0.3 79.7 ±1.7 -4.3 ±0.1 
 

a
The melting temperature, TM, is the midpoint of the thermal unfolding curve in Figure 8.  ΔH is 

the enthalpy change at the TM.  Values reported are the average of a minimum of 4 independent 

replicates (n ≥ 4) for the mutant indicated.   
b
Δ(ΔG) = ΔG (variant) - ΔG (7S) at pH 7.  ΔG was calculated as previously described using  

1.68 kcal/mol/k as the ΔCp value from Fu et al. and the average TM of each 7S variant type as 

the reference temperature.
44

  The mean standard deviation is ±0.6 kcal/mol. 

 

 

Results 

Stability effects of buried ionizable mutants in RNas Sa 7S  

 Thermal unfolding of each variant was followed by circular dichroism 

spectrometry (CD) at 234 nm.   All the mutants indicated two-state unfolding during  

thermal denaturation (Figure 8).  Additionally, all 7S variants were less stable than 7S, 

as evidenced by the shift of the state-transition region to lower temperatures (Figure 8).  

The melting temperature, the change in enthalpy, and the change in stability can be 

calculated from the thermal denaturation curves and are reported in Table 6. 
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A summary of the change in stability of RNase Sa 7S buried ionizable group 

mutants follow (Table 6).  The change in stability for IleAla mutant controls is 

destabilizing and has a magnitude of -3.8 kcal/mol for I70A,  -3.0 kcal/mol for I71A, and 

-3.4 kcal/mol for I92A.  The change in stability for IleAsp mutants is -6.5 kcal/mol for 

I70D, -2.3 kcal/mol for  I71D, and -6.5 kcal/mol for I92D.  The change in stability for 

IleLys mutants is -6.9 kcal/mol for I70K, -6.0 kcal/mol for I71K, and -4.3 kcal/mol for 

Ile92. 

Stability effects of buried ionizable mutants in RNase Sa 8S 

The difference between 7S and 8S is that 8S has an AspPhe mutation that replaces the 

native 89% buried Asp79 resulting in a stabilizing free energy change of 2.6 kcal/mol at 

pH 7 (Table 3).  Of interest was the change in stability for buried ionizable mutants in 8S 

when Asp79 is absent, as well as the difference (ΔΔG8S-7S) in stability between 7S and 

8S.  By subtracting the stability contribution between buried ionizable group mutants 

between 7S and 8S, any excess free energy in addition to polar group burial (e.g. due to 

electrostatic interactions or cavitation) can be determined for 7S.    To that end, the 

conformational stability was also measured for 8S buried ionizable group variants.  The 

thermal denaturation curves of 8S buried ionizable mutants are reported in Figure 9.  The 

TM, ΔH, and stabilities of 8S buried ionizable mutants are reported in Table 7. 
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Figure 9.  Thermal unfolding curves of RNase Sa 8S buried ionizable mutants.  Fraction folded is on the y-axis 

and temperature (°C) is on the x-axis.  Thermal unfolding curves of ionizable mutants separated by A) 

substitution position and B) amino acid mutation.  In (A), Ile70 mutants are in the top panel, Ile71 mutants are 

in the middle panel, and Ile92 mutants are in the bottom panel.  Each panel gives the thermal unfolding curve 

for RNase Sa 8S (black), substitutions of Ala (green), Asp (red), and Lys (blue).  In (B), Ala mutants (green) are 

in the top panel, Asp mutants (red) are in the middle panel, and Lys mutants (blue) are in the bottom panel.  

Each panel has curves for mutations at position 70 (diamonds), 71 (squares), and 92 (triangles).  Curves were 

obtained by monitoring the CD absorbance at 234.  

 

A B 
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Table 7.  Parameters characterizing the thermal denaturation of RNase Sa 8S 

buried ionizable group mutations.  

     8S Mutant TM(°C)
a
 ΔH(kcal/mol)

a
 

Δ(ΔG) (AvgTM) 

(kcal/mol)
b
 

ΔΔ(ΔG) (TM°C) 

(kcal/mol)
c
 

     I70A 59.9 ±0.2 79.4 ±4.0 -3.3 ±0.1  0.5 ±0.2 

     I70D 40.2 ±0.1 77.6 ±1.0 -6.9 ±0.1 -0.4 ±0.4 

     I70K 42.5 ±0.3 60.3 ±0.9 -6.2 ±0.1  0.7 ±0.2 

     I71A 61.5 ±0.1 83.2 ±2.1 -2.9 ±0.1  0.1 ±0.1 

     I71D 46.4 ±0.0 77.9 ±1.1 -5.3 ±0.1 -3.0 ±0.1 

     I71K 46.2 ±0.0 57.3 ±0.0 -5.5 ±0.1  0.5 ±0.3 

     I92A 62.0 ±0.1 98.6 ±0.8 -2.7 ±0.1  0.7 ±0.2 

     I92D 49.1 ±0.1 78.4 ±2.9 -4.2 ±0.0  2.3 ±0.3 

     I92K 52.2 ±0.4 68.5 ±3.3 -4.2 ±0.1  0.1 ±0.2 
 

a
TM is the melting temperature, determined as the midpoint of the thermal unfolding curve 

(Figure 9), and ΔH is the enthalpy of unfolding at the TM. Values are calculated from the average 

of a minimum of 4 independent replicates (n ≥ 3). 
b
Δ(ΔG) = ΔG (variant) - ΔG (8S) at pH 7.  ΔG was calculated as previously described using  

1.07 kcal/mol/K as the ΔCp value from Fu et al. and the average TM of each 8S variant type as 

the reference temperature.  The mean standard deviation is ±0.7 kcal/mol. 
c
ΔΔ(ΔG) is the stability difference between the same variant in 8S or 7S calculated using the 

average TM of each 8S or 7S variant types at pH 7, respectively. 

 

 

A summary of the change in stability for 8S buried ionizable mutants are 

reported above (Table 7).  The change in stability for IleAla mutant controls is 

destabilizing and has a magnitude of -3.3 kcal/mol for I70A, -2.9 kcal/mol for I71A, and 

-2.7 kcal/mol for I92A.  The change in stability for the IleAsp mutations is -6.9 

kcal/mol for I70D, -5.3 kcal/mol for I71D, and -4.2 kcal/mol for I92D.  The change in 

stability for the IleLys mutants is -6.2 kcal/mol for I70K, -5.5 kcal/mol for I71K, and -

4.2 kcal/mol for I92K.  
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Stability differences between buried ionizable mutants of 7S and 8S 

The stability difference between 7S and 8S was calculated to be 2.6 kcal/mol by 

Fu. et al. at pH 7 (Table 3).
44, 164

  In the absence of any other contributing forces, the 

difference between 7S and 8S mutants at the same positions should be maintained.  To 

investigate if any other stabilizing or destabilizing forces are contributing to the stability 

of 7S buried ionizable mutants, the stability differences between 7S and 8S were 

calculated (Table 7).  The TM of 8S is ≈10°C higher than the TM of 7S, and calculations 

made at the 8S TM’s would underestimate the contribution to stability of mutations in 7S.  

Furthermore, using the TM’s of 7S in 8S calculations would overestimate the stability of 

8S mutants. Consequently, the stability for each variant was calculated using the average 

TM for each variant type in the protein from which it originated at pH 7, respectively. For 

example, the TM used for IleAla stability calculations in the 7S background was 

50.3°C and the TM used for the same mutations in 8S was 61.1 °C, which are the average 

TM’s for all IleAla variants in 7S or 8S, respectively. Additionally, the stability values 

calculated using the average TM’s were carried through in subsequent calculations in 

which 7S variant stabilities were subtracted from 8S stabilities.  

The change in stability between 8S and 7S buried ionizable mutants follow 

(Table 7).  The stability difference for IleAla mutants is 0.5 kcal/mol for I70A, 0.1 

kcal/mol for I71A, and 0.7 kcal/mol for I92A.  The stability difference for IleAsp 

mutations is -0.4 kcal/mol for I70D, -3.0 kcal/mol for I71D, and 2.5 kcal/mol for I92D.  

The stability difference for IleLys mutations is 0.7 kcal/mol for I70K, 0.5 kcal/mol for 

I71K, and 0.1 kcal/mol for I92K. 
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Discussion 

 Buried residues have side chains with 0% ASA.  Using pfis to calculate the ASA, 

10 residues were identified in RNase Sa.  The individual residue with the highest 

occurrence in the buried residue population was isoleucine, n = 3.  Those Ile residues are 

located at positions 70, 71, and 92 in both RNase Sa 7S and 8S.  In 7S, positions Ile70 

and Ile92 are in close proximity to the native 89% buried Asp79, whereas Ile71 is 

oriented away from Asp79 on the opposite face of the RNase Sa β-sheet (Figure 7).   

To study the stability effects of buried ionizable groups at each position, site-

directed mutagenesis was used to substitute Ala, Asp, and Lys at positions 70, 71, and 92 

of 7S and 8S.  In an effort to minimize variance in the forces contributing to stability in 

buried ionizable mutants, candidate substitutions were rationally chosen.   

Alanine was chosen as a control to test if Ile was necessary for the protein to 

fold.  If Ile at any candidate position is necessary for 7S or 8S folding, substitution with 

Ala would result in non-reversible unfolding or major structural rearrangement of 7S.  

Thermal unfolding curves (Figure 8B Top, 9B Top) and the in silico structural alignment 

of the crystal structure of 7S and 7S I71A show that 7SI71A is folded below its TM and 

in a similar structural topology (Figure 1D).   

The difference between Ala and Ile is 3 hydrophobic carbon groups.  Previous 

studies have shown that burial of a single -CH2- group contributes 1.1 kcal/mol to 

stability.
39, 50, 52, 173

  The change in stability for a buried IleAla mutation was 

previously measured as -3.1 ± 1.2 kcal/mol.
39

  The Δ(ΔG) for all 7S and 8S IleAla 

mutants are in good agreement, and range between -2.7 – -3.8 kcal/mol (Table 6, 7).  
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Additionally, the similarity in stability changes for the IleAla helps to buttress the 

validity of the changes observed for the Asp and Lys substitutions. 

Aspartic acid was chosen as the acidic substitution (negative group) because the 

molecular size of Asp is similar to Ile.  Additionally, the side chain of Asp and the Ala 

control differ only by a carboxyl. If Glu were used as the acidic substitution, the removal 

of an additional -CH2- group and core packing would have to be considered.   The 

contributions to stability for IleAsp mutants in 7S and 8S were measured and gave 

comparable results (Table 6, 7).  In 7S, mutations I70D and I92D were highly 

destabilizing and each gave a change in stability of -6.5 kcal/mol.  The I71D mutation 

was less than half as destabilizing at -2.3 kcal/mol.  The results are intriguing when 

compared to the changes in stability observed for 8S.  In 8S, I70D, I71D, and I92D are -

6.9, -5.3, and -4.2 kcal/mol, respectively.  The expectation being that the removal of the 

native buried Asp79 in 8S would decrease the destabilizing contribution of the direct 

interaction of Asp79 with I70D and I92D in 7S.  The hypothesis was that increased 

destabilization was a result of charge-charge repulsions between the buried charge 

mutations and the native Asp79 in 7S.  Interestingly, the I71D mutation, which is 

removed from the local environment of Asp79, was more destabilizing in 8S than it was 

in 7S by -3.0 kcal/mol (Table 7).   

 The choice of basic residue for substitutions is limited to Lys and Arg.  Lys was 

chosen because it has a surface area that is less bulky and a molecular volume that is 

closer to Ile than Arg.  As with the Asp mutations discussed above, the results for 

IleLys mutations were variable.  All mutations were highly destabilizing, but the range 
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of the change in stability is from -4.2 – -6.9 kcal/mol.  In both 7S and 8S, the I70K 

mutation gave the largest change in stability with a difference of -6.5 and -6.2 kcal/mol, 

respectively. In general 8S IleLys mutants were ≈0.5 kcal/mol more stable at every 

position (Table 7).   Taken together, these data suggest that the contribution to stability is 

context dependent and based on the local environment of the groups.   

The stability difference for the same variant in 7S and 8S is calculated by 

subtracting the Δ(ΔG) of 7S from Δ(ΔG) of 8S, and allows for a comparative 

interpretation of the response of the proteins to different mutations.  For instance, the 

variant stability difference for all the IleAla mutations in 8S is 0.1 – 0.7 kcal/mol more 

stable than the same mutations in 7S (Table 7).  The indication is that the hydrophobic 

core of 8S is slightly less tightly packed than 7S.  The magnitudes of the change in 

stability for the other substitutions vary.   The variant stability difference for IleLys 

mutations at every position in 7S and 8S are within a narrow value range of 0.1 – 0.7 

kcal/mol (Table 7).  Therefore, 8S tolerates buried Lys mutants slightly better than 7S, as 

indicated by higher stabilities at each location, but the overall similarity in the change in 

those values indicates the tolerance is independent of the microenvironment. In contrast, 

the stability contribution of making IleAsp mutations in 7S and 8S varies by position 

(Table 7).  The 7S and 8S variants show similar stabilities for I70D.  8S is less tolerant 

of the I71D mutation by -3.0 kcal/mol, but more tolerant to I92D by 2.3 kcal/mol. 

There may be a few reasons for these results.  Recent studies by Fu et al. suggest 

that the denatured state of 8S retains more structure than 7S, possibly because the 

denatured state of 7S is more rigid.
44

  Thus leading to the possibility that the increased 
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stability values calculated for variants in the 8S background result from residues 

remaining more buried upon unfolding.  Additionally, the charged state of buried 

ionizable groups may differ between positions leading to alternate ionizable-

hydrophobic group or ionizable-ionizable group interaction dynamics or changes in the 

localized or global dielectric.  The pK of ionizable groups has been shown to shift when 

transferred to the hydrophobic core of proteins.
10, 13, 76

  The pK’s of all 7S and 8S 

mutants were determined and are discussed in Chapter VI, wherein a positive correlation 

is reported between the magnitude of the pK shift and Δ(ΔG).  Additionally, The 

structure of buried ionizable group variants could allow solvent access to the charged 

groups’ side chains.  For example, the long side chain of Lys could rotate and orient 

itself in such a way that the ionizable group is solvent accessible.  Knowing the structure 

of 7S and 8S variants is paramount to investigate these possibilities. Spectral analysis of 

the proteins show normal absorbance peaks observed by CD at 234 nm and UV-Vis at 

278 nm (data not shown), indicating that buried aromatic rings remain solvent 

inaccessible and the overall fold remained intact.  Crystal structures for some 7S and 8S 

variants were determined and structural analysis is discussed in Chapter V.   
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CHAPTER V 

STRUCTURAL ANALYSIS OF RNASE SA VARIANTS 7S I71A and 8S I71D 

 

Introduction 

 The forces that contribute to protein stability are additive.
24

 Thus, comparative 

studies must necessarily account for variance between model systems.  Mutations in 

proteins can induce structural changes that affect and change: 1) the folding pathway as 

the protein moves towards the folded state and 2) solvent access to the protein interior 

and 3) many other aspects of protein stability and function that are dependent on the 

relationship of residues with their environment. All are important factors that contribute 

to the free energy of unfolding and stability calculations. The focus of this work is to 

measure the stability effects that buried ionizable groups have on protein stability, 

including whether buried charge mutations induce structural changes that could result in 

differences in distances between those groups or solvent access.  Coulomb’s Law 

(equation 5) relates the distance between ions to the free energy of the interaction 

between them.  The solvation state of ionizable amino acids can affect the pK of the 

ionizable portion of the side chain.  In the solvent inaccessible protein interior, the pK of 

ionizable groups will shift in order to neutralize the charged species, thereby inducing a 

state that is more similar to the protein interior.
10

 

 Studies on the effect that mutations have on protein stability indicate that 

proteins are typically structurally tolerant to mutations.
61

  For instance, studies in T4 

lysozyme buried charge mutants concluded that structure was unaffected by the 

destabilizing mutations.
143

  This also holds true for other proteins that exhibit two-state 
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unfolding even when mutations are highly destabilizing.
88

  The crystal structures of 

mutants of bovine trypsin inhibitor that removed disulfide bonds are similar in structure 

to the parental protein, even though the change in stability was 3 – 4 kcal/mol.
175

   

In recent studies of SNase, buried ionizable group contributions to stability were 

measured by making substitutions at different positions in the protein.
150-152

  The authors 

found that: the pK of Glu residues is generally increased to ≈7, Lys residues could be 

shifted to as low as ≈6, and Arg residues exhibited no change in pK.
77, 150, 151

  The 

contribution to stability of the ionization of buried Glu was determined to be between 3-

7 kcal/mol.
151

  The contribution of ionization of buried Lys to the stability of SNase was 

estimated to be between 2-7 kcal/mol.
150

  Lastly, the contribution to stability of buried 

and charged Arg was reported to be between 2-10 kcal/mol.
77

  These results may need to 

be approached critically as, 1) the authors defined “buried” groups “...as those in which 

the Cα–Cβ vector of a side chain points toward the protein interior,” and was not based 

on solvent accessible surface area of the side chain, 2) the authors previously showed 

that SNase has a protein interior that appears to be accessible to liquid water , 3) the 

protein interior of both SNase and the stabilized mutants used in their studies might have 

a high average dielectric constant, and 4) packing density within the protein core of 

SNase appears to be dynamic upon buried group ionization.
78, 149, 152, 155, 156

.  Fitch et al. 

showed that buried ionizable groups in SNase allow for water access to the protein core, 

resulting in altered pKs of buried ionizable groups.
149

  Additionally, Uversky et al. 

report that SNase forms folding intermediates at different salt concentrations, in the 

presence of anions at low pH, and when self-associating.
157, 158

  Thus, the wide range of 
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free energy values calculated for contributions to stability in SNase ionizable group 

mutants may be a consequence of inadvertently measuring the stability contributions in 

an intermediate state induced by the presence of a buried ion mutant.   

Here, the crystal structures of our model proteins were obtained to test for 

changes in structure or solvent access. The eponymous Streptomyces aureofaciens 

enzyme RNase Sa is a 96 amino acid guanylic acid specific endonuclease.
160

  The three-

dimensional structure of RNase Sa has been resolved with high resolution by X-ray 

crystallography (Figure 1, 1rgg.pdb: molecule B).
176

  The secondary structure consists of 

an α-helix, a 6-strand β-sheet, 2 β-turns between β-strands 4 - 5 and 5 – 6, and random 

coil.  The positions of each secondary structure are: 1) 9 – 25 for the α-helix, 2) 3 – 8, 35 

– 37, 52 – 57, 68-73, 78 – 82, 88 - 93 for β-strands 1-6, respectively, 3) 74 – 77 and 83 – 

88 for β-turns, and 4) 26 – 34, 38 – 51, 58 – 67 for random coil.  RNase Sa forms one 

disulfide bond between cysteine residues at positions 7 and 96.
37

  

 Since buried ionizable mutants were correctly hypothesized to decrease protein 

stability (Chapter IV), our model system for studying the structural effects of buried 

ionizable group mutants is RNase Sa 7S which contains 7 stabilizing mutations.  Using 

site-directed mutagenesis to optimize β-turns, the stability of RNase Sa was increased by 

relieving strain with Gly substitutions at the i+2 position and directing backbone 

geometry with Pro substitutions at the i+1 position.
36, 177

    These substitutions increase 

the free energy of the unfolded state, fixing RNase Sa in a more folded conformation.  

Each optimizing mutation increased stability by ≈1 kcal/mol.  Two lysine mutations on 

the surface improved surface-solvent interactions, and five Gly and Pro mutations in β-
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turns optimized protein geometries to together increase conformational stability.  The 7 

mutations provide a stability increase of 5.2 kcal/mol.
36

  An additional mutation, D79F, 

further increases the stability of 7S by 2.6 kcal/mol and together make 8 stabilizing 

mutations and the model protein 8S. 

 

Results  

X-ray crystallography and structural determination was performed in the 

Kazufumi Takano Lab at the Graduate School of Life and Environmental Sciences, 

Kyoto Prefectural University, Kyoto, Japan. Briefly, protein crystals were formed by the 

hanging drop method before X-ray diffraction.  The structures for the mutants 7S I71A 

and 8S I71D are discussed below. 

 No structure of 7S exists, however, a structural alignment of 7S I71A (1.8 Å 

resolution) with RNase Sa WT (1.7 Å resolution) shows that backbone topology is 

comparable when position 71 is reverted back to Ile by in silico mutagenesis (Figure 1C, 

D).
176

  Using a solvent radii (1.4 Å) based on results from Lee and Richards, the 

accessibility of residues in 7S I71A can be observed by molecular modelling in PyMol 

(Figure 10).
126, 154

  The side chains of Ile70, Ala71, and Ile92 are completely solvent 

inaccessible. The in-house program pfis is used to determine the ASA of the side chains 

in 7S I71A,and pfis analysis reveals that Asp79 is 89.2% buried.  Consequently, this 

value is in agreement with the close proximity of the side chain of Asp79 to solvent 

water observed in the crystal structure (Figure 10).  The observation of the mostly buried 
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Figure 10.  Molecular modelling of solvent access of the interior of RNase Sa 7S mutant I71A.  

The ribbon diagram of RNase Sa 7S mutant I71A is shown (grey).  Buried residues Ile70, Ala71, 

and Ile92 (green) are buried and are inaccessible to solvent water (blue).  The spheres used to 

determine solvent access have a van der Waal’s radius of 1.4 Å previously used by Lee and 

Richards.
126

  The close proximity of the Asp79 carboxyl to solvent agrees with pfis data for WT 

that gave a side chain ASA of 10.8%. 
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Asp79 is further supported by a comparison to the crystal structure of RNase Sa WT 

(Figure 1). 

To date, the structures of 7S I71A and 8S I71D have been resolved.  Both three 

dimensional structures and an alignment between these structures are in Figure 11.  The 

structure of 8S I71D was obtained at a resolution of 2.5 Å.  Analysis of the solvent 

accessibility of the protein interior is similar to 7S I71A in that the side chains at 

positions 70, 71, and 92 are solvent inaccessible.  The van der Waal’s radius of water 

molecules are 2.8 Å, which is within the resolvable limit of detection. 

 

 

 

Figure 11.  Ribbon diagrams of the crystal structures and structural alignment of RNase Sa 

mutants 7S I71A and 8S I71D.  Secondary structures of RNase Sa mutant A) 7S I71A and B) 8S 

I71D are colored to differentiate between helices (red), β-strands (yellow), β-turns (magenta), 

and random coil (green). The structures for 7S I71A and 8S I71D have a resolution of 1.8 Å and 

2.5 Å, respectively.   C) A structural alignment of 7S I71A (grey) and 8S I71D (blue) was 

performed using the three dimensional modelling software PyMol.
154

  A structural alignment 

comparison is made for WT in Figure 1. 

A B C 
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Discussion 

   The crystal structures of the RNase Sa mutants of 7S and 8S allow for a 

comparison of both structure and solvent access of the protein interior.  Both the former 

and latter are comparable to RNase Sa WT when studied by molecular modelling 

software.  The indication is that the structure of RNase Sa 7S and 8S buried ionizable 

mutants remain intact, even when the mutations are highly destabilizing.  Additionally, 

the lack of solvent access indicates that the differences in pK values reported in Chapter 

V are a result of the Born effect and that the pK of the group shifts in a context 

dependent manner.  Additionally, analysis of the crystal structures allows for the study 

of side-chain geometries that may indicate the formation of ion pairs or salt bridges that 

may further explain the stability differences that are measured between 7S and 8S 

mutants.  The locations of the mutations in 7S I71A and 8S I71D are out of the local 

microenvironment of the native buried Asp79 or Phe79, respectively.  Thus, they would 

be outside of the range of a direct electrostatic interaction with Asp 79.  Additional 

structures need to be obtained and analyzed in order to get information on the structural 

effect of mutations made close to position 79.    
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CHAPTER VI 

DETERMINATION OF THE pK OF BURIED IONIZABLE RESIDUES 

 

Introduction 

 The desolvation penalty for burying an ionized group into the hydrophobic core 

of a protein was previously calculated as high as -19 kcal/mol.
4
  Despite the large 

unfavorable Born self-energy, proteins readily bury polar-charged amino acids during 

folding.  Furthermore, some studies indicate that the larger proteins become, the more 

ionizable groups are buried.
14, 132

  There are multiple strategies that proteins use to 

mitigate the large destabilizing force attributed to burying charges.  The strategies 

include: cavitation to allow water penetration into the protein core and allow solvation of 

the group, non-covalent interactions in the form of ion pairing or salt bridges, hydrogen 

bonding to decrease the intensity of the charge, and/or by shifting the dissociation 

constant of the ionizable groups towards a more neutral pK.  Neutralization of the charge 

makes the side chains more similar to the nonpolar protein core and less like polar 

aqueous solvent. 

The acid dissociation constant (pK) describes the point at which an ionizable 

group is half ionized.  That is, that the ionizable group exists in two populations of equal 

concentration in solution, one that is ionized and the other that is not ionized.  The 

relative fractional populations of each species can be changed by altering the pH of the 

environment of the ionizable group.  The relationship of the populations can be 

calculated using the classic Henderson-Hasselbaulch relationship (equation 6).  An 
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ionizable species will be protonated below the pK and deprotonated above the pK of the 

group, and the charge state upon protonation/deprotonation is dependent on the amino 

acid and its environment. 

 The three major classes of amino acids are nonpolar, polar-uncharged, and polar-

charged.  The designation of the polar groups as “charged” and “uncharged” is based on 

the ionization state of their side chains in solution at physiological pH = 7.4.  The 

ionization state, in turn, is based on the pK of side chain’s functional group.  The polar-

charged groups are further characterized as acidic and basic depending on having a 

negative or positive charge at pH = 7.4, respectively.  The acidic residues are aspartic 

acid (Asp: D) and glutamic acid (Glu: E) and the C-terminus carboxyl.  All contain a 

carboxylic acid functional group that ionizes (…-COO-[H]).  The basic residues are 

lysine (Lys: K) and arginine (Arg: R) and the N-terminus, and all contain an amine 

group that ionizes (…-NH2-[H
+
]).  Excluding Arg and the N-terminus, the intrinsic pK 

value for the groups was determined in blocked pentapeptides with an Ala-Ala-X-Ala-

Ala motif in order to make the calculation in a more protein-like environment.
13, 76

  The 

pK of solvated Asp, Glu, and the C-terminus are estimated as 3.9, 4.3, and 3.5, 

respectively.  The pK of Lys in the pentapeptide motif was 10.4, and the pK of the N-

terminus of RNase Sa is 9.1.
13, 79

  The value for free arginine was previously calculated 

in phase solubility studies as 12.5.
75

 

Here, buried ionizable mutations are made in stabilized variants of RNase Sa, 

RNase Sa 7S (7S) and RNase Sa 8S (8S) that can tolerate buried charges and allow for 

measurement of their stability contributions.   7S is named from the 7 stabilizing 
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mutations that were made by optimizing β-turn geometry.
36

  A D79F mutation increased 

the stability of 7S by 2.6 kcal/mol and is the eighth mutation in RNase Sa 8S.
20, 44

   

Buried residues are those that have 0% solvent-accessible surface area (ASA).  In 7S and 

8S, three positions with 0% ASA were chosen for substitutions with buried ionizable 

groups: Ile70, Ile71, and Ile92 (see also Materials and Methods).   

The magnitude of the apparent change in stability of buried ionizable groups is 

dependent on the ionization state of the charge (Chapter III).  Furthermore, differences in 

the stability of buried ionizable groups at different positions within RNase Sa 7S and 8S 

(Chapter IV) may be a result of different ionization states of buried ionizable group 

mutations. For that, the pK of the side-groups of buried ionizable residues is necessarily 

examined here.   

 The pK of buried side groups can be determined in folded proteins by plotting 

the free energy of unfolding (ΔG) vs. pH.  If the ΔG is dependent on the ionization of an 

ionizable group, the resultant curve is fit with equation 9:   

 

∆𝐆𝐇+ = ∆𝐆𝐇+→∞ + 𝐑𝐓 𝐥𝐧 
𝟏+

𝐊𝒊𝐅
[𝐇+]

𝟏+ 
𝐊𝒊𝐔
[𝐇+]

𝒏
𝒊=𝟏    (9) 

 

where ΔGH
+ 

is the free energy of unfolding, ΔGH+ →∞ is the free energy change when all 

ionizable groups are protonated (the y-intercept from linear extrapolation), R is the gas 

constant, T is the temperature in °K, KiF is the dissociation constant for group “i” in the 

folded state, and KiU is the dissociation constant of the group in the unfolded state (the 
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estimated value from the guest pentapeptide studies).  The ΔG values for 7S and 8S are 

calculated by analysis of thermal denaturation curves over a pH range as determined by 

CD spectrometry at 234 nm (see also Materials and Methods).  This allows for the 

determination of the charged state of buried ionizable residues in RNase Sa stabilized 

mutants.  Thus, the resultant change in stability can be compared for mutants in the 

ionized and non-ionized states. 

 

Results 

pK of buried ionizable groups in 7S 

Thermal unfolding curves for 7S buried ionizable group mutants were obtained 

by monitoring the CD absorbance of mutants at 234 nm over a temperature range of -5 – 

95°C (see Materials and Methods).  A thermal unfolding curve was obtained in buffers at 

a pH of 1, 1.5, and each pH from 2 - 10.  A representative graph of the fraction folded at 

each pH is shown in Figure 12 for 7S Ile71 mutants.  Dependent on preliminary results, 

some curves were repeated starting at sub-zero temperatures (-5°C) to obtain pre-

transition data points in the thermal unfolding curve (e.g. 7S I71D and 7SI71K, Figure 

12B, C).  

The fraction folded and the stability are calculated as described (see Materials 

and Methods), and the stability of 7S and variants over a pH range are reported in Table 

8.  For 7S and all variants, the greatest stability is obtained at pH 5.  7S I70K is unstable 

at any pH below 5 or above 9.  Consequently, the pK of 7S I70K was not determined.  

The ΔG is used to calculate the pK of buried ionizable groups. The 7S ΔG values are 
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Figure 12.  Representative unfolding curves of 7S Ile71 mutants over a pH range of 1 – 

10.  Thermal unfolding curves of A) 7SI71A (green), B) 7SI71D (red), and C) 7SI71K 

(blue) are shown.  A color gradient is used to guide the eye from low pH values (dark) to 

high pH values (light).  The pH value corresponding to the highest stability is marked 

with a line.  Fraction folded (x-axis) was monitored by CD absorbance at 234 nm per 

1°C temperature step (y-axis).  Pre-transition data points for 7S I71D and I71K extend to 

-5°C (data not shown). 

A 

B 

C 
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Table 8.  Free energy of unfolding (ΔG) for buried mutants over a pH range  

of 1 – 10. 

     7S Mutants 
pH

a
 

1 1.5 2 3 4 5 6 7 8 9 10 

     7S -5.2 -5.7 -5.3 -2.9 -0.1 1.1 0.9 0.0 -0.7 -2.0 -2.6 

     I70A -8.0 -7.8 -8.1 -4.3 0.1 1.5 0.9 0.0 -0.9 -2.1 -2.9 

     I70D
b
 -4.8 -4.3 -3.7 -0.7 2.5 3.0 1.7 0.0 -2.6 -5.9 - 

     I70K
c
 - - - - - - 1.4 0.0 - -0.7 - 

     I71A -6.7 -6.3 -6.0 -3.1 0.3 1.6 1.1 0.0 -1.1 -1.0 -2.6 

     I71D -8.3 -8.6 -8.0 -4.4 0.0 1.6 1.1 0.0 -1.3 -1.9 -3.2 

     I71K -5.1 -4.8 -5.3 -4.9 0.0 1.4 0.8 0.0 -0.3 0.0  0.0 

     I92A -7.7 -7.5 -8.1 -4.5 -0.1 1.4 1.0 0.0 -1.2 -2.0 -3.2 

     I92D -4.6 -5.3 -6.0 -1.7 1.7 2.6 1.6 0.0 -1.5 -3.2 -4.3 

     I92K -7.1 -6.7 -7.4 -3.4 0.0 1.1 0.7 0.0 -0.6 -1.6 -2.4 

     8S Mutants 
pH

d
 

1 1.5 2 3 4 5 6 7 8 9 10 

     8S -7.6 -8.5 -7.1 -4.3 -1.7 -0.3  0.2 0.0 -0.4 -0.9 -1.5 

     I70A -9.4 -8.7 -8.0 -4.6 -1.8  0.6  0.1 0.0  0.2 -1.0 -1.5 

     I70D -5.6 -5.8 -4.5 -1.9  1.2  2.7  1.8 0.0 -1.1 -3.6 -6.9 

     I70K
e
 - - - -4.8 -2.4 -1.2 -0.4 0.0  0.4  1.1  0.8 

     I71A -8.2 -8.5 -7.7 -5.1 -1.6  0.4  0.5 0.0 -0.4 -0.7 -2.2 

     I71D -5.2 -5.8 -5.1 -2.3  1.1  2.4  1.9 0.0 -1.1 -2.6 -4.1 

     I71K
e
 - - -7.7 -4.2 -0.9  0.0  0.2 0.0  0.1  0.5  0.9 

     I92A -8.6 -9.7 -8.3 -6.1 -2.2  0.3  0.4 0.0 -0.1 -0.9 -1.3 

     I92D -4.6 -5.9 -5.9 -3.8 -0.6  0.8  0.6 0.0 -0.6 -1.3 -1.9 

     I92K -6.4 -7.0 -6.3 -3.8 -1.1  0.4   0.5 0.0 -0.4 -0.7 -0.9 
 

a
Calculated using the Gibbs-Helmholtz equation and the measured TM and ΔH (Materials and 

Methods).  The ΔCp value (1.68 kcal/mol/K) was previously determined by Fu et al.  The TM of 

each mutant at pH 7 was used as the reference temperature, making all pH 7 values zero.   
b
The thermal unfolding curve for the 7S I70D pH 10 sample did not reach 100% folded at the 

lower temperature limit (-5°C) of the CD spectrometer.  Consequently, no data were obtained. 
c
The thermal unfolding curves for 7S I70K at pH 1 – 5, 8, and 10 were not  resolved and no data 

were obtained.  
d
 Calculated using the Gibbs-Helmholtz equation and the measured TM and ΔH (Materials and 

Methods).  The ΔCp value (1.07 kcal/mol/K) was previously determined by Fu et al.  The TM of 

each mutant at pH 7 was used as the reference temperature, making all pH 7 values zero.   
e
The thermal unfolding curves for 8S  I70K pH 1 - 2 and I71K pH 1 – 1.5 did not reach 100% 

folded at the lower temperature limit of the CD spectrometer.  Consequently, no data were 

obtained. 
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subtracted from the mutant ΔG values (Δ(ΔG)) and plotted at each pH  studied.  

Representative ΔG vs. pH plots with fits for 7S Ile92 and 8S Ile70 mutants are in Figure 

13, and the calculated pK values for each buried ionizable group mutant are listed in 

Table 9. 

An observed shift in pK was not apparent for each residue type.  For instance, the 

calculated pK for 7S I70D and 7S I 92D were both elevated to 9.6 and 7.2, respectively, 

whereas the pK of 7S I71D seems unaffected.  Lys mutants in 7S also give pK variances.  

The apparent pK of 7S I71K was depressed by -2.7, but the pK of 7S I92K was 

unchanged.  The differences in pK for buried Asp and Lys mutants in 8S also seem 

location specific.  The change in pKs for 8S I70D, I71D and I92D are 8.5, 7.2, and 

unchanged, respectively.  8S I70K and I71K have depressed pKs of 7.4 and 8.4, but the 

estimated pK 8S I92K is unaffected.  The ΔpKs, the charged state at pH 7 based on 

estimated pKs, and the relative magnitudes of the pK shifts are reported in Table 9.  The 

ΔpK  is calculated by subtracting the pK of the group in the folded state from the pK of 

the group from experimental data in blocked pentapeptides (Table 1).
13, 76
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Figure 13.  Representative pK analysis curves.  Plot of Δ(ΔG) versus pH for A) 7S Ile92 

mutants and B) 8S Ile70 mutants. Values for Δ(ΔGMutX-X) were calculated by subtracting the 7S 

or 8S ΔG values from the ΔG of each variant at pH 3 – 10.  Values are reported in Table 8.  The 

pK of ionizable groups in the folded state (pKn) for IleAla (green), IleAsp (red), and  

IleLys (blue) were estimated as previously described (see also Materials and Methods).
99

  The 

pK of groups in the unfolded state (pKd) were from studies in pentapeptides as reported in 

Grimsley et al. and Table 1.
13

  The fits for  IleAla mutants (green line) show a negligible 

difference in the free energy of unfolding as indicated by the near zero Δ(ΔG) values for all pH 

tested.  The fits of IleAsp (red line) and IleLys (blue line) mutants show inflection points at 

the pKn and pKd, respectively (inset).  

A 

B 
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Table 9.  Estimated pK values of buried ionizable mutants of RNase Sa 7S and 8S 

from analysis of Δ(ΔG) vs pH plots. 

     7S Mutant pKpp
a
 pK

b
 ΔpK

c
 Charge at pH 7 Shift

d
 

     I70D 3.9 8.4 ±0.4 4.5 neutral ↑↑↑↑↑ 

     I71D 3.9 3.9 ±0.0 0.0 negative -- 

     I71K 10.4 7.7 ±0.3 -2.7 neutral ↓↓↓ 

     I92D 3.9 7.2 ±0.3 3.3 neutral ↑↑↑ 

     I92K 10.4 10.4 ±0.0 0.0 positive -- 

     8S Mutant pKpp
a
 pK

b
  Charge at pH 7 Shift

d
 

     I70D 3.9 8.5 ±0.4 4.6 neutral ↑↑↑↑↑ 
     I70K 10.4 7.4 ±0.3 -3.0 neutral ↓↓↓ 

     I71D 3.9 7.2 ±0.4 3.3 neutral ↑↑↑ 

     I71K 10.4 8.4 ±0.4 -2.0 positive ↓↓ 

     I92D 3.9 3.9 ±0.0 0.0 negative -- 
     I92K 10.4 10.4 ±0.0 0.0 positive -- 
 

a
pKpp is the pK determined from studies in guest pentapeptides (Table 1).

13, 76
  

b
pK values are estimated from analysis of the fits of ΔG vs. pH curves for each mutant indicated.  

c
Values are calculated by subtracting pKpp from pK (ΔpK = pKpp-pK). 

d
Graphical representation of ΔpK.  Arrows represent 1 pK unit.  Up arrows indicate increased pK 

and down arrows indicate decreased pK. 
 

 

The free energy of unfolding is determined for 7S and 8S buried ionizable 

mutants at pH 6, 7, and 9 in order to gauge the magnitude of the effect of the pK shifts of 

buried ionizable mutants on the stability of 7S and 8S (Figure 14).   The Δ(ΔG)s are 

calculated for: 1) the difference between each variant at each pH and their parent (7S or 

8S) at pH 7, and 2) the stability difference between each variant at pH 6 and 9 from itself 

at pH 7. To estimate the change in free energy due to the mutation alone in the absence 

of other contributing factors, the Δ(ΔG) of 7S or 8S is subtracted from Δ(ΔG) of the 

mutant (Figure 14).  By comparing ΔpK and the differences in stability for 8S and 7S, a  
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Figure 14.  The effect of ionization on the stability of buried ionizable mutants.  The ionization 

effect on variant stability over the pH range of 6 - 9 was calculated for buried ionizable variants 

in A) 7S and B) 8S by subtracting the free energy difference between each mutant and its parent 

(Δ(ΔG)) at pH 7 from the  Δ(ΔG) at each pH indicated.  The reference temperature for each 

mutant is the TM of that mutant at pH 7(Table 6, 7).   Consequently, the stability difference at pH 

7 is zero for all mutants.  Bars are colored for consistency for IleAla mutations (green), 

IleAsp mutations (red), IleLys mutations (blue), pH 6 (dark), and pH 9 (light).  The charged 

state for the mutant residues (Mutant) is indicated as positive (+), negative (-), neutral (n), or 

near/at the ionization point (o) at the indicated pH studied (pH).  The charged states are based on 

values from Table 9.  The magnitude of the shift in pK is indicated (bottom of chart) for each 

mutant.  Each arrow indicates a shift of 1 pH unit.  Up arrows indicate an increase in pK, and 

down arrows indicate a decrease in pK.  A double dash indicates no observable change in pK.  

For 7S buried ionizable mutations, the charged state of Asp79 is included.  The pK of 7S I70K 

was not determined (see text Chapter VI).  

A 

B 
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  Table 10.  The free energy difference between buried 

mutants of RNase Sa 7S and 8S at pH 6,7, and 9.  

     Mutant 

Difference in pH stability effects between 

7S and 8S (kcal/mol)
a
 

pH 

6 7 9 

     I70A -0.1 0.0 -0.1 

     I70D  0.8 0.0    0.5
b
 

     I70K -0.2 0.0   0.3 

     I71A  0.2 0.0 -0.6 

     I71D   1.5
b
 0.0   -1.5

bc
 

     I71K     0.9
bc

 0.0 -2.5 

     I92A   0.1 0.0 0.0 

     I92D   -0.2
c
 0.0    0.9

bc
 

     I92K     0.5
bc

 0.0   -0.2
bc

 
 

a
Values are the free energy difference between 7S and 8S 

variants at different pH and are calculated by subtracting the 

free energy measured between pH values for 7S variants and 

the parent from the same in 8S. 
b
The buried ionizable group is in the ionized form in 7S at the 

indicated pH 
c
The buried ionizable group is in the ionized form in 8S at the 

indicated pH. 

 

 

general correlation is observed between the magnitudes of the shift in pK and the change 

in Δ(ΔG).  That is, the greater the estimated shift in pK observed, the greater the 

magnitude of the calculated stability change and vice versa (Figure 14).  Additionally, 

the effect on stability of the charged state of each mutant was studied.  As expected and 

in each case where the pK of the ionizable group is shifted, the ionized form of the 

residues is estimated to be destabilizing (Figure 14).  

8S and 7S differ in that 7S has a native 89% buried Asp 79 and 8S has a Phe.
44, 

164
  The pK of 7S Asp79 is 7.4.

164
  For 7S variants, the difference in free energy values 

between the variants at pH 6 and 9 and their parent was calculated and includes any 
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contribution to stability from an interaction between buried ionizable mutants and 

Asp79.  Those contributions should not exist in the stability differences observed for 8S 

variants over the same pH range.  The values for the differences between 7S and 8S are 

reported in Table 10.  The largest difference was measured for IleAsp mutants at 

position 71 at 3 kcal/mol.  The smallest differences occur when the mutant is an Ala. 

 

Discussion 

 There is typically a large and unfavorable desolvation penalty for burying 

charged groups in the mostly hydrophobic interior of proteins.
4, 81

  Yet despite the 

unfavorable environment of the protein interior, ionizable groups are often buried.
10, 58, 

132
  One way that buried ionizable groups respond to being removed from polar water is 

by altering the pK of the ionizable group on the side chain to neutralize the charge.
10, 13

   

To gain insight into the magnitude of the stability contribution of buried 

ionizable groups, the charge on the groups must be determined.  The dissociation 

constant of the proton (pK) of ionizable groups is the solution pH value at which the 

group is half ionized.  Below the pK, groups are protonated and above the pK, groups 

are deprotonated.  Whether protonation or deprotonation results in ionization depends on 

the group in question.  Aspartic acid is negatively charged above and Lys is positively 

charged below their respective pKs.  

The pKs of the buried ionizable groups of 7S and 8S are estimated indirectly by 

analyzing CD thermal unfolding curves for buried ionizable group mutants over a pH 

range to determine the change in free energy at each pH (see Materials and Methods).  
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The change in free energy for the 7S parent is subtracted to give Δ(ΔG).  By fitting 

Δ(ΔG) vs. pH with equation 9, the pK of the group is estimated (Table 8, Figure 13).   

In 7S, I70D and I92D both had elevated pKs of 8.5 and 7.2, respectively.  The 

large shift in pK helps keep the side chains uncharged at physiological pH, and the pK 

value of 8.5 is among the highest ever recorded for Asp in a protein.  The I71D variant 

was estimated to have no change in pK in 7S.  The two former charges are buried in 

close proximity to the native Asp79 (<6Å), whereas I71D is approximately twice the 

distance away (10 Å) and is separated from Asp79 by the 7S β-sheet.  To test if the 

proximity to Asp79 affects the change in magnitude observed in the pK values for 

Asp70, Asp92, and Asp71, the pKs of the groups were also determined in 8S in which 

Asp79 is absent.  The I70D mutation was estimated to have an elevated pK of 8.5.  

Interestingly, the I92D mutation showed no observable change in pK, but the I71D 

mutation was measured to have an elevated pK of 7.2.  Thus, the apparent pK of Ile70 is 

comparable in the presence of Asp79, whereas the I92D pK is highly elevated in 7S (3.9 

to 7.2) and unaffected in 8S.  I70D is 6 Å away from Asp79 and I92D is 5 Å away.  

Classically, a distance of ≤5 Å is considered to be within the range of direct contact. 

Therefore, the difference in the pK shift response of I70D and I92D may result from the 

difference in distance from the Asp79 carboxyl.     

The pK of I71D appeared unperturbed in 7S, but elevated in 8S.  Since 8S is 

more stable than 7S, one possibility is that the unchanged pK of 7S I71D may be due to 

solvent access of the side group.  A fully solvated I71D may explain the empirically 

estimated pK of 3.9.  The location of the I71D mutation lies in the RNase Sa active site 
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and is buried by random coil (Figure 7).  The 8S protein is more stable, and the protein 

has been suggested to be more structured in the unfolded state by Fu et al., further 

supporting the hypothesis that 7S I71D may be solvated in the less stable (more 

dynamic) 7S variant.   Structural data is needed for any further study of the role of water 

access to buried ionizable groups.
44

  This is especially true, since additional analysis of 

the pK shifts of Lys mutants show a decrease in pK for Lys at position 71 in both 7S and 

8S (Table 9).  Taken together, the change in pK for these groups is likely dependent on 

their location within a protein and possibly on the composition of the protein itself.  

Additional variance may result from electrostatic interactions, as there is an apparent 

difference in the change in stability for acidic and basic residues at that position.   

Arginine groups at positions 65 and 69 are within the active site and help bind 

and orient RNA for catalysis of the endonuclease reaction of RNase Sa.
133, 135, 160, 176

  

Arg is positively charged at all pHs studied and the close proximity of these Arg to 

position 71 may result in the depressed pK values estimated for Lys. The side chain of 

Asp is ≈4 Å shorter than Lys, and the closest Arg (Arg69) is 9 Å away from the Cβ of 

the position 71 side chain.  Therefore, the Lys71 variants can be closer to Arg69 than the 

Asp71 mutants resulting in the decrease in pK value.  I71D mutations show differences 

in pK between 7S and 8S (Table 9) and solving the structure of 7S and 8S variants may 

provide additional insight into possible reasons for the differences observed.   

The pK shifts for lysine mutations also vary between 7S and 8S.  For example, 

the I70K mutation was stable enough to study in a narrow range of 6 < pH < 9, but 

thermal unfolding data for the full pH range of 1 – 10 is likely needed to estimate any 
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shift in the pK value.  In 8S, I70K was unstable below pH 3, but the difference in the 

free energy of folding could still be fit to determine a decrease in pK from 10.4 to 7.4 

(Table 8, Figure 13B).  At position 71, the pKs of Lys mutations were decreased in 7S 

and in 8S from 10.4 to 7.7 and 8.4, respectively.   At position 92, the pK of mutant Lys 

residues were unaffected in both 7S and 8S.   Consequently, this suggests that the pK of 

Lys residues at position 71 and 92 are only marginally affected by the presence of 

Asp79, as the pK values change only slightly, if at all, between the 7S and 8S variants 

(Table 9). 

A comparison of the magnitude of the shift in pK and the change in stability for 

buried ionizable mutants appear to be related.  That is, as the shift in pK for a group gets 

larger, so does the estimated destabilization (Table 9, Figure 14).   To determine the 

change in stability due to the buried mutant alone, the stability of 7S at pH 6, 7, and 9 

was subtracted from the stability of each mutant at the same pH.  The difference was 

then subtracted from the same calculated value in the equivalent 8S variant.  As a result, 

the contribution from the burial of the native Asp79 is subtracted out.  That leaves only 

the contribution to stability of the buried mutant and any interaction conferred by the 

presence of Asp79 on the group in the case of 7S.  The resultant free energy differences 

between 7S and 8S variants at pH 6 and 9 are reported in Figure 14.   

 From the results of the pK shift analysis, the apparent changes in stability for 

each mutant appear to be related to the charge state, as comparing the stabilities over pH 

ranges in which the buried mutants ionize give increases in stability upon deionization or 

decreases in stability upon ionization (Figure 14).   The magnitude of any charge-charge 
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interactions between buried ionizable mutants and Asp79 may be estimated by 

subtracting the change in stability in 7S from the change in stability in 8S when using 

the TM of each mutant at pH 7 as a reference temperature.  The contribution from 

burying the ionizable group and Asp79 are subtracted out, leaving only any free energy 

not attributable to desolvation of the charge group alone (Table 10) (e.g. coulombic 

interactions).  As electrostatic interactions may only be a component of the values 

reported in Table 10, the free energy of electrostatic interactions between charge groups 

based on the distance between ions were calculated and are discussed in Chapter VII.       

 In all, the stability contribution of buried ionizable mutants in RNase Sa is 

context dependent, in that there are differences in the stability contributions between 

buried positions 70, 71, and 92 and for each mutation type studied.  The magnitude of 

the shift in pK is appears to be related to the observed change in stability as a positive 

correlation between the two is observed.  Simply put, the greater the estimated pK shift, 

the greater the calculated change in stability.  Additionally, the ionization state of the 

residues determines the magnitude of the stability conferred at each location.   

As expected, buried ionizable residues appear to be more destabilizing when 

ionized.  The free energy change attributed to buried ionizable mutants and the native 

buried Asp79 alone are negated when subtracting stability values for 7S and 8S variants, 

which allows for the estimation of additional contributing forces in 7S.  For example, a 

charge-charge repulsion may exist between Asp79 and Asp92 mutants that does not exist 

for Asp71 mutants or in 8S.  Therefore, any additional energy observed may be due to 

non-covalent electrostatic interactions.  Previous studies have shown that after solvation 
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effects, coulombic interactions are a main determinant for pK and ionization-state 

changes.
10

  For that, the magnitude of the stability contributions of coulombic 

interactions is calculated in Chapter VII.      
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CHAPTER VII 

STABILITY CONTRIBUTIONS OF BURIED ELECTROSTATIC 

INTERACTIONS IN RNASE SA 7S 

 

Introduction 

 Protein stability is the additive contribution of all forces acting to fold and unfold 

a protein.
58

  The difference in stability between the folded state and the more unfolded 

state is marginal.  That is not to say that the forces contributing to stability are small.  

Collectively, the forces can be quite large, and the marginality arises from the small 

difference between those large values.  Minor changes in stability can therefore shift 

proteins between the folded and unfolded states.  As a protein’s form and function are 

intricately linked, estimating the contributing forces to protein stability is important. 

The largest forces acting to maintain the folded state of many proteins are van 

der Waal’s interactions and the hydrophobic effect.  Van der Waal’s attractions result 

from induced partial dipoles between molecules and are optimized in the hydrophobic 

core of proteins where amino acids are tightly packed.  The hydrophobic effect arises as 

water attempts to both maximize hydrogen bonding with itself and minimize contact 

with hydrophobic side chains of the largely aliphatic non-polar amino acid residues.
39, 47, 

101, 125
  Pace et al. recently reported that on average hydrophobic interactions contribute 

60 ±4% of the stabilizing force in proteins.
39

  Hydrogen bonding also contributes free 

energy to the folded state of RNase Sa and is the collective contribution of all hydrogen 

bonds.  Hydrogen bonds contribute on average ≈40% of the stabilizing free energy in 
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proteins.
101

  It is estimated that there are approximately 1 hydrogen bond per residue in 

proteins, and each bond increases stability by ≈1 kcal/mol.
101, 111

  Conversely, 

conformational entropy is the largest force contributing to the denaturation of proteins.
24

  

In a 100 residue protein, it is estimated that conformational entropy contributes ≈200 

kcal/mol to stability.
24, 37

  To recapitulate, large forces act to fold or unfold proteins and 

the stability difference between the states is marginal.  Additionally, the marginality has 

been observed across protein families.
4-6, 24, 42, 61, 88

   

In addition to the forces mentioned above, there are other forces contributing to 

the stability of globular proteins, including non-covalent electrostatic interactions like 

van der Waal’s forces, ion pairing, and coulombic interactions.
24

  In previous chapters, 

the total stability contribution of buried ionizable mutations was measured by analysis of 

CD thermal unfolding curves.  Included in those values are additive contributions from 

the burial of a charge, effects from shifts in estimated pK values to mitigate charge, and 

charge-charge interactions.  Of interest is the free energy contribution to stability of 

charge-charge interactions conferred by buried ionizable mutations in RNase Sa 7S and 

8S.  

 One factor to consider in examining the stability effects of buried ionizable 

mutants is the microenvironment of the location of those groups in proteins.
58

  For 

instance, the unfavorable Born self-energy for burying charged groups in the 

hydrophobic interior of a protein has been estimated as ≈-19 kcal/mol.
81

  Despite this, 

proteins on average bury ≈1 ionizable amino acid for every 100 residues in small 

proteins.
132

  Surprisingly, the average number of buried ionizable residues may increase 



 

97 

 

as protein size increases.  Proteins with ≈300 residues were found to have an average of 

≈4.5 buried ionizable groups.
116, 132

  Further evidence is found in a recent study in which 

a 700 residue protein was reported to bury 65% more polar groups than a 100 residue 

protein.
19

  In Chapter IV above, we observe that buried ionizable groups at different 

positions may result in different changes in stability.  Thus, the magnitude of the change 

in stability must necessarily be dependent on more than just desolvation effects alone. 

 Additionally, electrostatic interactions between ionized groups can be stabilizing 

or destabilizing and can affect the free energies of the folded or unfolded states.  One 

example of a non-covalent interaction is an ion pair.  When an ion pair forms, two 

charges of opposite sign are in close proximity.  In this scenario, the charges will 

experience an attractive force.  If the attraction between the charges decreases the 

propensity of the protein to achieve an unfolded state conformation, then the protein will 

be kept in a more folded-like structure.
178

  Another example is a salt bridge.  A salt 

bridge in T4 lysozyme that exists between Asp70 and His31 contributes 3-5 kcal/mol to 

stability.
95

  The magnitude of the stability was determined by measuring the stability 

over a pH range in which the groups ionize.
95, 178

  In contrast, an ion pair can also be 

destabilizing by reducing conformational flexibility/increasing steric strain, which 

decreases the propensity for the folded state structure and assumes a more unfolded-like 

state.
178, 179

  The previous forces are short range interactions between charged species 

that are in direct contact, typically less than 5Å.  Even when they are not involved in ion 

pairs or salt-bridges, ions can experience charge-charge effects, such as attraction and 

repulsion.  The magnitude of the free energy of those interactions can be estimated using 
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Coulomb’s equation (equation 5), which relates the free energy of interaction between 

charged groups to their distance apart and the polarizability of the medium between 

them.   

Taken together, the charge, the polarizability of the environment of the charges, 

and the distance between charges in proteins directly affect the free energy contribution 

of the interaction between multiple charges.  From Coulomb’s equation, the choice of 

dielectric constant value in the denominator is important in determining the overall 

magnitude of the stability contribution of electrostatic interactions.  For example, in 

studies examining mutations in the protein interior of Staphylococcal Nuclease (SNase), 

multiple values for the effective dielectric constant were calculated over a large range 

from 9 – 40.
86, 151

  Furthermore, recent studies of SNase using a mean-field Poisson-

Boltzman distribution approach indicate that the dielectric constant changes depending 

on the ionization state of the ionizable group present and the value ranges between 14 – 

30.
180

  By examining a large group of proteins of different sizes and topologies, the 

range of values appears to be position-dependent with lower values representing the 

protein interior.
10, 151, 180

  Based on the range of dielectric values for protein interiors 

from those studies, the value for the dielectric constant used here is 20, so as not to over- 

or underestimate its contribution to the magnitude in the change in stability.  The 

resultant free energy for non-covalent electrostatic interactions is calculated by equation 

10 (see Materials and Methods), and the distances and charges for RNase Sa variants are 

reported in Table 11.   
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Table 11.  Free energy of electrostatic interactions 

between RNase Sa 7S ionizable groups and native 

buried Asp79. 

     Position Residue 
Distance 

(Asp79)
a
 

Charge
b
 

ΔG
c
 

(kcal/mol) 

     1 ASP 16.7 -0.5  0.10 

     14 GLU 16.9 -0.5  0.11 

     17 ASP 14.5 -0.5  0.09 

     25 LYS 12.4  1.0 -0.15 

     33 ASP 13.8 -0.5  0.09 

     40 ARG 23.9 0.5 -0.15 

     41 GLU 21.3 -0.5  0.13 

     53 HIS 10.5  1.0 -0.13 

     54 GLU 13.8 -0.5  0.09 

     63 ARG 28.1  0.5 -0.18 

     65 ARG 16.8  0.5 -0.10 

     68 ARG 17.9  0.5 -0.11 

     69 ARG 15.8  0.5 -0.10 

     74 LYS 12.2  1.0 -0.15 

     78 GLU 7.6 -0.5  0.05 

     79 ASP 0.0 -0.25  0.00 

     84 ASP 17.2 -0.5  0.11 

     93 ASP 10.9 -0.5  0.07 

     Total ΔG                                     -0.25 
 

a
The distance was measured from the group at position X to the 

carboxylic carbon of Asp79 using equation 9. 
b
The charge for the oxygen atoms of carboxylic acids in Asp 

and Glu or the amine of the guandino group of Arg is assumed 

to be equally distributed over the group due to electronic 

resonance.  Therefore, the q-value is -0.5 or +0.5, respectively. 
c
The change in free energy is calculated using equation 10. 

 

 

As mentioned in Chapter I and II, the spatial relationship between Ile70, Ile71, 

Ile92, and Asp79 provide a unique system for measuring the free energies of the 

electrostatic interactions of buried ionizable groups.  The D79F mutation in 8S gives an 

additional means by which a free energy of interaction can be isolated, as the 
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contribution to stability from the Ile70, Ile71, and Ile92 ionizable mutants in the absence 

of Asp79 can be calculated.   

By comparing the stability of 7S, 7S buried ionizable variants, 8S, and 8S buried 

ionizable variants, the contribution to stability from buried ionizable groups was 

calculated (Chapter IV).  The change in stability for buried ionizable mutations in 7S is 

different than the change in stability for 8S (Chapter VI, Table 10).  The previously 

estimated pK values of each ionizable group determine the charge (qn) at pH 7 (Chapter 

VI, Table 9).  Therefore, Coulomb’s equation can be used in order to compare and 

quantify the contribution to stability of electrostatic interactions with buried ionizable 

mutations in the presence and absence of Asp79. 

In the above chapters, we estimate the total stability effect of burying ionizable 

residues in the protein interior and go on to describe the stability effect of ionization of 

those groups in 7S and 8S.  As the magnitude of the reported stability values is the 

additive contribution of different forces, of interest is what part of the total protein 

stability is from electrostatic interactions between ions.  Here, we use Coulomb’s Law to 

estimate the contribution to stability of ion-ion interactions in RNase Sa variants at pH 7. 

The pK values previously reported in Chapter VI are used to assign the charge on 

residue side-chains.  Coulombic interactions are calculated for buried ionizable mutants 

in 7S and 8S to measure the effect of the native buried ionizable group on charge-charge 

interactions in variant proteins.  To this end, the total stability changes for making buried 

ionizable mutations in 7S includes the stability contribution of coulombic interactions 

between Asp79, the buried ionizable mutants, and other ions in 7S.  In 8S, the magnitude 
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of coulombic interaction contributions is limited to the interaction between the buried 

ionizable mutants and other ions in the protein.   

As an alternate approach, we calculate the localized effect of buried ionizable 

mutants on the dielectric constant value using Coulomb’s law.  To do so, we operate 

under the premise that the structure of mutants is similar (Chapter V), and presume that 

mutant ionizable side-chains will: 1) be in a similar local environment to resolved 

structures, 2) the distances between ions will be similar to resolved structures, and 3) 

that the determined stabilities (Chapter IV) are due exclusively to charge-charge 

interactions.  We use the free energy difference between 7S and 8S variants in order to 

account for both the background interactions between native ions and native ions and 

solvent.  

 

Results 

Free energy of electrostatic interactions between 7S buried mutants and Asp79 

In Chapter III, the total stability contribution of the ionization of Asp79 was 

calculated to be 1.8 kcal/mol.  The estimated contribution to that value from coulombic 

interactions is -0.25 kcal/mol and is reported in Table 11.  The free energy of the 

coulombic interaction between buried ionizable mutants and 7S Asp79 was calculated as 

described above and are reported in Table 12.  Taken alone, the interaction between each 

buried mutant and the native Asp79 (ΔGMut-D79) is typically small.  For instance, the 

maximum electrostatic contribution of buried Asp mutants ranges between 0.07 – 0.1 
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kcal/mol when both the buried mutant and Asp79 are ionized.  Furthermore, Lys mutants 

contribute -0.15 to -0.19 kcal/mol when both Lys and Asp79 are ionized.  

  

Table 12.  The free energy of coulombic interactions in RNase Sa 7S buried 

ionizable mutants. 

Variant ΔGMut-D79 (kcal/mol)
a
 ΔGpK (kcal/mol)

b
 ΔGTotal (kcal/mol)

c 

     7S -- -0.25 -0.25 

     I70D   0.08  0.00  0.00 

     I70K -0.17 -0.08  0.57 

     I71D   0.10  0.05 -0.28 

     I71K -0.19 -0.10  0.57 

     I92D   0.07  0.02 -0.43 

     I92K -0.15 -0.07  1.71 
 

a
The free energy of the electrostatic interaction between the buried ionizable group and the 

native buried Asp79 when both groups are ionized. 
b
The free energy of the electrostatic interaction at pH 7 using the experimental pK value (Table 

9) to set the charge of the ionizable group and Asp79.  When Asp or Lys is near the pK of the 

group, the charge is halved during calculations (e.g. Asp79 is given a -0.25 charge at pH 7). 
c
The total free energy of electrostatic interactions in the protein at pH 7 for each mutant.  The 

buried ionizable mutant was used as the point of reference for measuring the distance used in 

Coulomb’s equation.  

 

 

Previously, the pK of the buried ionizable groups was determined (Table 9).  

Based on those values, the coulombic interaction for the buried ionizable groups is 

reported when the groups are in their experimentally determined charged state.  The 

charge value (qn) of Asp79 is -0.25 as the pK of the carboxyl functional group is 7.2 and 

will be half charged at pH 7.   The same approach is used for all groups whose pK is 

within experimental error of pH 7, in that the charge value used in calculations is halved 

if near the pK.  The pK of 7S I70D is 9.6 and the group is uncharged at pH 7, giving an 
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electrostatic contribution of zero. The contributions from 7S I71D, I 92D, I 71K, and 

I92K were 0.05, 0.02, -0.08, and -0.07, respectively. 

Even though the electrostatic interaction between buried ionizable groups and 

Asp79 were destabilizing for the negatively charged Asp groups and stabilizing for the 

positively charged Lys groups, the overall contribution to stability for the groups 

(ΔGTotal) had the opposite effect.  The stability contribution due to electrostatic 

interactions of 7S I71D and 7S I92D were 0.05 and 0.02 kcal/mol when interacting with 

Asp79 alone, but contributed -0.28 and -0.43 kcal/mol to protein stability overall, 

respectively.  Conversely, 7S I70K, 7S I71K, and 7S I92K contributed -0.08, -0.10, and  

-0.07 kcal/mol when interacting with Asp79 alone, but were destabilizing and contribute 

0.57, 0.57, and 1.71 kcal/mol to overall protein stability. 

Free energy of electrostatic interactions of 8S buried ionizable mutants 

The RNase Sa 8S variant has all of the same mutations as the 7S variant with an 

additional D79F mutation.  Consequently, and unlike 7S, there can be no electrostatic 

interaction between 8S buried ionizable groups and Phe79.  The overall contribution to 

protein stability of electrostatic interactions due to 8S buried ionizable group mutants in 

both in the ionized state (ΔGTotal ion) and in the charge state based on experimentally 

estimated pKs (ΔGTotal pK) is reported in Table 13.  The pK of 8S I70K and 8S I71D are 

7.4 and 7.2 and the charge value used in the calculation of ΔGTotal pK was -0.25, and 0.5, 

respectively.  All other ionizable groups in 8S are ionized at pH 7.  As with 7S, the total 

contributions to stability from buried ionizable group electrostatic interactions in 8S at 

pH 7 (ΔGTotal pK) are typically between -1 and 2 kcal/mol (Table 13).  The 8S I70D, 
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I71D, and I92D mutations contribute 0.0, -0.17, and -0.89 kcal/mol.  The difference in 

stability for Asp mutations at position 70, 71 and 92 in 8S and 7S (ΔΔG8S-7S) were 0.0, 

0.11, and -0.46 kcal/mol.  Since positive changes in stability denote a decrease in  

 

 

Table 13.  The free energy of coulombic interactions of RNase Sa 8S buried 

ionizable mutants. 

     8S Mutant ΔGTotal ion
a
 (kcal/mol) ΔGTotal pK

b
 (kcal/mol) Δ(ΔG)

c
 (kcal/mol) 

     I70D -0.61 0.00  0.00 

     I70K 1.21 0.61  0.04 

     I71D -0.33 -0.17  0.11 

     I71K 0.57 0.57  0.00 

     I92D -0.89 -0.89 -0.46 

     I92K 1.78 1.78  0.07 
 

a
The free energy contribution of electrostatic interactions in 8S when buried ionizable mutants 

are ionized. 
b
The free energy contribution of electrostatic interactions in 8S when the charged state of buried 

ionizable mutants is based on the experimental pK (Table 9) at pH 7.  If mutant groups have a 

pK near pH 7, the charge value is halved to reflect partial ionization. 
c
Δ(ΔG) = ΔG (8S variant) – ΔG (7S variant) using experimental pK values to determine the 

ionization state of the groups. 

 

 

 

stability and negative values denote an increase in stability, Asp mutations in 8S can be 

more or less stable than those same mutations in 7S.  The contribution to stability from 

electrostatic interactions of buried ionizable Lys mutations in 8S are generally stabilizing 

at 0.61, 0.57, and 1.78 kcal/mol.  The difference in stability between buried Lys 

mutations in 8S and 7S is 0.04, 0.0, and 0.07 kcal/mol, at position 70, 71, and 92, 

respectively. 
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The localized effect of buried ionizable mutations on the dielectric constant 

The dielectric constant is a relative measure of the polarizability of a medium.  

For example, in a vacuum, the dielectric constant is 1.  For hexane, octanol, and ethanol, 

the values are 2, 10, and 25 respectively.  For water, the value is 80.  As the 

polarizability of the medium increases, so does the value of the dielectric constant.  

Similarly, as the dielectric value decreases, hydrophobicity increases.  Of interest here is 

the localized effect on the dielectric constant from burying an ionized group in the 

hydrophobic interior of a protein. 

  

 

Table 14.  The localized effect of buried ionizable 

mutants on the dielectric constant value 

Variant Dielectric (D)
a
 

7S 29 

I70D 46 

I71D 63 

I92D 38 

I70K 1 

I71K 9 

I92K 3 
a
The dielectric was calculated using Coulomb’s law 

(Equation 10).  The free energy term (ΔG) is fixed and is 

calculated by subtracting the stability of 7S variants from 

8S variants (Chapter IV).  The distances between ions are 

measured in the molecular modelling program Pymol and 

are based on the structure of 7SI71A. 
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Using Coulombs Law (Equation 10), we calculate the dielectric by: 1) presuming 

the difference in the change in stabilities between 7S and 8S variants is due to charge-

charge interactions alone (Chapter IV), 2) using the resolved crystal structure of 7SI71A 

to determine ion-ion distances (Chapter V), and 3) using calculated pK values to assign 

charge to ionizable mutant side chains (Chapter VI).  The calculated dielectric values are 

reported in Table 14.  The dielectric constant of the protein interior of 7S is calculated as 

29, the dielectric increases for all IleAsp variants, and decreases for all IleLys 

variants studied.  The average dielectric value for all variants is 27. 

 

Discussion 

The forces contributing to the stability of proteins are additive and the stability 

difference between the folded and unfolded states are marginal.
2, 4-9

  Generally, the 

stability difference between folded states of globular proteins is in the range of 5-10 

kcal/mol.
2, 9

  Consequently, small changes in stability can shift a protein from one state 

to the other.  Of interest here is the contribution that electrostatic interactions from 

buried ionizable residues have on protein stability and the constituent magnitude 

contributed by those forces to the total change in stability measured for buried ionizable 

mutants in Chapter IV and VI.   

There are five general types of non-covalent charge-charge interactions in 

proteins: salt bridges, ion pairs, hydrogen bonds, van der Waal interactions, and 

coulombic interactions.
5, 9, 81, 87-92

  Ion pairs and salt bridges form when oppositely 

charged ions interact.  An ion pair occurs when the two oppositely charged ions are 
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within 5 Å and can be stabilizing or destabilizing.
10, 87, 91

  Ion pairs in the protein interior 

have been shown to contribute between 2-6 kcal/mol to stability.
61

  Salt bridges are 

formed between hydrogen atoms and negatively charged ions.  In proteins, the majority 

of salt bridges are typically formed between the hydrogen group of Nitrogens or the 

charged basic residues and a negatively charged carboxylate.
88, 94

  The difference 

between ion pairs and salt bridges is that that ion pairing involves two point charges and 

salt bridges involve the interaction of the partial dipole of a hydrogen with a free pair of 

electrons.  The stability conferred by salt bridges has been experimentally determined to 

be in the range of 3 – 5 kcal/mol in the protein interior, and less on the solvent exposed 

protein surface.
10, 61, 92, 94-96

  Since transferring charged residues into a hydrophobic 

environment is unfavorable, one would assume that the formation of ion pairs and salt 

bridges in the non-polar environment of the protein interior would mitigate the 

desolvation penalty, providing an attractive approach for increasing protein stability.  

This was shown not to be the case, as hydrophobic substitutions for one, two, or all three 

of a buried charge triad were found to increase stability in the Arc repressor of 

bacteriophage P22.
89

  In the thermophile Thermococcus celer L30e protein, the 

magnitude of the stability contribution of charge-to-alanine mutations was shown to be 

context dependent.
97

   

That is not to say that buried electrostatic interactions cannot be stabilizing.  For 

example, the buried Asp33 in the same enzyme that forms 3 hydrogen bonds and when 

removed by mutation to Ala, decreases stability of RNase Sa by 6 kcal/mol.
79, 98

  In 

contrast, RNase Sa Asp79 is buried and forms no hydrogen bonds or ion pairs to other 
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residues in the protein.
20

  The buried Asp79 decreases the stability of RNase Sa WT by 

≈3 kcal/mol.
20

  The experimentally determined pK of Asp 79 is 7.2, and that of Asp33 is 

2.4.
20, 79, 98

  Buried Asp76 in RNase T1 forms three hydrogen bonds and has a pK of 

0.5!
99

  Thus, mitigation of the desolvation of ionizable groups into the protein interior is 

a mixture of both pK shifts and electrostatic non-covalent interactions.  Statistical 

analysis of proteins reveals that most native buried ionizable groups are involved in 

forming either ion pairs or salt bridges.
100

  Experiments testing the response of protein 

stability to changes in pH show that electrostatic interactions collectively contribute a 

maximum of ≈10 kcal/mol, which is within the magnitude range of the stability 

difference between folded states.
2, 10, 24, 39, 51, 102, 103

 

 Since contributions to stability are additive and net stability is marginal, the 

change in stability due to electrostatic interactions is studied in RNase Sa variants that 

are able to tolerate buried groups without unfolding.  The models used are derived from 

two highly stabilized variants of RNase Sa, 7S and 8S (Chapter I).  Three buried 

isoleucines (Ile70, Ile71, and Ile92) were identified as candidates for buried ionizable 

group substitution using a computer program, pfis, which measures the solvent-

accessible surface area of amino acid side chains.  All three Ile’s are 100% buried.  Ile70 

and Ile92 are 6 Å and 5 Å away from Asp79.  Ile71 is 8 Å away from Asp79 with a side-

chain geometry that points away from the buried Asp on the opposite face of the 7S and 

8S β-sheet, further separating the residues.  The buried D79F mutation in 8S provides a 

unique model to study the stability contribution of buried electrostatic interactions when 
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buried ionizable substitutions are made at positions 70, 71 and 92.  Each Ile was 

individually mutated to ionizable residues Asp and Lys. 

 Coulomb’s Law is used to calculate the electrostatic contribution to stability for 

each mutation.   The 7S crystal structure was mutated in silico using the program PyMol 

(see also Materials and Methods).  From that, the distances between all ionizable atoms 

are measured.  Since the exact location of the charge is unknown for groups that exhibit 

electronic resonance, a reasonable estimation of the distance can be made by measuring 

to the carboxyl-carbon of acidic groups and assigning the group a half charge.  The 

distance, charge, and dielectric constant of the protein interior are all that is needed to 

calculate the stability contribution of the electrostatic interaction between the proteins.   

The charge of each ionizable group and mutant is based on previous pK studies 

and studies within this work (Chapter VI).
13, 76

  The pK of an ionizable group is the pH 

at which the group is half ionized.  Below the pK, the ionizable group is protonated and 

above the pK the group is deprotonated.  Asp is charged when deprotonated and Lys is 

charged when protonated.  Asp has a pK of 3.9 when fully solvated in an Ala-Ala-X-

Ala-Ala pentapeptide.
13, 76

  In 7S mutants, Asp70, Asp71, and Asp92 have pK’s of 8.4, 

3.9, and 7.2.  In 8S the same mutations have pKs of 8.5, 7.2, and 3.9.   In 7S, the pKs of 

K71 and K92 mutants are 7.7 and 10.4, respectively.  The I70K mutant was unfolded at 

the temperature limits of the CD and pK was not obtained. In 8S, K70, K71, and K92 

mutations have pKs of 7.4, 8.4, and 10.4.  The change in pK between 7S and 8S 

ionizable groups must be a consequence of the D79F mutation, and the magnitude of 
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coulombic interactions is calculated by assigning charge values based both on the 

respective pKs and in the ionized state (Table 12, 13). 

Generally, stability contributions due to electrostatic interactions between buried 

mutations and Asp79 in 7S were small, ranging between -0.5 and 0.5 kcal/mol (Table 

12).  As would be expected, all Asp mutations were calculated as repulsive and 

destabilizing and all Lys mutants were stabilizing and attractive when measuring their 

interaction with Asp79.  Interestingly, the groups had the opposite effect on the total 

stability of the mutant proteins based on coulombic interactions alone.  All of the Asp 

mutants decreased overall free energy and all of the Lys mutants increased the overall 

free energy.  This is most likely a consequence decreasing the net charge of RNase Sa 

7S, though the effect due to a change in dielectric constant cannot be ruled out.  

Lowering the net charge of proteins can increase stability without altering the native 

topology.
10, 35

  The net charge is zero at the isolectric point (pI), positive below the pI, 

and negative above the pI.  The pI of 7S is 4.83 and the pH value at which the protein is 

charge neutral.  At pH 7, the net charge on 7S is -2.  The Asp mutations increase the net 

negative charge when they are above their pK values.  Lys mutations decrease the net 

charge when they are below their pK values.  Consequently, this may explain why the 

buried ionized groups of Asp are more destabilizing than the ionized amine of the Lys 

groups when measuring the stability by following thermal unfolding using CD (Figure 

14).  

In Chapter VI, the stability contributions of buried ionizable groups in 7S and 8S 

were measured and compared.  The difference between 7S and 8S indicated that there 
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were additional stability contributions in 7S that were missing in 8S calculations (Table 

10).  A comparison between the estimated coulombic contributions (Table 12, 13) and 

the background free energy measured in Chapter VI indicate that the free energy from 

non-covalent electrostatic interactions is smaller than the measured additional free 

energy when the groups are ionized.  There are three possible explanations, 1) the 

dielectric constant value used in calculations may not be correct, resulting in calculated 

differences in ΔG values, 2) there may be structural rearrangements, and/or 3) groups in 

7S are involved in ion pairs, salt bridges, or hydrogen bonds resulting in unaccounted for 

contribution to stability.   

To test for localized dielectric effects, the difference in the change in stability 

between 7S and 8S was used to estimate the free energy change (ΔG) in Coulomb’s law.  

Using structural data from Chapter IV, the distance between ions is assumed to be equal 

for 7S and 8S variants.  Consequently, native interactions are subtracted out, leaving 

only the effect of the buried native Asp and its interaction with buried ionizable mutants.  

Operating under the premise that the interaction between Asp79 and buried mutants will 

be electrostatic alone, the dielectric constant was calculated.  Intuitively, we find that all 

Asp mutants increase the dielectric constant and all Lys mutations decrease the dielectric 

constant.  The introduction of an ionizable side chain of opposite sign therefore mitigates 

the polarizing effect of the native buried Asp79, whereas two of the same charges 

increase the polarizability of the protein interior.  

Recent studies in SNase indicate that the induced apparent dielectric constant of 

buried ionizable groups is in the range of 14-16.
180

  The authors calculated the dielectric 
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constant for the whole protein and an apparent local dielectric constant using the 

difference in pK observed.  Using the 7S/8S model system, we are able to calculate the 

local dielectric for buried ionizable groups, as background interactions are negated.  We 

find the local dielectric is over a range of 1 – 63.  The dielectric for RNase Sa 7S Asp79 

is 29, which is close to 27, the calculated average of all variants.   

Burying ionizable groups increases the dielectric, but we suggest that the 

dielectric can be decreased by burying a mutant of opposite charge to that of a native 

buried ionizable group.   Furthermore, the dielectric constant of the interior of 8S should 

necessarily be lower than the dielectric constant of the interior of 7S when Asp 79 is 

mutated to Phe 79, resulting in the larger measured Δ(ΔG) values (Table 13).  Further 

analysis of the crystal structures of 7S and 8S would allow for the determination of the 

possible access of solvent to the protein interior and/or buried ionizable groups, side-

chain geometry that may indicate non-covalent interactions between buried ionizable 

mutants and 7S Asp79, and any difference in the measurement of the distances between 

ions.  Structural analyses of obtained mutant structures, as determined by X-ray 

crystallography are discussed in Chapter V.  At this time, 7S I71A is the only mutant for 

which crystal structures have been resolved to an appreciable degree (1.8Å).  All 

structures were determined in the lab of Dr. Kazufumi Takano (Graduate School of Life 

and Environmental Sciences, Kyoto Prefectural University, Kyoto, Japan)  
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CHAPTER VIII 

SUMMARY 

 

 The aim of this work was to determine the effects that buried ionizable groups 

have on protein stability.  As there is a large desolvation penalty for burying ionizable 

groups in the protein interior, two stabilized variants of the Streptomyces aureofaciens 

guanylic-specific endonuclease, RNase Sa, were prepared. One of the variants was 

stabilized by 7 mutations that optimized the geometry of β-turns and is named RNase Sa 

7S.  The second model has an additional stabilizing mutation, D79F, which replaces a 

native buried Asp with Phe, and is named 8S for its 8 stabilizing mutations. Candidate 

buried positions were chosen based on the solvent-accessible surface area (ASA) of their 

side chains.  The in-house computer program pfis measures the ASA by using a single 

solvent sphere with a diameter of 1.4Å to determine the fraction of solvent-surface area 

contacts between the sphere and protein residues.  Ten residues were identified with 0% 

ASA, three of which were isoleucines at position 70, 71, and 92.  Position 70 and 92 are 

in close proximity to the native buried Asp79 and position 71 is further away on the 

opposite side of the RNase Sa β-sheet.  Taken together, the 7S/8S system provides a 

unique opportunity to study the stability effects of both burying ionizable groups in the 

protein interior and the interaction between buried ionizable groups.  

 The pK = 7.4 for the 90% buried Asp at position 79.  There are no other residues 

in 7S that have a pK within 1 pH unit of pH 7.  The conformational stability was 

measured by thermal denaturation at pH 6, 7, and 9.  Thus, a change in stability due to 

the buried anion was determined.  The side chain of Asp79 is protonated and non-
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ionized at pH 6 and deprotonated and ionized at pH 9. The change in stability (Δ(ΔG)) 

due to ionization of Asp79 is destabilizing and has a magnitude of -1.8 kcal/mol.   

The conformational stability of 20 RNase Sa variant proteins has been 

determined by thermal denaturation using circular dichroism spectrometry in order to 

measure the stability effects of buried ionizable groups.  The two parental proteins are 

7S and 8S, and the buried mutant variants of 7S and 8S are Ala, Asp, and Lys mutations 

at buried positions Ile70, Ile71, and Ile92.  Ala mutations were used as both a structural 

and charge control.  Asp mutations were used to study stability effects of buried negative 

charges.  Lys mutations were used to measure stability effects of buried positive charge 

groups.  All of the mutations were destabilizing, and the magnitude of the change in 

stability was context dependent.  The results for Ile  Ala mutants in 7S and 8S were 

comparable, with destabilizing Δ(ΔG) values of +3.7 – +4.9  kcal/mol.  Individual 

hydrophobic carbons have been measured to contribute ≈1 kcal/mol to stability.  Ile to 

Ala mutations remove three such groups.  Therefore, the magnitude of the stability 

change for 7S and 8S IleAla variants is in good agreement with classical 

determinations of buried hydrophobic group removal.   

The change in stability for buried Asp mutants at positions 70, 71, and 92 in 7S 

are destabilizing and the Δ(ΔG) is -10.2, -4.6, and -9.9 kcal/mol, respectively. For 8S, 

the magnitude of the change in stability for Asp mutants at the same positions was -10.7, 

-8.4, and -7.4 kcal/mol, respectively.  The Lys mutations also show a context 

dependency.  In 7S, the Δ(ΔG) for mutants at position 70, 71, and 92 is -11.1, -9.8, and -
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8.1 kcal/mol, respectively.  For 8S, these values are -8.0, -6.7, and -5.7 kcal/mol for the 

same positions.  

To determine if the context dependency observed was due to differences in the 

ionization state of mutant groups, the pK of the side chain of each mutant was 

determined.  The pK of buried groups is estimated by fitting the difference in the change 

in stability (ΔΔ(ΔG)) at each pH between the mutant and the parent.  Previous studies 

have determined that ionizable groups can have shifted pK values upon burial into the 

protein interior in an attempt to mitigate the high cost of having a polar group in a 

hydrophobic environment.  The shift in pK for buried ionizable groups in 7S and 8S was 

also context dependent and a strong positive correlation was observed between the 

magnitude of the pK shift and the total change in stability.  For instance, there is no 

observable change in pK for the carboxyl of I71D in 7S, and the Δ(ΔG) is -4.6 kcal/mol.  

In 8S, the pK of the carboxyl of I71D is shifted from 3.9 to 7.2 and the Δ(ΔG) is 

calculated as -8.4 kcal/mol.  The conformational stability of each mutant was measured 

at pH 6, 7, 9, a range in which Asp79 ionizes.  All mutants were less stable when 

charged than when uncharged.  Interestingly, the difference in the change in stability 

between 7S and 8S variants and the parental proteins showed that changes in stability 

could be different for each mutation type at each location.  The only difference between 

7S and 8S is that 7S has an Asp and 8S has a Phe at position 79. Therefore, the free 

energy of the electrostatic interactions between Asp79 and buried ionizable mutants was 

of interest.     
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Coulomb’s law was used to estimate the stability contribution of electrostatic 

interactions.  The charge of each side group at pH 7 was determined using the measured 

pK values. Calculated stability contributions due to electrostatic interactions between 

buried mutations and Asp79 in 7S were smaller than those measured by thermal 

denaturation, and ranged from -0.5 to 0.5 kcal/mol.  The difference may actually be 

larger and more similar to that reported, since the dielectric constant used in calculations 

for 8S is necessarily lower than that of 7S because of the removal of the buried Asp79.  

As expected, Asp79Asp mutant interactions were destabilizing when both residues 

were charged, and Asp79 Lys interactions were stabilizing when both residues are 

charged.  This is possibly due to opposite charges interacting to neutralize the other’s 

effect in the hydrophobic environment of the protein core.  The groups had the opposite 

effect on the stability of the mutant proteins based on whole protein cumulative stability 

calculations.  Based on coulombic calculations, all of the Asp mutants should be 

stabilizing and all of the Lys mutants should be destabilizing.  The observation of 

stabilizing Asp groups and destabilizing Lys groups may be a consequence of decreasing 

the net charge of RNase Sa 7S.  In general, lowering the net charge of proteins will 

increase stability.  The pI of 7S is 4.83.  Asp mutations increase the negative charge 

when they are above their pK values.  Lys mutations decrease the net charge when they 

are below their pK values, possibly explaining the increased stability of buried ionized 

Asp compared to the destabilizing contribution of the Lys groups.  The differences may 

also be explained by the localized effect of buried charges on the dielectric constant.  

The protein core becomes more similar to solvent as the dielectric constant of the protein 
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interior increases, which could decrease the effect of van der Waal’s interactions and the 

hydrophobic effect.  The dielectric constant for 7S was calculated to be 29.  As expected, 

we find that increasing the number of like charges in the protein interior by making 

buried Asp substitutions increases the dielectric constant.  We also find that buried Lys 

mutations decrease the dielectric value from 2 to 20 fold when made in the Asp79 

containing 7S (Table 14).   

To address the possibility that structural changes or solvent access to the protein 

interior may be responsible for the stability differences measured between mutants, the 

three dimensional structures of two mutant proteins were studied.  To date, only the 

structures 7S I71A and 8S I71D have been resolved by X-ray crystallography.  The 

structures have been solved at 1.8 Å and 2.5 Å resolutions, respectively.  The overall 

structural topology of RNase Sa 7S I71A and 8S I71D are comparable to RNase Sa WT 

based on structural alignment data from the molecular modelling software PyMol.  

Additionally, using a solvent sphere interaction radius (fixed van der Waal radius) of 1.4 

Å, the buried side-chains of 70, 71, and 92 of both 7S I71A and 8S I71D are completely 

buried.  These results agree with other studies that indicate buried ionizable group 

mutations have minor structural effect.   Structural analysis of all mutants still needs to 

be performed to make discreet calculations of coulombic interactions, as well as give 

insight into the solvation state of residue side groups for each mutant. Crystal structure 

determination for all remaining variants is currently underway. 
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