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Abstract of the Dissertation 

Protein Folding and Stability 

Distinguishing Folded from Unfolded State Effects 

by 

Shifeng Xiao 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

2012 

 

    The villin headpiece subdomain (HP36) is one of the smallest naturally occurring protein 

domains that folds cooperatively in the absence of disulfide bonds or ligand binding. It has a 

simple topology consisting of three α-helices that form a hydrophobic core. Kinetic studies have 

shown that the subdomain folds on the microsecond time scale, making it one of the fastest 

folding proteins. Its simple topology, small size, and rapid folding have made it a very popular 

model for computational, theoretical, and experimental studies. 

    HP36 has a well packed hydrophobic core comprised in part of an unusual set of three 

closely packed phenylalanine residues F47, F51, F58. Aromatic aromatic interactions have been 

conjectured to play a critical role in specifying the subdomain fold and have been proposed to 

play a general role in stabilizing small proteins. The modest stability of HP36 has hindered 

studies of core packing since multiple mutations can lead to constructs which fail to fold and 

even single mutants can result in poorly folded variants. Using a hyperstable mutant of HP36 as 
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the new background, generated by targeting surface residues, I show that aromatic aromatic 

interactions are not required for specifying the subdomain fold, although they have effects on the 

stability. 

    Proline-aromatic interactions involving P62 and W64 have been proposed to play a critical 

role in specifying the subdomain fold by acting as gatekeeper residues, i.e. as residues absolutely 

essential for specifying the fold. Mutation studies based on the same new background reveal that 

proline-aromatic interactions are not required for specifying the subdomain fold. These studies 

argue against the concept of specific gatekeeper residues. The implications for protein folding 

are discussed. 

    To probe unfolded state electrostatic interactions, the pH-dependent stability of wildtype 

HP36 and three mutants, K48M, K65M and K70M, all of which significantly increase the 

stability of the protein were examined. The increased stability of the K48M mutant is due to the 

removal of favorable electrostatic interactions in the unfolded state, the increased stability of the 

K65M mutant is due to the reduction of the desolvation penalty at the mutation site upon folding, 

while the increased stability of the K70M mutant is due to the introduction of a new hydrophobic 

interaction between the methionine and the hydrophobic core in the native state. The unfolded 

state electrostatic interactions were confirmed by double mutant thermodynamic cycle analysis 

and by using a method to estimate residue-specific unfolded state pKa values. The results 

demonstrate that electrostatic as well as hydrophobic interactions play an important role in the 

unfolded state, and illustrate an approach for distinguishing native state effects from unfolded 

state effects. This work also has interesting implications for studies which attempt to stabilize 

proteins by targeting surface electrostatics since it shows that the mechanism of stabilization may 

be much more complicated than generally anticipated. 
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1. Introduction 

1.1 Protein folding and stability 

1.1.1 The importance of protein folding 

Proteins are the most important of all the molecules found in living organisms. They are 

used to support the skeleton, control senses, move muscles, digest food, defend against infections 

and process emotions. They are the most abundant component within a cell (more than half the 

dry weight of a cell is made up of proteins) and they have a range of indispensable roles. Protein 

folding is the physical process by which a polypeptide folds into its characteristic and functional 

three-dimensional structure from a random coil. Each protein exists as an unfolded polypeptide 

or random coil when translated from a sequence of mRNA to a linear chain of amino acids. 

Amino acids interact with each other to produce a well-defined three-dimensional structure, the 

folded protein, known as the native state. The resulting three-dimensional structure is determined 

by the amino acid sequence (1). The correct three-dimensional structure is essential to function. 

Failure to fold into native structure produces inactive proteins which can be toxic. Several 

neurodegenerative and other diseases such as Alzheimer’s disease, Parkinson’s disease, 

Huntington’s disease, type-II diabetes, Creutzfeldt-Jakob disease and others are believed to result 

from the accumulation of amyloid fibrils formed by misfolded proteins (2). Understanding of 

protein folding pathways will help to explain how these diseases arise and develop cures for 

them. Proteins also have applications in biomaterials and biotechnology and an improved 

understanding of their folding and stability will aid these effects. 

 

1.1.2 Mechanism and pathway of protein folding 

A 100-residue protein would have 2
100 

conformations if there are two configurations for 

http://en.wikipedia.org/wiki/Peptide
http://en.wikipedia.org/wiki/Protein_structure
http://en.wikipedia.org/wiki/Random_coil
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/MRNA
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Native_state
http://en.wikipedia.org/wiki/Neurodegenerative
http://en.wikipedia.org/wiki/Disease
http://en.wikipedia.org/wiki/Amyloid
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each amino acid in the absence of excluded volume effects. If only 10
-11

 s were required to 

convert from one conformation to the other, a random search of all conformations would require 

10
20

 s or 10
13

 years. Many in vitro studies showed that the folding process typically occurs on a 

milliseconds-to-seconds time scale (3-5). So there must be a way for a polypeptide to reach the 

native state in a time many orders of magnitude shorter than that required for a random search. 

This led Levinthal to suggest “pathways” for protein folding (6).  

Protein folding processes are often classified as either a two-state (7) or a multi-state 

process (8, 9). The simplest case is two-state folding which does not involve any intermediates. 

                         U           F      

where U is the denatured state and F is the native state. Concepts of two-state folding were 

developed by Brandts who characterized the thermodynamics of the reversible thermal unfolding 

of chymotrypsinogen (10) and Tanford who characterized the guanidinium chloride induced 

unfolding reactions of several small proteins (11, 12). Some proteins may form stable 

intermediate states which can be on-pathway or off-pathway.  

U        I1        I2         
....              

F 

where I means an intermediate state. Characterization of partly folded intermediates is a key 

approach to understanding the protein folding pathways. In 1971 two laboratories first reported 

that fast reaction kinetics revealed folding intermediates (13, 14). Intermediates can be studied 

by characterizing transient intermediates during refolding experiments or by studying 

equilibrium species populated by the use of non-native conditions or mutating residues (15-18). 

Among the traditional experimental methods, hydrogen exchange is a unique tool that allows the 

detection and characterization of intermediates. The parts of the structure that form rapidly, will 

be protected quickly, and thus not exchanged, whereas areas that fold late in the pathway will be 
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exposed to the exchange for longer periods of time. Recently, Vendruscolo (19) and Dokholyan 

(20) developed new computational methods to incorporate hydrogen exchange factors from 

NMR experiments as constraints into molecular dynamics (MD) simulations to characterize the 

conformations of intermediate states. For example, Vendruscolo and co-workers defined the 

structure of the exchange-competent intermediate state of Im7 by using equilibrium 

hydrogen-exchange protection factors and then used this ensemble to predict Ф-values and 

chemical shifts. These two species were predicted with high accuracy from the determined 

exchange-competent intermediate (19). 

There are several models used to rationalize folding pathways. The diffusion/collision 

models (21, 22) and framework models (23, 24) state that partially stable helices form early 

through fluctuations, reducing the conformational search, so they can assemble into tertiary 

structures. In this view, secondary structure fluctuations precede collapse and assembly, and 

assume local interactions are the main determinants of protein structure. An alternative view, the 

so-called hydrophobic collapse model (25), proposes that collapse drives secondary structure 

formation, rather than the reverse. The nonlocal interactions that drive collapse processes in 

heteropolymers can give rise to protein structure, stability, and folding kinetics. Later on Fersht 

developed the nucleation-condensation mechanism which unites features of both the framework 

and collapse mechanisms (26, 27). In this scenario, a cluster of key residues need to form their 

native contacts in order for the folding reaction to proceed fast into the native state. However, 

critical reviews show that residues in the nucleus can be mutated and the proteins still fold (28). 

The so-called “new view” of protein folding kinetics which replaces the concept of folding 

pathways with energy landscape has emerged (29-31). In the so-called funnel model, each 

individual protein molecule from the top of the funnel, the unfolded state, may follow its own 
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trajectory, but they all may eventually reach the same point at the bottom of the funnel, the native 

state (Figure 1-1). Several possible trajectories shown in Figure 1-1 are: fast folding from 

unfolded state to the native state (yellow), slow folding that crosses the high energy barrier 

(green), and slow folding that returns to a less folded state and then follows the valley for fast 

folding (red). This view readily explains both the process of reaching a global minimum in free 

energy and doing so quickly by multiple folding routes on funnel-like energy landscapes.  

 

1.1.3 Thermodynamics of protein folding 

The stability of a protein is defined by the Gibbs free energy difference between the native 

state (N) and the unfolded state (D) (Figure 1-2): 

o

N

o

D

o

DN GGG                                             (1.1) 

The free energy can also be defined as: 

o

DN

o

DN

o

DN STHG                          (1.2) 

where Δ
o

DNH is the enthalpy difference and Δ
o

DNS is the entropy difference. 

The enthalpy of a system is the integrated sum of the heat energy required to reach that state 

from 0 K: 

H = 
T

dTCp
0

.  + H0                                        (1.3) 

where H0 is the ground state energy (at 0 K) and Cp is the heat capacity constant. 

Integration of equation 1.3 leads to: 

   o

o

DNo

o

P

o

DN THTTCH                     (1.4) 

where Δ
o

DNH (To) is the enthalpy difference at a reference temperature To and ΔCp is the heat 

capacity difference between the native state and the unfolded state which is related to the change 
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of solvent accessible surface area upon unfolding (32).  

The change in entropy is given by: 

ΔS
o
 = dT

T

CT

o

o

p
.                             (1.5) 

Integration of equation 1.5 will lead to: 

 o

o

DN

o

o

P

o

DN TS
T

T
CS  








 ln                  (1.6) 

where Δ
o

DNS (To) is the entropy difference at a reference temperature To .  

Substituting equation 1.4 and 1.6 into equation 1.2 gives the Gibbs-Helmholtz equation: 

      
















 

o

o

o

Po

o

o

oo

DN
T

T
TTTCTSTTHTG ln        (1.7) 

According to equation 1.7, the free energy of protein unfolding is temperature dependent. We can 

define the To as the mid-point of the thermal unfolding process, Tm, at which Δ
o

DNG  =0 and 

ΔS
o
(Tm)

 
= ΔH

o
(Tm)/Tm. So we can rewrite equation 1.7 as: 

    

























 

m

m

o

P

m

m

oo

DN
T

T
TTTC

T

T
THTG ln1         (1.8) 

Thermal unfolding curves can be obtained by recording the signal as a function of temperature 

monitored by CD, fluorescence, NMR, etc. In a two-state folding process,     Δ
o

DNG   can be 

also written as: 
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where Keq is the equilibrium constant, PD, the fraction of unfolded state, y, the observed signal, 

yN, the native state signal, yD, the unfolded state signal.  
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Typically, the thermal unfolding curve can be fit to equation 1.10 using non-linear least squares 

to get Tm, ΔH
o
(Tm) and ΔCp. 
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              (1.10) 

where an and bn represent the intercept and slope of the pre-transition, ad and bd represent those 

of the post-transition. Δ
o

DNG  (T) can be given by equation 1.8. 

Protein unfolding can also be induced by chemical denaturants such as urea or guanidine 

hydrochloride. The unfolding free energy at a certain concentration of denaturant is linearly 

related to the denaturant concentration (33): 

Δ
o

DNG  ([den]) = Δ
o

DNG  (H2O) – m × [den]             (1.11) 

where Δ
o

DNG  (H2O) is the protein stability in water and m is the slope which represents the 

change of buried surface area upon unfolding (32). The chemically induced denaturation curve 

can be fit to equation 1.12 to give Δ
o

DNG  (H2O) and the m value. 
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        (1.12) 

where an, bn, ad, bd are defined in equation 1.10 and Δ
o

DNG  ([den]) can be given by equation 

1.11. 

 

1.1.4 Kinetics of protein folding 

Understanding the protein folding kinetics can provide insights into folding mechanisms. 

Up until the last 10 to 15 years, folding kinetics were studied almost exclusively using 

stopped-flow techniques. In this experiment, protein folding is initiated by rapidly mixing a 

chemically denatured protein solution with a buffer to dilute the denaturant and restore 
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native-like conditions. The kinetics of folding are then monitored with one of the several optical 

spectroscopic methods. Similarly, unfolding can be initiated by mixing a native protein solution 

with concentrated denaturant. Unfortunately, the dead time of common stopped-flow devices is 

usually around 1 millisecond. Some studies on synthetic polymers showed that elementary 

processes such as α-helix formation are too fast to be observed in stopped-flow experiments (34). 

More recently, some fast kinetic methods have been developed which can be roughly classified 

into three categories: photochemical triggering, temperature or pressure jump, and ultrarapid 

mixing methods.  

The first fast-folding study employed a photochemical trigger—the photodissociation of 

carbon monoxide from denatured cytochrome c (35). The experiment has unlimited time 

resolution because photodissociation occurs in less than 1 picosecond, faster than protein 

conformational change. Another kind of photochemical trigger uses a photolabile disulfide which 

does not require a metal site (36, 37).  

Temperature jumps are a much more generally applicable method because they can be used 

to perturb the folding equilibrium for any process that produces a significant enthalpy change. 

This was first done by heating a solution of a dye with a mode-locked picosecond laser (38). The 

time resolution was ～70 ps. It is now done by direct heating of water by direct excitation of 

water modes using a laser pulse. The Eigen T-jump method of resistive heating with an electrical 

discharge has also been employed to study folding kinetics with time resolution ～10 μs (39, 40). 

Another perturbation method, pressure jump, has been used to study folding kinetics (41). In this 

experiment, a stack of piezo-electric crystals was used to change the pressure 100-200 bar in 

50-100 μs, rapidly (un)folding the protein. 

There has been considerable effort to improve the time resolution in mixing experiments by 
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continuous flow methods based on turbulent mixing (42-44) and hydrodynamic focusing (45, 46). 

The dead time of these instruments is 50-200 μs. 

Protein folding kinetics can also be studied at equilibrium using dynamic NMR (47, 48). 

Usually, an NMR line changes its position by Δν upon transition from the folded state to the 

unfolded state because of a change of the chemical environment of the nuclei. With high-field 

NMR spectrometers, rate constants of exchange between F and U in the submillisecond time 

scale may be estimated using line broadening measurements of suitable 
1
H lines with changes of 

chemical shifts upon unfolding by a few ppm. NMR relaxation dispersion experiments have also 

been applied and are more general (49). 

 

1.2 Major forces in protein folding and stability 

1.2.1 Hydrogen bonding 

A hydrogen bond contains both positive (H-donor) and negative (H-acceptor) partial 

charges. It represents a combination of covalent and electrostatic interactions, but the main part 

is the electrostatic attraction between hydrogen donor and acceptor. Hydrogen bonding plays an 

important role in determining protein structure. In the secondary structure of proteins, hydrogen 

bonds form between the backbone oxygens and amide hydrogens. An α-helix is formed when the 

spacing of the amino acid residues participating in a hydrogen bond occurs between positions i 

and i + 4 (50). A β-sheet is formed when two strands are joined by hydrogen bonds involving 

alternating residues on each participating strand. Hydrogen bonds also play a part in forming the 

tertiary structure of protein through interactions of residue sidechains. Fersht and coworkers have 

reported favorable H-bond energies in protein engineering experiments, with values ranging 

from 0.5 to 1.8 kcal/mol for polar partners and 3.5 to 4.5 kcal/mol when one of the partners bears 

http://en.wikipedia.org/wiki/Protein_secondary_structure
http://en.wikipedia.org/wiki/Alpha_helix
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Beta_sheet
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a charge (51), but other groups have argued that H-bonds are not stabilizing or that the effects are 

smaller. Part of the disagreement has to do with the reference state and the proper accounting for 

desolvation effects. An ideal experiment would involve replacing the donor and acceptor by 

non-polar isosteres. Variable views on the importance of hydrogen bonds can be found in articles 

by Pace (52), Dill (53), Honig (54) and others. 

 

1.2.2 Hydrophobic interaction 

The hydrophobic interaction is an entropic effect originating from the disruption of highly 

dynamic hydrogen bonds between molecules of liquid water by the nonpolar solute. 

Hydrophobicity is usually expressed as the Gibbs free energy of transfer from water into the 

reference state (55). The transfer of the sidechains of hydrophobic amino acid residues, for 

example, leucine, isoleucine, and valine, from cyclohexane into water is energetically costly. 

Thus, the burial of hydrophobic sidechains in the folding process is energetically favorable.  

The Gibbs free energy of transfer of a non-polar molecule from a reference state, such as 

cyclohexane, into water is composed of enthalpic and entropic terms: 

ΔG
o

hyd = ΔH
o

hyd – TΔS
o

hyd                      (1.13) 

At room temperature, ΔH
o

hyd for the transfer is small and ΔG
o

hyd is dominated by the entropy 

term (56). This is mainly because the formation of ordered water cage around non-polar residues 

is an entropically costly process. 

Different chemical groups make different contributions to the Gibbs free energy. For 

example, for non-cyclic structures, the Gibbs free energy of transfer from vapor into water for 

the groups –CH3, –CH2–, –CH<, >C<, >C=O, –NH2, –OH, and –NH– are 0.89, 0.17, –0.39, 

–1.16, –5.51, –5.63, –6.10, and –6.13 kcal mol
-1

 respectively (55). 

http://en.wikipedia.org/wiki/Entropy
http://en.wikipedia.org/wiki/Hydrogen_bond
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1.2.3 Electrostatic interactions 

Electrostatic interactions are the strongest forces among the non-covalent interactions. In 

folded proteins, pairs of neighboring, oppositely-charged residues often interact to form salt 

bridges. Although they are sometimes not critical for protein folding, they can contribute to 

protein stability (57-61). Whether or not they make a net favorable contribution is still debated. 

Kumar and Nussinov examined 222 non-equivalent salt bridges derived from 36 

non-homologous high-resolution monomeric protein crystal structures (62). They concluded that 

most of the salt bridges are stabilizing towards proteins, regardless of whether they are buried or 

exposed, isolated or networked, hydrogen bonded or non-hydrogen bonded. For most salt bridges, 

the desolvation cost for bridge formation is paid off primarily by the electrostatic interaction of 

the salt-bridging residues with each other, and the interaction of the salt bridge with the rest of 

the protein is of secondary importance. Other people think differently. Hendsch and Tidor 

calculated the electrostatic contribution to the free energy of folding for 21 salt bridges in 9 

proteins and they showed that the majority were electrostatically destabilizing because the 

unfavorable desolvation contribution was not fully compensated by favorable interactions within 

the salt bridge (63). The geometrical positioning of the interacting side-chains in the salt bridges 

with respect to each other is a very important determinant of salt bridge strength.  

 

1.3 The denatured state of proteins 

1.3.1 The significance of the denatured state 

The denatured state of proteins is the reference state for thermodynamic studies and the 

starting state of protein folding (Figure 1-2). The folded state can be characterized by NMR and 

X-ray crystallography, and the late intermediates and transition states have been analyzed by 
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protein engineering and quench-flow NMR techniques (64). However, people know relatively 

little about the unfolded states, especially those formed under native-like conditions (65). 

Unveiling the structural and dynamic properties of denatured proteins is crucial for 

understanding the protein folding and misfolding problems. For example, the computational 

determination of thermodynamic stability requires an accurate approximation of the denatured 

state. NMR hydrogen exchange experiments also rely upon models of denatured state to produce 

the intrinsic hydrogen exchange rate (66). Residual structure in the denatured state is thought to 

reduce the initial conformational search and thus accelerate protein folding. Protein stability can 

be increased by destabilizing the denatured state, so the denatured state can be used as a target in 

protein engineering (67). A number of human diseases such as Alzheimer’s disease, Parkinson’s 

disease, Huntington’s disease, type-II diabetes, Creutzfeldt-Jakob disease, etc are believed from 

protein aggregation and amyloid fibrils formed from unfolded states or partially unfolded states 

(2). Mutational studies indicate that changes in the denatured state structures may result in 

modulation of the kinetics of amyloid formation (68). 

  

1.3.2 The “structure” of denatured state 

It was initially believed that the denatured state of proteins is a featureless random coil. 

According to Flory’s random coil theory (69), the size of a random coil polymer, its radius of 

gyration Rg, depends on the length of polymer chain, N. 

v

g NRR 0                            (1.14) 

where R0 is the scaling constant and ν is the power law scaling exponent. Flory predicted the 

exponent to be 0.6. Tanford et al first confirmed this random coil scaling behavior for 12 proteins 

denatured by 6M guanidine HCl (70). They obtained the scaling exponent 0.67 ± 0.09. Recently, 

http://en.wikipedia.org/wiki/Disease
http://en.wikipedia.org/wiki/Amyloid
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Kohn et al showed the scaling behavior for 17 denatured proteins using small angle X-ray 

scattering and they found the exponent to be 0.598 ± 0.029 (71). In addition, a computational 

study confirmed this behavior by generating an ensemble of protein conformations whereby only 

steric interactions between amino acids were considered for four proteins. A scaling exponent of 

0.58 ± 0.02 was obtained (72). This work led to the concept of unfolded states as random coil. 

However, proteins often exhibit native conformational bias and retain a certain amount of 

residual structures even under denaturing conditions. More and more experimental evidence 

supports residual native-like structural elements in the denatured state (73-86). For example, Bu 

et al showed residual helical structure and tertiary-like interactions even in the absence of 

disulfide bonds and under highly denaturing conditions by applying quasi-elastic neutron 

scattering on α-lactalbumin (74). Through a series of 3D NMR experiments, Meng et al 

determined that there is significant native-like structure in HP21 which is a good model for 

structure in the unfolded state of HP36 in the absence of denaturant (80). A large number of 

experiments suggested structure in the denatured state of Staphylococcal nuclease (83-86). 

Several computational studies have also reported some specific interactions in conformational 

biasing toward the native state in the denatured state (87-89). For example, using a simple force 

field with only steric and hydrogen bond interactions, Pappu et al showed that protein denatured 

states have a strong preference for the native structure (87). 

There is no single denatured state. In strongly denaturing conditions, the most populated 

denatured species are highly unfolded. Under native conditions, the most populated unfolded 

species are more compact (90, 91). The compact denatured states have some structure that is 

sequence dependent and native-like. They have disorder in both the sidechains and the backbone 

(92). They have radii slightly greater than the native state (93-95). They also form local contacts, 
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particularly helices and turns (80, 95, 96). Furthermore, multiple or diffuse hydrophobic clusters 

are often formed, but no well-defined hydrophobic core (97-99). Hydrophobic clustering 

involves a much larger solvent exposed surface area than the native hydrophobic core. 

It is often assumed that electrostatic interactions play a minor role in the denatured state 

because the charge residues are thought to be well solvated in the denatured state. However, 

several recent studies have shown that both favorable and unfavorable electrostatic interactions 

can be formed in the denatured state and they can have a large effect on the energetics of 

denatured state (60, 100-105).  

 

1.3.3 pH-dependent stability to probe denatured state electrostatics 

To probe electrostatic interactions in the denatured state, pH-dependent stability analysis is 

a powerful approach which can be analyzed by using the Wyman-Tanford linkage relationship 

(12): 

QRT
pH

Go





303.2                         (1.15) 

where ΔQ is the difference between protons bound in the native state and the denatured state. 

ΔG
o
 is the free energy of unfolding. The net charge Q can be obtained from the degree of 

protonation, θi,A, of the individual titratable residue by Henderson-Hasselbalch equation: 
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                           (1.16) 

where 
A

ipK  is the pKa of residue i in A state (either native or denatured state). It should be 

noted that the linkage relationship (equation 1.15) is always valid but equation 1.16 is not valid 

for strong interactions between titratable sites (106). Assuming the titration behavior can be 

described as the sum of individually titrating sites, the pH-dependent stability can be obtained by 
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integrating equation 1.15 and applying equation 1.16. 
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where i is the residue, j is the number of acidic residues, pKi,N is the native state pKa value of 

residue i, pKi,D is the denatured state pKa value of residue i, and pH6 is chosen as a reference 

pH. 

In proteins, the pKa values of the ionizable groups may be substantially raised or lowered 

by environment effects. The three most important effects are (a) dehydration, (b) charge-charge 

interaction, and (c) charge-dipole interaction (Figure 1-3). (a) It is energetically unfavorable to 

transfer a charged group from water to the interior of a protein where the dielectric constant 

(ϵprotein) is lower. The neutral form of the ionizable group is favored, and thus the pKa values of 

acidic residues will be increased and those of basic residues will be lowered when the groups are 

buried in a folded protein. (b) The pKa values of acidic residues will be raised by a negatively 

charged environment and decreased by a positively charged environment. (c) The effect of 

hydrogen bonding on the pKa values depends on the interactions with protonated or 

deprotonated form. The pKa will be increased when the interactions are more favorable with the 

protonated state and decreased when the interaction with deprotonated state are more favorable. 

pKa values for the native state of protein can be measured by following the NMR chemical 

shifts of the acidic residues as a function of pH, while those for the denatured state cannot be 

experimentally measured in stable proteins. To the best of my knowledge, the drkN SH3 domain 

and the V3AI4A mutant of NTL9 are the only examples of cooperatively folding globular 

proteins for which denatured state pKa’s have been directly determined under native conditions 

(107, 108). Most studies make use of random coil pKa’s or model compound pKa’s (109) or 

pKa’s from strongly destabilizing mutants (108) for the denatured state pKa’s to calculate the 
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ΔΔG
o
. Comparing the pH-dependent stability curve calculated with equation 1.17 to the 

experimental curve will indicate whether the model can account for the denatured state. A 

discrepancy between the two proves that there must be interactions in the denatured state that 

perturb the denatured state pKa values from the model compound. Thus, denatured state 

electrostatic interactions can be probed and models tested. As illustrated in Figure 1-4, if there is 

electrostatic interaction in the denatured state, the calculated pH-dependent stability curve 

deviates from the experiments. If there is no electrostatic interaction in the denatured state, the 

calculated pH-dependent stability curve agrees well with the experimental points. It should be 

noted that agreement between the calculated and experimental curves does not prove that the 

chosen model denatured state pKa’s provide an accurate description of the titration behavior of 

the denatured state because the favorable and unfavorable electrostatic interactions may cancel 

out each other’s effects (110). 

 

1.4 The villin headpiece domain and its subdomain 

Villin is an F-actin binding protein which plays an important role in the formation of 

microvilli of the gut and kidney (111). Villin headpiece (HP76) is located at the extreme 

C-terminus of villin which contains 76 amino acid residues and retains full F-actin-binding 

activity in isolation (112). HP67, generated by removing the first 9 residues in the N-terminal 

headpiece, is the smallest biologically active unit of villin (113). Its structure contains two 

subdomains: an N-terminal subdomain (P10-H41) and a C-terminal subdomain (L42-F76). The 

numbering system corresponds to the full-length protein. The N-terminal subdomain consists of 

loops, turns, and a short stretch of α-helix. It cannot fold in isolation but its folded form is 

essential for the specific F-actin binding activity. The C-terminal subdomain (HP35) consists of 
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three α-helices and can fold by itself (113). The sequence alignment of HP35 and its homology 

sequences is shown in Figure 1-5. 

The helical C-terminal subdomain of the villin headpiece, denoted as HP36, comprises 

HP35 with an additional N-terminal methionine from the expression construct. Met is designated 

as residue 41. HP36 is one of the smallest naturally occurring protein domains that folds 

cooperatively in the absence of disulfide bonds or ligand binding (114). The subdomain has a 

simple topology consisting of three α-helices that form a hydrophobic core (Figure 1-6). Kinetic 

studies have shown that the subdomain folds on the microsecond time scale, making it one of the 

fastest folding proteins (115, 116). Its small size, simple topology and fast folding have made it a 

very popular model for computational, theoretical, and experimental studies (117-130). 

 

1.5 The aims of this thesis 

    This thesis describes the folding, stability, and dynamics of the villin headpiece subdomain 

(HP36). The role of aromatic aromatic interactions in the protein fold and stability was examined 

by characterizing a complete set of single, double, and triple Phe to Leu mutants based on a 

hyperstable variant as the new wildtype background. The role of the putative gatekeeper 

interactions between Pro62 and Trp64 was studied by characterizing a set of mutants involving 

the two residues on the same new background. To find out the mechanisms of stability increase 

for three stabilized mutants, folded state and unfolded state electrostatic interactions were 

investigated by protein mutagenesis, pH-dependent stability measurements, molecular dynamic 

simulations, double mutant cycle analysis, and estimation of residue-specific unfolded state pKa 

values.  
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Figure 1-1. A three dimensional energy surface for protein folding. E refers to the energy of the 

system, P is a measure of available conformational state, and Q is the fraction of native contacts. 

Adapted from ref. (131). 
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Figure 1-2. A free energy diagram of a two-state folding reaction. U means the unfolded state, 

TS, the transition state, F, the native state. ΔG
‡
 and ΔG

o
 represent the activation free energy and 

the unfolding free energy, respectively. 

Δ G
‡
 

Δ G
o
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(a). Dehydrogen (Born Effect): 

-COOH    -COO
-
 + H

+
        ↑ nonpolar environment: pKa ↑ 

-NH3
+
    -NH2 + H

+                
↑ nonpolar environment: pKa ↓ 

(b). Charge-charge interactions (Coulombic): 

-COOH    -COO
-
 + H

+
        ↑ positive charge: pKa ↓ 

-NH3
+
    -NH2 + H

+                
↑ positive charge: pKa ↓ 

(c). Charge-dipole interactions (Hydrogen bonding): 

-COOH    -COO
-
 + H

+
        ↑ hydrogen bonding to protonated form: pKa ↑ 

-NH3
+
    -NH2 + H

+                
↑ hydrogen bonding to protonated form: pKa ↑ 

 

Figure 1-3. Factors that affect pKa values. (a) pKa change due to Born effect when an ionizable 

group is buried in the interior of the protein where the dielectric constant is lower than that of 

water. The lower dielectric constant favors the neutral form of the ionizable group. (b) the pKa 

values of all the ionizable groups will be lowered by a positively charged environment and 

increased by a negatively charged environment. (c) the pKa values will be increased when 

hydrogen bonding is tighter to the protonated form and lowered when it is tighter to the 

deprotonated form. Adapted from ref. (132). 
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Figure 1-4. A diagram illustrating the use of pH dependent stability measurements to probe 

denatured state electrostatic interactions. (a) A protein with electrostatic interactions in the 

denatured state. The calculated stability curve determined using model compound pKa’s deviates 

from the experimental points. (b) A protein with no electrostatic interactions in the denatured 

state. The calculated stability curve agrees well with the experimental points. Adapted from ref. 

(110).
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                           42         52         62         72 

 

Chicken villin                LSDEDFKAVF GMTRSAFANL PLWKQQNLKK EKGLF 

Mouse villin                  LSTEDFTRAL GMTPAAFSAL PRWKQQNIKK EKGLF 

Human villin                  LSIEDFTQAF GMTPAAFSAL PRWKQQNLKK EKGLF 

Bovin villin                  LSIEDFTRAL GMTPSAFWAL PRWKQQNLKK EKGLF 

X.laevis villin               LSDAEFAAIL GMPKSQFSQL PKWKQQNLKK EKGLF 
D.discoideum villin           LSDEEFLSTF KMTKEIFQKT PAWKTKQLRV DNGLF 
A.thaliana villin1            LTEKEFEERF GMAKSEFYAL PKWKQNKLKI SLHLF 
A.thaliana villin2            LSEEEFQSVF GIEKEAFNNL PRWKQDLLKK KFDLF 
A.thaliana villin3            LSEVEFKTVF GMEKESFYKL PGWKQDLLKK KFNLF 
A.thaliana villin4            LSSEEFKEKF GMTKEAFYKL PKWKQNKFKM AVQLF 
Human advillin                LSEQDFVSVF GITRGQFAAL PGWKQLQMKK EKGLF 

Bovin advillin                LSEKDFVSVF GITRGQFAAL PGWKQLQMKK EKGLF 

Mouse advillin                LSEQDFVSVF GITRGQFTAL PGWKRLQLKR ERGLF 

Chicken supervillin           LSDEDFEVAL EMTREEYNAL PSWKQVNLKK AKGLF 

Mouse supervillin             LTDEDFEFAL DMSRDEFNAL PTWKQVNLKK SKGLF 

Human supervillin             LTDEDFEFAL DMTRDEYNAL PAWKQVNLKK AKGLF 

Human dematin                 LSAEDFSRVF AMSPEEFGKL ALWKRNELKK KASLF 

Mouse dematin                 LSAEDFSRVF AMSPEEFGKL ALWKRNELKK KASLF 

Human actin-binding LIM1      LAPEVFREIF GMSIQEFDRL PLWRRNDMKK KAKLF 

Human actin-binding LIM2      LSPEEFQEVF GMSIEEFDRL ALWKRNDLKK KALLF 

Human actin-binding LIM3      LSQEEFYQVF GMTISEFDRL ALWKRNELKK QARLF 

Mouse actin-binding LIM1      LAPEVFWEIF GMSIQEFDKL PLWRRNDMKK KAKLF 

Mouse actin-binding LIM2      LSPEEFQEVF GMSIEEFDRL ALWKRNDLKK KALLF 

Mouse actin-binding LIM3      LSQEEFYQVF GMTISEFERL ALWKRNELKK QARLF 

Rat actin-binding LIM2        LSPEEFQEVF GMSIEEFDRL ALWKRNDLKK KALLF 

D.discoideum villidin         LNDEDFEKVF KMTRTEWLKI PAWKREGIKK ELFLF 
D.discoideum talin            LSDEEFKAVF NCERSELAAM PTWKRNNIKT KLGLF 
D.melanogaster quail          LTHDDFVSVF NMSFYEFDEL PKWKKMELKK QFKLF 
A.gambiae quail               LTHDDFVTVF SMTYHEFEEL PKWKQVELKK QKKLF 

 
Figure 1-5. Sequence alignment of chicken villin headpiece subdomain and its homology 

sequences. The alignment was generated using BLAST (http://blast.ncbi.nlm.nih.gov/). The left 

side is the protein name and the right side is the corresponding sequence. Note that the 

numbering system is according to the full length headpiece.

| | | | 
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Figure 1-6. Ribbon diagram and primary sequence of villin headpiece subdomain HP36, based 

on PDB file 1VII. The N- and C- termini are labeled. The primary sequence is shown together 

with a diagram of secondary structure. α-helices are represented as cylinders. 
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2. Analysis of core packing in a cooperatively folded minature protein: The ultrafast folding 

villin headpiece helical subdomain  

 

Abstract 

The helical subdomain of villin headpiece has a well packed hydrophobic core comprised in 

part of an unusual set of three closely packed phenylalanine residues F47, F51, F58 (denoted 

using the numbering of the larger headpiece protein). Aromatic aromatic interactions have been 

conjectured to play a critical role in specifying the subdomain fold and have been proposed to 

play a general role in stabilizing small proteins. The modest stability of the subdomain has 

hindered studies of core packing since multiple mutations can lead to constructs which fail to 

fold and even single mutants can result in poorly folded variants. Using a previously 

characterized hyperstable mutant of the domain, generated by targeting surface residues, a 

complete set of single, double and triple core Phe to Leu mutants were characterized. A highly 

conserved surface Trp which is part of a Trp-Pro interaction was also examined. All mutants are 

well folded as judged by CD and NMR and all exhibit sigmoidal urea and thermally induced 

unfolding transitions thus, proving that aromatic aromatic, aromatic proline or aromatic 

hydrophobic interactions are not required for specifying the subdomain fold. Double mutant 

cycle analysis demonstrates that F47 and F51 has the largest interaction free energy in the native 

state. Mutations which lack F58 are the most destabilized although even the triple mutant is 

folded. Interestingly, mutation of the central Phe, F51, has the smallest effect on stability even 

though it makes contact with both F47 and F58 and appears to form the strongest pairwise 

interaction. 

 



24 

 

 

 

Acknowledgements 

The data presented in this chapter has been published (Xiao, S., Bi, Y., Shan, B. and Raleigh, 

D.P. (2009) Biochemistry 48, 4607-4616). This chapter contains direct excerpts from the 

manuscript with a few adjustments. I thank Mr. Wenli Meng for helpful discussions and Mr. 

Vadim Patsalo for his help with the contact map calculation. I also thank Professor Mcknight for 

his advice and continued interest in this project. 

 



25 

 

2.1 Introduction 

There is considerable interest in small cooperatively fold protein domains and subdomains 

since their small size and often very rapid folding make them highly attractive model systems for 

computational, theoretical and experimental studies of protein folding. In this regard the helical 

subdomain of the villin headpiece has emerged as perhaps the most popular system for molecular 

dynamics (MD) simulations of protein folding. The subdomain is one of the smallest naturally 

occurring protein domains which have been shown to fold cooperatively. The domain folds on 

the microsecond time scale and is thus one of the fastest folding proteins known. Its rapid folding 

coupled with its small size, 35 or 36 residues depending on the construct, and simple topology 

have made it the focus of a very large number of computational and theoretical studies with more 

than twenty independent research groups, publishing the results of their folding calculations (5, 

113-115, 117-124, 126, 130, 133-159). There have been considerably fewer published 

experimental studies on the kinetics of its folding but we and the NIH group have used laser 

temperature jump methods to show that it folds on the microsecond time scale (5, 127, 134, 158).  

The villin headpiece helical subdomain consists of residues Leu42 to Phe76 of villin and is 

denoted HP35 (Figure 2-1). The subdomain sequence is normally numbered according to the 

numbering used for the intact villin headpiece. Thus the first residue of HP35 is Leu42 and its 

C-terminus is residue 76 (133). Recombinant versions of HP35 retain the N-terminal Met and are 

thus 36 residues in length. That construct, which is the parent sequence for the present studies, is 

denoted HP36 and the N-terminal Met is designated Met41. The domain has a simple topology 

made up of three α–helices (Figure 2-1). HP35 and HP36 have very well packed hydrophobic 

cores and contain a striking triad of buried phenylalanine residues at positions 47, 51 and 58 

which pack against each other in the native state (114, 160). As shown in Figure 1-4, F47 is 
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completely conserved, position 51 is a Phe in 23 out of 29 known sequences and replaced by Leu 

in the other 6 sequences, and F58 is conserved in 25 out of 29 sequences and a Leu, Tyr or Trp is 

found in the other 4 sequences. There are no known examples of double mutants which lack 

aromatic residues at both positions. The protein also contains a conserved Trp at position 64 

which has been proposed to play a critical role in dictating the fold via an aromatic proline 

interaction (157). Interactions involving aromatic residues are observed in many, but not all, 

naturally occurring or designed minature proteins (161-163) and the hypothesis has been 

advanced that they play a particularly critical role in stabilizing and specifying their folds (157, 

161-164). Aromatic aromatic interactions have also been proposed to play an essential role in the 

ordered self assembly of small amyloidogenic polypeptides (165-168). The sidechains of the 

three core aromatic residues in HP36 are the three most buried in the hydrophobic core with 

percent fractional accessibilities of 2, 6 and 6% respectively which is the ratio of side-chain 

surface area to "random coil" value per residue (169). The "random coil" value of a residue X is 

the average solvent-accessible surface area of X in the tripeptide Gly-X-Gly in an ensemble of 

30 random conformations. 

Surprisingly, there have been very few mutational studies of the role of the hydrophobic 

core in folding or stability of the subdomain, presumably in part because the wildtype is not 

particularly stable in terms of ∆G
o
 although, as expected it has a high Tm (5, 147, 157, 160, 170, 

171). The modest ∆G
o
 of folding for the wildtype has the unfortunate consequence that even 

moderately destabilizing single or multiple mutants may prevent the subdomain from folding. 

The failure to fold could arise because the mutations disrupt critical interactions which are 

absolutely required to specify the fold or they may simply destabilize the native state so much 

that only a very very small fraction of molecules are folded. In the latter scenario the small 
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fraction of molecules which are folded do adopt the wildtype structure while in the former the 

mutants are incapable of adopting the wildtype structure even under stabilizing conditions 

because critical interactions are missing. The difference in the two scenarios gets to the heart of 

the difference between the protein folding vs. the protein stability problems (172) and is 

discussed in more detail in chapter 3 of this thesis. In the case of HP35/ HP36 the failure of 

certain Phe mutants to fold leads to the question of whether or not aromatic aromatic interactions 

are required for specifying the fold in this unusual small protein domain. In addition, studies of 

the conserved Trp at position 64 have lead to the proposal that it participates in critical 

“gatekeeper” interactions which play a key role in specifying the fold (157, 173). Those studies, 

like the previous analysis of the core aromatics, were conducted in the normal wildtype 

background and lead to significant destabilization. 

The Raleigh group has described a hyperstable double mutant of the domain which was 

generated by mutating two surface residues whose sidechains are exposed to solvent. The high 

resolution crystal structure of the double mutant shows that its structure and core packing are 

identical to wildtype (147). I took advantage of this hyperstable variant to conduct an analysis of 

core aromatic packing in the villin headpiece helical subdomain and to analyze the role of the 

surface Trp. Many of the mutants characterized here would so destabilize the wildtype protein 

that it cannot fold. We show that interactions involving aromatic residues are not required to 

specify the HP36 fold.  

 

2.2 Materials and methods 

2.2.1 Protein expression and purification 

The plasmid (pET3a-NTL9-FXa-HP36) containing the gene for HP36 was prepared as 
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described (147). The mutant proteins were expressed as fusion proteins with the N-terminal 

domain of L9 and the fusion protein was cleaved by Factor Xa and purified as described (147). 

The cleavage temperature for DM F47LF58L, DM F51LF58L and DM F47LF51LF58L was 4 
o
C 

while the cleavage temperature for the other 5 mutants was 23 
o
C. The cleavage reaction takes 

16-20 h. Proteins were purified by HPLC using a two buffer system. Buffer A was H2O (0.1% 

TFA) and buffer B was 90% acetonitrile and 10% H2O (0.1% TFA). All proteins were eluted at 

around 48% buffer B and more than 95% pure as judged by analytical HPLC. The yield was 

12-16 mg/L LB media. The identities of all proteins were confirmed by matrix-assisted laser 

desorption and ionization time-of-flight mass spectrometry (MALDI-TOF). The observed and 

expected molecular weights were as follows: DM F47L, observed 4114.6, expected 4115.9; DM 

F58L, observed 4113.6, expected 4115.9; DM F51L, observed 4115.4, expected 4115.9; DM 

F47LF51L, observed 4084.9, expected 4081.9; DM F47LF58L, observed 4080.8, expected 

4081.9; DM F51LF58L, observed 4081.2, expected 4081.9; DM F47LF51lF58L, observed 

4043.7, expected 4047.9; DM W64L, observed 4076.0, expected 4076.9. 

 

2.2.2 NMR  

All NMR spectra were acquired on a Varian Instruments Inova 600 MHz spectrometer at 25 

o
C with approximately 1 mM protein. Samples were prepared in 90% H2O, 10% D2O,  10 mM 

sodium acetate and 150 mM sodium chloride, at pH 5.0 and referenced against sodium 

3-( trimethylsilyl) tetradeuteriopropionate. 

 

2.2.3 Circular dichroism 

Wavelength scans were recorded from 260 nm to 195 nm as the average of 5 repeats. 
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Spectra were collected at 25 
o
C with samples of 15 μM to 30 μM protein in 10 mM sodium 

acetate, and 150 mM sodium chloride at pH 5.0 in a 0.1 cm cuvette. Thermal unfolding 

experiments were performed from 2 
o
C to 96 

o
C with a 2 

o
C interval and the signals were 

monitored at 222 nm. A 1.0 cm cuvette was used. The buffer and protein concentration was the 

same as used in wavelength scan experiments. Thermal unfolding curves were fit to equation 

1.10 for two-state folding to obtain Tm and ∆H
o
(Tm). The fit includes terms to describe linear pre 

and post transition baselines. Urea unfolding curves were collected at   25 
o
C and 222 nm using 

an AVIV Instruments model 202SF CD instrument equipped with an automatic titrator. The 

concentration of urea was increased from 0 to about 10 M in ~0.25 M steps and was measured by 

the reflective index. The buffer and protein concentration was the same as used in wavelength 

scan experiments. Urea unfolding curves were fit to the standard linear extrapolation model in 

which 

              ∆G
o
 (urea) = ∆G

o
 (H2O) – m×[urea]                   (2.1) 

to obtain m-value and ∆G
o
 in the absence of denaturant. The fit assumes that the pre and post 

transition baselines are linear functions of [urea].  

 

2.2.4 Analytical ultracentrifugation   

Data were collected with a Beckman Optima XL-A analytical ultracentrifuge at 25 
o
C and 

280 nm using rotor speeds of 38,000 rpm for 24 hours and 48,000 rpm for another 24 hours. Six 

channel, 12 mm path length, charcoal-filled Epon cells with quartz windows were used. Samples 

of 20, 40 and 50 μM protein were prepared in 10 mM sodium acetate, and 150 mM sodium 

chloride at pH 5.0. The partial specific volume, 0.757 mL/g for double Phe-to-Leu mutants and 

0.765 mL/g for triple Phe-to-Leu mutant, and solution density, 1.005 g/mL, were calculated from 
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the SEDNTERP program. Data were analyzed using the HeteroAnalysis program from the 

Analytical Ultracentrifugation Facility at the University of Connecticut. 

 

2.3 Results 

The N68AK70M double mutant of HP36 was used as the pseudo-wildtype and is designated 

DM HP36 to distinguish it from the true wildtype. Both N68 and K70 are surface residues and 

exposed to solvent thus they may be replaced without altering core packing, a feature which has 

been confirmed by comparison of the high resolution crystal structures of DM HP36 and 

wildtype HP35 (PDB: 1YRF) (147). A set of seven Phe-to-Leu mutants was prepared comprised 

of the complete set of single mutants, all three double mutants and the triple mutant. The sole Trp 

was also mutated to Leu. Aromatic to Leu rather than aromatic to Ala mutations were made so 

that aromatic residues could be removed without deleting significant sidechain volume and thus 

potentially leading to significant repacking effects. A Phe to Leu substitution does result in a 

decrease in sidechain volume of approximately 35 Å
3
. However it is the smallest change 

associated with mutation to a hydrophobic residue and thus the most conservative (174). All of 

the mutants expressed well and were soluble. CD spectroscopy indicates that all are folded and 

the far UV CD spectra of all of the mutants are very similar to that recorded for DM HP36 and 

HP36 (Figure 2-2). DM HP36 contains a set of ring current shifted methyl resonances that are 

very diagnostic of its fold. Thus 
1
H NMR spectra provide a good probe of the integrity of the 

tertiary structure. However, the three buried Phe are responsible for the ring current shifts thus 

Phe to Leu mutants may exhibit only a subset of the ring current shifted peaks yet still be folded. 

As expected no ring current shifted methyls were observed in the 
1
H NMR spectrum of the DM 

F47LF51LF58L triple mutant however strongly upfield shifted methyl peaks were observed for 
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each single Phe-to-Leu mutant and for the DM F47LF51L, DM F47LF58L and DM F51LF58L 

double mutants (Figure 2-3). HP36 contains one Trp residue at position 64. The indole ring is 

partially exposed to solvent but one face is packed against the body of the protein and the indole 

N-H resonance appears at the characteristic chemical shift of 10.5 ppm in the folded state. All of 

the Phe mutants display a single peak for this proton located between 10.4 and 10.5 ppm 

providing further evidence that the proteins are well folded. In addition, the peaks in the 

aromatic-amide region of the spectra are well dispersed as expected for a folded protein (Figure 

2-3). The 
1
H NMR spectrum of the W64L mutant displays the characteristic ring current shifted 

resonances observed in the wildtype indicating that core packing is not disrupted. Previous work 

reported the characterization of a subset of Phe-to-Leu mutants in a M53L background and 

showed that the single mutants were monomeric in solution (160). Some potential association 

was detected for the F47LF58L and F51LF58L double mutants in this system using gel filtration, 

however the M53L background is even less stable than wildtype and thus it was not clear if the 

hydrodynamic behavior of those mutants represented a rapid equilibrium between the folded and 

unfolded states or weak self association in their respective native state. Consequently we 

conducted analytical ultracentrifugation (AUC) studies of each double mutant and the DM 

F47LF51LF58L triple mutant. Equilibrium AUC gives a molecular weight which is independent 

on the shape of the protein. Apparent molecular weights were determined from a single species 

fit of data collection from a 50 μM sample which is the highest concentration among the three 

samples (Figure 2-4). The apparent molecular masses determined from a single species fit are 

summarized in Table 2-1. The apparent molecular weights deduced from a single species fit to 

the AUC data are thus 8 to 20% higher than the true monomeric weights, indicating only weak 

self associate at worst. The fact that gel filtration data collected for F47LF58L and F51LF58L in 
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the destabilized M53L background gave apparent molecular weights of ~ 7,500 reflects the fact 

that the double Phe-to-Leu mutants likely lead to a significant populated of unfolded protein in 

this system (160). 

Having established that all of the mutants are folded and well behaved in solution we turned 

to stability measurements to characterize the effects of the aromatic-to-Leu substitutions. All 

proteins displayed sigmoidal thermally induced unfolding transitions which can be readily fit to 

equation 1.12 for two-state unfolding with linear pre- and post- transitions. There are several 

practical issues which are worth noting. First the DM HP36 pseudo-wildtype is so stable that it is 

not fully unfolded even at temperatures approaching 100 
o
C. A variant with a lower thermal 

stability could be used as the background for making core mutations, however that leads to the 

problem that the most destabilizing mutants are not well folded, thus use of DM HP36 is a 

necessary compromise. Nevertheless the Tm of DM HP36 has been previously estimated from the 

derivative of the thermal unfolding curve to be 90.6 
o
C. A second issue is that small proteins 

normally have broad unfolding curves because of the small ∆H
o
 of unfolding. This is the case for 

HP36. Furthermore mutations which lead to core packing that is less optimal than wildtype 

should have even smaller ∆H
o
’s of unfolding. Thus some of the mutant unfolding curves are 

relatively broad, but again all can be reliably fit to yield Tm and ∆H
o
(Tm). The thermal unfolding 

curves are shown in Figure 2-5 as plots of CD signal vs. Temperature. We display the data in this 

way instead of as plots of fraction folded because using fraction folded can disguise problems 

with baselines, particularly for small proteins. Showing the actual fits gives a more objective 

view of the data. A more subtle, but more fundamental point is that the analysis is based on a 

global parameter, mean residue ellipticity, which reports on the overall properties of the molecule. 

Non-coincidental unfolding curves have been observed for some helical proteins in NMR 
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monitored unfolding studies even when sigmoidal melting curves are observed using global 

probes although the basis for the observed effects is extremely controversial (175, 176). 

Unfortunately the unfolding transitions of DM HP36 or its mutants can not be followed 

throughout the entire unfolding curve by NMR due to a combination of high Tm’s, fast exchange 

between folded and unfolded forms at higher temperature and issues of spectral resolution. Thus 

we use CD monitored unfolding as a probe of the global integrity of the fold and use the 

measured Tm’s as a semi-quantitative probe of the effects of the mutations on stability.  

Each single Phe-to-Leu mutation leads to a less thermal stable subdomain as does the 

Trp-to-Leu mutation. The F51L mutation has the smallest effect reducing the apparent Tm by 

approximately 15 
o
C while the F47L or F58L mutants clearly have larger effects reducing the Tm 

by 21 
o
C and 30 

o
C respectively. The rank order observed here agrees with that observed by 

McKnight and colleagues in the M53L background (160). It is interesting to note that 

substitution of F58 has a larger effect than substitution of F51 even though F51 is sandwiched by 

the two other Phe rings. In fact the F51L mutation has the smallest effect on Tm of any of the Phe 

mutants. The effect of the Trp to Leu mutant on Tm is similar to the effect of F51L confirming 

that W64 makes stabilizing interactions, as noted previously (157), even though it is a surface 

residue. Precise thermodynamics parameters could not be obtained for the W64 substitution in 

prior investigations because the mutation leads to incompletely defined native baselines in the 

background used. In contrast the DM HP36 background leads to well defined baselines for the 

Trp mutant. The same trends detected in the single mutants are observed in the double mutants. 

Namely any double mutant which includes the F58L substitution is very destabilizing and the 

apparent Tm’s are reduced by more than 40 
o
C while the Tm of the F47LF51L mutant, i.e. the 

double mutant which retains Phe58 has a Tm 20 
o
C or more higher than the other double mutants. 



34 

 

The thermodynamics of the unfolding of both of the most destabilized Phe double mutants could 

not be characterized in earlier studies because of the lower stability of the pseudo-wildtype 

background used. The data presented here shows unambiguously that the deleted phenylalanines 

are not required for specifying the fold. Interestingly the triple Phe-to-Leu mutant, DM 

F47LF51LF58L, is folded and is no less thermal stable than the F47LF58L or F51LF58L double 

mutants. In fact the Tm of the triple mutant is actually slightly higher than the Tm of F51LF58L 

double mutant and is comparable to that of the F47LF58L double mutant. This may reflect that 

the more flexible Leu sidechains can slightly repack in the core of the triple mutant relative to 

double mutants which contain one Phe. The triple Phe-to-Leu mutant has not been previously 

characterized and the results are very interesting since they directly demonstrate that the Phe 

residues are not required for folding nor are they required for the generation of a cooperative 

(sigmoidal) thermal unfolding transition. Thus while packing among the three phenylalanine is 

stabilizing, aromatic aromatic interactions are not required for HP36 to fold and Trp-Pro 

interactions are also not required. 

The fits to the thermal unfolding curves also yield estimates of the enthalpy of unfolding at 

Tm, ∆H
o
(Tm). Since the different proteins have different Tm’s, ∆H

o
(Tm) values can not be 

meaningfully compared to each other. However ∆H
o
 can be estimated at a common temperature 

provided ∆Cp
o
 is known. pH dependent studies of wildtype HP36 provide an estimated ∆Cp

o
 of 

0.38 kcal mol
-1

 deg
-1

 while analysis of the ∆H
o
 of surface mutants gives an estimated ∆Cp

o
 of 

0.23 kcal mol
-1

 deg
-1 

(147). Clearly there is considerable uncertainty in the estimation of ∆Cp
o
. 

Furthermore there is no reason that the value of ∆Cp
o
 for the Phe to Leu mutants need be exactly 

the same. For example, the Phe to Leu mutants might alter residual structure in the unfolded state 

which could lead to change in ∆Cp
o 

even in the absence of native state effects (5). Table 2-2 
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summarizes the apparent ∆H
o
 values at 50 

o
C, a temperature chosen because it involves a shorter 

extrapolation than 25 
o
C or 37

 o
C and hence reduces any potential systematic error associated 

with uncertainty in ∆Cp
o. For the reasons listed above we are hesitant to over interpret the ∆H

o
 

values, however we note that replacement of Phe58 has the largest effect among the single 

mutants and the double mutants which include F58L also show a larger effect than the double 

mutant which does not. Again the importance of F58 is highlighted. The conclusion that the 

F58L mutant has the largest effect on ∆H
o
 is independent of the choice of ∆Cp

o 
over the range of 

values considered. The Trp64-to-Leu mutation has the smallest effect upon ∆H
o
 which is not 

surprising given that it lies on the surface of the protein. 

We also conducted urea induced unfolding studies of all of the mutants (Figure 2-6). Some 

of the issues that were relevant for the thermal unfolding come to play here as well. First the DM 

HP36 protein is too stable to give a complete urea unfolding curve, but stability can be estimated 

using the midpoint, CM, determined from the derivative of the curve and the wildtype m-value. In 

addition, the stability of this protein has been examined previously by amide H/D exchange 

(147). All of the mutants give complete unfolding curves however the pretransition baselines are 

not as optimally defined for the two most destabilizing double mutants or the triple mutant 

although clear sigmoidal curves are measured. We note this is part of the motivation for using 

DM HP36 as the background. A less stable “wildtype” would lead to very poorly defined 

transitions for the destabilizing mutants. This has plagued all prior attempts to analyze the role of 

the aromatic residues and prevented a complete description of the role of the aromatic triad. The 

parameters deduced from the urea unfolding, CM values, apparent ∆G
o
 values in the absence of 

urea and m-values, are listed in Table 2-2 which also summarizes the thermal unfolding data. Of 

the single Phe mutants F47L or F51L have much smaller effects than does F58L. The effect of 
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the W64L mutation is also much smaller than the F58L substitution. This is entirely consistent 

with the thermal unfolding data. Fits to the urea unfolding curves also provide m-values which 

are formerly equal to 
][

G o

urea


. M-values are generally believed to be related to the change in 

solvent accessible surface area between the folded and unfolded forms and changes in m-values 

have been proposed to reflect, at least in some cases, changes in the unfolded state ensemble (32, 

91, 177). The m-value for wildtype HP36 has been determined to be 0.52 kcal mol
-1

 M
-1

 under 

these conditions but the m-value for the hyperstable DM HP36 could not be determined because 

the protein is too stable. The m-values of the triple mutant and F47LF58L, F51LF58L double 

mutants are similar but are all smaller than the m-value for the F47LF51L double mutant which 

retains F58. The m-value of DM W64L is similar to wildtype. M-values are less reliably 

extracted from fitting broad unfolding curves and thus we avoid attempting a molecular level 

interpretation of the changes. In addition, recent theoretical work suggests that urea induced 

unfolding may be more complex than often assumed (178).  

Analysis of the urea induced unfolding of the double mutants yields conclusions which are 

similar to those obtained from the thermal unfolding, namely double mutants which remove F58 

are drastically destabilized relative to the double mutant which retains F58. In addition the triple 

Phe to Leu mutant is no less stable than either of the double mutants which lack F58. In fact it is 

slightly more stable. Mutations can also affect residual interactions in the denatured state 

ensemble and contribute to changes in stability via denatured state effects. This may be relevant 

for HP36 since studies with peptide fragments provide evidence for hydrophobic clusters in the 

unfolded state ensemble which involves some of the Phe residues and which can be partially 

disrupted by mutation to Leu (155, 156). How might such effects impact the interpretation of the 

experimentally determined changes in Tm and ∆G
o
? Clearly the conclusion that interactions 
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involving the aromatic residues are not required for folding is not altered. Transiently populated 

hydrophobic clustering in the unfolded state is expected to be relatively weak energetically, but it 

should stabilize the unfolded state ensemble. Thus disrupting such interactions in the absence of 

any native state effects would stabilize the protein because the free energy of the unfolded state 

would be increased. The fact that all of the mutations studied here significantly destabilize the 

protein argues that native state effects dominate. In addition it is worth noting that the same rank 

order of the effect of single Phe mutations is observed in the DM background, in the single Phe 

mutant backgrounds, and in the M53L background analyzed previously, strongly suggests that 

native state effects are dominate and the rank ordering of stability is robust. 

Analysis of ∆∆G
o
 values for the single and double mutants or examination of ∆Tm values 

provides a measure of the effect of mutation(s) upon stability, but does not provide direct 

evidence for energetically significant interaction between the aromatic residues. Double mutant 

cycle analysis was developed to provide a method for measuring the interaction free energy, 

∆Gint, between two residues by eliminating the effects of mutations upon other interactions (179).  

         ∆Gint(A,B)F - ∆Gint(A,B)U = ∆G
o

WT - ∆G
o

A - ∆G
o
B + ∆G

o
AB          (2.2) 

where ∆Gint(A,B)F is the folded state interaction free energy between residue A and B, 

∆Gint(A,B)U is the unfolded state interaction free energy between those two, ∆G
o

WT is the free 

energy of unfolding of the wildtype, ∆G
o

A and ∆G
o
B are the free energies of unfolding of the 

respective single mutants, and ∆G
o

AB is the unfolding free energy of the double mutant. When 

the analysis of double mutant cycles makes the inescapable assumption that the mutations do not 

alter the free energy of the unfolded ensemble, double mutant cycles can be analyzed in the 

conceptual context of a double mutant cycle “square” or thermodynamic cycle. However, a 

thermodynamic cube is required if unfolded state effects are present. In this case, knowledge of 
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changes in the free energy of both the folded states and unfolded states of the three mutants is 

needed and this is generally impossible to obtain. This effect may be important for HP36 since 

the subdomain appears to have a partially structured denatured state ensemble in which the 

aromatic residues may be involved in hydrophobic clusters (5, 155, 156). Another important 

issue is that the double mutant cycle cancels desolvation effects to first order (61). None-the-less 

the approach is still powerful and in the present case should be able to deduce which pairs of 

aromatic residues interact most strongly. Table 2-3 summarizes the experimental interaction free 

energies determined using ∆G
o 

values from urea denaturation studies. The interaction free 

energies between F47 and F58 and between F51 and F58 are both small while the interaction 

energy between F47 and F51 is large. The same result is obtained if the interaction free energy 

between F47 and F51 is measured in DM F58L background. The fact that a self consistent rank 

order is obtained independent of the background used argues that, while unfolded state effects 

may play a role, the qualitative conclusion that the F47-F51 interaction is stronger than the native 

state F47-F58 or F51-F58 interactions is likely to be robust.  

 

2.4 Discussion 

By using a hyperstable double mutant which retains the same fold and core packing as the 

wildtype subdomain we have been able to define the role of the core phenylalanine residues in 

HP36 and to probe the role of a conserved surface aromatic residue. Previous attempts to do so 

have been hindered by the low stability of the wildtype subdomain. Although mutation of any 

one of the core phenylalanine results in a decrease in stability none are critical for folding and 

even a triple Phe to Leu mutant folds. The W64L mutant confirms the important role proposed 

for this residue, but indicates that aromatic proline interaction is not strictly required to specify 
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the fold (157, 173). A more detailed analysis of potential Trp-Pro interactions is given in chapter 

3. F58 is consistently found to play a larger role than either F47 or F51 both in the content of 

single and double mutants. These conclusions are independent of whether thermal or urea 

unfolding data is used to assess stability.  

It is interesting to note that mutation of F58 clearly has a larger effect than mutation of F51 

even though F51 is the central residue in the triad of phenylalanines. This likely reflects the fact 

that F58 makes contacts with a larger number of other residues including F47, F51, M53, A57, 

A59, L61, Q66 and M70 while F51 is involved in long range contacts with a smaller number of 

residues, F47, V50, G52, F58, M70 and K73. The double mutant cycle analysis implies a 

significant favorable interaction between F47 and F51. Interaction free energies involving F58 

and the other phenylalanines are much smaller even though mutation of F58 has the largest effect 

upon stability. Again, this likely reflects the fact that F58 makes more extensive contacts with 

other hydrophobic core residues than with the F47 or F51. The important role of F58 is broadly 

consistent with some MD simulations which have examined the folding of HP36 (149). F58 is 

located near the N-terminus of helix-2 and make contacts with both helix-1 and helix-3. A 

potential folding scenario derived from one MD study is that helix-1 folds after helix-2. In this 

case a correctly positioned F58 in helix-2 will help to stabilize helix-1. 

The data presented here clearly demonstrates that aromatic proline, aromatic hydrophobic 

and aromatic aromatic interactions, while important for stability are not required to specify the 

overall fold of the villin headpiece helical subdomain. Many, but not all, small cooperatively 

folded domains exhibit aromatic aromatic or aromatic proline interactions and this has lead to 

some speculation that they may be critical determinants of “mini-protein” folding (161). Clearly 

this is not the case for HP36. It is interesting to speculate if unusual interactions are generally 
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required to stabilize minature protein domains. We believe that this is likely not the case at least 

for proteins the size of HP36 or larger since there are several examples, including HP36, where 

aromatic aromatic or aromatic proline interactions are not critical for specifying the fold (180, 

181). Important early studies on protein thermodynamics led to the suggestion that proteins 

needed to exceed a minimum size, estimated to be 50 residues, to be cooperatively folded (182). 

There are obviously a number of examples of proteins that fold cooperatively yet are much 

smaller and this has promoted the idea that small cooperatively folded proteins require special 

interactions. However, it is important to remember that the early thermodynamic analysis was 

designed to calculate the minimum size required so that ∆G
o 
of folding was significantly larger 

than RT. In fact all minature proteins characterized to data have ∆G
o 

values which are only 

several times RT (183). Furthermore their thermodynamic properties are well predicted by data 

bases derived from larger proteins (182, 184). Thus there is no inherent contradiction between 

the early thermodynamic analysis and the fact the proteins of forty residues or less can be found 

which fold cooperatively. Of course we do not want to imply that aromatic aromatic or aromatic 

proline interactions may not be required in specific cases, but they are clearly not mandatory in 

all cases.  
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Table 2-1. Comparison of theoretically calculated and apparent molecular weights from AUC 

data for the three double mutants and one triple mutant. The uncertainties were standard errors to 

the fit. 

 

Mutant Theoretical MW Observed MW 

DM F47LF51L 4082 4920 ± 96 

DM F51LF58L 4082 4360 ± 79 

DM F47LF58L 4082 4640 ± 133 

DM F47LF51LF58L 4048 4840 ± 64 
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Table 2-2. Thermodynamic parameters for the unfolding of DM HP36 mutants. Data were collected at 25 
o
C pH 5.0 in 10 mM sodium 

acetate, 150 mM sodium chloride. 

 

(1) Determined from the derivative of the curve of the CD signal vs. temperature. 

(2) Not determined owing to an incomplete thermal unfolding transition. 

(3) Calculated from the CM value determined by numerical differentiation of the curve together with the wildtype m-value. Data for 

DM H36 is from reference (147). 

(4) Not determined owing to an incomplete urea unfolding transition. 

(5) Determined by numerical differentiation of the plot of CD signal vs. [urea]. 

Protein Tm (
o
C) 

∆H
o
(Tm) 

(kcal/mol) 

∆H (50
o
C) 

(kcal/mol) 

∆Cp
o
=0.23 

∆H (50
o
C) 

(kcal/mol) 

∆Cp
o
=0.38 

∆G
o
 

(kcal/mol) 

m-value 

(kcal/mol
.
M) 

CM 
5
  

(M) 

DM HP36 90.6 
1
 -----

 2
 -----

 2
 -----

 2
 4.94-5.06

 3
 -----

 4
 9.60 

DM F47L 69.6 25.9 21.4 18.4 2.85 0.46 6.00 

DM F51L 76.0 28.4 22.4 18.5 3.01 0.44 7.00 

DM F58L 60.9 21.3 18.8 17.2 2.62 0.55 4.75 

DM F47LF51L 68.1 23.2 19.0 16.3 2.54 0.40 6.50 

DM F47LF58L 48.9 13.3 13.6 13.7 0.75 0.34 2.85 

DM F51LF58L 46.4 15.6 16.4 17.0 0.72 0.29 3.30 

DM 

F47LF51LF58L 

49.8 13.3 13.3 13.4 1.02 0.34 3.50 

DM W64L 74.4 36.6 31.0 27.3 3.58 0.52 6.75 
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Table 2-3. Double mutant cycle analysis of apparent interaction free energies. ∆G
o
 values from 

the urea unfolding studies were used. Experimental data were collected at 25 
o
C pH 5.0 in 10 

mM sodium acetate, 150 mM sodium chloride. 

 

 

Background 
∆∆G

o
 (F47,F51) 

(kcal/mol) 

∆∆G
o
 (F47,F58) 

(kcal/mol) 

∆∆G
o
 (F51,F58) 

(kcal/mol) 

DM HP36 1.68 0.28 0.09 

DM F47L ----- ----- 0.58 

DM F51L ----- 0.77 ----- 

DM F58L 2.17 ----- ----- 
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b) 

 
 

Figure 2-1. (a) A ribbon diagram of the structure of DM HP36 generated using PyMol, version 

0.99. The N and C-termini are labeled and the Phe hydrophobic core residues and the surface Trp 

residue are shown in stick format and are labeled. The primary sequence is shown together with a 

diagram of secondary structures. α-helices are represented as cylinders. (b) A contact map for 

DM HP36 sidechain sidechain contacts are shown above the diagonal and sidechain mainchain 

contacts below the diagonal. Contacts involving the three Phe residues are colored blue. A 6Å 

cutoff was used. 

a) 
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Figure 2-2. Far UV CD spectra show all mutants are folded. (a) DM HP36, (b) DM F47L, (c) 

DM F51L, (d) DM F58L, (e) DM F47LF51L, (f) DM F47LF58L, (g) DM F51LF58L, (h) DM 

F47LF51LF58L, (i) DM W64L. All spectra were collected at 25 
o
C in 10 mM sodium acetate 

150 mM sodium chloride, pH 5.0. 
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Figure 2-3. 
1
H NMR spectra confirm that all mutants are folded. (a) Stacked plot of the 

downfield region of the spectra of the DM HP36 mutants. Spectra are labeled to denote which 

mutant they correspond to. (b) Stacked plot of the upfield region of the spectra of DM HP36 

mutants. The sharp peak at 0.00 ppm is the chemical shift standard. Spectra were recorded at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate 150 mM sodium chloride, pH 5.0. 
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Figure 2-4. Analytical ultracentrifugation data and analysis plots of absorbance vs. radial 

position in the cell together with best fits to a single species model. The experiments were done 

at 25 
o
C in 10 mM sodium acetate 150 mM sodium chloride pH 5.0 buffer. The residuals are 

shown below each fit. 
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Figure 2-5. CD monitored thermal unfolding curves for DM HP36 and its mutants. (a) DM 

HP36, (b) DM F47L, (c) DM F51L, (d) DM F58L, (e) DM F47LF51L, (f) DM F47LF58L, (g) 

DM F51LF58L, (h) DM F47LF51LF58L, (i) DM W64L. Samples were between 15 μM and 30 

μM protein in 10 mM sodium acetate 150 mM sodium chloride, pH 5.0 in a 1.0 cm cuvette. The 

CD signal at 222 nm was detected. 
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Figure 2-6. CD monitored urea induced unfolding curves for DM HP36 and its mutants. (a) DM 

HP36, (b) DM F47L, (c) DM F51L, (d) DM F58L, (e) DM F47LF51L, (f) DM F47LF58L, (g) 

DM F51LF58L, (h) DM F47LF51LF58L, (i) DM W64L. Samples were between 15 μM and 30 

μM protein in 10 mM sodium acetate 150 mM sodium chloride, pH 5.0. The CD signal at 222 

nm was detected. 
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3．A critical assessment of putative gatekeeper interactions in the villin headpiece helical 

subdomain 

 

Abstract 

    Aromatic proline interactions involving Trp64 and Pro62 have been proposed to play a 

critical role in specifying the fold of the villin headpiece helical subdomain by acting as 

gatekeeper residues. Gatekeeper residues are defined as strategically situated residues which play 

a critical role in specifying the protein fold. Note that the numbering corresponds to full length 

headpiece. Mutation of Pro62 has been shown to lead to a protein which does not fold, but this 

may arise for two different reasons: The residue may make interactions which are critical for the 

specificity of the fold or the mutation may simply destabilize the domain. In the first case the 

protein cannot fold, while in the second the small fraction of molecules that fold adopt the 

correct structure. The modest stability of the wildtype prevents a critical analysis of these 

interactions because even moderately destabilizing mutations lead to a very small folded state 

population. Using a hyperstable variant of HP36, denoted DM HP36, as our new wildtype, we 

characterized a set of mutants designed to assess the role of the putative gatekeeper interactions. 

Four single mutants DM P62A, DM W64L, DM W64K, DM W64A and a double mutant DM 

P62AW64L were prepared. All mutants are less stable than DM HP36, but all are well folded as 

judged by CD and 
1
H NMR. All of the mutants display sigmoidal thermal unfolding and urea 

induced unfolding curves. Double mutant cycle analysis shows that the interactions between 

Pro62 and Trp64 are weak but favorable. Interactions involving Pro62 and proline aromatic 

interactions are, thus, not required for specifying the subdomain fold. The implications for the 

design and thermodynamics of miniature proteins are discussed. 
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3.1 Introduction 

The investigation of protein folding remains an active area of research, driven in part by the 

realization that incorrect folding can play a key role in protein aggregation in vitro and in vivo (2, 

185-188). In recent years much attention has been directed at small, rapid folding, globular 

proteins because they are attractive targets for molecular dynamics simulations and theoretical 

approaches. These studies offer the possibility of directly comparing simulations and 

experiments. Small stably folded domains are also of interest because they can be used to present 

recognition surfaces in a defined structural context (189-191). There is a great deal of interest in 

deducing the interactions which stabilize small domains and HP36 has received considerable 

attention because of its wide use as a model system for folding (161-163, 183, 189-192). 

Elucidating the interactions which stabilize “mini” proteins is also important for the rational 

design of stable protein scaffolds (161, 183, 189, 190, 192-194). The subdomain has a simple 

topology consisting of three α-helices which form a well packed hydrophobic core (Figure 3-1). 

The equilibrium folding transitions of HP36 appear to be cooperative and kinetic studies have 

shown that the subdomain folds on the microsecond time scale, making it one of the fastest 

folding proteins reported (5, 115, 134, 195). Unfortunately, the domain, like most small proteins, 

has only a modest stability in terms of its unfolding free energy, ΔG
o
, although it has a high Tm 

(172, 184, 196). One consequence of its modest stability is that it can be difficult to probe the 

role of sidechains in stability and folding because even seemingly conservative mutations can 

destabilize the protein so that it does not fold. This leads to an inherent ambiguity in the analysis 

of mutational studies, namely a mutant which prevents the protein from folding may do so by 

preventing the protein from adopting the correct fold, or by simply destabilizing the domain 

enough so that the population of folded molecules is small. In the first case the protein cannot 
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fold because the interaction(s) affected by mutation were essential for specifying the fold and 

may result in the misfolding, while in the second, those molecules which do fold adopt the 

correct native structure. In the first case the issue is the specificity of the fold and in the second it 

is stability (172). 

There have been a number of suggestions that special interactions may be required to 

stabilize small proteins and both aromatic aromatic and aromatic proline interactions have been 

proposed to play a special role. Mutational and computational studies have been conducted of a 

potential “gatekeeper” interaction in HP36 involving Trp64 and Pro62. Again, note that residues 

in HP36 are normally numbered according to their position in the complete headpiece domain. 

The additional Met which results from recombinant expression is denoted residue 41. Pro62 and 

Trp64 are part of a strongly conserved cluster of solvent exposed residues which have been 

proposed to be critical for stability and for Actin binding. As shown in Figure 1-4, position 62 is 

a Pro in 22 out of 29 known sequences and a Ala in the other 7 sequences, while Trp64 is 

completely conserved. Aromatic proline interactions have been suggested to play a key role in 

stabilizing a number of proteins and are known to be energetically favorable (152, 161, 162, 

164).  

    Pro62 in HP36 has been proposed to be a critical gatekeeper residue, in part because of its 

interaction with Trp64. Gatekeepers are defined as strategically situated residues which play a 

critical role in specifying the fold and in stability (152, 157). Previous work has shown that 

mutation of Pro62 to Ala in the villin headpiece subdomain drastically destabilized the 

subdomain and NMR studies indicated that the mutant did not fold, while FTIR provided 

evidence that it had a tendency to aggregate (157, 195).
 
 A similar substitution in the 

corresponding subdomain from Advillin notably destabilized the protein, although it could still 
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fold. Conversely, substitution of Pro for the naturally occurring Ala in the helical subdomain 

from Dematin lead to a stably folded protein while the wildtype Dematin subdomain sequence, 

(with Ala at position 62), did not fold in isolation. Taken together, these observations led to the 

proposal that Pro62 acts as a critical gatekeeper and is essential for the proper folding of the 

headpiece helical subdomain (157). Some molecular dynamics simulations have also suggested 

an important role for this region in the folding of helix-2 and helix-3, which has been predicated 

to be a key step in the folding of the subdomain (149, 197). 

Unfortunately, the modest stability of HP36 makes it extremely difficult, if not impossible, 

to deduce if Pro62 and the Pro62 Trp64 interaction are essential for specifying the fold or simply 

contribute to stability. Ab initio simulations have been used to predict the energetic consequences 

of substitutions at these sites, but the only available experimental thermodynamic data are 

reported midpoints of thermal denaturations, Tm, for some variants of the villin family (152). 

Changes in Tm do not have to correlate linearly with changes in ΔG
o
 of unfolding at a given 

temperature, and large changes in Tm can correspond to modest changes in ΔG
o
 for small 

proteins. Thus, it is difficult to judge the accuracy of the calculations (184). 

Here we use a hyperstable variant of HP36, the same double mutant Asn68Ala Lys70Met 

described in chapter 2, to critically probe the effects of mutations of Pro62 and Trp64. We show 

that while Pro62 and the Pro62 Trp64 interaction contribute to stability they are not required to 

specify the structure, nor are they required to ensure cooperative folding. 

 

3.2 Materials and methods 

3.2.1 Protein expression and purification 

General aspects of protein expression were described in chapter 2. The factor Xa cleavage 
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was carried out at 23 
o
C for 16 to 20 hours. Protein purification was also described in chapter 2. 

The HPLC elution time corresponded to 49% buffer B for DM P62A, 47% for DM W64L, 45% 

for DM W64K, 45% for DM W64A, and 43% for DM P62AW64L. All proteins were more than 

95% pure as judged by analytical HPLC. The identities of all proteins were confirmed by 

matrix-assisted laser desorption and ionization time-of-flight mass spectrometry (MALDI-TOF). 

The observed and expected molecular weights are as follows: DM P62A, observed 4121, 

expected 4124; DM W64L observed 4076, expected 4077; DM W64K, observed 4091, expected 

4091; DM W64A, observed 4035, expected 4035; DM P62AW64L, observed 4051, expected 

4051. 

 

3.2.2 Nuclear magnetic resonance (NMR) spectroscopy 

All NMR spectra were acquired on a Varian Instruments Inova 600 MHz spectrometer at 25 

o
C using approximate 1 mM protein samples. The DM P62AW64L mutant was also examined at 

100 μM. Samples were prepared in both H2O buffer and D2O buffer which contained 10 mM 

sodium acetate and 150 mM sodium chloride at pH 5.0 and referenced against sodium 

3-(trimethylsilyl) tetradeuteriopropionate. Samples in D2O were at pH* 5.0 where pH* indicates 

the uncorrected meter reading in D2O. 

 

3.2.3 Analytical Ultracentrifugation (AUC) 

Data were collected with a Beckman Optima XL-A analytical ultracentrifuge at 298 K, 

using rotor speeds of 38,000 rpm for 24 hours and 48,000 rpm for another 24 hours. Six channel, 

12 mm path length, charcoal-filled Epon cells with quartz windows were used. UV absorbance at 

280 nm was used for DM P62A, 220 nm for DM W64A and 230 nm for DM W64L, DM W64K 
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and DM P62AW64L. Samples of 20, 50 and 90 μM were prepared in 10 mM sodium acetate, and 

150 mM sodium chloride at pH 5.0. The partial specific volume and solution density were 

calculated from the SEDNTERP program. The partial specific volume is 0.7497 mL/g for DM 

P62A, 0.7504 for DM W64A, 0.7547 for DM W64L, 0.7527 for DM W64K, and 0.7543 for DM 

P62AW64L. The buffer solution density is 1.005 g/mL. Data were analyzed using the 

HeteroAnalysis program from the Analytical Ultracentrifugation Facility at the University of 

Connecticut (Storrs, CT). 

 

3.2.4 Circular Dichroism (CD) spectroscopy 

Wavelength scans were recorded on an Applied Photophysics Chirascan CD instrument over 

the range of 260 nm to 195 nm as the average of 5 repeats. Spectra were collected at  298 K 

with samples of 15 μM to 30 μM protein in 10 mM sodium acetate, and 150 mM sodium 

chloride at pH 5.0 using a 0.1 cm cuvette. 

Thermal unfolding experiments were performed over the range of 2 
o
C to 94 

o
C with a  2 

o
C interval and the signal was monitored at 222 nm. The buffer and protein concentration were 

the same as used in the wavelength scan experiments. The reversibility was confirmed by 

comparing the initial CD signal at the start of the run to the signal measured after the run was 

completed and the sample was cooled to the starting temperature. All thermal unfolding curves 

were analyzed by non-linear least squares fitting using SigmaPlot. Data was fit to:  
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where y(T) is the observed signal, an and bn represent the intercept and slope of the pre-transition. 

ad and bd represent the intercept and slope of the post-transition. G°F-U(T) is given by the 

Gibbs-Helmholtz equation: 
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                 GºF-U (T)= ΔHº(Tm) - TSº(Tm) + Cºp(T-Tm-T ln
mT

T )             (3.2) 

where Tm is the midpoint of the thermal unfolding transition. 

Urea unfolding data was collected at 298 K and 222 nm on an AVIV Instruments model 

202SF CD instrument. The concentration of urea was increased from 0 to about 10 M in ~0.25 M 

steps, which were determined by measuring the reflective index. The buffer and protein 

concentration were the same as used in the wavelength scans. Urea unfolding curves were 

analyzed by a non-linear least squares fit to equation 3.3: 
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where y([urea]) is the observed signal, an and bn represent the intercept and slope of the 

pre-transition. ad and bd represent the intercept and slope of the post-transition. G°F-U([urea]) is 

assumed to be linearly proportional to the concentration of urea: 

                   G°F-U([urea]) = G°F-U(H2O) – m×[urea]                   (3.4) 

 

3.3 Results 

3.3.1 Design of mutants to probe the Pro62 Trp64 interactions 

Pro62 is located immediately before the start of the third helix of HP36 and Trp64 is within 

the helix. The two residues lie on the surface of the subdomain and the proline ring stacks against 

the indole ring of Trp64 which is partially exposed to solvent (Figure 3-1). A set of mutants were 

prepared in which Trp64 was changed to Leu, to Lys, and to Ala. The Leu substitution was 

described in chapter 2 and destabilizes the subdomain. The Trp-to-Leu mutation still allows for 

the possibility of hydrophobic interactions between residue 64 and Proline 62, but eliminates the 

aromatic proline interaction. Thus, it allows us to test the importance of aromatic proline 
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stacking. The Ala mutation is obviously more drastic and eliminates the possibility of sidechain 

sidechain interactions between the two sites. The Lys mutant contains the hydrophobic 

four-carbon polymethylene chain, allowing for hydrophobic interactions with Pro62, but it is a 

different shape than Leu and introduces an additional surface charge. Comparison of the Leu and 

Lys mutants provides a useful control for any potential effects due to surface hydrophobicity. 

Pro62 was mutated to Ala and a Pro62Ala Trp64Leu double mutant, DM P62AW64L, was 

prepared for use in double mutant cycle analysis.  

 

3.3.2 All of the mutants adopt the wildtype fold 

Far UV CD spectra of DM HP36 and the various mutants have very similar shapes which 

are consistent with helical structure (Figure 3-2). We display the data as plots of mdeg vs. 

wavelength instead of plots of mean residue ellipticity because there is only one Trp and no Tyr 

in HP36. Hence, there is a large uncertainty in the determination of the protein concentration for 

the Trp mutants. The NMR spectra of all of the mutants exhibit a well resolved amide 
1
H region 

as well as a number of ring current shifted methyl peaks (Figure 3-3). The wide chemical shift 

dispersion provides additional evidence that each mutant folds to a compact globular structure. 

The peaks for the single point mutants are all sharp, consistent with them being monomeric. The 

double mutant, DM P62AW64L, exhibits slightly broader but, nonetheless, well resolved peaks. 

The modest increase in line widths for the P62AW64L double mutant suggests some self 

association at the high concentration used for the NMR study, (1 mM). Analytical 

ultracentrifugation (AUC) data indicates that it is monomeric at 20 μM (Figure 3-4) and NMR 

spectrum recorded at 100 μM has narrower peaks. The characteristic ring current shifted 

resonances of HP36 are observed in all of the mutants (Figure 3-3). The negative peak is from 
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the methyl protons of Val50 due to its interaction with the core aromatic residues. The C4 proton 

of Phe47 is also strongly shifted in the spectrum of the wildtype appearing at 5.5 ppm due to the 

interaction of Phe47 with Phe51 and Phe58. Those peaks are observed in all of the mutants, 

providing additional evidence that a well packed hydrophobic core is formed which is similar to 

that of the wildtype.  

The mutants were examined using AUC to ensure that self association is not an issue 

(Figure 3-4 and 3-5). The apparent molecular weights determined from a single species fit are 

within 10 to 15% of the expected values for the P62A, W64L, W64K and W64A mutants (Table 

3-1). The apparent molecular weight for the P62AW64L double mutant is 4030 Da at 20 μM, and 

the expected molecular weight is 4051 Da. An increase in apparent molecular weight was 

observed for the P62AW64L double mutant at higher concentrations, 4580 Da at 50 μM and 

5120 at 90 μM, indicating that there may be some self association at higher concentrations (Table 

3-1). This is consistent with the slightly broaden lines in the 
1
H NMR spectrum recorded at 1 

mM. Consequently, the stability studies were performed at protein concentrations of 30 μM or 

below. 

 

3.3.3 The mutants are less stable but fold cooperatively 

Having established that all of the mutants are folded, and having shown that the ability to 

fold is not due to self association, we moved to stability measurements. CD monitored thermal 

unfolding curves are shown in Figure 3-6. The curves are shown as plots of CD signal as a 

function of temperature, instead of as plots of fraction unfolded, because plotting fraction 

unfolded can camouflage problems with baselines especially for small proteins like HP36. All of 

the mutants exhibit sigmoidal thermal transitions. The transitions are relatively broad, as is 
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expected for a small domain (183). The reported Tm of DM HP36 is 90.6 
o
C as estimated from 

the derivative of the thermal unfolding curve (147). The mutants are less thermally stable with 

Tm’s ranging from 68 
o
C to 79 

o
C (Table 3-2). The enthalpy of unfolding at Tm, ΔH

o
(Tm), was 

obtained from fitting of the thermal unfolding curves. We calculated ΔH
o
 extrapolated to a 

common temperature, 75 
o
C, chosen because it is in the middle of the range of the Tm values for 

the mutants. We used two ΔCp
o 
values in the calculation, 0.38 kcal·mol

-1
·deg

-1
, which is obtained 

from pH dependent thermal unfolding studies of wildtype HP36 and 0.23 kcal·mol
-1

·deg
-1

,
 
which 

is derived from the analysis of the ΔH
o 

of surface mutants of HP36 (198). The high thermal 

stability of DM HP36 prevents an accurate estimate of ΔH
o
(Tm), but ΔH

o
(Tm) can be determined 

for wildtype HP36. The two mutations which generate DM HP36 involve solvent exposed 

surface residues, thus the wildtype ΔH
o
(Tm) should provide a reasonable estimate for ΔH

o
 of DM 

HP36 although the K70M mutation does lead to new packing interactions as described in chapter 

4. The values of ΔH
o
(75 

o
C) for all mutants are within experimental uncertainty of the value for 

HP36 providing further evidence that mutations do not alter core packing. 

    We also conducted urea induced unfolding experiments. As noted in the introduction, Tm 

measurements may not always provide an accurate picture of protein energetics. The urea 

induced unfolding curves are shown in Figure 3-7 as plots of CD signal versus urea 

concentration. The data is plotted in this fashion to avoid disguising any potential baseline issues. 

All of the mutants, including the double mutant DM P62AW64L, give complete unfolding curves, 

highlighting the importance of using DM HP36 as our new wildtype. Several previous studies of 

the villin headpiece subdomain were unable to report ΔΔG
o
 values because of the low stability of 

the wildtype (160, 187). All of the mutants are less stable than the wildtype DM HP36 and the 

free energy of unfolding, ΔGu
o
, is decreased by ~1.3 kcal/mol for DM P62A, ~1.4 kcal/mol for 



62 

 

DM W64L, ~1.0 kcal/mol for DM W64A, ~1.4 kcal/mol for DM W64K, and ~2.3 kcal/mol for 

DM P62AW64L respectively. The m value of DM HP36 cannot be determined since the protein 

is too stable to give a complete urea induced unfolding curve but the m-value of wildtype HP36 

has previously been determined to be 0.52 kcal·mol
-1

·M
-1

 (198). The m values of the four single 

mutants are almost the same as that of HP36, while the m value of the double mutant is only 

slightly smaller, but is still within 8%. 

Table 3-2 summarizes the measured ΔGu
o
(H2O) values, m-values, and the concentration of 

urea at the midpoint of the transition, CM. The thermodynamic parameters derived from the 

thermal unfolding curves are also included in the table. Interestingly, we find that DM W64A is 

slightly more stable than DM W64L and DM W64K both in terms of Tm and ΔG
o
, even though 

the Ala sidechain can make fewer interactions with the Proline ring than the Leu sidechain. One 

contributing factor may be that Trp64 is located in the third α-helix and Ala has a larger helical 

propensity than Leu and Lys, however calculations done using the AGADIR program (199) show 

that the increase in helical propensity is small (Figure 3-8). The stability of the Lys and Leu 

mutants are very similar despite the fact that sidechains have different shapes. Lysine can make 

hydrophobic interactions with the Pro62 ring via the four carbon methylene units in its sidechain. 

The similar stability may reflect the fact that the sterics of the Pro interaction are less important 

in the present case because the groups are located on the protein surface. 

 

3.3.4 Double mutant cycle analysis indicates that there are weak, but energetically 

favorable interactions between Pro62 and Trp64 

Double mutant cycle analysis was used to measure the coupling free energy, ∆∆G
o
coupling, 

between Pro62 and Trp64. As noted in chapter 2, the coupling free energy is not equal to the 
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contribution that the interaction makes to protein stability because desolvation effects are not 

included in the analysis, as they cancel to first order (61, 179). This is important when analyzing 

charged and polar interaction, but is likely to be less important here because the residues are 

nonpolar and on the surface. As discussed in chapter 2, an important point is that the standard 

interpretation of coupling free energies always makes the assumption that the mutations do not 

alter the free energy of the denatured state ensemble (DSE) or that they alter them in such a way 

that the cycle cancels unfolded state effects. When this is true the coupling free energy represents 

the strength of the interaction in the native state. It is very difficult to determine if mutations alter 

the energetics of the DSE. It is worth noting that there is experimental evidence for residual 

structure in the DSE of HP36 (80, 155, 156). In addition, a Pro-to-Ala substitution should affect 

local conformational propensities in the DSE owing to the steric constraints imposed by a proline 

and should thus modulate the chain entropy of the unfolded state. The calculated interaction free 

energy between Pro62 and Trp64 is a favorable 0.5 kcal/mol. The value is small, but not zero.  

 

3.4 Discussion 

The data presented here shows that all of the mutants are well folded and the spectroscopic 

evidence indicates that they share the same fold as wildtype, while the denaturation experiments 

indicate that the mutants, like the wildtype, appear to fold cooperatively. Note in particular the 

similarity in the ∆H
o
 of unfolding extrapolated to a common temperature and the close 

correspondence of the m-values for the mutants and for HP36. The data show that while Pro62 

and Trp64 make contributions to the stability of the subdomain, they are not essential for 

specifying the structure of the folded state. In fact their contribution to stability is well within the 

range observed for mutations at other positions in HP36. For example single Phe to Leu 
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substitutions at position 47, 51 or 58 have larger effects on the stability than do any of the Pro62 

or Trp64 mutants. Even the P62AW64L double mutant has a smaller effect on stability than a 

F58L single mutant (125). The Phe-to-Leu mutations described in chapter 2 involve residues 

buried in the core and one might argue that their mutation to Leu should be expected to lead to 

larger perturbations in ∆G
o
 than mutation of residues such as Pro62 and Trp64 which lie on the 

surface and make more localized interactions. However, the energetic effect of the Pro62 or 

Trp64 single mutations are also comparable to the effects observed for other surface mutations 

and even the P62AW64L double mutant is not significantly more destabilizing than other pairs of 

surface mutants (147). For example, replacing Ala68 and Met70 in DM HP36 with Asn and Lys 

to regenerate the wildtype sequence leads to a ∆∆G
o
 of ~1.8 kcal/mol while the P62AW64L 

double mutant destabilizes DM HP36 by ~2.3 kcal/mol. Thus, Trp64 and Pro62 do not appear to 

have unique roles, but rather make typical contributions to the stability of the subdomain. The 

fact that some mutations at these sites fail to fold in some constructs is simply due to the low 

stability of the wildtype.          

The concept of gatekeepers is intriguing, but it would seem desirable, from the prospective 

of evolutionary fitness, to avoid having to rely on a small subset of critical sites to specify a fold 

since having a broader distribution of sites that contribute to defining the fold might be more 

robust to random mutation. 

As previously noted, analysis of large body of protein thermodynamic data has led to 

scaling laws relating the magnitude of ∆G
o 

and Tm to size. The approximate relationship is 

derived based on parameterization of ∆S
o 
and ∆H

o
 per residue for globular proteins (184, 200). It 

is instructive to compare the stability of HP36 normalized by the number of residues, N, to the 

normalized stability of other proteins. If very small domains required exceptional interactions to 
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fold one would expect that their normalized stability would be larger than observed for more 

typical globular proteins. Figure 3-9 displays a plot of ∆G
o
/N vs. N for a set of proteins listed in 

Table 3-3. The proteins originally analyzed by Ghosh (200) and Dobson (201) are included, but 

domains which contain disulfides or bind cofactors are excluded. Data for additional 5 proteins 

which are less than 50 residues are included in the plot (180, 202, 203). No detectable correlation 

is observed between size and normalized stability. The average value is 0.067 ± 0.023 kcal/mol 

per residue. The value of HP36, 0.089, is well within this range.  

    It is also interesting to examine the relationship between ∆G
o 

and Tm for the mutants of 

HP36. The available data for Pro62, Trp64, core aromatic, and other surface residues is plotted in 

Figure 3-10. Measurements reported under identical solution conditions and made using the 

same methodology are included (125, 147). The previously analyzed mutants exhibit an 

empirical linear relationship between Tm and G
o

. The Pro62 and Trp64 single mutants and the 

double mutant fall on the line, providing further evidence that they make typical contributions to 

stability. The large changes in Tm observed for mutations in HP36 do not require that the residue 

in question makes exceptional contributions to stability, instead they reflect the expected size 

dependent relationship between ∆∆G
o 
and ∆Tm (184). 

    The analysis presented here, together with other studies of small stably folded proteins, 

argues that special, highly optimized interactions are not required to stabilize their structures 

(183, 194). Instead the thermodynamics and cooperativity of their folding are normal in the sense 

that their behavior falls within the range predicted by relationships between protein size and 

folding thermodynamics. On a practical level the analysis presented here illustrates the utility of 

using stabilized domains for the thermodynamic analysis of small proteins and reinforces the 

importance of measuring ∆∆G
o 

as well as ∆Tm. In the present case mutation of two solvent 
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exposed surface residues lead to the DM HP36 variant that was sufficiently stable to allow the 

energetic costs of other mutations to be accurately described. 

Finally, we note that a recent computational study estimated the energetic consequence, 

∆∆G
o
, of the Pro62-to-Ala mutation to be 1.2 kcal/mol (152). The calculation could not be 

directly compared to experimental data since only ∆Tm values were available in the literature. 

Our data shows the calculation is remarkably accurate. 
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Table 3-1. Comparison of theoretically calculated and apparent molecular weights from AUC 

data for the four single mutants and one double mutant. The uncertainties were the standard 

errors to the fit. 

 

Mutant Protein concentration Theoretical MW Observed MW 

DM P62A 90 μM 4124 4630 ± 49 

DM W64L 90 μM 4076 4471 ± 58 

DM W64K 90 μM 4091 4591 ± 123 

DM W64A 20 μM 4035 4631 ± 412 

DM P62AW64L 

20 μM 4051 4028 ± 223 

50 μM 4051 4578 ± 124 

90 μM 4051 5115 ± 70 
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Table 3-2. Thermodynamic parameters for the unfolding of HP36 and DM HP36 mutants. Data were collected at 25 
o
C in 10 mM 

sodium acetate, 150 mM sodium chloride, pH 5.0. 

 

Protein Tm (
o
C) 

∆H
o
(Tm) 

(kcal/mol) 

∆H
o
(75

o
C) 

(kcal/mol) 

∆Cp
o
=0.23 

∆H
o
(75

o
C) 

(kcal/mol) 

∆Cp
o
=0.38 

∆Gu
o
 

(kcal/mol) 

m-value 

(kcal/mol
.
M) 

CM 
1
 

(M) 

HP36 
2
 73.0±1.5 31.8±0.3 32.3 32.6 3.17±0.06 0.52±0.01 6.2 

DM HP36 
2
 90.6 ----- 

3
 -----

3
 -----

3
 4.94-5.06 ----- 

4
 9.6 

DM P62A 71.8±0.3 35.5±0.5 36.2 36.7 3.67±0.12 0.52±0.02 7.5 

DM W64A 78.7±0.4 37.8±0.4 36.9 36.4 3.97±0.07 0.52±0.01 7.85 

DM W64L 74.4±0.3 36.6±0.4 36.7 36.8 3.58±0.05 0.52±0.01 6.75 

DM W64K 74.9±0.4 36.4±0.5 36.4 36.4 3.59±0.10 0.53±0.02 6.4 

DM 

P62AW64L 
67.9±0.4 36.2±1.2 37.8 38.9 2.74±0.07 0.48±0.01 5.5 

 

The numbers listed after the ± symbol are the standard errors to the fit. 

1) CM is determined by calculating the derivative of the plot of CD signal vs. [urea]. 

2) Date for HP36 and DM HP36 taken from Bi et al.(147) 

3) The high thermal stability of DM HP36 prevented determination of ∆H
o
(Tm). 

4) The high stability of DM HP36 prevents an accurate estimate of the m-value. 
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Table 3-3. Thermodynamic parameters of the proteins 

 

Protein 
PDB 

code 

Chain 

length 

ΔG 

(kcal/mol) 

ΔG/N 

(kcal/mol
.
res) 

Temperature 

(
o
C) 

Thermophilic/ 

Mesophilic? 

Unfolding 

condition 

Abp1 SH3 
1
 1JO8 69 3.11 0.045 25 M Gdn

.
HCl 

ACBP 
1
 2ABD 86 7.80 0.091 5 M Gdn

.
HCl 

ADAh2 
1
 1PBA 81 4.09 0.050 25 M urea 

CI2 
1
 1COA 66 7.78 0.118 25 M Gdn

.
HCl 

CTL9 
1
 1DIV 93 6.51 0.070 25 T urea 

FKBP12 
1
 1FKB 110 5.60 0.051 25 M urea 

FRB 
1
 2GAQ 100 6.34 0.063 23 M Gdn

.
HCl 

HPr 
1
 1HDN 85 4.98 0.059 25 M urea 

Im7 
1
 1CEI 87 6.34 0.073 10 M urea 

Im9 
1
 1IMQ 86 6.24 0.072 10 M urea 

NTL9 
1
 2HBB 56 4.14 0.074 25 T Gdn

.
HCl 

raf RBD 
1
 1RFA 81 6.22 0.077 25 M Gdn

.
HCl 

Spectrin SH3 
1
 1SHG 64 3.33 0.052 25 M urea 

Src SH2 
1
 1HCS 112 7.42 0.066 25 M urea 

Src SH3 
1
 1SRL 64 3.80 0.059 22 M Gdn

.
HCl 

U1A 
1
 1URN 103 8.33 0.081 25 M Gdn

.
HCl 

Ubiquitin 
1
 1UBQ 76 7.13 0.094 25 M Gdn

.
HCl 

lamba repressor 

G46AG48A 
1
 

1LMB 80 4.81 0.060 37 M urea 

CspB 
1
 1CSP 66 4.81 0.073 25 M Gdn

.
HCl 

CspB 
1
  68 6.32 0.093 25 T Gdn

.
HCl 

CspA 
1
 1MEF 69 3.01 0.044 25 M urea 

CspA 
1
 1MEF 69 2.89 0.042 10 M urea 

PI3 kinase 
1
 1PKS 84 3.40 0.040 20 M Gdn

.
HCl 

Fyn 
1
 1NYF 67 6.00 0.090 20 M Gdn

.
HCl 

TWIg18 
1
  93 3.90 0.042 20 M urea 

TNfn3 (short form)
1
 1TEN 90 4.81 0.053 20 M urea 

TNfn3 (long form) 
1
  90 6.70 0.074 25 M urea 
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Arc repressor 
1
 1ARR 106 6.32 0.060 25 M urea 

IgG binding domain 

of protein L 
1
 

2PTL 62 4.59 0.074 22 M Gdn.HCl 

Hpr 
1
 1HDN 85 4.59 0.054 20 M Gdn

.
HCl 

Muscle Acp 
1
 1APS 98 5.41 0.055 28 M urea 

T4 Lysozyme 
2
 1L63 164 10.67 0.065 25 M thermal 

acyl carrier protein 
2
 1ACP 77 2.78 0.036 25 M thermal 

IL-1β 
2
 6I1B 153 5.53 0.036 25 M thermal 

Barnase 
2
 1BNI 110 10.50 0.095 25 M urea 

Barstar 
2
 1BTA 89 4.81 0.054 25 M urea 

ROP 
1
 1ROP 126 7.73 0.061 25 M Gdn

.
HCl 

B2 of protein G 
2
 1PGX 56 5.55 0.102 25 M thermal 

B1 of protein G 
2
 1PGB 56 5.74 0.103 25 M urea 

stefin A 
2
 1CYV 98 9.35 0.095 25 M thermal 

Sac7d 
2
 1AZQ 66 4.57 0.069 25 T thermal 

1-39 NTL9 
3
  39 1.76 0.045 25 T urea 

PSBD 
4
 1PRB 41 2.14 0.052 25 T Gdn

.
HCl 

GA 
4
 2PDD 47 4.71 0.100 25 M urea 

UBA 
4
 1UBA 45 1.40 0.031 25 M Gdn

.
HCl 

hPin1 WW 
5
 1I6C 34 1.78 0.052 37 M thermal 

S16 
2
 3BN0 112 6.22 0.056 25 T thermal 

CheY 
2
 1TMY 120 9.47 0.079 25 T thermal 

Sso7 
2
 1SSO 62 7.92 0.128 25 T thermal 

MGMT 
2
 1MGT 174 10.12 0.058 25 T thermal 

Cold Shock Tm 
2
 1G6P 66 4.02 0.061 25 T thermal 

Ribosomal L30E 
2
 1H7M 100 11.84 0.118 25 T thermal 

TRP repressor 
2
 2OZ9 107 10.14 0.095 25 M thermal 

Parvalbumin 
2
 5CPV 108 13.09 0.121 25 M thermal 

HistidineBSt 
2
  88 9.31 0.106 25 T thermal 

HT c552 
2
 1AYG 80 7.44 0.093 25 T thermal 

RNaseH 
2
 1RIL 166 8.85 0.053 25 T thermal 

SPCI 
2
  180 13.04 0.072 25 M thermal 
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Histidine Bh 
2
  87 7.73 0.089 25 T thermal 

Btk 
2
 1AWX 64 3.95 0.062 25 M thermal 

Iso2 Cytochrome 
2
 1YEA 112 10.45 0.094 25 M thermal 

Sem5 
2
 1KFZ 60 6.48 0.108 25 M thermal 

Cold Shock Bc 
2
 1C9O 66 4.81 0.073 25 M thermal 

Histidine St 
2
 1Y4Y 87 8.80 0.101 25 T thermal 

Bergerac D48G 
2
 1BK2 57 4.90 0.086 25 M thermal 

HistidineBS 
2
 1SPH 88 6.00 0.068 25 M thermal 

Bergerac SHH 

mutant 
2
 

2OAW 65 4.86 0.075 25 M thermal 

Tec 
2
 1GL5 63 3.16 0.050 25 M thermal 

Glutamate 

dehydrogenase 

domain II 
2
 

1B26 149 5.10 0.034 25 T thermal 

Itk 
2
 2RNA 57 3.06 0.054 25 M thermal 

Abl 
2
 1BBZ 63 3.61 0.057 25 M thermal 

Cytochrome b562 
2
 1QPU 106 5.14 0.049 25 M thermal 

Bergerac SHA 

mutant 
2
 

 70 4.21 0.060 25 M thermal 

Bergerac SH3 
2
 1SHG 62 3.71 0.060 25 M thermal 

Lac Repressor 

Headpiece 
2
 

1LCD 51 2.56 0.050 25 M thermal 

Rnase B 
2
 1RBB 124 11.24 0.091 25 M thermal 

Histidine Ec 
2
 1POH 85 5.26 0.062 25 M thermal 

Arabinose Binding 

Protein 
2
 

1ABE 305 14.83 0.049 25 M thermal 
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EIN 
2
  258 11.39 0.044 25 M thermal 

Lamda-Repressor 

6-85 
2
 

1LMB 80 4.31 0.054 25 M thermal 

Cold Shock A 
2
 1MJC 70 2.92 0.042 25 M thermal 

CT-Acp 
2
 2VH7 98 4.21 0.043 25 M thermal 

ECAD2 
2
 1EDH 106 6.24 0.059 25 M thermal 

α-sarcin 
2
  150 9.81 0.065 25 M thermal 

Stefin B 
2
 1STF 95 3.83 0.040 25 M thermal 

Rnase Sa3 
2
  99 5.19 0.052 25 M thermal 

S16 
2
  117 3.21 0.028 25 M thermal 

CheY 
2
 3CHY 120 3.13 0.026 25 M thermal 

HP36 1VII 36 3.22 0.089 25 M urea 

 

1) Data from ref. (201) 

2) Data from ref. (200) 

3) Data from ref. (180) 

4) Data from ref. (203) 

5) Data from ref. (202)
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Figure 3-1. (a) A ribbon diagram of the structure of DM HP36 (147) generated using PyMOL, 

version 0.99. The N and C-termini are labeled. Pro 62 and Trp 64 are shown in space filling 

format and are labeled. (b) A space filling representation of DM HP36 shown in the same 

orientation as part (a). The primary sequence of DM HP36 is shown together with a diagram of 

the secondary structure at the bottom of the figure. α-helices are displayed as cylinders. Pro62 is 

indicated in blue, Trp64 in red and the sites which are mutated in DM HP36 relative to widltype 

are underlined. 

 

 

  

(a) (b) 
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Figure 3-2. Far UV CD spectra show that all mutants are folded. (a) DM HP36, (b) DM P62A, 

(c) DM W64A, (d) DM W64L, (e) DM W64K, (f) DM P62AW64L. All spectra were collected at 

25
o
C in 10 mM sodium acetate, 150 mM sodium chloride, pH 5.0 using a 0.1 cm cuvette. 
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Figure 3-3. 
1
H NMR spectra show that all mutants are folded. (a) Stacked plot of the downfield 

region of the spectra of the mutants. (b) Stacked plot of the upfield region of the spectra of the 

mutants. Spectra are labeled to denote the mutant to which they correspond. The sharp peak at 

0.0 ppm is the chemical shift standard. All spectra were collected at 25
o
C in 90% H2O, 10% D2O, 

10 mM sodium acetate, 150 mM sodium chloride at pH 5.0. 
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Figure 3-4. Concentration dependent analytical ultracentrifigation data for the DM P62AW64L 

double mutant. Sample concentrations were (a) 20μM, (b) 50μM and (c) 90μM. The apparent 

molecular weights were 4028, 4578 and 5115 respectively. The residuals for a fit to a single 

species model are shown at the bottom of each plot. Experiments were conducted at pH 5.0 in 10 

mM sodium acetate 150 mM sodium chloride. 
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Figure 3-5. Analytical unltracentrifigation data collected for the various single mutants at  25 
o
C, pH 5.0, 10 mM sodium acetate 150 mM sodium chloride. (a) DM P62A at 90 μM, (b) DM 

W64L at 90 μM, (c) DM W64K at 90 μM, (d) DM W64A at 20 μM. The apparent molecular 

weights are: 4630 for DM P62A, 4471 for DM W64L, 4591 for DM W64K and 4631 for DM 

W64A. The residuals for a fit to a single species model are shown at the bottom of each plot. 

Experiments were conducted at pH 5.0 in 10 mM sodium acetate 150 mM sodium chloride. 
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Figure 3-6. CD monitored thermal unfolding curves for DM HP36 and mutants. (a) DM HP36, 

(b) DM P62A, (c) DM W64A, (d) DM W64L, (e) DM W64K, (f) DM P62AW64L. Samples 

were between 15 μM and 30 μM protein in 10 mM sodium acetate, 150 mM sodium chloride, pH 

5.0 in a 1.0 cm cuvette. The CD signal was recorded at 222 nm. The solid line represents the best 

fit to a two-state folding transition. 
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Figure 3-7. CD monitored urea induced unfolding curves for DM HP36 and mutants. (a) DM 

HP36, (b) DM P62A, (c) DM W64A, (d) DM W64L, (e) DM W64K, (f) DM P62AW64L. 

Samples were between 15 μM and 30 μM protein in 10 mM sodium acetate, 150 mM sodium 

chloride, pH 5.0. The CD signal was recorded at 222 nm. The solid line represents the best fit to 

a two-state folding transition. 
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Figure 3-8. Residue level helix content calculations for DM HP36 and the three Trp mutants 

using AGADIR program (http://agadir.crg.es/). 
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Figure 3-9. A plot of stability normalized by size, ∆G
o
/N, vs. protein size in residues, N. The 

solid line represents the average value, 0.067 kcal/mol per residue. The dashed lines represent ± 

one standard deviation. The value for HP36 is indicated as a red triangle. 
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Figure 3-10. A plot of ∆G
o
 vs Tm for DM HP36 mutants. The values for the Pro62, Trp64 

mutants are indicated as red circles and non Pro62, Trp64 mutants as blue circles. The solid line 

represents a linear fit to all of the points, with a slope of 0.100 ± 0.006 kcal mol
-1
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4. Rational modification of protein stability by targeting surface sites: simple approaches, 

complicated results. 

 

Abstract 

The rational modification of proteins to improve their stability or solubility is an important 

goal in biotechnology and protein design. The mutation of charged surface residues is an attractive 

approach since surface mutations run little risk of perturbing the structure. It is generally thought 

that surface exposed charged residues are not involved in critical packing interactions, are not 

subject to large desolvation penalties upon folding, and are not involved in unfolded state 

electrostatic interactions, thus residues to target can be selected using estimates of the surface 

electrostatic potential. Any increase in stability is usually assumed to result from modification of 

native state electrostatic interactions and the approach is believed to avoid generating a 

significant number of false negatives. We use a combined computational and experimental 

approach to show that the situation is much more complicated, even for very simple proteins. 

Individual mutation of three surface exposed lysines, K48, K65 and K70, in the villin headpiece 

helical domain increases G
o
 of unfolding by 0.7 to 1.2 kcal mol

-1
 and increases the melting 

temperature by 4 to 9 ºC.  The residues are on the surface and exposed, but the mechanism of 

stabilization is very different in each case. The K48M mutation actually destabilizes native state 

electrostatic interactions, but has a more pronounced effect on unfolded state interactions leading 

to a net increase in stability. The K65M mutation alters the desolvation penalty paid by this 

residue in the native state, while the K70M mutation introduces new packing interactions, but 

does not alter electrostatic interactions significantly in the folded or unfolded states. Only one of 

these sites would be identified by currently available algorithms designed to target surface 
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electrostatics. 
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4.1 Introduction 

Protein stability is an important consideration in protein engineering, and there is a great 

interest in developing methods to increase the stability of a protein. Major forces in folding of 

globular proteins are the hydrophobic interaction and hydrogen bonding, and they are just able to 

overcome the major force favoring unfolding, that is conformational entropy. Most globular 

proteins have a low conformational stability of just 2-10 kcal/mol (204). It is known that many 

proteins are unfolded under physiological conditions, but fold when it is required for their 

function (205). Thus, net interactions in the 1-3 kcal/mol range such as electrostatic interaction 

become important. Surface electrostatic interactions in proteins are potentially attractive targets 

for the rational redesign of proteins because it is difficult to design a protein by burying 

hydrophobic surface or by adding hydrogen bonds. This approach relies upon identifying 

residues which are involved in unfavorable surface electrostatic interactions, typically interactions 

with residues of the same charge, or by identifying sites where new favorable electrostatic 

interactions can be introduced. Several studies have shown that charge reversal mutations on the 

protein surface can be used to increase stability by > 1 kcal/mol (206-211). Some of the stability 

increases are less than predicted by summing the charge-charge interactions using Coulomb’s law 

and it is suggested that the charge-charge interactions that stabilize the folded state of proteins also 

stabilize the unfolded state so that the net contribution to protein stability is small (212).  

Sites to be modified are selected based upon electrostatic calculations which treat the 

electrostatic interactions as a sum of pairwise additive terms. Methods include simple inspection 

of the protein surface, modified Tanford-Kirkwood approaches, and Poisson Boltzmann (PB) 

calculations. PB calculations can be combined with molecular dynamics simulations to treat 

protein flexibility and possible relaxation of the protein matrix. Irrespective of the details, the 
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strategy is based upon the assumption that surface electrostatic interactions can be modified 

without altering other native state interactions or without altering unfolded state energetics. An 

attractive aspect of these approaches is that they are computationally inexpensive and, unlike 

selection based methods or directed evolution, involve the generation of a limited number of 

mutants. The methods are thought to delineate all sites which are targets for rational redesign, 

provided that the energetics of charged surface residues are dominated by electrostatic and 

desolvation effects, and are thus believed to avoid false negatives.   

The villin headpiece helical subdomain is a small, cooperatively folded three helix protein. 

Despite its small size, the domain is a typical cooperatively folded globular protein and is 

stabilized by a typical balance of interactions. There are ten charged residues in the protein 

including two Asp, two Glu, one Arg and five Lys residues (Figure 4-1). The lysine residues are 

distributed across the surface of the protein and their sidechain solvent accessibility ranges from 

39% to 72% (Table 4-1). However, the solvent accessibility of their NH3
+
 group ranges from 76% 

to 89% (Table 4-1). The solvent accessibility is calculated by the NACCESS program (213) based 

on the 200 snapshots of the MD simulation trajectory from the crystal structure of HP36 reported 

in ref. (147). The percentage sidechain exposure was given by the ratio of side-chain surface area 

to "random coil" value, that is the average solvent-accessible surface area of X in the tripeptide 

Gly-X-Gly in an ensemble of 30 random conformations (214). The percentage of NH3
+
 exposure 

was given by the ratio of NH3
+
 surface area to the maximal area observed for the NH3

+ 
group in the 

calculation. Here we individually mutated each lysine to a methionine, chosen because methionine 

is approximately isosteric for lysine, and studied both native state and unfolded state electrostatic 

interactions for the three stabilized mutants. We show that the situation is much more complicated, 

even for simple proteins, and demonstrate that surface charge mutants can stabilize proteins by a 
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myriad of effects, including ones which are not predicted by electrostatic based methods, even 

when only solvent exposed sites are targeted. 

 

4.2 Materials and methods 

4.2.1 Protein expression and purification 

    All proteins were expressed as a C-terminal fusion linked to the N-terminal domain of L9 by 

a factor Xa cleavage site as described in chapter 2. Uniformly labeled 
13

C, 
15

N labeled HP36 was 

produced by using M9 minimal media with 
15

NH4Cl and 
13

C glucose. The factor Xa cleavage 

was carried out at 23 
o
C for 16-20 h. All proteins were purified by ion exchange chromatography 

and reverse-phase HPLC using a gradient of 30-65% buffer B in 70 minutes. Buffer A was H2O 

(0.1% TFA) and buffer B was 90% acetonitrile and 10% H2O (0.1% TFA). The elution time for 

all proteins is around 47% buffer B. The identities of all proteins were confirmed by 

matrix-assisted laser desorption and ionization time-of-flight mass spectrometry (MALDI). The 

observed and expected molecular masses were as follows: K48M, observed 4193.9, expected 

4192.9; K65M, observed 4192.3, expected 4192.9; K70M, observed 4193.3, expected 4192.9; 

K70E, observed 4190.4, expected 4190.8; K70A, observed 4131.3, expected 4132.8; K71M, 

observed 4194.3, expected 4192.9; K73M, observed 4194.4, expected 4192.9. 

 

4.2.2 Peptide synthesis and purification 

    Peptides were synthesized by standard solid-phase Fmoc chemistry on an Applied 

Biosystems 433A automated peptide synthesizer. Peptides were cleaved from the resin with a 91% 

trifluoroacetic acid (TFA)/ 3% anisole/ 3% thioanisole/ 3% ethanedithiol mixture. Purification of 

the peptides was achieved by reverse-phase HPLC. Buffer A was 100% H2O + 0.1% TFA and 
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buffer B was 90% acetonitrile + 10% H2O + 0.1% TFA. The identities of peptides were 

confirmed by MALDI mass spectrometry. The observed and expected molecular weights were as 

follows: peptide MLSDEDFMA, observed 1056.5, expected 1057.1; peptide 

MLSDEDFKAVFGM, observed 1490.4, expected 1489.7; peptide MLSDQDFKAVFGM, 

observed 1489.4, expected 1489.0; peptide KEKGLF, observed 764.0, expected 762.8; peptide 

KKEKGLF, observed 891.9, expected 891.0. 

 

4.2.3 Protein stability measurements 

    Protein stability was measured by CD monitored urea and thermal denaturation experiments. 

Urea induced unfolding was performed at 298 K and 222 nm with samples of 15-30 μM protein 

in 10 mM sodium acetate and 150 mM sodium chloride at pH’s ranging from 3.5 to 7 on an 

AVIV 202SF spectrophotometer. The concentration of urea was increased from 0 to about 10 M 

in ~0.25 M steps. Urea concentrations were determined by measuring the refractive index. Urea 

unfolding curves were analyzed by a non-linear least squares fit to equation 1.12. Thermal 

unfolding experiments were performed on an Applied Photophysics Chirascan CD instrument 

over the range of 2 
o
C to 94 

o
C with a 2 

o
C interval and the signal was monitored at 222 nm. The 

buffer and protein concentration were the same as used in the urea denaturation experiments, but 

the pH range was from 2 to 3.5. Thermal unfoldingwas used at low pH because achieving low 

pH values in urea solutions requires the addition of significant amounts of acid owing to 

protonation of the urea. The reversibility was confirmed by comparing the initial CD signal at the 

start of the run to the signal measured after the run was completed and the sample was cooled to 

the starting temperature. All thermal unfolding curves were analyzed by non-linear least squares 

fitting using SigmaPlot. Data was fit to equation 1.10.  
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4.2.4 Protein pKa measurements 

The pKa values of the Asp and Glu in wildtype were measured by following the chemical 

shifts of the side-chain carboxyl carbons over the pH range of 2 to 7. All chemical shifts were 

determined using 2D version of the HCACO experiments at various pH values, after adjusting 

the pH using HCl and NaOH. The pKa values of the Asp and Glu in K48M, K65M and K70M 

mutants were measured by observing the chemical shifts of Hβ and Hγ respectively over the 

same pH range as above. The pKa of the C-terminal residue, F76, was determined by following 

the Hα chemical shifts of as a function of pH. TOCSY experiments with 75 ms mixing time were 

conducted at various pH values in order to determine the proton chemical shifts. Data were fit 

into Henderson-Hasselbalch equation to determine the pKa:                   

                      
)(

)(

101

10
)(

pHpK

pHpK

acidbasepH










                     (4.1) 

where δ is the chemical shift, δbase is the chemical shift associated with the unprotonated residue, 

δacid is the chemical shift associated with the protonated residue, and pK is the pKa value for the 

residue. δbase and δacid were described as a linear function of pH: a + b × pH. Data were fit using 

the nonlinear least-squares regression routine in the program SigmaPlot. 

 

4.2.5 Peptide pKa measurements 

    The pKa values of D44, E45 and D46 in the peptides were measured by following the 

chemical shifts of Hβ, Hγ and Hβ respectively using TOCSY experiments over the pH range of 

2-7. The pKa values of E72 in the peptides were measured by monitoring the Hγ chemical shifts 

through 1D NMR experiments over the pH range of 2-7. The pKa values of F76 in the peptides 

were measured by the Hα chemical shifts through 1D NMR experiments over the pH range of 

3-7 and through TOCSY experiments over the pH range of 2-3. Data were fit to the 
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Henderson-Hasselbalch equation (equation 4.1) to determine the pKa values. 

 

4.2.6 Molecular dynamics (MD) simulation 

The MD simulation was performed by Mr. Vadim Patsalo using CHARMM22-CMAP 

molecular mechanics force field with TIP3P water model. The simulation time was 200 

nanoseconds.  

 

4.2.7 Poisson Boltzmann (PB) calculations 

    The PB calculations were performed by Mr. Vadim Patsalo with the Integrated Continuum 

Electrostatics (ICE) software package. 200 snapshots were collected over the 200 ns simulation. 

Electrostatic contributions of side chains to protein stability were obtained using standard methods 

by solving the linearized Poisson−Boltzmann equation using a multigrid finite-difference solver. 

 

4.3 Results 

    Lysine to methionine mutations at positions 71 or 73 have no significant effect upon the 

stability of HP36, but were stabilizing at positions 48, 65 and 70 (Table 4-2 and Figure 4-2), 

increasing G
o
 of unfolding by 0.7 to 1.2 kcal mol

-1
 depending upon the site and increasing the 

melting temperature (Tm) by 4 to 9 ºC (Table 4-2). In the following studies, we will focus on the 

three stabilizing mutants: K48M, K65M and K70M. The far UV CD spectra of all the mutants are 

very similar to that of HP36 wildtype indicating that all mutants are folded, and adopt the wildtype 

helical structure (Figure 4-3). 
1
H NMR spectra provide further evidence that each mutant is well 

folded and the core packing is not disrupted (Figure 4-4). As discussed in chapter 2, HP36 has a 

characteristic chemical shift of 10.5 ppm for the indole N-H resonance of Trp64 in the native state. 
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A single peak for the protein at 10.5 ppm was observed in the spectrum of each mutant. HP36 also 

contains several ring-current-shifted methyl resonances which are diagnostic of the fold. One 

example is the peak below 0 ppm that corresponds to the methyl protons of Val50. Another one is 

the C4 proton of Phe47 which is strongly shifted in the spectrum of the wildtype appearing at 5.5 

ppm due to its interaction with the other two core aromatic residues, Phe51 and Phe58. All of the 

mutants display those two peaks (Figure 4-4). Moreover, the values of H
o
 of unfolding are very 

similar, consistent with no significant perturbation of core packing (Table 4-2).  

K48, K65 and K70 are surface exposed or partially exposed charged residues (Table 4-1) and 

the significant increase in stability would normally be assumed to be due to alteration of native 

state electrostatics in accord with protein design principles. In order to determine the molecular 

origins of the significant stabilization, we first measured the pKa’s for the acidic residues in the 

folded states of wildtype HP36 (Figure 4-5) and each mutant (Figure 4-6, 4-7, and 4-8). pKa’s are 

strongly influenced by electrostatic interactions and are sensitive reporters of changes in the 

electrostatic environment (132). The folded state pKa values in wildtype HP36 and the three 

mutants are summarized in Table 4-3. D44, E45 and D46 in wildtype HP36 have native state pKa’s 

which are lower than model compound values by 0.4 to 1 pKa units indicating that they make 

favorable native state electrostatic interactions. The effect of the K48M mutant is striking; it 

significantly perturbs the pKa of E45 increasing it by more than 0.7 pKa units. Its effect on the 

other Asp and Glu pKa’s is much smaller ranging from 0.04 to 0.27 pKa units. The mutation thus 

results in loss of a favorable native state electrostatic interaction, yet it still stabilizes the protein. 

The pKa values for the acidic residues in K65M and K70M are very similar to those in wildtype 

indicating that these two mutations do not significantly alter the native state electrostatic 

environment sensed by the acidic residues and that these mutations do not introduce new favorable 
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electrostatic interactions even though they significantly stabilize the domain. The mutants must 

exert their stabilizing effects by other means; possibilities include alteration of repulsive 

interactions with other positively charged sites, the introduction of new native state 

non-electrostatic interactions or the alteration of unfolded state energetics. These possibilities are 

systematically examined below. 

    In order to gain more insight we turned to a computational analysis of the domain. A 200 

nanosecond long molecular dynamics trajectory in explicit water was generated by Mr. Vadim 

Patsalo for wild type HP36 using the CHARMM22-CMAP force field and starting from the 1.4 Å 

resolution crystal structure reported in ref. (147). 200 snapshots collected over the 200 

nanoseconds were sampled and PB calculations performed on each and the results averaged. Use 

of an ensemble of structures helps to take into account the effects of protein dynamics. These 

calculations generate large amounts of data which can be challenging to represent in a simple 

fashion. We use a “bar code” representation developed by Mr. Patsalo in which the strength of an 

interaction in a particular snapshot is represented as a colored bar, the shading representing its 

strength (Figure 4-9). As shown in the figure, D44 and R55 form a very strong favorable 

interaction, consistent with our observation that D44 has a 1 pKa unit depressed native state pKa 

value. The calculation also shows that E45 interacts favorably with K48, consistent with the 

conclusion obtained from the pKa analysis. For the three Lys residues, only K48 is involved in a 

favorable interaction with E45, the others make no interactions or weak interactions. Taking the 

desolvation penalty into account, we calculated the mutational free energy for each residue, the 

effect of going from an uncharged, hydrophobic isostere to a charged sidechain. The free energy is 

the sum of the desolvation penalty paid by the residue and the interaction free energy. The sign of 

the mutation free energy indicates whether the transformation is favorable or unfavorable. A 
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negative mutation free energy means that it is favorable to turn on the charges, while groups which 

are more favorable as uncharged (hydrophobic) isosteres will have a positive mutation free energy. 

Table 4-4 summarizes the calculated mutation free energies for K48, K65 and K70 in wildtype 

HP36. The calculations predict that K65 is not favorable, K70 neutral, and K48 favorable in the 

native state. It appears that the increased stability of K65M results from reduction of the 

desolvation penalty at this site upon folding, but the desolvation effects do not account for the 

effects of K48M or K70M. 

To investigate the possibility that the mutations decrease electrostatic repulsion between the 

positively charged residues, we measured the G
o 

(mutant) – G
o
 (wild type) as a function of pH 

for each mutant (Figure 4-10). If the increased stability is due to the charge repulsion, the stability 

difference should be maintained at low pH. The difference in stability between K65M and 

wildtype is decreased by lowering the pH, from 0.6±0.1 kcal mol
-1

 at pH 6 to 0.1±0.1 kcal mol
-1

 

at pH 2. The difference between K48M and wildtype also decreases, in this case from 0.8±0.1 

kcal mol
-1 

at pH 6 to 0.3±0.1 kcal mol
-1

 at pH 2. This argues that relief of charge repulsion 

between Lys residues in the native state is not the reason for the increased stability of the K65M 

and K48M mutations. However, the stability difference between K70M and wildtype is slightly 

changed as the pH decreases, from 1.0±0.1 kcal mol
-1 

at pH 6 to 0.7±0.1 kcal mol
-1 

at pH 2. This 

may argue that the increased stability of K70M is due to the removal of charge repulsion in the 

native state. To further test this possibility, we prepared another mutant, K70E. If elimination of 

charge repulsions caused the stability increase, one would expect a even larger stability increase 

for the Glu mutation than for the Met mutation. However, the stability of the K70E mutant is 

similar to that of wildtype (Table 4-2). Thus, the native state charge repulsions cannot be the 

reason for the increased stability of K70M. The PB calculations are consistent with the 
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conclusion that charge repulsion is not the reason for the increased stability of the three mutants 

(Figure 4-9). No charge repulsions are observed for the three Lys residues. 

    We next examined potential unfolded state effects. The overwhelming majority of studies of 

protein stability and folding make the assumption that mutations do not perturb the energetics of 

the unfolded state. It is extremely difficult to test this assumption and it often goes unchallenged. 

Fortunately, electrostatic interactions in the unfolded state ensemble can be probed by combining 

pH-dependent stability measurements with pKa measurements. 

    We chemically synthesized four peptide fragments from the wildtype sequence and measured 

the pKa values for the acidic residues that were used to provide a reference state for  unfolded 

state pKa values. If the calculated stability from native state pKa’s and peptide model pKa’s 

deviates from the experimental measured stability, there must be unfolded electrostatic 

interactions that perturb the unfolded state pKa’s from the peptide model values. The titration 

curves for the peptide fragments are shown in Figure 4-11, 4-12, 4-13, and 4-14. The pKa values 

are summarized in Table 4-5. Since D44, E45 and D46 are close in sequence, it is important to 

check whether they titrate independently before we perform the pH-dependent stability analysis. 

The interaction free energy calculation of wildtype shows that these three residues make minimal 

interactions with each other in the native state (Figure 4-9). In the native structure, the measured 

distances between the sidechain carbonyl group of two acidic residues are as follows: 6 Å for 

D44-E45, 7 Å for E45-D46, and 9 Å for D44-D46. The pKa values of Asp and Glu in the peptide 

fragments (Table 4-5) are very close to the random coil pKa values, 3.9 for Asp and 4.4 for Glu, 

indicating that D44, E45 and D46 do not interact with each other in this system. To further confirm 

that, we synthesized another peptide in which the Glu was replaced by Gln (Figure 4-15). The pKa 

values of the two Asp residues have little change compared to the peptide with the Glu residue 
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(Table 4-5). Thus, it is safe to perform the pH-dependent stability analysis using the assumption 

that the three residues titrate independently. Figure 4-16 shows the plots of G
o
 vs. pH for HP36 

wildtype and the three mutants. No difference between the calculated and measured stability was 

observed for the wildtype. There are two possibilities to account for this phenomenon. One is that 

there is no unfolded state electrostatic interaction, and the other is that there are both favorable and 

unfavorable interactions in the unfolded state which may cancel out each other’s effect. No 

deviation was observed for the K70M and K65M mutants revealing that these two mutations have 

little, if any, effect on unfolded state electrostatic interactions. In contrast, the K48M mutation has 

a pronounced effect. The mutation destabilizes the unfolded state ensemble and this effect 

compensates for its impact on the native state electrostatics.  

The K70M mutation has the largest effect upon stability, but appears to have no significant 

effect upon unfolded or folded state electrostatic interactions. Analysis of the high resolution 

crystal structure of the mutant reveals an unexpected result; the mutation leads to the introduction 

of new packing interactions with the phenylalanine core (Figure 4-17). The hydrophobic Met 

sidechain folds back so that it makes extensive contacts with the phenylalanine core. The 

calculated van der Waals forces between Met70 and the three core aromatic residues in the K70M 

mutant are ~ 1 kcal mol
-1

 larger than those between Lys70 and the core aromatic residues in 

wildtype. Our structural and computational analysis predicts that mutation to a smaller non-polar 

side chain will have less effect at this potion. Consequently, we examined a K70A mutation. The 

mutant folds cooperatively (Figure 4-18), but it has a free energy of folding and a Tm which are 

very similar to wild type and which are noticeably less than the K70M (Table 4-2).  
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4.4 Discussion 

In this chapter, we examined the origin of the stability increases induced by three surface 

mutations in HP36. Contrary to expectations, each mutant exerts its effect by very different 

mechanisms. We considered the possibility of altering native state electrostatics as well as 1) 

reduction of the desolvation penalty at the mutation site upon folding; 2) introduction of new 

favorable core packing interactions in the native state; 3) removal of favorable electrostatic 

interactions in both the native and unfolded state, with the magnitude of unfolded state effect being 

larger. The stabilization of K65M mutation is due to the reduction of the desolvation penalty paid 

by Lys65 in the native state. The stabilization of K70M mutation is from the introduction of new 

hydrophobic interactions between Met70 and the hydrophobic core in the native state. The 

stabilization of K48M mutation is caused by the removal of the salt bridge between Lys48 and 

Glu45 in the native state and the favorable electrostatic interaction(s) in the unfolded state. The 

potential partner is Asp44 which will be demonstrated in detail in chapter 5. Thus this mutation 

stabilizes the protein by destabilizing both the folded and unfolded state, a mechanism which 

would be impossible to detect using structure based design algorithms.   

More and more attention is being paid to the protein unfolded state since it is not random coil 

and because of the interests in intrinsic disordered proteins. We have shown that electrostatic 

interactions can play an important role in the energetics of unfolded state in HP36. But this is not a 

unique case. Unfolded state electrostatic interactions are found to be formed in Barnase (215), 

Staphylococcal nuclease (SNase) (100), mutants of the B1 domain of protein G (104), turkey 

ovomucoid third domain (OMTKY3) (216), CI2 (217), some leucine zippers (218), the drkN SH3 

domain (219), the BBL domain (105), ribonuclease Sa (RNase Sa) (220), ribonuclease H (RNase 

H) (103), thioredoxin (221), N-terminal domain of L9 (NTL9) (109) etc. It has been suggested that 
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when the hydrophobic and hydrogen bonding interactions that stabilize the folded state are 

disrupted, the unfolded polypeptide chain rearranges to compact conformations with favorable 

long-range electrostatic interactions (60). These charge-charge interactions might even be more 

favorable in the unfolded state than they are in the native state and will help determine the 

properties of the unfolded state. For example, a charge-reversal mutation (D17K) was made to 

stabilize the native surface electrostatics of RNase Sa but the mutant was less stable than the 

wildtype by 1 kcal mol
-1

 (60), and a lysine to methionine surface mutant has been shown to 

stabilize NTL9 by 1.7 kcal mol
-1

 due to unfolded state effects (101). HP36 is another example. K48 

forms favorable electrostatic interactions in both the native and the unfolded state, and the 

magnitude of the unfolded state interaction strength is larger than that of the native state 

interaction. 

    A peptide containing only the first 13 resides of HP36 cannot fold in isolation (155) and our 

pKa measurements of the peptide fragments display only slight changes between the peptides with 

and without K48. Thus the unfolded state interactions involving K48 are not due to just local 

sequence effects. The specific interactions presented here need to be understood in the context of 

the overall structure propensity of the unfolded state. 
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Table 4-1. Solvent accessible surface area calculations for the five lysine residues of HP36. 

 

Residue 
Sidechain 

exposure (Å
2
) 

% sidechain 

exposure
1
 

Exposure of 

NH3
+
 (Å

2
) 

% NH3
+
 

exposure
2
 

K48 95.2±15.0 58.3±9.2 38.1±8.5 76.4±17.0 

K65 87.1±6.9 53.3±4.2 44.4±3.8 89.1±7.7 

K70 63.5±11.9 38.9±7.3 40.2±7.6 80.5±15.2 

K71 117.4±18.8 71.9±11.5 42.6±4.9 85.4±9.8 

K73 72.4±12.7 44.3±7.8 37.9±6.9 75.9±13.8 

 

The numbers before the ± symbol are the average values of the 200 snapshot structures, and those 

after the ± symbol are the standard deviations. 

1) It is given by the ratio of side-chain surface area to "random coil" value, that is the average 

solvent-accessible surface area of X in the tripeptide Gly-X-Gly in an ensemble of 30 random 

conformations (214). 

2) It is given by the ratio of NH3
+
 surface area to the maximal value observed for the NH3

+ 
group in 

the calculation. 
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Table 4-2. Thermodynamic parameters for the unfolding of HP36 wildtype and the mutants 

 

Protein Tm (
o
C) 

ΔH
o
(Tm) 

(kcal mol
-1

) 

ΔG
o
 

(kcal mol
-1

) 

m-value 

(kcal mol
-1

 M
-1

) 
CM

1
 (M) 

HP36 WT 73.0±0.2 31.82±0.33 3.17±0.06 0.52±0.01 6.2 

K48M 78.0±0.4 34.07±0.38 4.11±0.08
3 

0.52±0.01
2 

7.9 

K65M 77.2±0.6 33.20±0.65 3.87±0.08
3
 0.52±0.01

2
 7.2 

K70M 82.2±0.7 33.44±0.44 4.37±0.08
3 

0.52±0.01
2 

8.4 

K71M 71.2±0.2 31.86±0.36 3.00±0.06 0.49±0.01 6.1 

K73M 69.5±0.2 30.42±0.36 3.05±0.05 0.49±0.01 6.1 

K70E 66.7±0.2 31.96±0.49 3.20±0.05 0.49±0.01 6.5 

K70A 67.6±0.4 31.37±0.73 3.07±0.06 0.51±0.01 6.0 

 

The numbers listed after the ± symbol are the standard errors to the fit. 

1) The CM value is determined by calculating the derivative of the plot of CD signals vs. [urea]. 

2) The high thermal stabilities prevent an accurate estimate of the m-value, so the value of HP36 

wildtype is used. 

3) The ΔG
o
 values are calculated using: ΔG

o
 = CM × m-value. 
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Table 4-3. Native state pKa values for the acidic residues in HP36 wildtype and the mutants. The 

uncertainties are the standard error to the fits. Experiments were performed at 25 
o
C in 90% H2O, 

10% D2O 10 mM sodium acetate, 150 mM sodium chloride. 

 

 

Residue 
Native state 

pKa’s for HP36 

Native state 

pKa’s for K70M 

Native state 

pKa’s for K65M 

Native state 

pKa’s for K48M 

D44 3.04±0.12 3.03±0.07 3.03±0.06 3.23±0.07 

E45 3.95±0.02 4.13±0.10 4.15±0.09 4.68±0.09 

D46 3.44±0.11 3.34±0.05 3.33±0.05 3.38±0.05 

E72 4.37±0.03 4.43±0.02 4.36±0.14 4.41±0.03 

C-terminus 3.17±0.14 3.13±0.08 2.91±0.10 2.90±0.06 
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Table 4-4. Calculated mutation free energy of the three Lys residues in HP36 wildtype. The 

values were determined via PB calculations and represent the average over 200 snapshots 

collected during the 200 nanoseconds MD trajectory. 

 

Residue 
Desolvation penalty 

(kcal/mol) 

Interaction free 

energy (kcal/mol) 

Mutation free 

energy (kcal/mol) 

K65 1.10 -0.03 1.07 

K70 2.31 -2.19 0.12 

K48 1.70 -4.70 -3.00 
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Table 4-5. pKa values for the acidic residues of the peptide fragments. The uncertainties represent the standard error to the fits. 

Experiments were performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. 

Residue 

number 
Peptide sequence pKa (D44) pKa (E45) pKa (D46) pKa (E72) 

pKa          

(C-terminus) 

41-53 

 

4.00±0.08 4.50±0.04 3.86±0.04   

41-49 

K48M 

 
3.97±0.06 4.49±0.05 4.06±0.09   

41-53  

E45Q 
 

3.86±0.05  4.02±0.07   

70-76 

 

   4.15±0.03 3.22±0.05 

71-76 
 

   4.28±0.02 3.29±0.04 
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Figure 4-1. A ribbon diagram of the structure of HP36 generated using PyMol (PDB code: 

1YRF). The four acidic residues are shown in red and six basic residues in blue. 
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Figure 4-2. Urea and temperature induced unfolding transitions of wildtype HP36 (●), K65M 

(○), K48M (▼), K70M (△), K71M (■), and K73M (□). All spectra were collected in 10 mM 

sodium acetate, 150 mM sodium chloride, pH 5.0 buffer using a 1.0 cm cuvette. Urea unfolding 

experiments were conducted at 25 
o
C. 
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Figure 4-3. CD monitored far-UV wavelength spectra of (a) HP36, (b) K48M, (c) K65M and (d) 

K70M. All spectra were collected at 25 
o
C in 10 mM sodium acetate, 150 mM sodium chloride, 

pH 5.0 buffer using a 0.1 cm cuvette. 

K65M 

K48M 

(a) HP36 

(d) K70M (c) K65M 

(b) K48M 
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Figure 4-4. Stacked plot of 
1
H NMR spectra of HP36, K48M, K65M and K70M. The sharp peak at 0 ppm is the chemical shift 

standard, DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid). The three characteristic peaks are labeled. Spectra were recorded at 25 
o
C 

in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride, pH 5.0 buffer. 

Indole NH-W64 C4 H-F47 CH3-V50 
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Figure 4-5. pH titration for the native state of HP36 wildtype. Carbonyl carbon chemical shifts 

were recorded as a function of pH for D44, E45, D46 and E72, while α-proton chemical shifts 

were recorded for the C-terminus. The solid curve in each graph represents the fit to equation 4.1. 

Measurements were performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM 

sodium chloride. 

  

(a) D44 

(d) E72 (c) D46 

(b) E45 

(e) C-terminus 
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Figure 4-6. pH titration for the native state of the K48M mutant. β-proton chemical shifts were 

recorded as a function of pH for D44 and D46, γ-proton shifts for E45 and E72, and α-proton 

shifts for the C-terminus. The solid curve in each graph represents the fit to equation 4.1. 

Measurements were performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM 

sodium chloride. 

  

(a) D44 

(e) C-terminus 

(d) E72 (c) D46 

(b) E45 
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Figure 4-7. pH titration for the native state of the K70M mutant. β-proton chemical shifts were 

recorded as a function of pH for D44 and D46, γ-proton shifts for E45 and E72, and α-proton 

shifts for the C-terminus. The solid curve in each graph represents the fit to equation 4.1. 

Measurements were performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM 

sodium chloride. 

  

(a) D44 

(e) C-terminus 

(d) E72 (c) D46 

(b) E45 
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Figure 4-8. pH titration for the native state of the K65M mutant. β-proton chemical shifts were 

recorded as a function of pH for D44 and D46, γ-proton shifts for E45 and E72, and α-proton 

shifts for the C-terminus. The solid curve in each graph represents the fit to equation 4.1. 

Measurements were performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM 

sodium chloride. 
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Figure 4-9. Color coded bar graphs showing the native state interactions of each snapshot in the 

200 ns simulation trajectory involving (a) D44, (b) E45, (c) D46, (d) K48, (e) K65, (f) K70, and 

(g) E72. The left vertical axis represents the components involved in the interactions and right 

axis the average interaction free energy in kcal mol
-1

. A negative number means favorable 

interaction and positive number unfavorable interaction. The black color indicates strong 

favorable interaction, grey weak favorable interaction, and cyan unfavorable interaction. 

Calculations were kindly conducted by Mr. Vadim Patsalo and reproduced here with his 

permission. 
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Figure 4-10. Protein stability difference between the mutants and the wildtype as a function of 

pH. ΔG
o
 values at pH 3.5 and higher were determined by urea unfolding studies at 25 

o
C. Values 

at pH 3 and below were determined by thermal unfolding experiments using the 

Gibbs-Helmholtz equation to extrapolate to 25 
o
C. A value of ΔCp

o
 = 0.38 kcal mol

-1 
K

-1
 was 

used. All samples contained 10 mM sodium acetate and 150 mM sodium chloride. 
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Figure 4-11. pH titration for the MLSDEDFKAVFGM peptide. β-proton chemical shifts were 

recorded as a function of pH for the two Asp residues, and γ-proton shifts for Glu. The solid 

curve in each graph represents the fit to equation 4.1. Measurements were performed at 25 
o
C in 

90% H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. The peptide has a free 

N-terminus and an amidated C-terminus. 
 

  

(a) D44 (b) E45 

(c) D46 
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Figure 4-12. pH titration for the MLSDEDFMA peptide. β-proton chemical shifts were recorded 

as a function of pH for each Asp, and γ-proton shifts for Glu. The solid curve in each graph 

represents the fit to equation 4.1. Measurements were performed at 25 
o
C in 90% H2O, 10% D2O 

10 mM sodium acetate, 150 mM sodium chloride. The peptide has a free N-terminus and an 

amidated C-terminus. 
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Figure 4-13. pH titration for the KKEKGLF peptide. γ -proton chemical shifts were recorded as 

a function of pH for Glu, and α-proton shifts for the C-terminus. The solid curve in each graph 

represents the fit to equation 4.1. Measurements were performed at 25 
o
C in 90% H2O, 10% D2O 

10 mM sodium acetate, 150 mM sodium chloride. The peptide has an acetylated N-terminus and 

a free C-terminus. 

 
  

(b) C-terminus (a) E72 
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Figure 4-14. pH titration for the KEKGLF peptide. γ -proton chemical shifts were recorded as a 

function of pH for Glu, and α-proton shifts for the C-terminus. The solid curve in each graph 

represents the fit to equation 4.1. Measurements were performed at 25 
o
C in 90% H2O, 10% D2O 

10 mM sodium acetate, 150 mM sodium chloride. The peptide has an acetylated N-terminus and 

a free C-terminus. 
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Figure 4-15. pH titration for the MLSDQDFKAVFGM peptide . β-proton chemical shifts were 

recorded as a function of pH for each Asp. The solid curve in each graph represents the fit to 

equation 4.1. Measurements were performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium 

acetate, 150 mM sodium chloride. The peptide has a free N-terminus and an amidated 

C-terminus. 
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Figure 4-16. pH-dependent stability analysis of (a) HP36 wt, (b) K48M, (c) K65M and (d) 

K70M. The continuous lines represent the calculated stability change using known native state 

pKa measurements and values for peptide fragments. The filled circles represent the measured 

stability change from urea induced unfolding experiments. The filled triangles represent the 

calculated stability change from thermal unfolding experiments using Gibbs-Helmholtz equation 

with a ΔCp
o
 value 0.38 kcal mol

-1
 K

-1
. The open triangles represent the calculated stability 

change from thermal unfolding experiments using Gibbs-Helmholtz equation with a ΔCp
o
 value 

0.43 kcal mol
-1

 K
-1

 (198). The error bars represent the standard deviations of three repeated 

experiments. Stabilities are values at 25 
o
C. Samples contained 10 mM sodium acetate and 150 

mM sodium chloride.  
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Figure 4-17. A ribbon diagram of the crystal structure of the K70M mutant showing the new 

packing interaction made by the Met sidechain. The figure was generated using PyMol from the 

X-ray structure determined by Bi et al (147). The Met70 and the three Phe residues in the 

hydrophobic core are shown in space-filling format.  
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Figure 4-18. Urea induced and thermal unfolding transitions of wildtype HP36 (●) and K70A 

(○). All spectra were collected in 10 mM sodium acetate, 150 mM sodium chloride, pH 5.0 

buffer using a 1.0 cm cuvette. Urea unfolding was conducted at 25 
o
C. 
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5. Uncovering electrostatic interactions in the unfolded state of the villin headpiece helical 

subdomain 

 

Abstract 

    pH-dependent stability analysis of the K48M mutant of the villin headpiece subdomain 

indicates that the mutation disrupts a favorable interaction in the unfolded state of HP36, but 

little is known about the partner for this group. Simulations conducted by another lab led to the 

proposal that a salt bridge between D44 and K48 is formed in the unfolded and transition state, 

but not in the native state (222). In this chapter, we first estimated the unfolded state pKa’s for 

each acidic residue based on the native state pKa values and stability measurements of each 

Asp-to-Asn and Glu-to-Gln mutant. The calculation suggests that D44 is the only residue with an 

unfolded state pKa value lower than its value in a peptide fragment, indicating that D44 is 

involved in favorable interactions in the unfolded state. We then measured the apparent 

interaction free energy between D44 and K48 by double mutant thermodynamic cycle analysis. 

The measurement reveals that D44 interacts favorably with K48 in the unfolded state and that 

this contribution to the protein stability is unfavorable by 0.75 to 1.02 kcal mol
-1

. The two 

independent approaches both provide evidence that there is an interaction between D44 and K48 

in the unfolded state of HP36. 
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5.1 Introduction 

    The unfolded state is the starting state for protein folding and the reference state for the 

stability of a protein. Thus, unfolded state interactions may perturb the unfolded state energy 

thereby affecting the thermodynamic stability and the kinetic folding barrier. The unfolded state 

was initially believed to act as random coil, but considerable lines of evidences have shown that 

it can contain hydrophobic clusters as well as native or nonnative secondary structure (223). 

Electrostatic interactions are often assumed to play a minor role in the unfolded state because the 

charge residues are thought to be well solvated, but several recent studies have suggested 

electrostatic interactions can be formed in the unfolded state and can make a significant 

contribution to the energetics of the unfolded state (60, 100-105, 215, 217-219). For example, the 

contribution of unfolded state electrostatic interactions is on the order of 4 kcal/mol for SNase 

(100), and 3 kcal/mol for chymotrypsin inhibitor 2 (217), while a Lys-to-Met surface mutant has 

been shown to stabilize NTL9 by ~ 2 kcal/mol due to modulation of unfolded state electrostatic 

effects (101). 

    The chicken villin headpiece helical subdomain is an extremely popular model system for 

experimental and computational studies. Most of these efforts have focused on folding 

trajectories, but some studies of the unfolded state have been reported. The Raleigh group has 

demonstrated that HP21, a peptide fragment containing the first and second helices of HP36, is a 

good model for the unfolded state structure and shows significant native-like structure (80, 156). 

Solid-state NMR experiments done by Havlin and Tycko have been interpreted to indicate that 

V50 in helix-1 adopts a relatively well ordered but nonhelical conformation in the unfolded state; 

A57 in helix-2 is more conformationally disordered, but retains significant helix content; and 

L69 in helix-3 is the most disordered of the three labeled residues in unfolded HP35 (224). This 
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study involved freeze quench experiments and it is not clear how accurately they report on the 

solution ensemble. Several computational groups have also reported on the unfolded state 

structure of HP36. The Shaw group observed both native and non-native secondary structure 

elements in the unfolded state of HP36 in a molecular dynamics simulation (225). Zagrovic and 

Pande showed that the simulated unfolded ensemble is as compact as the native structure in 

terms of its average radius of gyration and solvent-accessible surface area (226). Wickstrom et al. 

found that helix-1 can adopt a native-like conformation in the unfolded state, but the population 

is low if the helix is not able to interact with other elements of structure (227). Freddolino and 

Schulten found that the unfolded state of HP35 is a compact conformation with helices 1 and 3 

forming in their simulations, but the solvent-exposed surface area does not reach a native-like 

value (222). They also mentioned that the interaction between D44 and K48 was consistently 

formed in the flipped structure (correct secondary structure but incorrect relative orientations of 

the helices) and other pre-folded conformations, but not the folded state.  

    As described in chapter 4, the K48M mutation removes favorable electrostatic interactions 

in both the native and unfolded state. The native state electrostatic interaction was proven to be 

that between K48 and E45, but the unfolded state electrostatic interaction partner is unknown. A 

wide range of indirect methods has been developed to study the unfolded state under native-like 

conditions including studies of peptide fragments, destabilizing point mutants, changes in 

m-values upon mutation, amide 
1
H/

2
H exchange, and pH-dependent stability (32, 108, 109, 219, 

228). However, these studies have provided little information about the energetics of the 

unfolded state interactions. In this chapter, I will show that D44 is the interaction partner of K48 

in the unfolded state and obtain the interaction energetics by double mutant thermodynamic cycle 

analysis and by a method developed by Shen (229) to determine residue-specific unfolded state 
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pKa values. The method of Shen requires certain assumptions, (discussed below), which may not 

be met here, but the preliminary analysis is included to illustrate the approach. 

 

5.2 Materials and methods 

5.2.1 Protein expression and purification 

    The four single acidic residue mutants were expressed and purified by Dr. Bi in the Raleigh 

lab as described in her Ph.D thesis (198). The expression and purification of wildtype and K48M 

were described in chapter 4. The D44NK48M double mutant was expressed as a fusion protein 

with NTL9 as described in chapter 2. The factor Xa cleavage was carried out at 23 
o
C for 16-20 h. 

The protein was purified by ion exchange chromatography and reverse-phase HPLC using a 

gradient of 30-65% buffer B in 70 minutes. Buffer A was H2O + 0.1% TFA and buffer B was  

90% acetonitrile + 10% H2O + 0.1% TFA. The elution time is 49% buffer B. The identity was 

confirmed by matrix-assisted laser desorption and ionization time-of-flight mass spectrometry 

(MALDI). The observed molecular weight was 4193.2 and expected one was 4191.9. 

 

5.2.2 Protein stability measurements 

    Protein stability was measured by CD monitored urea and thermal denaturation experiments. 

Urea induced unfolding was performed at 25 
o
C and 222 nm with samples of 15-30 μM protein 

in 10 mM sodium acetate and 150 mM sodium chloride at pH 6.0 on an AVIV 202SF 

spectrophotometer. The concentration of urea was increased from 0 to about 10 M in ~0.25 M 

steps. Urea concentrations were determined by measuring the refractive index. Urea unfolding 

curves were analyzed by a non-linear least squares fit. Thermal unfolding experiments were 

performed on an Applied Photophysics Chirascan CD instrument at 222 nm over the range of   
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2 
o
C to 94 

o
C in 2 

o
C intervals. The buffer and protein concentration were the same as used in the 

urea denaturation experiments. Measurements were made at pH 3.0 and 6.0. The reversibility of 

unfolding was confirmed by comparing the initial CD signal at the start of the run to the signal 

measured after the run was completed and the sample was cooled to the starting temperature. All 

thermal unfolding curves were analyzed by a non-linear least squares fit to equation 1.10. 

 

5.2.3 Unfolded state pKa calculations 

    pH-dependent protein stability is related to the charge of the folded and unfolded state by 

the Wyman-Tanford linkage relationship: 
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                (5.1) 

where 
UFQ  is the difference in the net charge between the folded (F) and unfolded (U) states, 

Q
U
 is the net charge in the unfolded state and Q

F
 is the net charge in the folded state. Integrating 

equation 5.1 and applying Henderson-Hasselbach equation (eq. 1.16) will lead to: 
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    (5.2) 

where pH
ref

 is a reference pH, pKi,F and pKi,U are the folded and unfolded state pKa’s of residue i. 

Since pH
ref

 is arbitrary, it can be chosen high enough such that 
)( ,101

ref
Ui pHpK 

  ≈ 1 and 

)( ,101
ref

Fi pHpK 
  ≈ 1. Data collected at pH 6.0 were used. Table 5-1 lists the estimated values of 

)( ,101
ref

Ui pHpK 
  and 

)( ,101
ref

Fi pHpK 
 , where we use the peptide fragment values as a first 

approximation for unfolded state pKa’s, bearing mind that the purpose of the exercise is to 

determine the unfolded state pKa’s and these may differ from the peptide values. In this case, the 

electrostatic contribution from residue i is given by: 



128 

 

                          
)(

)(

,

,

101

101
ln

pHpK

pHpK

o

i
Ui

Fi

RTG







                        (5.3) 

The unfolded state pKa can be calculated if 
o

iG and folded state pKa is known. 
o

iG is 

difficult to measure directly, but the substitution of an ionizable residue by a charge-neutral one 

without altering structure gives the closest result. Assuming that the mutation does not affect 

pKa’s of other residues, equation 5.2 shows that the electrostatic contribution can be given as the 

difference between the pH-dependent stability of wildtype (WT) and mutant (MT). 

                              
o

MT

o

WT

o

i GGG                             (5.4) 

A thermodynamic cycle can be constructed by performing stability measurements for WT and 

MT at two pH values. This is the approach developed by Shen to estimate unfolded state pKa’s 

(229). 

 

5.3 Results 

5.3.1 D44 has a depressed unfolded state pKa 

    Stability measurements were conducted at pH 3.0 and pH 6.0 respectively. The high pH was 

chosen such that the acidic residues are deprotonated while the low pH was chosen such that the 

residues are at least partially protonated. Table 5-1 shows that pH 6.0 is a reasonable reference 

pH. At pH 3.0, thermal unfolding experiments were conducted to measure stability because 

achieving low pH value in urea solutions requires the addition of large amounts of acid due to the 

protonation of the urea. The free energy was calculated from Tm and ΔH
o
(Tm) using 

Gibbs-Helmholtz equation with two ΔCp
o
 values, 0.38 and 0.43 kcal mol

-1
 K

-1
 (198). The curves 

are shown as plots of CD signal recorded at 222 nm as a function of temperature in Figure 5-1. 

At pH 6.0, urea unfolding experiments were performed to measure the stability. The urea induced 
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unfolding curves are shown as plots as CD signal as a function of urea concentration in Figure 

5-2. The thermodynamic data collected at both pH 3.0 and pH 6.0 are summarized in Table 5-2. 

The pKa calculation using stabilities calculated from both ΔCp
o
 values gave very similar results. 

To make things simple, only pKa calculations using stabilities from the ΔCp
o
 value 0.38 kcal 

mol
-1

 K
-1 

will be listed in the following. 

    Since native state pKa values of HP36 WT are known (Table 4-3 in chapter 4), we can now 

calculate the unfolded state pKa’s of each acidic residue by the approch described in the 

Materials and Methods section. The results are summarized in Table 5-3 and 5-4. E45 has 

unfolded state pKa similar to the peptide fragment value. The pKa value of D44 in the unfolded 

state is 0.4 pK units lower than that of the peptide fragment, while the unfolded state pKa values 

of D46 and E72 are 0.2-0.3 pK units higher than the peptide model values. We can check the 

self-consistency of this approach by recalculating the values of (
)( ,101

ref
Ui pHpK 

 ) in order to see 

if the assumption that the quantity in brackets is approximately equal to 1.0 is valid. The values 

are also tabulated in Table 5-4. In chapter 4 we concluded that there were some favorable and 

unfavorable interactions in the unfolded state of HP36 based upon the pH-dependent stability 

analysis. The unfolded state pKa calculations here suggest that D44 is involved in favorable 

interaction in the unfolded state, and that D46 and E72 form unfavorable interaction in the 

unfolded state. 

    To further validate the unfolded state pKa estimations, we re-plot the pH-dependent stability 

graph as shown in Figure 5-3. The calculated stability curve from native state pKa’s and 

calculated unfolded state pKa’s is in good agreement with the experimentally measured stability 

data. This indicates that the calculated unfolded state pKa’s might represent the real unfolded 

state values. Note that the pKa value from peptide fragment was used for the C-terminus in the 
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calculation, because no natural amino acid mutation can remove the C-terminal carboxyl group. 

A test shows that the using of pKa(C-terminus) ± 0.2 will shift the calculated stability curve up 

or down by about 0.2 kcal mol
-1

, still agreeing with the measured stability data. 

 

5.3.2 Double mutant cycle analysis indicates that there are favorable interactions between 

D44 and K48 in the unfolded state 

Double mutant thermodynamic cycles can be used to measure the difference in the 

interaction free energy between the folded and unfolded state as given by the following equation 

(179): 

           ∆Gint(A,B)F - ∆Gint(A,B)U = ∆G
o

WT - ∆G
o

A - ∆G
o
B + ∆G

o
AB           (5.5) 

where ∆Gint(A,B)F is the folded state interaction free energy between residue A and B, 

∆Gint(A,B)U is the unfolded state interaction free energy between those two, ∆G
o
WT, ∆G

o
A, ∆G

o
B, 

and ∆G
o

AB are the unfolding free energy of wildtype, the two single mutants, and the double 

mutant. To construct the double mutant cycle, two single mutants, D44N (mentioned previously 

in this chapter) and K48M (mentioned in chapter 4), and one double mutant, D44NK48M were 

characterized. The urea induced unfolding transition of D44NK48M is shown in Figure 5-4, and 

the stability data for the wildtype and the mutants are summarized in Table 5-5. The difference in 

interaction free energy between the folded and unfolded state calculated from equation 5.5 is   

– 0.75 ± 0.17 kcal mol
-1

. The uncertainty is given by: 

                  
                 

                 
                  

       (5.6) 

The negative sign means that the strength of unfolded state interaction is larger than that of 

folded state interaction, if it exists. The PB calculations discussed in chapter 4 (Figure 4-9) 

indicated that D44 forms a very weak interaction with K48 in the native state. The Lys48-to-Met 
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mutation increases the native state pKa value of D44 by only 0.2 pKa units (Table 4-3). Since the 

error for the pKa value is about 0.1, it is hard to say if the 0.2 units increase is significant or just 

within the experimental uncertainty. If the D44-K48 salt bridge does not exist in the folded state, 

then the analysis indicates that the unfolded state interaction between the two groups will be 

energetically favorable by 0.75 kcal mol
-1

. If the native state interaction between D44 and K48 

exists, although weak, its contribution to the native state stability is 0.27 kcal mol
-1

 calculated 

from the native state pKa shift given by: 

                         ∆∆G
o
 = 2.303RT ∆pKa                              (5.7) 

In this case, the unfolded state interaction is favorable, with magnitude of 1.02 kcal mol
-1

.  

 

5.4 Discussion 

    The work described in this chapter provides evidence for the presence of unfolded state 

interactions in HP36 using two different approaches. First, through the method of Shen (229) to 

estimate residue-specific unfolded state pKa values, D44 is found to be the only one among the 

four acidic residues which has a depressed unfolded state pKa, about 0.4 pK units lower than the 

peptide model value. As discussed in chapter 4, K48 is involved in favorable interaction in the 

unfolded state. Thus, D44 likely forms a favorable unfolded state interaction with K48, as 

observed by Freddolino and Schulten in their molecular dynamic simulations of HP35 (222). 

D44 and K48 are located in helix-1 and peptide fragment studies (80) have shown that there is 

residual helical structure in the unfolded state of the protein involving this helix. Formation of 

helical structure in this region would potentially bring the sidechains of D44 and K48 into 

proximity. The D44-K48 interaction free energy difference between the folded and unfolded 

states is estimated to be – 0.75 kcal mol
-1

 based on the double mutant thermodynamic cycle 
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analysis. Taking into account that the native state interaction between D44 and K48 could range 

from 0 to 0.27 kcal mol
-1

, the unfolded state interaction free energy is thus 0.75 to 1.02 kcal 

mol
-1

. The stability difference between K48M mutant and wildtype at pH 6.0 is 0.87 kcal mol
-1

. 

So the unfolded state interaction energetics is reasonable. 

    The residue-specific unfolded state pKa calculation proposed by Prof. Shen was first used 

on NTL9 (229). That work showed that the unfolded state pKa of D8 in NTL9 is 3.05, about 0.8 

pK units lower than the peptide fragment value, which is consistent with the conclusion that D8 

and K12 form an interaction in the unfolded state of NTL9 (110). HP36 is the second system this 

method has been applied to and our analysis suggests that unfolded state contains specific 

interaction. Our analysis predicts that mutation of K48 to methionine should perturb the 

interaction made by D44 in the unfolded state. Stability measurements were performed for 

D44NK48M at pH 3.0 and 6.0 (Figure 5-4) and the unfolded state pKa of D44 estimated. The 

calculated unfolded state pKa of D44 in the K48M background is 3.99, close to the peptide 

fragment value, 3.97. This confirms our prediction. 

    Fersht and co-workers proposed that the denatured state effects are due to a moderate 

depression of all of the carboxylate pKa values for some proteins (215). Our unfolded state pKa 

calculations show that they can vary from site to site. The knowledge of unfolded state pKa’s 

allows quantitative estimation of the unfolded state contribution to the protein stability. 

Furthermore, it provides useful criteria to improve force fields in simulations and validate 

microscopic electrostatics from pH-coupled protein folding simulations (230). Figure 5-3 shows 

the plot of ΔΔG
o
 vs. pH calculated using native state pKa’s and estimated unfolded state pKa’s. 

The good agreement observed suggests, but not prove that the unfolded state pKa values are 

reasonable. 



133 

 

    Double mutant thermodynamic cycle analysis is a powerful method to calculate the 

coupling free energy between two residues. However, people usually ignore unfolded state 

interactions when performing the double mutant cycle analysis. However, more and more studies 

provide evidence that there is structure in the unfolded state, thus unfolded state interactions 

should be taken into consideration in the double mutant cycle analysis. Several, but not many 

studies have applied double mutant cycle analysis to observe the unfolded state interactions (231, 

232). For example, the ΔG
o
int between R40 and N53 in the Fyn SH3 domain was estimated to be 

– 0.4 kcal mol
-1 

and this interaction is believed to form in the unfolded state (232). Our results 

show that the ΔG
o
int between D44 and K48 in HP36 is – 0.75 kcal mol

-1
. 

Because the interaction between D44 and K48 is formed in the unfolded state, but likely not 

in the native state, monitoring the breakage of this interaction via isotope-labeled IR 

spectroscopy could be an alternate probe of HP36 folding kinetics. 

 

Future Studies 

    We could extend this study by analyzing data at even higher pH to check for consistency 

and to ensure that the conditions required for the method of Shen are met.
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Table 5-1. Estimated values of 
)( ,101

ref
Fi pHpK 

 and 
)( ,101

ref
Ui pHpK 

 . The pH
ref

 here is 6.0. 

 

residue 
Folded state 

pKa 

Peptide fragment 

pKa 

Folded state
)( ,101

ref
Fi pHpK 

  

Peptide 
)( ,101

ref
Ui pHpK 

  

D44 3.04 4.00 1.001 1.010 

E45 3.95 4.50 1.009 1.032 

D46 3.44 3.86 1.003 1.007 

E72 4.37 4.15 1.023 1.014 
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Table 5-2. Thermodynamic parameters for the unfolding of HP36 wildtype and the mutants. 

 

The uncertainties are the standard errors to the fit. 

 

  

Protein 

pH 6.0 pH 3.0 

ΔG
o
 (urea) 

(kcal mol
-1

) 
Tm (

o
C) 

ΔH
o
(Tm) 

(kcal mol
-1

) 

ΔG
o
 

(ΔCp=0.38) 

(kcal mol
-1

) 

ΔG
o
 

(ΔCp=0.43) 

(kcal mol
-1

) 

HP36 WT 3.39±0.06 52.8±0.2 25.4±0.5 1.70 1.64 

D44N 2.93±0.12 51.3±0.1 26.5±0.4 1.73 1.68 

E45Q 2.99±0.11 52.7±0.1 27.8±0.3 1.90 1.84 

D46N 2.51±0.09 49.7±0.1 25.9±0.4 1.61 1.56 

E72Q 3.28±0.10 50.4±0.1 25.4±0.3 1.60 1.55 
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Table 5-3. Data used to calculate unfolded state pKa’s for wildtype HP36 via the analysis of 

Shen method (229). Experiments were conducted at 25 
o
C in 10 mM sodium acetate 150 mM 

sodium chloride. 

 

mutant 

o

MT
G

 
=  

o

MT
G (pH 3) – 

o

MT
G (pH 6)  

(kcal mol
-1

)
 

o

iG
 
= (

o

WT
G (pH 3) – 

o

WT
G (pH 6)) 

– (
o

MT
G (pH 3) – 

o

MT
G (pH 6)) 

(kcal mol
-1

) 

D44N -1.20 -0.49 

E45Q -1.09 -0.60 

D46N -0.90 -0.79 

E72Q -1.68 -0.01 
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Table 5-4. Calculated unfolded state pKa’s for wildtype HP36. Calculations made use of the data 

in Table 5-3 and the native state pKa’s for wildtype HP36. The pH
ref

 here is 6.0. 

 

residue 
wildtype native 

state pKi,F 

estimated 

wildtype unfolded 

state pKi,U 

pKi, peptide )( ,101
ref

Ui pHpK 
  

D44 3.04 3.58 4.00 1.004 
1
 

E45 3.95 4.42 4.50 1.026 
1
 

D46 3.44 4.12 3.86 1.013 
1
 

E72 4.37 4.38 4.15 1.024 
1
 

 

1) calculated using estimated pKi,U values from column 5 of this table. 
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Table 5-5. Thermodynamic parameters for the unfolding of HP36 WT and the mutants. The 

uncertainties are the standard error to the fits. Experiments were performed at 25 
o
C with 10 mM 

sodium acetate and 150 mM sodium chloride, pH 6.0. 

  

Protein 
ΔG

o 

(kcal mol
-1

) 

m-value 

(kcal mol
-1

 K
-1

) 
CM (M) 

HP36 WT 3.39 ± 0.06 0.52 ± 0.01 6.5 

D44N 2.93 ± 0.12 0.63 ± 0.02 4.7 

K48M 4.26 ± 0.07 0.52 ± 0.01 8.2 

D44NK48M 3.05 ± 0.07 0.49 ± 0.02 6.3 
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Figure 5-1. Temperature induced unfolding transitions of HP36 wildtype and the mutants. 

(a)HP36 WT, (b)D44N, (c)E45Q, (d)D46N, (e)E72Q. The solid line represents the best fit to a 

two-state folding transition. Signals were recorded at 222 nm. All spectra were collected in 10 

mM sodium acetate, 150 mM sodium chloride, pH 3.0 using a 1.0 cm cuvette. 

  

(a) HP36 WT 

(d) D46N (c) E45Q 

(b) D44N 

(e) E72Q 
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Figure 5-2. Urea induced unfolding transitions of HP36 wildtype and the mutants. (a)HP36 WT, 

(b)D44N, (c)E45Q, (d)D46N, (e)E72Q. The solid line represents the best fit to a two-state 

folding transition. Signals were recorded at 222 nm. All spectra were collected at  25 
o
C in 10 

mM sodium acetate, 150 mM sodium chloride, pH 5.0 using a 1.0 cm cuvette. 

 

  

(b) D44N 

(e) E72Q 

(d) D46N (c) E45Q 

(a) HP36 WT 
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Figure 5-3. pH-dependent stability analysis of HP36 wildtype. The solid line represents the 

calculated stability change using known native state pKa measurements and calculated unfolded 

state pKa’s. The filled circles represent the measured stability change from urea induced 

unfolding experiments. The filled triangles represent the calculated stability change from thermal 

unfolding experiments using the Gibbs-Helmholtz equation. A ΔCp
o
 of 0.38 kcal mol

-1
 K

-1 
was 

used. The open triangles represent the calculated stability change from thermal unfolding 

experiments using Gibbs-Helmholtz equation. A ΔCp
o
 of 0.43 kcal mol

-1
 K

-1
 was used. The error 

bars represent the standard deviations of three repeated experiments. Stabilities are values at 25 
o
C. Samples contained 10 mM sodium acetate and 150 mM sodium chloride.  
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Figure 5-4. CD monitored thermal unfolding and urea unfolding transition for the D44NK48M 

mutant. The thermal unfolding experiment was performed at 222 nm, in 10 mM sodium acetate 

150 mM sodium chloride, pH 3.0. The urea unfolding experiment was performed at 25 
o
C and 

222 nm, in 10 mM sodium acetate 150 mM sodium chloride, pH 6.0. A 1.0 cm cuvette was used. 

The solid line represents the best fit to a two-state folding transition. 
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Appendix 1. Summary of pH-dependent thermodynamic parameters for the unfolding of HP36 

wildtype and the three Lys-to-Met mutants. All experiments were conducted in 10 mM sodium 

acetate, 150 mM sodium chloride solution. 

 

 

Errors are the standard deviation of three independently repeated experiments. 

1) ΔG
o
 values at pH from 2.0 to 3.0 are the calculated stabilities from thermal unfolding 

experiments using the Gibbs-Helmholtz equation with a ΔCp
o
 of 0.38 kcal mol

-1
 K

-1
. ΔG

o
 values 

at pH from 3.5 to 6.0 are the measured stabilities from urea induced unfolding experiments. 

 

  

pH 

ΔG
o
 (kcal mol

-1
) 

1
 

HP36 WT K48M K65M K70M 

2.0 1.11±0.05 1.62 1.41 1.90±0.08 

2.5 1.32 1.78±0.07 1.52 2.01 

3.0 1.67 2.11 1.86 2.61 

3.5 1.95±0.13 2.33±0.12 2.25 2.81±0.10 

4.0 2.21 2.88 2.80 3.12 

4.5 2.82 3.51 3.52 3.75 

5.0 3.17±0.06 4.11 3.87 4.26±0.19 

5.5 3.3 4.11 3.90 4.42 

6.0 3.39 4.26±0.07 4.03 4.42 
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Appendix 2. Summary of pH-dependent sidechain carbonyl carbon chemical shift measurements 

of the acidic residues in the native state of HP36. Measurements were performed at 25 
o
C in 90% 

H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. 

 

 

  

pH 

δ carbonyl carbon (ppm) 

D44 E45 D46 E72 

6.37 176.9 181.2 176.3 180.5 

6.04 176.9 181.2 176.3 180.4 

5.46 176.9 181.1 176.3 180.2 

5.07 176.8 180.9 176.3 179.9 

4.87 176.8 180.8 176.1 179.6 

4.61 176.8 180.4 176.1 179.2 

4.22 176.6 179.6 175.8 178.3 

3.79 176.4 178.7 175.3 177.6 

3.55 176.1 178.2 174.8 177.2 

3.47 176.2 178.0 174.7 177.2 

3.04 175.6 177.5 174.2 177.1 

2.89 175.1 177.3 173.0 176.9 

2.73 174.1 177.2 173.8 177.0 

2.46 174.5 177.0 173.0 176.8 

2.40 174.2 177.0 173.6 176.9 

2.09 174.2 176.9 173.0 176.7 
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Appendix 3. Summary of pH-dependent α proton chemical shift measurements of the 

C-terminus in the native state of HP36. Measurements were performed at 25 
o
C in 90% H2O, 10% 

D2O 10 mM sodium acetate, 150 mM sodium chloride. 

 

pH δHα (ppm) 

5.59 4.36 

5.35 4.36 

4.83 4.36 

4.50 4.36 

4.29 4.36 

3.80 4.36 

3.44 4.49 

3.13 4.49 

2.31 4.55 

1.64 4.55 
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Appendix 4. Summary of pH-dependent proton chemical shift measurements of the acidic 

residues as well as the C-terminus in the native state of K48M mutant. Measurements were 

performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. 

 

pH 
δHβ D44 

(ppm) 

δHγ E45 

(ppm) 

δHβ D46 

(ppm) 

δHγ E72 

(ppm) 

δHα C-terminus 

(ppm) 

7.09 2.71 2.33 2.69 2.50 4.45 

6.66 2.71 2.33 2.69 2.50 4.45 

5.85 2.73 2.33 2.69 2.50 4.45 

5.37 2.73 2.36 2.69 2.52 4.45 

4.76 2.73 2.41 2.71 2.57 4.45 

4.42 2.73 2.43 2.71 2.62 4.45 

3.97 2.76 2.50 2.76 2.66 4.47 

3.39 2.85 2.54 2.85 2.71 4.51 

2.83 2.92 2.52 2.92 2.73 4.56 

2.26 2.99 2.52 2.99 2.73 4.63 
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Appendix 5. Summary of pH-dependent proton chemical shift measurements of the acidic 

residues as well as the C-terminus in the native state of K65M mutant. Measurements were 

performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. 

 

pH 
δHβ D44 

(ppm) 

δHγ E45 

(ppm) 

δHβ D46 

(ppm) 

δHγ E72 

(ppm) 

δHα C-terminus 

(ppm) 

6.14 2.78 2.45 2.71 2.57 4.47 

5.54 2.78 2.45 2.71 2.57 4.47 

4.90 2.78 2.45 2.71 2.57 4.47 

4.56 2.78 2.48 2.73 2.62 4.47 

4.14 2.78 2.50 2.76 2.69 4.47 

3.67 2.83 2.53 2.80 2.71 4.49 

3.10 2.90 2.55 2.90 2.73 4.54 

2.67 2.97 2.55 2.97 2.73 4.61 

2.21 3.01 2.55 2.99 2.73 4.63 
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Appendix 6. Summary of pH-dependent proton chemical shift measurements of the acidic 

residues as well as the C-terminus in the native state of K70M mutant. Measurements were 

performed at 25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. 

 

pH 
δHβ D44 

(ppm) 

δHγ E45 

(ppm) 

δHβ D46 

(ppm) 

δHγ E72 

(ppm) 

δHα C-terminus 

(ppm) 

7.07 2.76 2.38 2.69 2.31 4.45 

6.18 2.76 2.38 2.69 2.31 4.45 

5.73 2.76 2.38 2.69 2.31 4.47 

4.97 2.78 2.39 2.69 2.38 4.47 

4.65 2.78 2.41 2.69 2.43 4.47 

4.30 2.78 2.43 2.71 2.50 4.47 

3.89 2.80 2.50 2.76 2.57 4.49 

3.29 2.85 2.54 2.83 2.62 4.56 

2.84 2.92 2.54 2.90 2.64 4.61 

2.38 2.97 2.53 2.94 2.64 4.66 
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Appendix 7. Summary of pH-dependent proton chemical shift measurements of the acidic 

residues of the MLSDEDFKAVFGM peptide. Measurements were performed at 25 
o
C in    90% 

H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. The peptide has a free 

N-terminus and an amidated C-terminus. 

 

pH 
δHβ D44 

(ppm) 

δHγ E45 

(ppm) 

δHβ D46 

(ppm) 

7.25 2.58 2.17 2.55 

6.04 2.62 2.17 2.55 

5.38 2.61 2.18 2.55 

5.02 2.63 2.20 2.56 

4.82 2.63 2.21 2.56 

4.54 2.66 2.24 2.59 

4.23 2.70 2.28 2.62 

4.02 2.70 2.28 2.63 

3.60 2.75 2.31 2.68 

3.13 2.80 2.32 2.72 

2.83 2.83 2.32 2.74 

2.56 2.81 2.32 2.75 

2.26 2.83 2.32 2.76 

1.93 2.82 2.32 2.75 
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Appendix 8. Summary of pH-dependent proton chemical shift measurements of the acidic 

residues of the MLSDEDFMA peptide. Measurements were performed at 25 
o
C in 90% H2O,   

10% D2O 10 mM sodium acetate, 150 mM sodium chloride. The peptide has a free N-terminus 

and an amidated C-terminus. 

 

pH 
δHβ D44 

(ppm) 

δHγ E45 

(ppm) 

δHβ D46 

(ppm) 

7.02 2.73 2.28 2.67 

6.32 2.73 2.28 2.67 

5.64 2.73 2.28 2.67 

5.10 2.74 2.31 2.67 

4.62 2.77 2.35 2.73 

3.98 2.84 2.42 2.77 

3.36 2.91 2.45 2.84 

3.06 2.91 2.45 2.84 

2.42 2.95 2.45 2.87 

2.17 2.95 2.46 2.87 
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Appendix 9. Summary of pH-dependent proton chemical shift measurements of the acidic 

residues of the MLSDQDFKAVFGM peptide. Measurements were performed at 25 
o
C in    90% 

H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. The peptide has a free 

N-terminus and an amidated C-terminus. 

 

pH 
δHβ D44 

(ppm) 

δHβ D46 

(ppm) 

6.32 2.73 2.66 

5.90 2.73 2.67 

5.20 2.74 2.67 

4.56 2.77 2.70 

4.13 2.80 2.70 

3.80 2.84 2.73 

3.28 2.91 2.79 

2.85 2.95 2.81 

2.38 2.95 2.82 
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Appendix 10. Summary of pH-dependent proton chemical shift measurements of the acidic 

residue as well as the C-terminus of the KEKGLF peptide. Measurements were performed at    

25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. The peptide has 

an acetylated N-terminus and a free C-terminus. 

 

pH 
δHγ E72 

(ppm) 
pH 

δHα C-terminus 

(ppm) 

7.18 2.26 7.18 4.43 

5.58 2.28 5.58 4.43 

5.07 2.30 5.07 4.43 

4.74 2.32 4.74 4.44 

4.55 2.34 4.55 4.44 

4.26 2.37 4.26 4.46 

3.94 2.40 3.94 4.48 

3.49 2.44 3.49 4.53 

3.16 2.45 3.40 4.53 

2.81 2.46 2.90 4.58 

2.51 2.46 2.68 4.62 

2.12 2.47 2.30 4.65 

  2.03 4.66 
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Appendix 11. Summary of pH-dependent proton chemical shift measurements of the acidic 

residue as well as the C-terminus of the KKEKGLF peptide. Measurements were performed at 

25 
o
C in 90% H2O, 10% D2O 10 mM sodium acetate, 150 mM sodium chloride. The peptide has 

an acetylated N-terminus and a free C-terminus. 

 

pH 
δHγ E72 

(ppm) 

δHα C-terminus 

(ppm) 

6.44 2.26 4.43 

5.90 2.27 4.44 

5.44 2.27 4.44 

4.95 2.29 4.44 

4.62 2.31 4.45 

4.10 2.37 4.46 

3.70 2.41 4.50 

3.35 2.44 4.54 

2.84 2.46 4.60 

2.27 2.46 4.64 

2.00 2.46 4.67 

 

 


