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Abstract of the Dissertation
Folding of α-Helical Proteins and Protein Design Using Non-coded Amino Acids
by
Benben Song
Doctor of Philosophy
in
Chemistry
Stony Brook University
2007
A major goal of protein design is to enhance protein stability. Replacement of helix
C-capping glycines which have positive φ angles by D-alanine is shown to be a new
strategy to increase protein stability. A series of small helical proteins have been targeted
and the substitutions stabilize the proteins by 0.6 to 1.2 kcal/mol. Such substitutions can
decrease the conformational entropy of the unfolded state without introducing any strain
into the native structure. D-valine and D-alanine variants were compared to test for
desolvation effect and the results showed that the backbone desolvation has an
unfavorable effect on protein stability but is not as large as the favorable entropy effect.
The villin headpiece, HP67, is a small globular protein that consists of two
subdomains; the N-terminal subdomain and the C-terminal subdomain, which form an
extended hydrophobic core. A salt bridge between E39 and K70 links the two subdomains
and is buried in the hydrophobic core. The contribution of this salt bridge to the structure
and stability of HP67 was studied by characterizing a series of variants (HP67E39Q,
HP67E39L, HP67K70M and HP67E39QK70M). One-dimensional and 1H-15N HSQC
NMR were used to characterize the structure of the variants and the N-terminal
subdomain was found to be partially unfolded in all cases. Thus the buried salt bridge is
indispensable to ensure a correct fold for the N-terminal subdomain.
The contribution of electrostatic interactions to protein folding and stability has been
studied in the N-terminal domain of ribosomal protein L9 (NTL9) by analyzing the
effects changing ionic strength upon stability and folding kinetics. The Leffler plot of
∆G≠, the change of the activation free energy upon perturbation of ionic strength, vs. ∆G0,
the change of the free energy of folding, is linear (r2= 0.918) with slope equal to 0.45.
The relatively low value of the slope indicates that the ionic strength dependent
interactions are modestly developed in the transition state.
A series of 13C=18O carbonyl-labeled HP36 proteins were synthesized to probe
protein folding dynamics at specific sites by IR method. These proteins were prepared as
part of a collaboration project with Dr. R. Brian Dyer of Los Alamos National
Laboratory.
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1. Introduction

1.1 Protein structure
Proteins, which are polymers of L-amino acids, are very important functional
molecules in biological organisms, responsible for such diverse activities as catalytic
function, cell signaling and structural roles. Protein structure can be divided into four
levels: primary structure, which is the amino acid sequence of the polypeptide chain;
secondary structure, locally defined highly regular sub-structures; tertiary structure,
which is the special three-dimensional structure for a single protein molecule; quaternary
structure, which is the arrangement of several proteins molecules. To function properly,
most proteins need to fold into a correct tertiary conformation although so called natively
disordered proteins are an exception. We know that the protein secondary and tertiary
structures are determined by the amino acid sequence, but the mechanism of folding is
still a mystery (1).
The secondary structure of a region of a protein can be defined by the conformation
of the polypeptide backbone, which is defined by the relative position in space of the
connected alpha carbon, carboxyl carbon and amide nitrogen atoms. The φ and ψ angles
are the dihedral angles between the atoms which are shown in figure 1-1. Not all of the φ
and ψ angles are permitted for the peptide backbone. On the contrary, only a limited
range is allowed because of steric clashes, and the allowed values are represented by the
Ramachandran plot (figure 1-2). Since Glycine only has a hydrogen as its sidechain, it
has a larger permitted range of φ and ψ angles.
α-helices and β-sheets are frequently occurring secondary structures. Both of them
represent a way to forming hydrogen bonds in the peptide backbone. In an α-helix, the
carbonyl oxygen of residue i forms a hydrogen bond with amide proton of residue i+4.
The first and last four residues in a helix are different from the interior ones because they
cannot make the intrahelical hydrogen bonds. The residues at the N-terminus of the helix
are often found to be involved in side-chain to main-chain hydrogen bond interactions
with residues outside of the helix while the residues at the C-terminus usually form
additional hydrophobic interactions (2, 3). The first residue after the C-terminal residue in
a helix is termed the C-capping position, and glycine is frequently found to be at this
position. Glycine occupies this position because the φ and ψ values at the C-capping
position are usually positive values and only glycine can easily adopt that conformation.
The positive φ angle allows the glycine N-H to make two hydrogen bonds back to the
helix. β-sheets are conformations of extended polypeptide chains that make hydrogen
bonds with another parallel or antiparallel extended chain. The association of β-sheets is
implicated in protein aggregation and fibril formation. Additional frequently observed
secondary structures are turns and bends. They always occur at the position where the
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direction of the main chain sharply changes. The secondary structure of a protein can be
roughly estimated by far-ultraviolet circular dichroism spectroscopy. A double minimum
at 208 and 222nm indicates α-helix structure whereas β-sheet structure has a single
minimum at 217nm (4).
1.2 Protein stability
Protein stability is the free energy difference between the native state and the
denatured state. In the denatured state, a protein samples a wide range of conformations
and forms hydrogen bonds with solvent. There are a wide range of unfolded states. They
can vary from relatively highly expanded states to states which have clusters of
hydrophobic and aromatic residues and are compact, to even more structured states which
contain significant secondary structure. For example, Wuthrich and co-workers showed
that the denatured N-terminal region of 434-repressor protein has native-like structure
even in strongly denaturing solution using NMR (5). Mok and coworkers also found that
the N-terminal SH3 domain of drk has a compact unfolded state under physiological
conditions due to specific interactions using long range NOEs (6). As the protein folds up,
the interactions with solvent break down and other interactions within the protein build
up. The main interactions are the hydrophobic effect, hydrogen bonds and salt-bridges.
The energy of each interaction is small, but because of the large number of them, the total
effect can be huge. However the effects are large in both the folded and unfolded states
and the net stability is the small difference of two large numbers. Generally speaking, the
hydrophobic effect is the tendency for nonpolar solute to separate from water molecules
(7). It is the sum of entropic and enthalpic effects which have a different dependence on
temperature. At room temperature, the entropy change is the driving force and it is
negative for solvation which makes it unfavorable. Since proteins have larger solvent
exposed area when they unfold, the entropy effect will favor the folded state. However at
high temperature, the enthalpy change becomes the driving force. Estimates from protein
thermal denaturation experiments indicate that the hydrophobic effect is the dominant
force for protein folding. Salt bridges can be defined as a specific electrostatic interaction
between two opposite charged residues in a protein that are located close to each other.
Their contribution to protein stability is still a contentious topic (8-14). Some studies
showed that removal of salt bridges resultes in destabilization of the protein. On the other
hand some mutational studies suggest that the contribution is fairly small or even zero.
One reason for this argument is that the desolvation penalty is so large that it offsets the
favorable columbic interaction (15). Another important interaction, hydrogen bonds were
thought to be the dominant force for protein folding in the early years of protein science
(8). However, recent studies argue that hydrogen bonds do not contribute to protein
stability as much as was assumed (16). The reason is that in the unfolded state, the
peptide backbone forms hydrogen bonds with water molecules (17, 18). When a protein
folds up, these hydrogen bonds are broken, and sometimes may not be completely
compensated by the formation of intra-protein hydrogen bonds. So hydrogen bonds could
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make a positive, zero or even negative contribution to protein stability. Many mutation
studies apparently indicate that hydrogen bonds make a positive contribution to protein
stability, however almost all of these studies do not take into account desolvation effects
(19).
Protein stability can be measured experimentally. Most proteins unfold with
increasing temperature or with the addition of denaturant, and many of them can fold
back upon the reversal of these conditions. Thus there is equilibrium between the folded
state and unfolded state and the change in environment can cause a shift between the
different states. The Gibbs-Helmholtz equation describes the dependence of protein
stability on temperature as follows:

∆G 0 (T ) = ∆H 0 (Tm )(1 −

T
T
0
) − ∆C p [(Tm − T ) + T ln ]
Tm
Tm

1-1

where ∆G0 is the free energy of unfolding, Tm is the melting temperature defined as the
midpoint of thermal unfolding transition. Tm is formally defined for a monomeric protein
by ∆G 0 (Tm ) = 0 . ∆H0(Tm) is the enthalpy change upon unfolding at Tm and ∆Cp0 is the
heat capacity. Equation 1-1 assumes that ∆Cp0 is independent of temperature. The thermal
melting curve can be monitored by far-ultraviolet circular dichoism because both the
α-helix and the β-sheet CD signals differ from the CD spectrum of an unfolded protein.
The plot of CD signal versus temperature can be fit to the following equation:
(a + b T ) + (ad + bd T )e − ( ∆G
θ= n n
0
1 + e − ( ∆G T )) / RT

0

(T )) / RT

)

1-2

By using the Gibbs-Helmholtz equation to define ∆G 0 (T ) , we can calculate protein
stability. The fits give reliable values of Tm and ∆H0(Tm) but not∆Cp0 since it is related to
the second derivative of the θ vs T plot.
The equilibrium between two states can also be perturbed by adding denaturant. In
many cases, the free energy of unfolding has been found to be proportional to the
concentration of the denaturant described by the following equation:
∆G 0 = ∆G 0 ( H 2 O ) − m[denaturant ]

1-3

where ∆G0(H2O) is the free energy of unfolding in the absence of denaturant and m is a
constant for each protein which is proportional to the change of the exposed surface area
upon unfolding (20, 21).
Thermal and chemical denaturation experiments monitored by CD can give the
global stability of the protein, while H/D exchange measurements monitored by NMR
spectroscopy can give more detailed information about each residue (22, 23). After
dissolving the protein in D2O, amide protons will exchange with the D2O solvent. Thus
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the signals from the amide protons will decay and finally disappear. The exchange rate
can be calculated by fitting the normalized peak volumes to a first order exponential
decay:

V (t ) = V0e − ( k ex t ) + b

1-4

Where V(t) is normalized peak volume, kex is the exchange rate and b is a baseline
correction term. The amide protons from solvent exposed residues will exchange quickly
with D2O, so their peaks decay fast. However, the amide protons from buried residues
need to be exposed to solvent via unfolding of the protein before they can exchange with
D2O. So the exchange rates for those buried residues should be slower than the exposed
residues. By comparing the exchange rates to the intrinsic amide proton exchange rate
constants (kch), which is calculated from denatured peptide models, the free energy of the
opening reaction (∆G0ex) for the individual residue can be determined from the following
equation:

∆G 0 ex = − RT ln

kex
kch

1-5

Besides the stability of individual residues, this method can also tell us which residues
are on the surface and which residues are buried in the hydrophobic core. Equation 1-5
assumes the so-called EX2 limit (24, 25), in which the rate of folding is much faster than
kch.
1.3 Protein folding
After being synthesized on the ribosome, proteins fold into their native structure on
the order of seconds or even less for small proteins. Many diseases are related to the
misfolding of proteins, such as Alzheimer’s disease, Parkinson’s disease and type II
diabetes (26-31). Understanding of the mechanism of protein folding is very important to
solve the mechanism of these diseases and find a way to cure them. Previous studies have
shown that the protein folding process can not be a random search through all possible
conformations because in that case it may take a huge amount of time (32). Several
models have been proposed to understand the mechanism of protein folding. Many
studies have suggested that protein folding is driven by the hydrophobic force. There are
several different models of protein folding. Examples include the diffusion-collision
model and the nucleation model (33-41). None of these models can explain the folding
mechanism completely. How proteins fold to the correct structure by the information
encoded in the primary sequence is still an unsolved problem.
Recently the ‘funnel model’ has been proposed as a new view of the folding
mechanism (Figure 1-3) (42-45). The vertical axis represents the total free energy minus
the contribution due to conformational entropy, G-T∆Sconformational. The native state is
located at the bottom of the funnel. The width of the funnel is related to the
conformational entropy of the protein. At the top of the funnel, the protein exists in a
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large number of conformations with high enthalpy and entropy. For each protein the
shape of the funnel is specific which is determined by the amino acids sequence. Instead
of having completely smooth sides, the funnel has some roughness along the sides which
gives rise to some local minima and maxima. An important point of this ‘funnel model’ is
that the protein folding process can have many parallel pathways instead of one single
pathway to reach the bottom of the funnel, the native state.
Two-state folding is the simplest mechanism, which many small single-domain
globular proteins may adopt. In two-state folding, each pathway has only two minima, the
unfolded state and native state, and one saddle point, the transition state, without any
accumulation of intermediates. Cooperative folding and unfolding are very important
features of two-state mechanism. However, for some proteins, in addition to the two
minima mentioned above, other minima exist which correspond to the intermediate states.
Folding pathways with one or more intermediates are called multi-state folding.
Folding kinetics can be studied by the stopped-flow method, which can determine
the protein folding and unfolding rates, for reactions which occur on the order of
milliseconds or slower. The folding and unfolding rates are found to be proportional to
the denaturant concentration as follows:

ln k f ([den] = ln k f ( H 2O) −

mf
RT

[den]

1-6

mu
1-7
[den]
RT
where mf and mu are constants of proportionality. The mf–value is proportional to the
difference of the surface area between the unfolded state and transition state, while mu is
related to the difference between the transition state and native state . The observed rate
constant (kobs) is the sum of kf and ku. If the protein undergoes two-state folding, the plot
of lnkobs versus the concentration of denaturant will show a V-shape, which is called a
Chevron plot, because of the linear dependence of lnkf and lnku on the denaturant
concentration. However, if there are intermediates accumulating in the folding process,
the plot will show curvature at low denaturant concentration (46). Thus a Chevron plot is
a good method to determine if a protein undergoes two-state folding mechanism. The
equilibrium m-value can be calculated by subtracting mf from mu. The Tanford β-value,
βT or θm, is equal to mf/(mu-mf) and represents the extent of surface buried in the
transition state. For example, a βT value of 0.5 means that 50% of the surface area burial
that occurs upon folding is buried in the transition state.
ln ku ([den]) = ln ku ( H 2O ) +

1.4 Opportunities for using non-coded amino acids in protein design and in protein
folding studies: D-Amino acids
Gly with a positive φ-angle is commonly found at the C-Capping position at the end
of an α-helix. A Gly with positive φ-angles allows the carbonyl of the Gly to form
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bifrucated hydrogen bond to the two C-terminal amide hydrogens of the helix. Gly is the
most flexible amino acid in the sense that it can adopt the most conformations in the
unfolded state. So it leads to higher entropy than other amino acids in the unfolded state.
In the native state, since each residue is fixed in a specific position, the difference
between the entropy of Gly and other amino acids is not as big as in the unfolded state.
Thus mutating Gly to other amino acids should decrease the entropy of the unfolded state,
and enhance protein stability. However, previous studies showed that substitution of Gly
with other amino acids often destabilized the protein (47, 48). This might because of the
strain introduced in the native structure by the substitution since non-glycine L-amino
acids with positive φ-angels are energetically unfavorable. Thus replacement of Gly
which have positive φ-angles by D-amino acids could stabilize the protein by decreasing
the entropy of the unfolded state without introducing any strain into the native structure.
Some studies have been done that incorporate D-amino acid into β-turns in hairpins,
showing that D-amino acids at the (i+2) position can promote the type II’ β-turn
formation (49-51). However no thermodynamic data was presented. Here, in this
dissertation, thermodynamic and kinetic data will be presented for D-amino acid
substitutions.
Since D-amino acids are non-coded amino acids, the traditional method of bacterial
expression can not be used to generate the proteins containing D-amino acids. Fortunately,
recent advances in solid peptide synthesis and expressed protein ligation make it possible
to incorporate non-coded amino acids to protein (52-54). So replacement of Gly which
have positive φ-angles by D-amino acids can be a new strategy for protein design to
enhance protein stability.
1.5 Electrostatic interactions and ionic strength effects on protein folding and stability
Since proteins are ployampholytes, electrostatic interactions among the charged
moieties can contribute significantly to their stabilities and folding dynamics. However,
these electrostatic interactions can be shield by the ions in solvent. Thus protein folding
and stability can be strongly dependent on the solvent ionic strength. According to
Debye-Huckel limiting law, both the stability and log of the folding rate will have a linear
relationship to the square root of ionic strength (55). However, usually not all
charge-charge interactions will be equally screened by salt even if they lie on the surface
of the protein (56). And sometimes the chaotropic or kosmotropic behavior of added salts
can strongly affect protein stability and folding rate (57). Thus the effects of ionic
strength on protein folding and stability are complicated and it is difficult to deduce the
relationship. In this dissertation, an analysis of ionic strength dependent effects was
described using Rate Equilibrium Free Energy Relationships.
1.6 Proteins investigated in this dissertation
The chicken villin headpiece domain is a 76 residue, α-helical F-actin binding
protein (58). The first 9 residues can be removed without affecting function or structure
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of the protein (58, 59). The protein containing residues 10 to 76 is usually used for
studies and is referred as HP67. HP67 consists of two subdomains, N-terminal subdoamin
and C-terminal subdomain (figure 1-4). The C-terminal subdomain contains 35 residues,
and is denoted HP35. A Met is incorporated at the N-terminus of the recombinant HP35
and the resulting construct is referred as HP36 (figure 1-4). HP36 contains three α-helices
linked by turns and loops and can fold independently to a tertiary structure which is
similar to the C-terminal domain of the intact HP67. HP36 is one of the smallest proteins
which folds cooperatively and ultrafast via a two state mechanism. Thus makes it an
attractive model for studying folding process (60-65).
The N-terminal subdomain of HP67 can not fold independently to its native
structure in isolation. In intact HP67, the N-terminal subdomain has several loops, turns
and a short α-helix, forming an extended hydrophobic core with the C-terminal
subdomain. So it is obvious that interactions between the two subdomains are important
for the protein to fold to the native conformation. Although HP35 can fold independently,
it can not function properly without the N-terminal domain. Glu39 and Lys70 are found
to be close to each other and both residues are buried in the hydrophobic core of HP67.
Thus HP67 provides a good model to study the contribution of buried salt bridges to
protein folding and stability.
For the protein design studies using D-amino acids, several small α-helical proteins
have been probed. They are ubiquitin binding associated domain (UBA), the peripheral
subunit-binding domain (PSBD), the GA module of an albumin binding domain (GA)
and an engrailed homeodomain(66). UBA contains 45 residues and consists of three
α-helices folded around a hydrophobic core. The PSBD domain is 41 residues, and has a
simple topology, comprising two parallel α-helices and a short 310-helix. The GA protein
is a 47-residue, three-helix bundle protein, while the EH domain is a 59-residue,
three-helix bundle protein. All of these are fast-folding helix proteins and each has a
glycine locating at a helix C-capping position. Ribbon diagrams of the structures are
shown in figure 1-5 with the Ramachandran plot showing the φ and ψ angles of the
glycines.
The N-terminal domain of ribosomal protein L9 (NTL9) is a small protein which
can fold independently and the folding mechanism has been shown to be two-state (67).
It has a simple topology, containing a three-stranded β-sheet sandwiched between the
central α-helix and a short α-helix (figure 1-6). NTL9 lacks disulfide bonds and the
folding process does not require any metal or cofactor bindings, making it an attractive
target for folding studies. In addition, it has multiple charged residues on its surface
which contribute to the biological function of the protein. Thus it is an ideal model to
study the role of the electrostatic interactions in stability and folding kinetics.
1.7 The aims of this dissertation
This dissertation describes studies on protein design to enhance protein stability by
incorporating non-coded amino acids, as well as studies of the contribution of
7

electrostatic interactions to protein stability and folding kinetics. Gly with positive
φ-angles at C-capping positions have been replaced by D-Ala to decrease the entropy of
unfolded state. This work is described in chapter 2. The studies on the contribution of a
buried salt-bridge in HP67 to stability and folding dynamics are summarized in chapter 3.
The results showed that the protein can not fold to the native structure without the
salt-bridge. The contribution of electrostatic interactions to protein folding and stability
has been studied in NTL9 by changing the solvent ionic strength. The effect is quite
complicated and the results are described in chapter 4. The development of electrostatic
interactions in transition state was also studied and compared to previous studies. The
final chapter summarizes efforts in the synthesis of specifically labeled variants of HP36.
These proteins were prepared as part of a collaboration project with Dr. R. Brian Dyer of
Los Alamos National Laboratory.
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Figure 1-1 Definitions of the torsional angles φ and ψ.
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N’

ψ

φ

Figure 1-2 The Ramachandran plot for an L-amino acid illustrating the preferred
conformations of the polypeptide chain. The red area is the highly preferred region; the
yellow area is the allowed region; the other areas represent conformations which are
higher in free energy.
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Figure 1-3 Cross section through a folding funnel (figure adapted from Wolynes) (45).
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a

b

Figure 1-4 Ribbon diagram of the villin headpiece (a) HP67; the C-terminal subdomain is
colored orange and the N-terminal subdomain is colored blue. (b) HP36; the orientation
of figure (a) and (b) are different. The figures were created using the PDB files 1QQV
and 1VII and the program MOLMOL.
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GA
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PSBD

UBA

ψ

φ

Figure 1-5 Ribbon diagram of GA, EH, PSBD and UBA. The glycine at the helix
C-capping position is shown as a sphere. The arrow represents the respective φ and ψ
values for these glycines. The figure was generated using the program Molscript and the
PDB files 2PDD, 1ENH, 1PRB and 1UBA.
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Figure 1-6 A ribbon diagram of NTL9. The acidic and basic residues are shown in stick
format. The diagram was constructed using the pdb file 2HBB and the program MolMol.
The last few residues of NTL9 are disordered in the X-ray structure. Thus the position of
Glu54 and the C-terminus are not shown.
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2. Stabilization of Proteins by Replacement of Helix C-Capping
Residues with D-amino acids

Abstract
A new strategy to enhance protein stability is described in this chapter. Replacement
of helix C-capping glycines which have positive φ angles by D-Ala is shown to increase
protein stability. A series of small helical proteins, peripheral subunit-binding domain, the
ubiquitin binding associated domain, the GA module of an albumin binding domain and
an engrailed homeodomain have been targeted. The substitution stabilized the proteins by
0.6 to 1.2 kcal/mol. Such substitutions can decrease the conformational entropy of the
unfolded state without introducing any strain into the native structure. Native state strain
is the main source of the destabilization observed in previous studies involving L-amino
acids. Analysis of the folding and unfolding rates suggested the stabilization mainly
comes from effects upon the unfolded state. Differential desolvation of the peptide
backbone upon a Gly to D-Ala substitution might also contribute to the change in protein
stability, but the effect is modest when the residue is fully exposed on surface. D-Val and
D-Ala variants of PSBD were compared to test for desolvation effects. The results
showed that the backbone desolvation effect has an unfavorable effect on protein stability
but it is not as large as the favorable entropy effect.

2.1 Introduction
An important goal of protein design is to enhance protein stability. The loss of
conformational entropy upon folding is one of the main unfavorable features that needs to
be overcome to reach the native state. In principle, protein stability can be enhanced by
destabilizing the unfolded state by decreasing its conformational entropy (1, 2). Glycine
experiences the fewest local conformational restrictions and thus is expected to suffer the
largest loss of backbone conformational entropy upon folding. Hence replacing glycines
by amino acids with a side chain is a potentially useful strategy to enhance stability (1, 3,
4). However, glycines often adopt conformations with positive φ-angles which are
unfavorable for L-amino acids (5). Hence substitution by L-amino acids can introduce
significant strain into the native state. In this case the decrease of unfolded state entropy
can be partially offset by strain in the native state, and the substitution typically results in
only a modest increase or even a decrease in stability (1, 6, 7). Changes in solvation
caused by introduction of the new methyl group can also contribute to changes in stability
and could partially obscure the expected entropic effects (8). Addition of a sidechain will
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partially shield the peptide backbone and this will alter the free energy of the chain. This
effect will only make a contribution to ∆G0 of folding if the effect is different in the
folded and unfolded states. Consider first, a glycine whose peptide group is fully exposed
to solvent in the native state. Addition of a sidechain will change the solvent exposure of
this site by the same amount in the folded and unfolded states and solvation effects will
not contribute to ∆G0 of folding. In contrast consider a glycine which is buried in the
folded state or partially buried. Addition of the sidechain will have a small effect upon
native state solvation but will have a significant effect upon solvation in the unfolded
state. In this case solvation effects will make a contribution to ∆G0 of folding. An
attractive alternative strategy is to substitute glycines that adopt positive values of φ by
D-amino acids since D-amino acids can adopt positive φ-angles without introducing
strain in the native state. Recent advances in solid phase synthesis and native ligation
methodology make it possible to incorporate D-amino acids to proteins (9-11).
Glycines with positive φ-angles are often found at C-capping sites of helices and in
type I’ and II’ β-turns (8, 12, 13). Previous studies have examined the consequences of a
D-Ala for Gly substitution in the protein NTL9 at two non-helix capping sites and found
a stability increase ranging from 1.30 to 1.87 kcal/mol, while in ubiquitin virtually no
significant change in stability was observed for a D-Ala variant (2). Thus, while it is clear
that substitution of glycines with positive φ-angles by D-Ala can lead to increases in
stability, it is not at all clear what the magnitude of the effect is likely to be or why it
appears strongly context dependent. In order to address these issues I studied the effect of
replacing C-capping glycines by D-Ala, in four globular proteins. The peripheral
subunit-binding domain (PSBD), the ubiquitin binding associated domain (UBA), the GA
module of an albumin binding domain (GA) and an engrailed homeodomain (EH) (14),
were chosen for these studies. The PSBD domain is 41 residues, and has a simple
topology, comprising two parallel α-helices and a short 310-helix (14). UBA contains 45
residues and consists of three α-helices folded around the hydrophobic core (15). The GA
protein is a 47-residue, three-helix bundle protein, while the EH domain is a 59-residue,
three-helix bundle protein (16, 17). All four proteins are small fast-folding helix proteins
and each has a glycine at a helix C-capping position (18-23). Ribbon diagrams of the
structures are shown in figure 2-1. The location of the glycines is given in table 2-1.

2.2 Materials and Methods
2.2.1 Peptide synthesis and purification
The UBA, GA, PSBD and EH domains and their D-Ala or D-Val variants were all
prepared by solid phase synthesis using a ABI 433 A peptide synthesizer and standard
Fmoc chemistry. The first residue linked to the resin, all the residues with a β-branch
sidechain and the following residues were double-coupled. All peptides have a free
N-terminus and amidated C-terminus. Peptides were cleaved from the PAL-PEG-PS resin
with a 91% trifluoroacetic acid (TFA), 3%anisole, 3%thioanisole, 3%ethanedithiol
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mixture. Purification was achieved by HPLC using a water/acetonitrile gradient
containing 0.1% (v/v) trifloroacetic acid on a C18 column (Vydac) with a flow rate of 3
to 5 ml/min. The retention times for the preparative HPLC are listed in table 2-2. Peptide
identity was confirmed by mass spectrum and all peptides were greater than 95% pure.
2.2.2 Circular dichroism spectroscopy (CD)
All CD experiments were performed on Aviv model 62A DS and 202SF circular
dichroism spectrophotometers equipped with Peltier temperature control units. A 50mM
phosphate buffer with 1mM DTT at pH 6.5 was used for UBA wildtype and its D-Ala
mutant. For the GA wildtype and its D-Ala mutant, a 50mM phosphate buffer with pH
7.0 was used. For PSBD wildtype and its D-Ala and D-Val mutants, all CD experiments
were performed using a buffer containing 2mM sodium phosphate, 2mM sodium borate
and 50mM sodium chloride at pH 8.0. For EH wildtype and its D-Ala mutant, a 50mM
sodium acetate buffer with pH 5.7 was used. All the wavelength scans were performed in
a 1mm quartz cuvette from 195 nm to 260 nm with 5 repeats and an averaging time of 1
second at each wavelength. All of the thermal denatuaration and urea/guanidine
denaturation experiments were monitored at 222 nm in a 1cm cuvette. The temperature
range for thermal denaturation was from 2 oC to 98 oC. Urea / guanidine denaturation
experiments were carried out with a titrator unit interfaced to the CD spectrometer. The
peptide concentrations were determined by UV spectroscopy and denaturant
concentrations by measuring the index of refraction. The peptide concentrations in all
samples are around 20 µM.
2.2.3 Denaturation curve fitting
A two-state model was used to fit the urea/guanidine denaturation curves to determine
the stability of peptides. The measured CD signals can be fit to the following equation to
determine thermodynamic parameters:
0

y ([den]) =

an + bn [den] + (ad + bd [den])e − ∆GN − D ([ den ]) / RT
0

1 + e −∆GN − D ([ den ]) / RT

(2-1)

where,
∆G0([den]) = ∆G0(H2O)- m[den]
(2-2)
y is the measured ellipticity. an, bn, ad, bd are the parameters that define the signals of the
native state (N) and denatured state (D). ∆G0([den]) is the free energy change upon
unfolding with denaturant and ∆G0(H2O) is free energy change in the absence of
denaturant.
Thermal denaturation curves were fitted to similar equations but with ∆G0([den])
changed to ∆G0(T). The Gibbs-Helmholtz equation gives the temperature dependence of
the Gibbs free energy of unfolding:
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∆GN0 − D (T ) = ∆H 0 (Tm ) − T∆S 0 (Tm ) + ∆C p0 (T − Tm − T ln

T
)
Tm

(2-3)

where Tm is the midpoint temperature. ∆H0(Tm) is the enthalpy change for unfolding.
∆Cp0 is the change in heat capacity, which is generally considered to be proportional to
the difference of the non-polar surface area between the native and denaturated states. Tm
can be determined by numerical differentiation of the denaturation curve.
2.2.4 Nuclear magnetic resonance (NMR)
All one-dimensional NMR experiments were conducted on either Varian Inova 500
MHz or 600 MHz NMR spectrometers. The UBA wildtype and its D-Ala variant were
prepared in D2O with 50mM phosphate and 1mM deuterated DTT at pD 6.5, using
dioxane as a chemical shift standard. pD refers to the uncorrected meter reading. The GA
wildtype and its D-Ala variant were dissolved in 50mM phosphate D2O buffer at pH 7.0
with 3,3,3-trimethylsilyl-proprionate (TSP) as a chemical shift standard. The PSBD
samples were dissolved in 10% D2O with 20mM Tris-d11 and 50mM sodium chloride at
pH 8.0 with TSP as an internal standard. The EH samples were prepared in D2O
containing 50mM deuterium sodium acetate and 100mM sodium chloride at pD 5.7 with
TSP. The peptide concentrations in all samples are around 1 mM. The temperature of the
NMR probe was calibrated by methanol when below 35oC and ethylene glycol when
above 35oC.
Total correlated spectroscopy (TOCSY) and nuclear overhauser effect spectroscopy
(NOESY) of the UBA and PSBD D-Ala variants were recorded on Varian Inova 600MHz
NMR spectrometer. The UBA sample was prepared in 10% D2O/90% H2O with the same
buffer used for 1-D NMR. The mixing time was 50ms for TOCSY and 300ms for NOESY.
For PSBD, the sample was dissolved in 10% D2O/90% H2O and pH was adjusted to 5.0.
The mixing time was 80 ms for TOCSY and 300 ms for NOESY. The matrix size for both
TOCSY and NOESY spectra are 4096 х 256. The spectral width of both dimensions is
8000 Hz. The peptide concentrations in all samples are around 1 mM.
2.2.5 NMR lineshape analysis
NMR lineshape analysis can be used to determine the exchange rate between the
folded and unfolded state when the protein undergoes two-state folding and the exchange
rate is within a certain range. When the difference of the NMR resonance frequencies
between the folded and unfolded states is large compared to the exchange rate, two sharp
peaks corresponding to each state will be observed, while when the difference in
frequency is small compared to the exchange rate, only one sharp peak will be observed,
located between the two resonances. However, when the difference of the NMR
resonance frequencies of the folded and unfolded states is comparable to the exchange
rate, one peak will be observed with significantly broadened line. The location of the
peak is determined by the population and chemical shift of each state. In this case, the
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exchange rate can be determined by fitting the broad peak to the following equations
(24):

P[1 + τ (
I (ν ) = −C 0

pD pN
+
)] + QR
T2 N T2 D
P2 + R2

(2-4)

where I (ν ) represents the intensity of the NMR peak; C0 is a normalization constant,

p D and p N are the population of the unfolded and folded states determined by
equilibrium experiments; T2N and T2D are the linewidth of the folded and unfolded state
resonances; P, Q, and R are given by:

P = τ [(

p
p
1
) − 4π 2 ∆ν 2 + π 2 (δν ) 2 ] + N + D
T2 N T2 D
T2 N T2 D

Q = τ [2π∆ν − πδν ( p N − p D )]

R = 2π∆ν [1 + τ (

(2-5)
(2-6)

1
1
1
1
+
)] + πδντ [
−
+ πδν ( p N − p D )]
T2 N T2 D
T2 N T2 D

(2-7)

where δν, ∆ν and τ are given by:

δν = ν N −ν D
∆ν =

τ=

ν N +ν D
2

(2-8)
−ν

(2-9)

1
ku + k f

(2-10)

νN and νD are the frequencies of the folded and unfolded state resonances, kf and ku are
the folding and unfolding rates and the exchange rate is the sum of kf and ku.
In this work, the γ-protons from Val16 and Val21 in PSBD and the δ proton from
Leu16 in EH were followed as a function of temperature. The folding and unfolding rates
of these two proteins were determined by fitting the broadened resonances with the above
equations.
2.3 Results
All of the proteins have a glycine located at a helix C-capping position. They are
G331 (Residues are numbered according to the full-length protein. The first residue of the
UBA domain is residue Q319 and the C-terminal residue is E363.) in UBA with φ = 122o
(121o to 130o), ψ = 6.5o (-2o to 12o) from 18 NMR structures; G16 in GA with φ, ψ values
of 108o and –22o from 1 NMR structure; G15 in PSBD with φ, ψ values of 94o (56o to 94o)
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and 81o (1o to 81o) from 35 NMR structures; G39 in EH with φ, ψ values of 79o and 24o
from the X-ray structure. The first number is the value for φ, ψ reported for the best
representative structure and the numbers in brackets are the range of values observed in
the different members of the NMR ensemble. An important consideration is whether or
not introduction of a new methyl group leads to steric clashes. Modeling indicates that a
D-Ala can be accommodated at each of these sites and shows that the new methyl group
is exposed to solvent. All of the glycines are largely exposed to the solvent and the
solvent exposure of the backbone and sidechain at these sites are listed in table 2-3. Thus
the difference in solvation between the folded and unfolded states is likely to be modest,
and unfolded state entropy effects should be the main factor in any change in stability.
Model proteins with L and D-amino acids substitutions were built to check the change in
the exposed surface area for the backbone and sidechain at the substitution site. L and
D-amino acids replacements experience similar changes in exposed surface area.
2.3.1 D-Ala substitutions do not perturb the structures
Far-UV CD and NMR experiments were conducted in order to compare the structure
of the D-Ala variants to the respective wildtypes. The CD spectra all show the classic
double minimum at 222 and 208 nm, indicative of helical secondary structure. Based on
the CD data, wildtype and respective mutants have similar secondary structure content
(figure 2-2). NMR studies confirm the CD results. The one-dimensional 1H spectra of the
GA and EH domains contain characteristic sets of ring current shifted methyl resonances
which provide a convenient probe of tertiary structure (16, 23). The same peaks are
observed in the respective D-Ala variants (figure 2-3). TOCSY and NOESY spectra were
recorded for the UBA and PSBD D-Ala mutants. CαH chemical shifts are a sensitive
indicator of secondary structure. The difference in CαH chemical shifts is plotted in figure
2-4. For UBA, 90% of the residues have been assigned and most CαH chemical shifts are
very close to the wildtype values with differences within ±0.1ppm. For PSBD, 80% of
the residues have been assigned and most of the CαH shift differences are within ±0.1
ppm of wildtype except for some residues located at the N and C terminus, which have
differences around 0.2 ppm. The complete lists of backbone assignments are given in
table 2-4 and table 2-5.
2.3.2 Substitution with D-Ala increases protein stability
Thermal denaturation of the wildtype proteins and D-Ala variants and the D-Val
variant of PSBD were monitored by far-UV CD at 222 nm. The curves were fit assuming
a two-state model and are showed in figure 2-5. There is some controversy concerning
the cooperativity of the folding of PSBD. Some have argued that its folding process is
two-state while others have argued that it is a downhill folding (25, 26). The available
evidence suggests that the other domains fold via a two state transition. The
thermodynamic parameters derived from the unfolding curves are listed in table 2-6. The
Tm of PSBD G15D-Ala, UBA G331D-Ala and EH G39D-Ala mutants are 9oC, 8oC and
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5oC higher than the respective wildtype values. The Tm of the GA module is too high to
be measured reliably. The free energy of unfolding of all of the domains and their D-Ala
variants was determined by urea or guanidine denaturation. Guanidine denaturation was
used for PSBD and GA because the urea transitions are too broad and the cM values are
too high to allow the curves to be fit accurately. The urea denaturations of EH wildtype
and its D-Ala variant were done at 5oC because the pre-transition can be better defined at
this temperature. The unfolding curves are shown in figure 2-6. The m values of all of the
D-Ala mutants are close to the respective wildtype values, suggesting that there is not a
significant change in the amount of surface area exposed upon unfolding. The free energy
of unfolding of the D-Ala variants is 0.6 to 1.2 kcal/mol higher than the respective
wildtype proteins. These values are close to some estimates for the free energy change
resulting from changes in backbone conformational entropy caused by a Gly to Ala
substitution. For example, Freire and coworkers have estimated that replacement of
glycine by alanine will reduce the conformational entropy of the peptide backbone by
2.46 ± 0.2 cal/K·mol. This will result in a change in free energy of 0.7 kcal/mol at 298K
(4, 27).
2.3.3 Analysis of the folding and unfolding rates of the PSBD and EH variants is
consistent with denatured state effects
The folding and unfolding rates of PSBD can be estimated by NMR lineshape
analysis. The resonances of the γ-protons of Val16 and Val21 were followed. V16 is near
the start of the loop which connects the two helices and V21 is located at the end of
310-helix. At 25oC, their chemical shifts are 0.42 and 0.23 ppm respectively. As the
temperature is increased, these two resonances shift downfield significantly and become
broader because of rapid conformation exchange between the native and unfolded
structures. These two resonances appear in a relatively uncrowded region of the spectrum
and do not overlap with other peaks. Thus NMR lineshape analysis can be used to define
the exchange rates. To obtain the folding and unfolding rates, pn (population of the native
state) and pd (population of the unfolded state) were determined at each temperature by
separate equilibrium unfolding experiments monitored by CD in D2O. D2O was used
since the NMR studies were done in D2O. Analysis of the Val16 and Val21 lineshapes
gives similar exchange rates. Figure 2-7 shows a plot of lnkf and lnku versus 1/T.
Compared to the wildtype, at each temperature the folding rate of D-alanine variant
increases significantly while the unfolding rate is almost unchanged. The simplest
interpretation of these results is that the unfolded state free energy levels change while
the transition state and native state levels are not significantly altered (figure 2-8).
Analysis of the folding and unfolding rates argues that denatured state effects are
more important than folded state effects. Consider the schematic reaction coordinate
diagram shown in figure 2-8,
∆GTSf,mutant - ∆GTSf,wildtype = -RTlnkf,m + RTlnkf,wt = -RTln(kf,m/kf,wt)
= (a+b) – (b+c) = a - c
(2-11)
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∆GTSu,mutant - ∆GTSu,wildtype = -RTlnku,m + RTlnku,wt = -RTln(ku,m/ku,wt)
= (a’+b’) – (b’+c’) = a’-c’
(2-12)
where kf,m is the folding rate of the D-Ala variant; kf,wt is the folding rate of wildtype; ku,m
and ku,wt represent the unfolding rates of the D-Ala variant and wildtype, respectively. a, b,
c, a’, b’, c’ are defined in figure 2-8. a-c is the change in the folding activation free energy
while a’-c’ represents the change in the activation free energy for unfolding. From the
lineshape analysis result, we know that kf,m/kf,wt is larger than ku,m/ku,wt , so (a-c) will be
smaller than (a’-c’). Since a’=a, we can conclude c is larger than c’, which means that the
change in denatured state is more significant than native state. This is consistent with our
assumption that the stabilization of D-alanine variant results from the destabilization of
the unfolded state. The folding and unfolding rates of EH wildtype and D-alanine mutant
have also been determined by NMR lineshape analysis. The δ-proton from Leu16 was
followed at different temperatures. The plots of lnkf and lnku versus 1/T are shown in
Figure 2-7. Although the unfolding rate of the D-alanine variant does increase relative to
wildtype, the change is not as large as the change in the folding rate. Again this is
consistent with the assumption that the stabilization by D-Ala substitution mainly comes
from the destabilization of the unfolded state. Unfortunately the folding and unfolding
rates of UBA and GA could not be determined by lineshape analysis since there are no
resonances that can be followed that shift and broaden significantly with increasing
temperature.
2.3.4 The effects of the replacement of a C-capping Gly by a β-branched amino acid
Backbone desolvation can also affect protein stability (8). The C-capping glycines
studied here are largely exposed, thus substitution of glycine by other amino acids leads
to desolvation of the peptide backbone. However, if the glycine is located on the surface,
the desolvation of the peptide backbone in the folded and unfolded states caused by the
substitution with other amino acids should be similar. Thus incorporating D-Val, with
β-branched sidechain, into the helical C-capping position should have similar effect to the
protein stability as D-Ala. PSBD G15D-Val was synthesized and thermal and guanidine
denaturations were monitored by far-UV circular dichroism (figure 2-9). The far UV CD
spectrum indicates the significant helix secondary structure which is similar to that
observed for wildtype and D-Ala variant, suggesting the substitution does not perturb the
protein structure. The melting temperature of D-Val variant is 59.7oC, which is 7oC
higher than the wildtype, but 2oC lower than the D-Ala variant. The free energy of
unfolding for the D-Val variant is 3.39 kcal/mol, which is about 0.7 kcal/mol higher than
the wildtype but 0.6 kcal/mol lower than the D-Ala variant (table 2-6). The m-value
defined from the denaturation curve is 0.68, which is close to both the wildtype and
D-Ala, suggesting that the mutation does not significantly affect the change of solvent
exposed area upon unfolding. However, the destabilization of the protein by
incorporating D-Val into PSBD compared to D-Ala gives us a hint that the desolvation
effect introduced into the folded and unfolded states is not canceled out in this system. If
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purely entropic effects were involved we would expect the D-Val variant to be more
stable than the D-Ala variant since replacement of Ala by Val was estimated by Freire et.
al. to reduce the conformational entropy by around 1.92 cal/K·mol at 25oC (4, 27). This
difference from the experimental value result from the partial burial of the C-Capping site
in the wildtype. The backbone exposure is 51 Å2 for the PSBD site while it ranges from
59 to 72 Å2 in the other proteins. In the D-Val variant, the desolvation effect on the
peptide backbone is larger than the D-Ala variant, which results in the lower stability of
the protein. Thus desolvation of the peptide backbone may play an unfavorable role in the
protein stability, but the dominant factor is still the conformational entropy since the
D-Val variant is still more stable than the wildtype even though there is an unfavorable
desolvation effect. Steric clashes introduced by the large D-Val sidechain could contribute
to the smaller ∆∆G0 for the Gly to D-Val mutant. Modeling of the D-Val assuming the
same φ, ψ angles as observed for wildtype and a χ angle equals 180o indicates that the
side chain of D-Val is pointing to the outside of the folded protein, making no contacts
with other residues. Thus the contribution from steric clash or extra interactions by the
substitution should be less important.
2.4 Discussion
All of the small helical peptides we studied have a glycine located at the helix
C-capping position with positive φ-angles. This conformation is strongly disfavored for
L-amino acids but allowed for D-amino acids. In this chapter, we reported that the
substitution of these glycines by D-Ala stabilizes the proteins by 0.6 - 1.2 kcal/mol. This
value is close to some estimates for the free energy change resulting from changes in
backbone conformational entropy caused by a Gly to Ala substitution (4). From the fact
that the folding rate changes much more than the unfolding rate upon mutation, we
deduce that unfolded state effects are more important and the decrease of the unfolded
state entropy is likely the major factor contributing to the stabilization of the protein. Of
course, other factors besides changes in conformational entropy can affect protein
stability. These include differential desolvation of the peptide backbone in the folded and
unfolded states, conformational strain in the native structure, new sidechain interactions
introduced into the folded state and specific interactions in the unfolded states (28-30).
The small difference in the α-proton chemical shifts indicates that the substitution does
not perturb the native structure and modeling shows that the sidechain of the D-Ala does
not make any new native contacts. Our previous studies which compared L-Ala and
D-Ala variants showed that substitution by D-amino acids does not introduce backbone
conformational strain into the native structure.
Substitution of glycine by other amino acids will affect backbone desolvation, which
can also play a role in the protein stability. Since the C-capping glycines are largely
exposed on surface, the extent of changes in the solvation of the sidechain in the folded
and unfolded states should be similar. Thus any changes of sidechain desolvation upon
mutation should have little effect on the free energy difference between these two states.
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However, replacement of glycine by other amino acids will protect the backbone from the
solvent and valine will have a bigger effect than alanine because of its larger sidechain. In
the study of D-Val variant at the C-capping position in PSBD, we observed a net
stabilization compared to wildtype, but the increase was not as large as for the D-Ala
variant. This suggests that desolvation effects might play a role in PSBD assuming that
no new interactions are induced by the bulky D-Val sidechain. The total stabilization
effect suggests that the contribution from conformational entropy is larger than the
desolvation effect and still plays a dominant role in the changing of the protein stability
upon substitution. In some cases where the glycine is buried or partially buried, the
desolvation effect can be the major factor which can result in a destabilization.
Previous studies showed a destabilization with the substitution of glycine by
L-amino acids. The conformational energy penalty of incorporating a L-amino acid is the
main source of the destabilization because it introduces strain into the protein at any sites
with positive φ angles. Our substitution with D-amino acids successfully avoids this
unfavorable effect, resulting in stabilization of the protein. In our study, the C-capping
glycines are largely exposed, which makes the desolvation effect modest, conformational
entropy being the major factor. Glycines with positive φ angles are frequently found at
the helix C-capping position, thus substitution by D-amino acids at this site should be a
general strategy to enhance protein stability.
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Table 2-1 φ and ψ angles of the C-capping glycines. The dihedral angles were measured
using the indicated PDB files. The structure of PSBD and EH are NMR structures and the
numbers in brackets are the range of the angle for different members of the NMR
ensemble. The GA structure is also a NMR structure but only a ‘best representative
structure’ was deposited in the PDB. The EH structure was solved by X-ray
crystallography.

PSBD G15
GA G16
UBA G331
EH G39

Φ (o)
94 (56 to 94)
108
122 (121 to 130)
79
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Ψ (o)
81 (1 to 81)
-22
6.5 (-2 to 12)
24

Table 2-2 Methods for protein purification
Column

Buffer

Gradient

Retention
time

Flow rate

UBA

Semi-prepartive
C4

25%-65%B
in 80 min

34 min

3ml/min

GA

Semi-prepartive
C4

25%-65%B
in 40 min

18 min

3ml/min

PSBD

Semi-prepartive
C18

25%-75%B
in 100 min

30 min

5ml/min

EH

Semi-prepartive
C18

A: 100% H2O, 0.1% TFA
B: 90% isopropyl alcohol,
10% H2O, 0.1% TFA
A: 100% H2O, 0.1% TFA
B: 90% isopropyl alcohol,
10% H2O, 0.1% TFA
A: 100% H2O, 0.1% TFA
B: 90% acetonitrile,
10% H2O, 0.1% TFA
A: 100% H2O, 0.1% TFA
B: 90% acetonitrile,
10% H2O, 0.1% TFA

25%-65%B
in 80 min

22 min

5ml/min
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Table 2-3 Calculated solvent exposure of backbone and sidechain at the C-capping site
for wildtype, L-Ala and D-Ala variants. The PSBD structure comes from the average of
35 NMR conformations; the UBA structure comes from 18 NMR conformations; the EH
structure was solved by X-ray Crystallography and the GA structure was defined by one
NMR conformation. The backbone exposure refers to the amide proton and nitrogen,
α-carbon, carbonyl carbon and oxygen. For comparison the values for L-Ala, D-Ala and
Gly are given for the central residue in a L-Ala-X-L-Ala tripeptide which adopts an
extended conformation (φ, ψ=180o). The program GETAREA was used to calculate
exposed area.
Backbone exposed area
Sidechain exposed area (Å2)
(Å2)
PSBD G15
50.8
NA
PSBD G15L-Ala
25.1
56.8
PSBD G15D-Ala
30.8
38.2
UBA G331
70.8
NA
UBA G331L-Ala
45.1
49.8
UBA G331D-Ala
42.3
50.6
EH G39
72.2
NA
EH G39L-Ala
40.6
57.1
EH G39D-Ala
43.0
48.5
GA G16
58.6
NA
GA G16L-Ala
31.8
55.2
GA G16D-Ala
31.1
47.5
Ala-Gly*-Ala
80.9
NA
Ala-Ala*-Ala
39.6
72.3
*A tri-peptide was constructed by PyMol. The surface area of the middle residue was
calculated.
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Table 2-4 1H chemical shifts of the backbone of UBA G331D-Ala variant refer to TSP at
pH 6.5, 25oC.
residue
δ(NH) ppm δ(CαH) ppm
residue
δ(NH) ppm δ(CαH) ppm
E1

F24

8.15

4.04

E2

8.62

3.95

A25

8.28

4.24

K3

7.97

4.02

C26

7.37

4.49

E4

8.23

3.96

E27

7.63

3.72

A5

7.73

3.91

K28

8.00

1.59

I6

7.68

3.25

N29

6.92

4.76

E7

7.89

3.99

E30

9.02

3.85

N31

8.30

4.52

R8
L9

8.11

4.16

L32

7.89

4.16

K10

8.56

4.37

A33

8.61

4.36

A11

7.70

4.24

A34

8.38

3.83

L12

7.54

4.24

N35

7.59

4.37

D-Ala13

8.13

4.17

F36

8.38

4.12

F14

L37

8.38

3.51

E15

L38

8.14

4.24

E16

8.75

4.21

S39

7.63

4.36

S17

8.97

4.22

Q40

7.42

4.02

L18

7.05

4.25

N41

8.03

4.69

V19

8.02

3.51

F42

8.23

4.62

I20

8.59

3.55

D43

8.29

4.60

Q21

7.42

4.09

D44

8.19

4.55

A22

8.25

3.74

E45

Y23

9.06

3.72
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Table 2-5 1H chemical shifts of the backbone of PSBD G15D-Ala variant refer to TSP at
pH 5.0, 25oC.
δ(NH) ppm δ(CαH) ppm
residue
δ(NH) ppm δ(CαH) ppm residue
A3

T24

4.51

M4

G25

8.59

4.43

P5

K26

8.61

4.09

S6

8.35

4.28

N27

9.45

4.40

V7

7.60

3.72

G28

8.02

3.90

R8

8.02

4.03

R29

6.92

4.06

K9

7.95

4.06

V30

8.60

4.10

Y10

7.95

4.37

L31

9.53

4.68

A11

8.54

3.75

K32

8.13

3.75

R12

7.68

4.15

E33

9.62

4.18

E13

8.28

4.03

D34

K14

7.63

4.21

I35

7.61

3.72

D36

8.00

4.52

D-Ala15

4.60

V16

8.20

4.00

A37

8.24

4.28

D17

8.32

4.50

F38

8.04

4.21

I18

8.30

3.59

L39

7.90

4.12

R19

8.02

3.93

A40

7.76

4.31

L20

7.77

4.22

G41

8.10

3.96

V21

6.99

3.68

G42

7.76

3.96

Q22

8.76

4.31

A43

8.03

3.90

G23

8.76

3.63
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Table 2-6 Thermodynamic parameters for the unfolding of PSBD, EH, UBA and GA and
their Gly to D-Ala and D-Val variants. The numbers after the ± symbol are the standard
errors to the fit. Urea was used as the denaturant for PSBD, EH and UBA. Guanidine was
used for the GA module. Urea and guanidine denaturations were performed at 25oC
except for the EH domain which was studied at 5oC.

PSBD
PSBD G15D-Ala

∆Go
(kcal/mol)
2.75 ± 0.07
4.00 ± 0.34

m
(kcal/mol mol-1)
0.67 ± 0.01
0.73 ± 0.07

Tm
(oC)
52.5 ± 0.1
61.3 ± 0.2

∆Ho
(kcal/mol)
29.6 ± 0.5
31.9 ± 0.8

PSBD G15D-Val

3.39 ± 0.03

0.68 ± 0.01

59.7 ± 0.1

32.0 ± 0.5

EH
EH G39D-Ala
UBA
UBA G331D-Ala
GA
GA G16D-Ala

1.91± 0.03
2.55 ± 0.13
1.50 ± 0.04
2.27 ± 0.07
4.71 ± 0.16
5.52 ± 0.19

0.61 ± 0.01
0.66 ± 0.03
0.51 ± 0.01
0.56 ± 0.02
1.00 ± 0.03
1.02 ± 0.04

55.6 ± 0.2
60.7 ± 0.4
65.2 ± 0.5
73.7 ± 1.1

32.5 ± 0.7
33.1 ± 1.4
20.6 ± 0.3
22.4 ± 0.4
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a

b

c

d

Figure 2-1 Ribbon diagram of (a) GA, (b) EH, (c) PSBD and (d) UBA. The Glycine at
the helix C-capping position is shown as a sphere. The figure was generated using the
program molscript and the PDB files 2PDD, 1ENH, 1PRB and 1UBA respectively.
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Figure 2-2 Far-UV CD wave scan of (a) UBA; (b) GA; (c) PSBD and (d) EH from 260 to
195 nm. The open circles represent the wildtype and the gray circles represent respective
D-Ala variants. The relative low intensity of the spectra in figure (a) could be due to
uncertainties in concentration determination.
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a

b

Figure 2-3 Downfield region of one-dimensional 1H NMR spectrum of (a) GA wildtype
and D-Ala mutant and (b) EH wildtype and D-Ala mutant. The upper spectrum is from
wildtype while the bottom spectrum is from the D-Ala variant. The sharp peak at 0 ppm
is the internal standard. The spectra of UBA were collected in 99% D2O with 50mM
phosphate and 1mM deuterated DTT at pD 6.5, 25oC. The spectra of GA were collected
in 99% D2O with 50mM phosphate at pD 7.0, 25oC. The spectra of PSBD were collected
in 10% D2O with 20mM Tris and 50mM sodium chloride at pH 8.0, 25oC. The spectra of
EH were collected in 99% D2O with 50mM deuterated sodium acetate and 100mM
sodium chloride at pD 5.7, 25oC.
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Figure 2-4 Plot of α-proton chemical shift differences between wildtype and D-Ala
variant for (a) PSBD and (b) UBA. The spectra of PSBD were collected in 10% D2O with
20mM Tris and 50mM sodium chloride at pH 5.0, 25oC. The spectra of UBA were
collected in 10% D2O with 50mM phosphate and 1mM DTT at pH 6.5, 25oC.
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Figure 2-5 Thermal unfolding curves of (a) PSBD wildtype, (b) PSBD D-Ala mutant, (c)
UBA wildtype, (d) UBA D-Ala mutant, (e) EH wildtype, (f) EH D-Ala mutant. A 50mM
phosphate buffer with 1mM DTT at pH 6.5 was used for UBA wildtype and variants. For
the GA wildtype variants, a 50mM phosphate buffer at pH 7.0 was used. For PSBD
wildtype and variants, a buffer containing 2mM sodium phosphate, 2mM sodium borate
and 50mM sodium chloride at pH 8.0 was used. For EH wildtype and variants, a 50mM
sodium acetate buffer with pH 5.7 was used.
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Figure 2-6 Urea or guanidine unfolding curves for wildtype and D-Ala variants of (a) GA
wildtype, (b) GA D-Ala mutant, (c) PSBD wildtype, (d) PSBD D-Ala mutant, (e) UBA
wildtype, (f) UBA D-Ala mutant, (g) EH wildtype, (h) EH D-Ala mutant monitored by
CD at 222nm. Experiments with the GA, PSBD and UBA domains were performed at
25oC. The denaturation of EH was conducted at 5oC. A 50mM phosphate buffer with
1mM DTT at pH 6.5 was used for UBA wildtype and variants. For the GA wildtype
variants, a 50mM phosphate buffer at pH 7.0 was used. For PSBD wildtype and variants,
a buffer containing 2mM sodium phosphate, 2mM sodium borate and 50mM sodium
chloride at pH 8.0 was used. For EH wildtype and variants, a 50mM sodium acetate
buffer with pH 5.7 was used.
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Figure 2-7 Plots of lnk versus (1/T)*1000 for the wildtype and D-Ala variant of (a) PSBD
and (b) EH. Open circles represent the folding rate of the D-Ala variant; red circles
represent the unfolding rate of the D-Ala variant; green circles represent the folding rate
of wildtype; blue circles represent the unfolding rate of the wildtype. The change in the
slope of the plots for wildtype in panel A and panel B are different. This may be real or it
could reflect the difficulty in fitting the data. Note a plot of lnkf vs 1/T is expected to have
downward curvature but the curvature should be small for a small protein.
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Figure 2-8 Diagram of the free energy levels of the folded state, transition state and
unfolded state of wildtype and a D-Ala variant. The solid line represents the energy levels
of wildtype; the dashed line represents the energy levels of the D-Ala variant.
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Figure 2-9 (a) Thermal unfolding curve of PSBD G15D-Val variant monitored by CD at
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All the experiments were done at 2mM sodium borate and 50mM sodium chloride at pH
8.0.
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3. The Important Role of A Buried Salt Bridge In The Villin Headpiece
Domain

Abstract
The villin headpiece, HP67, is a small globular protein that consists of two
subdomains; the N-terminal subdomain and the C-terminal subdomain, which form an
extended hydrophobic core. The C-terminal subdomain, which is denoted HP35, can fold
independently in isolation while the N-terminal subdomain can not. A salt bridge between
E39 and K70 links the two subdomains and is buried in the hydrophobic core. The
contribution of this salt bridge to the structure and stability of HP67 was studied by
characterizing a series of variants (HP67E39Q, HP67E39L, HP67K70M and
HP67E39QK70M). One-dimensional and 1H-15N HSQC NMR were used to characterize
the structure of the variants and the N-terminal subdomain was found to be partially
unfolded in all cases. Previous studies have shown that a H41Y mutation can stabilize the
protein thus a HP67E39QH41Y double mutant was designed. The results show that
HP67E39QH41Y is more stable than HP67E39Q with more native structure, although the
N-terminal subdomian remains partially unfolded. Thus the buried salt bridge is
indispensable to ensure a correct fold for the N-terminal subdomain. Another variant,
HP67K38M, was analyzed. The mutation also results in an unfolded N-terminal
subdomain even though K38 does not directly participate in the salt bridge. The K38M
mutant likely exerts its effects by perturbing the conformation of E39.

3.1 Introduction
The villin headpiece domain is an F-actin-binding protein which consists of the
C-terminal 76 residues of villin (1-4). The first nine residues can be removed without
affecting its structure or function (4, 5). This construct is denoted as HP67 and is often
used as a model system for protein folding studies (figure 3.1, 3.2) (4-7). HP67 consists
of two subdomains, the N- and C-terminal subdomains. The two subdomains pack against
each other tightly, forming an extended hydrophobic core comprising residues from both
subdomains. The N-terminal subdomain has very little secondary structure while the
C-terminal subdomain is rich in α-helix containing most of the residues responsible for
F-actin binding (4). The isolated C-terminal domain is denoted as HP35 and it can fold
independently to a compact globular protein (5, 6). Many experimental and
computational studies of protein folding have been performed using HP35 as a model
protein since it is one of the smallest proteins which can fold independently and it folds
extremely rapidly (8-14). In contrast, the isolated N-terminal subdomain does not fold in
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the absence of the C-terminal subdomain, which suggests that subdomain interface
interactions play an important role in HP67 folding. Consistent with this hypothesis,
previous studies found that the N-terminal subdomain stabilizes the C-terminal
subdomain. HP35 can fold to a tertiary structure but it loses the ability to tightly bind
actin without the N-terminal subdomain (4, 7).
HP67 undergoes multistate unfolding, which is unusual for such a small globular
protein (7). The N-terminal subdomain is less stable than the C-terminal subdomain,
which is found to unfold before the C-terminal subdomain (7). However, the unfolding of
the two subdomains is not independent since the N-terminal subdomain can stabilize the
C-terminal subdomain. An intermediate is suggested by both experimental and
computational data in which the N-terminal subdomain is unfolded or partially unfolded
but the C-terminal subdomain is natively folded (7, 15). This makes HP67 an interesting
system for the study of cooperativity and protein folding. Both X-ray and NMR structures
of HP67 have been reported (4, 16). Recently computational studies have suggested that
the structure resolved by NMR is closer to an intermediate structure (15). Whether this is
related to its biological function of HP67 is still unknown.
A histidine is often found at position 41 in the headpiece sequence and the only
naturally occurring substitution is a tyrosine. His 41 acts as a pH sensitive folding switch
in vitro (4). When pH is lower than its pKa, the histidine will be protonated and the
introduction of a positive charge to the imidazole ring destabilizes the hydrophobic core
and results in the unfolding of the N-terminal subdomain. However, the unfolding of the
N-terminal subdomain does not require protonation of His-41. NMR relaxation
dispersion studies have shown that the N-terminal subdomain can transiently and
partially unfolded (17). Protonation of His-41 is easier in this partially unfolded state
since the pKa of His-41 is elevated relative to the folded state. Continuum electrostatic
calculations suggest that the pKa in the folded state is 1.1 lower (17). The His-41 to Tyr
substitution has been shown to stabilize the protein and the effect is propagated
throughout the structure even though the sidechain of residue 41 makes no contact with
C-terminal subdomain (7). This result suggested that His-41 could contribute to the
segmental unfolding process. However, HP67H41Y still undergoes multistate unfolding
pathway, showing that His-41 is not the sole reason for the deviation from a two-state
mechanism.
A buried salt bridge between E39 and K70 was suggested. Based on the NMR
structure both residues are located in the hydrophobic core (4, 18, 19). In the NMR
structure (PDB ID: 1QQV), the distance between the carboxyl oxygen atoms of E39 and
the sidechain amino nitrogen atom of K70 is about 4.5 to 5.4 Å (4). In the crystal
structure (PDB ID: 1YU5), the minimal distance between the carboxyl oxygen atoms of
E39 and the sidechain nitrogen atom of K70 is only 2.8 Å (16). This salt bridge could
stabilize the two subdomains and contribute to the cooperativity of the structure. Thus we
designed a series of variants to break the salt bridge in order to examine the effect on the
protein. We prepared HP67E39Q, HP67E39L, HP67K70M and HP67E39QK70M
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variants since Q and M are conservative mutants for E and K respectively. They should
allow disruption of the salt bridge without introducing any conformational strain.
3.2 Materials and Methods
3.2.1 Protein expression and purification
HP67 wildtype and variants were prepared by overexpression in Escherichia coli
strain BL21(DE3). Cells were grown in Luria broth medium containing 100mg/L
kanamycin at 37oC. When the OD at 600 nm reached 0.6-0.8, 120mg/L IPTG was added
to the LB medium for induction for 4 hours. Cells were harvested by centrifugation at
5000 rpm for 10 minutes then stored in a -20oC freezer. Cell pellets were resuspended in
50 mM sodium phosphate buffer at pH 7.0 and lysed by sonication. Cell debris was
removed by centrifugation at 33,000 rpm for 1 hour and the supernatant was loaded onto
an S-Sepharose column and eluted with a gradient of 0 to 2M NaCl. Proteins were further
purified by HPLC with a C8 preparative column. An A-B gradient system was used
where buffer A consists of 99.9% (v/v) H2O and 0.1% TFA, buffer B consists of 90% (v/v)
acetonitrile, 9.9% (v/v) H2O and 0.1% TFA. A gradient program was used in which the
percent of buffer B increased from 10% to 90% in 80 minutes. The protein eluted at
around 43% B. The retention time for the mutants is the same as the wildtype.
15
N-labeled HP67 variants were expressed and purified by the same method except that
the cells were grown in M9 medium with 15NH4Cl as the nitrogen source instead of LB
medium. The purified proteins were identified by MALDI-TOF mass spectrometry. The
expected and observed molecular weights are as follows: HP67K70M, expected 7603.7,
observed 7604.5; HP67E39Q, expected 7599.6, observed 7600.2; HP67E39QK70M,
expected 7602.7, observed 7604.3; HP67E39QH41Y, expected 7625.7, observed 7626.2.
Typical yields of purified protein from normal media were around 60 mg/L. The yields
from M9 media were around 20 mg/L.

3.2.2 Circular dichroism (CD) spectroscopy
All CD experiments were performed using Aviv model 62A DS and 202SF circular
dichroism spectrophotometers. All far-UV wavelength scans were performed in a 1mm
quartz cuvette and data was collected from 195 nm to 260 nm with 5 repeats and an
averaging time of 1 second at each wavelength. All of the thermal denatuaration and
urea/guanidine denaturation experiments were monitored at 222 nm in a 1cm quartz
cuvette. The protein concentrations were around 20 µM. Samples were dissolved in
10mM sodium phosphate buffer at pH 6.5 except for the guanidine denaturation
experiments which were performed at pH 7.0. 1.5 minutes was allowed after each change
in temperature or change in guanidine concentration. The temperature range for thermal
denaturation was from 2oC to 98oC. All urea and guanidine denaturation curves were fit
to the following equation:
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0

y ([den]) =

an + bn [den] + (ad + bd [den])e − ∆GN − D ([ den ]) / RT

(3-1)

0

1 + e −∆GN − D ([ den ]) / RT

where,
∆G0([den]) = ∆G0(H2O)- m[den]
(3-2)
y is the measured ellipticity. an, bn, ad, bd are the parameters that define the signals of the
native state (N) and denatured state (D). ∆G0([den]) is the free energy change upon
unfolding with denaturant and ∆G0(H2O) is the free energy change in the absence of
denaturant. m is the so called m-value which is thought to be related to the change in
solvent exposed surface area between the folded and unfolded states (20). Thermal
denaturation curves were fitted to similar equations but with ∆G0([den]) changed to
∆G0(T). The Gibbs-Helmholtz equation gives the temperature dependence of the Gibbs
free energy of unfolding:

∆GN0 − D (T ) = ∆H 0 (Tm ) − T∆S 0 (Tm ) + ∆C p0 (T − Tm − T ln

T
)
Tm

(3-3)

where Tm is the midpoint for thermal unfolding. ∆H0(Tm) is the enthalpy change for
unfolding. ∆Cp0 is the change in heat capacity, which is generally considered to be
proportional to the difference of the non-polar surface area between the native and
denaturated states. ∆Cp0 is assumed to be constant over the temperature range of interest.
Tm can be determined by numerical differentiation of the denaturation curve.
3.2.3 Nuclear magnetic resonance (NMR) spectroscopy
All NMR experiments were conducted on either Varian Inova 500 MHz or 600 MHz
NMR spectrometers. All samples for one-dimensional experiments were prepared in
99.9% D2O containing 10 mM sodium phosphate at pD 6.5. pD refers to the uncorrected
meter reading. Protein concentrations were around 500 µM. Each spectrum was
referenced to TSP. All samples for 1H-15N HSQC experiments were prepared in 10%
D2O/90% H2O with 10mM sodium phosphate at pH 7.0. The spectral width was 8000 Hz
in the 1H dimension and 2200 Hz in the 15N dimension. 128 t1 increments were collected
and the data size in t2 was 2048. Assignments of the 1H-15N HSQC spectra of HP67
variants were obtained using the published assignments (4). The protein concentrations
were around 1 mM and all spectra were taken at 25oC except for HP67E39QK70M, for
which a spectrum at 5oC was also taken.
3.3 Results
3.3.1 Disruption of the N-terminal subdomain upon disruption of the E39-K70 salt bridge
The far-UV CD spectra shows significant helix secondary structure for all three
variants (HP67E39Q, HP67K70M and HP67E39QK70M) similar to that observed for the
wildtype. However, far-UV CD wavelength spectra can not give information about
individual residues, nor do they provide information about tertiary structure. The CD
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spectrum of HP67 is expected to be dominated by the C-terminal subdomain thus the
wavelength scans do not provide information about the N-terminal subdomain. Thus one
dimensional NMR spectra were recorded on each variant to obtain more detailed
structural information (figure 3.3). One of the methyl resonances from V33 is found at
0.22 ppm in the wildtype protein and this provides a useful marker of the state of the
N-terminal subdomain. This peak disappeared in the spectra of the variants which
indicates the N-terminal subdomain may lose its tertiary structure. We also observed
changes in some of the other resonances (unassigned) from the ring current shifted
methyl groups in upfield region which gives further proof that the structure of N-terminal
subdomain is altered in the variants. However, the resonance from the methyl group of
V50 remains at around -0.3 ppm in the spectra of the variants showing the C-terminal
subdomian retains structure upon substitution (4).
1
H-15N HSQC spectra were recorded of each variant. The resonances were assigned
by comparision to the published assignments of HP67 wildtype (figure 3.4-3.6) (4). Most
resonances from the C-terminal subdomain have chemical shifts which are similar to the
wildtype values while the resonances from the N-terminal subdomain experience a
significant change. The resonances from the N-terminal subdomain which are unassigned
fall in a restricted region of the spectrum typically of unfolded protein. This suggests that
the N-terminal subdomain is partially unfolded since a dispersed HSQC spectrum is
expected for a folded structure while a poorly dispersed spectrum corresponds to an
unfolded conformation. The spectra were recorded at 25oC. Since some proteins can
refold to the native conformation at lower temperature, we recorded the HSQC spectrum
of HP67E39QK70M at 5oC (figure 3.7). However, the spectrum recorded at 5oC shows
no significant difference from the one recorded at 25oC. We also tested the effects of
adding 1M trimethylamine-N-oxide (TMAO) to the HP67E39QK70M sample. TMAO
stabilizes proteins but the N-terminal subdomain remains unfolded as judged by the
HSQC spectrum (figure 3.8) (21, 22). All of these results show that the salt bridge
between E39 and K70 is crucial for stabilizing the native fold of the N-terminal
subdomain. Although most resonances from C-terminal subdomain remain at chemical
shifts that are similar o wildtype, some residues display changes indicating that they may
experience local conformational changes. Thus the N-terminal subdomain can also affect
the structure of the C-terminal subdomain.
3.3.2 Breaking the salt bridge destabilized the protein
The apparent stabilities of the HP67E39Q, HP67K70M and HP67E39QK70M
variants were measured by CD monitored urea denaturations at 222 nm (figure 3.9). The
thermodynamic parameters of the variants are shown in table 3.1. Again it is important to
stress that these experiments are monitoring the apparent stability of the C-terminal
subdomain. Substitution of Glu39 by Gln significantly destabilized the C-terminal
subdomain by about 2 kcal/mol. The HP67K70M and HP67E39QK70M variants are also
about 0.3 kcal/mol destabilized comparing to the wildtype, while they are more stable
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than the HP67E39Q mutant, likely because the Lys70 to Met mutation can locally
stabilize the C-terminal subdomain. Studies of the isolated C-terminal subdomain have
shown that a K70M mutation stabilizes the subdomain in isolation (Yuan Bi personal
communication). m-values of the HP67 variants are much smaller than the wildtype,
which means the exposed surface area change upon unfolding of the variants is smaller
than the wildtype (20, 23). The most likely reason is that the surface area of the variants
under native conditions is larger than the wildtype, due to partially unfolding of the
N-terminal subdomain in the variants. Comparing the midpoint of the unfolding, cm is
also a useful way to estimate the effect of mutation. The urea cm-value of HP67E39Q is
1.2 mol lower than the wildtype while the cm of HP67K70M and HP67E39QK70M
variants are 1.8 and 1.5 mol higher than the wildtype respectively. Guanidine
denaturations were also performed for the three variants and the results consistently
showed that substitution of Glu39 by Gln destabilizes the protein (figure 3.10). The
stabilities derived from guanidine denaturation are smaller than from urea denaturation.
This might be because guanidine is a salt thus it can screen electrostatic interactions
(24-27).
CD was also used to monitor the thermal stability by following the signal at 222 nm
as a function of temperature. The melting temperature of HP67E39Q is 4oC lower than
the wildtype while the Tm of HP67K70M and HP67E39QK70M variants are 7 to 8oC
higher than the wildtype (figure 3.11). This is because of the local stabilization of the
C-terminal subdomain by the Lys70 to Met substitution. What needs to be pointed out is
that the equation we used to fit the denaturation curves are for a two-state folding
mechanism. Thus is strictly inaccurate for HP67 because it proved undergoes multistate
unfolding. However, the CD signal at 222 nm primarily arises from helical structure
which is mainly from the C-terminal subdomian. Thus the CD experiments report
primarily on the unfolding of the C-terminal subdomain which is thought to undergo two
state unfolding.
The effects of replacement of Glu39 by Leu were also studied and compared to the
HP67E39Q variant. The 1H-15N HSQC spectrum is similar to the HP67E39Q variant, also
indicating a partially unfolded N-terminal subdomain (figure 3.12). The denaturation
curves show that the melting point of HP67E39L is 4oC higher than HP67E39Q but the
same as wildtype, and the apparent free energy of unfolding (from urea induced
unfolding) is about 1.3 kcal/mol higher than HP67E39Q but 0.7 kcal/mol less stable than
wildtype (figure 3.13). This means the C-terminal subdomain in HP67E39L is more
stable than in HP67E39Q. This stabilization may arise from the contribution of leucine to
the hydrophobic core, forming hydrophobic interactions with other residues. The
apparent m-value of HP67E39L is 0.46 kcal/mol M-1, which is also larger than the value
for HP67E39Q, 0.37 kcal/mol M-1 but smaller than wildtype. To summarize, we observed
a decreased free energy of unfolding and a smaller m-value compared to the wildtype but
the effects are smaller than for the HP67E39Q mutant. The thermodynamic data for all
variants is summarized in table 3.1.
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3.3.3 The effect of a H41Y substitution on the HP67E39Q variant
His41 has been shown to act as a pH sensitive switch for N-terminal subdomain
folding in HP67 (4). Previous work showed a H41Y substitution can stabilize the protein
(7). Thus we explored the effect of a H41Y substitution on the HP67E39Q variant. We
prepared the HP67E39QH41Y double mutant and the structure was compared to the
wildtype by NMR. In the one-dimensional 1H NMR spectrum, there is a broad peak at
around 0.2 ppm which is the chemical shift for the methyl group of V33 (figure 3.14).
The broadening of the resonance may arise from rapid exchange between the folded and
unfolded conformations. And the spectrum recorded at lower temperature shows no
significant change from the one recorded at room temperature. The 1H-15N HSQC
spectrum of HP67E39QH41Y is more resolved than the spectrum of HP67E39Q and
some resonances from the N-terminal residues have chemical shifts similar to the
wildtype values (figure 3.15). However, it is still less resolved than the spectrum of the
wildtype indicating partial unfolding of the N-terminal subdomain. The results show that
H41Y substitution can stabilize the N-terminal subdomain and help maintain more native
structure compared to the HP67E39Q variant. But the N-terminal subdomain is still
partially unfolded without the salt bridge.
The stability of HP67E39QH41Y was measured by CD monitored urea denaturation
(figure 3.16). The apparent free energy of unfolding is 3.08 kcal/mol, which is 1.2
kcal/mol lower than the wildtype value but 0.7 kcal/mol higher than HP67E39Q. The
value for HP67H41Y is 5.4 kcal/mol thus the E39Q mutation leads to an apparent
destabilization of 2.0 kcal/mol in the wildtype background and to a 2.3 kcal/mol
destabilization in the H41Y background. The midpoint, cm, of the urea denaturation of
HP67E39QH41Y is the same as the wildtype and 1.2 mol higher than HP67E39Q. This is
expected since the H41Y substitution stabilizes the C-terminal subdomain and the CD
signal at 222 nm primarily arises from the helical structure in the C-terminal subdomain.
The melting temperature, Tm, of HP67E39QH41Y is 6oC and 2oC lower than the wildtype
and HP67E39Q variant respectively. Compared to HP67H41Y, the E39Q mutation
decreases the melting temperature by 16 oC in the H41Y background while in the
wildtype background it leads to a decrease of 4 oC. According to the urea denaturation
data, the melting point of HP67E39QH41Y should be higher than HP67E39Q while in
fact we observed a lower value. However changes in Tm do not have to correlate with
changes in ∆∆G0m at a fixed temperature.
The m-value reports on the surface area change upon unfolding. For
HP67E39QH41Y variant, the apparent m-value is 0.43 kcal/mol M-1, which is higher than
HP67E39Q, 0.37 kcal/mol M-1, but lower than the wildtype, 0.60 kcal/mol M-1 and lower
than the value for HP67H41Y which is the same as wildtype . This is consistent with the
picture of partial unfolding of the N-terminal subdomain from NMR results. The buried
salt bridge between E39 and K70 is essential to keep the N-terminal subdomain folded
even in the H41Y background.
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3.3.4 The effect of a K38M substitution on HP67
Another variant was designed which keeps the residues involved in the salt bridge
but mutates the residue K38. A HP67K38M variant was prepared since K38 is next to
E39 thus a K38M substitution might perturb electrostatic interactions made by E39 and
indirectly affect the salt bridge. The structure of this variant was explored by recording
the 1H-15N HSQC spectrum. The spectrum is similar to the spectra of the other variants
with a region of poorly resolved N-terminal domain resonances indicating the unfolding
of the N-terminal subdomain (figure 3.17). Although the residues involved in the salt
bridge remain, the K38M substitution likely affects the residue next to it, E39, changing
its local conformation and thus disrupting the salt bridge. The stability of HP67K38M
was measured by CD monitored thermal and urea denaturation (figure 3.18). The melting
temperature of HP67K38M is 3oC lower than the wildtype and the free energy of
unfolding is 1.0 kcal/mol lower. The m-value of HP67K38M is 0.43 kcal/mol M-1, which
is 0.06 kcal/mol M-1 higher than HP67E39Q and 0.17 kcal/mol M-1 lower than the
wildtype indicating a smaller surface area change upon unfolding. This is consistent with
the HSQC result suggesting the partial unfolding of the N-terminal subdomain. The
sidechain of K38 points out to the solvent in both the NMR and X-ray structures. There is
less possibility that K38 can form interactions with C-terminal subdomain. Thus the
destabilization caused by the K38M mutation is likely arising from the disruption of the
salt bridge between E39 and K70 by perturbing the conformation of E39.
3.4 Discussion
E39 and K70 are buried in the hydrophobic core of HP67. Burial of charged residues
is a very unstable arrangement unless a salt bridge formed. The close distance between
these two residues in the protein structure indicates the existence of a salt bridge (59,
101). A series of variants were designed to break this salt bridge. All of them resulted in
destabilization of the N-terminal subdomain and its partially unfolding. A H41Y
substitution stabilizes the protein but it still does not induce the N-terminal subdomain to
fold without the salt bridge. Thus the salt bridge between E39 and K70 is indispensable
for the N-terminal subdomain to fold to the native structure. The extended hydrophobic
core is essential to ensure the correct N-terminal fold. Since the salt bridge is buried in
the hydrophobic core, the E39Q and K70M substitutions may disrupt the hydrophobic
core resulting in the unfolding of N-terminal subdomain. K38 is located next to E39 and
since they are oppositely charged, it could contribute to stabilizing the conformation of
E39. Thus it is not surprising that the K38M substitution also results in a partially
unfolded N-terminal subdomain. The interactions between the two subdomains are not
only crucial for the correct fold of N-terminal subdomain, they are also likely to be
essential for the F-actin binding function. Most of the residues responsible for binding are
located in the C-terminal subdomain, but HP35 in isolation can not bind to F-actin tightly.
Compared to the structure of HP35, the conformations of some residues in the C-terminal
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subdomain of HP67 are rearranged (16). The interactions between these two subdomains
may account for the rearrangements. Thus a correctly folded N-terminal subdomain is
likely essential for orienting and positioning the C-terminal residues to function properly.
HP67 is a small globular protein, however it surprisingly undergoes multistate
unfolding, but the unfolding of the two subdomains are not completely independent. An
intermediate with a folded C-terminal subdomain and a partially unfolded N-terminal
subdomain was suggested to be on the unfolding pathway. Computational studies lead to
the interesting suggestion that formation of the intermediate is induced by disruption of a
hydrogen bond network involving His-41 (17). In the variants without the salt bridge we
observed structures with a partially unfolded N-terminal subdomain. This demonstrates
that partial unfolding can also be induced by disruption of the salt bridge. The variants we
designed may mimic the intermediate structure proposed in the computational studies and
detected by our previous NMR relaxation studies. However, further experiments will
need to be done to verify this.
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Table 3.1 Thermodynamic parameters for the unfolding of WT HP67 and variants. All
experiments monitored the CD signal at 222 nm and thus are primarily reporting on the
apparent stability of the C-terminal subdomain. The standard errors to the fit are given
after the ± symbol. The values for wildtype HP67 and HP67H41Y were taken from
reference (95). Experiments were conducted in 10mM sodium phosphate buffer at pH 6.5
except the guanidine denaturation experiments which were conducted at pH 7.0. Urea and
guanidine induced unfolding was used to estimate ∆G0 at 25oC. Tm values were
determined from fitting the thermal unfolding curves and cm values were determined by
taking derivatives of the urea unfolding curves. cm is the midpoint concentration for
denaturant unfolding.
∆G0 (kcal/mol)

HP67
HP67E39Q
HP67K70M
HP67E39Q
K70M
HP67H41Y
HP67E39Q
H41Y
HP67E39L
HP67K38M

m (kcal/mol M-1)

Tm

∆H0(Tm)

o

( C)

(kcal/mol)

urea

Gdn

urea

Gdn

cm(Urea)
(mol)

76±0.7

61±5.0

4.3±0.07

2.75±0.09

0.58±0.01

0.87±0.02

7.2

72±0.7
83±1.0
84±0.9

36±1.5
32±0.5
33±0.4

2.35±0.11
4.06±0.52
3.99±0.30

2.63±0.10
3.08±0.09
3.19±0.09

0.37±0.02
0.40±0.01
0.46±0.01

0.83±0.03
0.75±0.02
0.75±0.02

6.0
9.0
8.7

86±0.5
70±0.7

71±4.7
44±2.9

5.38±0.21
3.08 ± 0.04

4.10±0.06

0.60±0.01
0.43±0.01

1.12±0.01

9.0
7.2

76±0.7
73±0.8

33±0.8
38±1.6

3.67±0.05
3.36±0.05
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0.49±0.01
0.45±0.01

7.8
7.7

Figure 3.1 Ribbon diagram of villin headpiece HP67. The NMR structure was used to
make the figure (PDB code: 1QQV). The C-terminal subdomain is highlighted in orange
and the N-terminal subdomain is highlighted in blue. The position of His 41 is shown in
ball-and-stick format. The N and C-termini are labeled and the four helices are labeled h1
through h4. The figure was created by PyMol.
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a

b

Figure 3.2 (a) Ribbon diagram and (b) space filling graph of villin headpiece 67. The
X-ray structure was used to make the figures (PDB code: 1YU5). Residue E39 is shown
in stick format and colored red, residue K70 is colored blue and K38 is colored yellow.
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*
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V50
V33

Figure 3.3 1H spectra of (a) WT HP67; (b) HP67E39QK70M; (c) HP67K70M; (d)
HP67E39Q. The spectra were recorded in 99.9% D2O containing 10 mM sodium
phosphate at pD 6.5, 25oC. pD refers to the uncorrected meter reading in D2O. The
methyl resonances of V33 and V50 are shown in (a) by arrows and the V50 resonances in
(b), (c) and (d) are labeled by a star. The resonances in the downfield region with
chemical shifts higher than 8ppm are from exchangeable amide protons. The difference in
the intensity of these resonances may due to sample preparation.
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Figure 3.4 1H-15N HSQC spectrum of HP67E39QK70M. The spectrum was recorded in
10% D2O/90% H2O with 10mM sodium phosphate at pH 7.0, 25oC.
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Figure 3.5 1H-15N HSQC spectrum of HP67E39Q. The spectrum was recorded in 10%
D2O/90% H2O with 10mM sodium phosphate at pH 7.0, 25oC.
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Figure 3.6 1H-15N HSQC spectrum of HP67K70M. The spectrum was recorded in 10%
D2O/90% H2O with 10mM sodium phosphate at pH 7.0, 25oC.
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Figure 3.7 1H-15N HSQC spectrum of HP67E39QK70M. The spectrum was recorded in
10% D2O/90% H2O with 10mM sodium phosphate at pH 7.0, 5oC.
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Figure 3.8 1H-15N HSQC spectrum of HP67E39QK70M in the presence of 1M TMAO.
The spectrum was recorded in 10% D2O/90% H2O with 10mM sodium phosphate at pH
7.0, 25oC.
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Figure 3.9 Plots of the measured elipticity vs. [urea] showing the fits. (a) HP67; (b)
HP67E39QK70M; (c) HP67E39Q; (d) HP67K70M. All experiments were done in 10 mM
sodium phosphate buffer at pH 6.5, 25oC. The solid line is the best fit to equation 3-1.
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Figure 3.10 Plots of the measured elipticity vs. guanidine hydrochloride concentration
showing the fits. (a) HP67; (b) HP67E39QK70M; (c) HP67E39Q; (d) HP67K70M. All
experiments were done in 10 mM sodium phosphate buffer at pH 7.0, 25oC. The solid
line is the best fit to equation 3-1.
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Figure 3.11 Plots of the measured elipticity vs. temperature showing the fits. (a) HP67; (b)
HP67E39QK70M; (c) HP67E39Q; (d) HP67K70M. All experiments were done in 10 mM
sodium phosphate buffer at pH 6.5. The solid line is the best fit to equation 3-1.
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Figure 3.12 1H-15N HSQC spectrum of HP67E39L. The spectrum was recorded in 10%
D2O/90% H2O with 10mM sodium phosphate at pH 7.0, 25oC.
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Figure 3.13 Plots of the measured elipticity vs. (a) [urea] and (b) temperature showing the
fits of HP67E39L. All experiments were done in 10 mM sodium phosphate buffer at pH
6.5 and the urea denaturation curve was monitored at 25oC.
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Figure 3.14 1H spectra of (a) HP67E39QH41Y at 5oC; (b) HP67E39QH41Y at 25oC; (c)
HP67H41Y at 25oC. The spectra were recorded in 99.9% D2O containing 10 mM sodium
phosphate at pD 6.5. pD refers to the uncorrected meter reading in D2O. The methyl
resonances of V33 and V50 are shown in (c) by arrows.
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Figure 3.15 1H-15N HSQC spectrum of HP67E39QH41Y. The spectrum was recorded in
10% D2O/90% H2O with 10mM sodium phosphate at pH 7.0, 25oC.
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Figure 3.16 Plots of the measured elipticity vs. (a) temperature and (b) [urea] for
HP67E39QH41Y. All experiments were done in 10 mM sodium phosphate buffer at pH
6.5 and the urea denaturation curve was monitored at 25oC.
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Figure 3.17 1H-15N HSQC spectrum of HP67K38M. The spectrum was recorded in 10%
D2O/90% H2O with 10mM sodium phosphate at pH 7.0, 25oC.
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Figure 3.18 Plots of the measured elipticity vs. (a) [urea] and (b) temperature showing the
fits for HP67K38M. All experiments were done in 10 mM sodium phosphate buffer at pH
6.5 and the urea denaturation curve was monitored at 25oC.
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4. Ionic Strength Dependent Effects in Protein Folding: Analysis of Rate
Equilibrium Free Energy Relationships and Their Interpretation

Abstract
The traditional approach to studying protein folding involves applying a perturbation,
usually denaturant or mutation, and determining the effect upon the free energy of folding,
∆G0, and the activation free energy, ∆G≠. Data collected as a function of the perturbation
can be used to construct rate equilibrium free energy relationships which report on the
development of interactions in the transition state for folding. We examine the use of
ionic strength dependent rate equilibrium free energy relationship in protein folding using
the N-terminal domain of L9, a small α-β protein, as a model system. Folding is two state
for the range of ionic strength examined, 0.045 to 1.52 M. The plot of ∆G≠ vs. ∆G0 is
linear (r2= 0.918) with slope equal to 0.45. The relatively low value of the slope indicates
that the ionic strength dependent interactions are modestly developed in the transition
state. The slope is, however greater than that of a plot of ∆G≠ vs. ∆G0 constructed by
varying pH, thus demonstrating directly that ionic strength dependent studies probe more
than simple electrostatic interactions. Potential transition movement was probed by
analysis of the denaturant, ionic strength cross-interaction parameters. The values are
small but non-zero and positive suggesting a small shift of the transition state towards the
native state as the protein is destabilized, i.e. Hammond behavior. The complications that
arise in the interpretation of ionic strength dependent rate equilibrium free energy
relationships are discussed and it is concluded that ionic strength do not provide a reliable
indicator of the role of electrostatic interactions. These include incomplete screening of
electrostatic interactions, specific ion binding, Hofmeister effects and the potential
presence of electrostatic interactions in the denatured state ensemble. Parts of this chapter
are taken from the published paper by B. Song & D. P. Raleigh.

4.1 Introduction
The characterization of the structure and energetics of the transition state ensemble
(TSE) is a central issue in biophysical studies of protein folding, particularly for single
domain structures which fold in a two-state fashion (1-5). Experimental investigations
often make use of so called rate equilibrium free energy relationships (REFERs) (6-9). In
the simplest case a linear relationship is observed between the change in the logarithm of
the folding rate, lnkf, with a perturbation and the change in the logarithm of the
equilibrium constant, lnK, with the same perturbation. The ratio:
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αx =

∂ ln k f / ∂x

4-1

∂ ln K / ∂x

defines the interaction parameter α, where x denotes the perturbation. The observation of
constant αx values over a broad range of ∆G0 argues that the barrier is narrow and well
defined along the reaction coordinate being probed (6, 9). Non-linear relationships
between ∆G≠ and ∆G0 can also be observed. Nonlinearities can result from a variety of
factors: (i) the movement of the transition state along broad barrier; (ii) a change in the
rate-limiting step of a sequential pathway; (iii) changes in parallel pathways; (iv) a
change of one or both of the ground states induced by the perturbation (6).
If x is the concentration of denaturant, the relationship is simply the well known
Tanford β parameter (βT or θm) which defines the position of the transition state ensemble
(TSE) relative to a dimensionless order parameter that reports upon the relative
compactness of the transition state (10). Other examples albeit less commonly employed
ones, include temperature, pressure and pH. Temperature dependent studies define αT
which is equal to ∆S≠/∆S0 where ∆S≠ is the activation entropy and ∆S0 is the equilibrium
change in entropy (11-13). Pressure dependent studies yield αp = ∆V≠/∆V0 and probe the
change in volume of the system at the TSE, ∆V≠, relative to the total volume change
associated with folding, ∆V0 (14). pH dependent investigations provide a global view of
the development of interactions involving titratable groups (15-17). αpH is formerly equal
to ∆Q≠/∆Q0 where ∆Q≠ is the difference in the number of protons bound to the TSE and
denatured state ensemble (DSE) while ∆Q0 is the difference between the number of
protons bound to the folded state and the protons bound to the DSE. The concept can be
extended to include mutations as a perturbation (2, 3, 6, 17). Within this context the
commonly employed φ-values, φ=∆∆G≠/∆∆G0, can be viewed as a linear REFER defined
by two points, wildtype and mutant.
φ-values are widely used in protein folding to probe the development of interactions
at the level of individual residues and can, if denatured state effects are not important, be
used to define the fractional development of sidechain interactions (1-3, 6, 17, 18). The
φ-value methodology has been applied to a large number of proteins and βT has been
measured for even more. There have been surprisingly few investigations of the
development of electrostatic interactions during protein folding despite the fact that they
can be important for stability and can play a key role in specifying a specific structure (15,
16, 19-32). A number of investigations have relied on the pH dependence of protein
folding to probe the development of electrostatic interactions (15, 16, 19, 20,
23).Complimentary information might, in principle, be obtained from ionic strength
dependent studies however these have been relatively rare (33-37). Furthermore, their
analysis can be complicated because variation in ionic strength can affect more than
charge charge interactions; specific binding may occur and Hofmeister effects might
contribute (26, 36-41). There is another important but often unappreciated additional
complication with the analysis of ionic strength dependent studies, namely that not all
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charge-charge interactions will be equally screened by salt even if the interacting groups
lie on the surface of the protein. Interactions involving well separated charges are
screened more effectively than those involving charges which are in close proximity and
there are even examples of charge charge interactions which are not screened by salt.
This effect has been observed independently by several groups in both computational and
experimental studies (41-43). In a qualitative sense this can arise if the groups in question
lie close to each other and the ion cloud does not interpenetrate.
Application of the REFER approach to ionic strength dependent studies offers the
advantage that it does not depend upon the assumption of a particular physical model,
such as, for example, a Debye-Hükel type approach, or the validity of a particular theory
of ionic solutions (33). The REFER analysis has not yet been applied to ionic strength
dependent studies of protein folding. In the present work we analyze the ionic strength
dependence of the folding of a small α-β protein, the N-terminal domain of the ribosomal
protein L9 (NTL9) and show that ionic strength can be used to define a REFER. NTL9
has been the subject of extensive folding studies and the development of electrostatic
interactions in the TSE have been characterized by pH dependent studies (13, 19, 32,
43-45). Thus NTL9 offers an ideal test case to asses if ionic strength dependent REFERs
can be interpreted in terms of the development of just electrostatic interactions. The
folding of NTL9 has been well studied by more traditional approaches and the folding of
the core split β-α-β motif is two state over a wide range of conditions, making it a useful
model system for biophysical studies.
4.2 Materials and Methods
4.2.1 Protein expression and purification
NTL9 was overexpressed in the BL21(DE3) strain of E. Coli. and purified by
ion-exchange chromatography and reverse phase HPLC as previously described with the
exception that TFA was avoided during the HPLC purification stage (30). TFA is difficult
to remove and we wanted to avoid variations in ionic strength due to the associated TFA
counter ion. HPLC purification made use of C18 preparative column and a A-B gradient
of 15% B to 65% B in 50 minutes. Buffer A was 99.9% water with 0.1% TFA; buffer B
was 80% acetonitrile and 19.9% water with 0.1% TFA. NTL9 eluted at 25 minute. The
identity of the peptide was confirmed by MALDI-TOF mass spectrometry (expected:
6219.3; observed: 6218.9).

4.2.2 Protein stability measurements
Protein stability was determined by chemical denaturation monitored by circular
dichroism at 222nm. Measurements were made using an Aviv Instrument model 202SF
spectrometer. Denaturation experiments were performed in 20mM sodium acetate (NaAc)
buffer with different salt concentrations at pH 5.5, 25oC. The protein concentration was
about 20 µM. Urea was chosen as the denaturant because it is non-ionic. The data from
chemical denaturation experiments were fit as plots of ellipticity versus denaturant
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concentration to the following equation:

θ=

(an + bn [denaturant ]) + (ad + bd [denaturant ]e − ( ∆G
1 + e −( ∆G

0

0

[ denaturant ]) / RT

)

[ denaturant ]) / RT

4-2

Where θ is the ellipticity, T is the temperature, R is the gas constant, ∆G0 is the free
energy of unfolding, an and bn are used to define the ellipticity of the native state; ad and
bd are used to define the ellipticity of the denatured state. The free energy of unfolding is
assumed to be a linear function of denaturant concentration (46, 47):
∆G 0 = ∆G 0 ( H 2O ) − meq [denaturant ]

4-3

The linear relationship has been shown to be valid for NTL9 (44). At the highest salt
concentrations the curves did not have good post transition baselines, making the fits
difficult. In these cases the stability was estimated by determining the concentration of
urea at the midpoint, cM, by numerically differentiating the curve. ∆G0(H2O) was
calculated via
∆G0(H2O) = cM*mavg
4-4
Where mavg is the average m-value for data collected between 0 and 1.0M added salt. The
ionic strength of the solutions was calculated using the standard expression:
I=

1
∑ mk zk2
2 k

4-5

where mk is the molar concentration and zk is the valency of ionic species k.
4.2.3 Kinetic folding studies
Protein folding and unfolding rates were determined by fluorescence stopped-flow
experiments using an Applied Photophysics Model SX.18MV instrument. The
fluorescence signal of the single tyrosine at position 25 of NTL9 was followed. The
excitation wavelength was 280nm and the fluorescence signal above 305nm was recorded
using a cutoff filter. All experiments were done in a 20mM sodium acetate buffer at pH
5.5 with different salt concentrations at 25oC. Final protein concentrations were about 50
µM. For refolding studies, the peptide was dissolved in 9-10M urea and folding was
initiated by mixing with 10 volumes of buffer with low concentration of denaturant. For
unfolding studies, the peptide was dissolved in native buffer and unfolding was initiated
by mixing with solutions of high denaturant concentration. Four or five fluorescence
traces were typically averaged at each concentration of denaturant. The resulting trace
was fit to a single exponential to determine the observed rate constant (kobs). Plots of
lnkobs versus denaturant concentration, so-called chevron plots, were fit to the following
equation to obtain the folding and unfolding rates in the absence of denaturant:
ln( kobs ) = ln( k f

H 2 O − ( m f [ denaturant ])

e

+ ku

H 2 O ( m u [ denaturant ])

e
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)

4-6

Where ku

H 2O

and k f H 2 O are the unfolding and folding rates in the absence of denaturant,

mf and mu describe how ln(kf) and ln(ku) dependent on the concentration of denaturant.
mf is widely thought to report on the change in solvent accessible surface area between
the DSE and TSE while mu reports on the change in surface area between the native state
and the TSE (10, 47). Only the folding branch was collected at higher concentrations of
salt because the unfolding branch is so small that the fitted parameters ku and mu are not
reliable.
4.3 Results
4.3.1 NTL9 as a model system
NTL9 is a basic protein with 11 Lys, 1 Arg and 6 acidic residues. The domain forms
one of the simplest examples of the split β-α-β motif (Figure 4-1). The fold consists of a
three stranded anti-parallel β-sheet with a short α-helix connecting strands two and three.
The ordered loop connecting the first and second β-strand is rich in Lys. The second helix
forms the long interdomain connector between the N and C terminal domains. The
construct utilized here consists of residues 1 to 56 of the intact protein. The final few
residues of the C-terminal helix are frayed in solution (45). The acidic residues in NTL9
are well distributed across the surface and only one, D23, appears to be involved in a well
defined pairwise interaction, namely a salt bridge with the N-terminus (Figure 4-2) (43).
Analysis of the native state pKa’s shows that D8, E17 and D23 have pKa’s below model
compound values, indicating that they are involved in favorable electrostatic interactions
in the native state (27). A surface representation coded by charge is displayed in figure 2.

4.3.2 Stability studies
The stability of NTL9 was measured by CD monitored urea denaturation as a
function of salt concentration over a range of 0 to 1.5M. A total of 21 different
measurements were made at 10 different values of the ionic strength. Urea was used since
guanidine HCl is a salt and will change the ionic strength. All experiments were
performed at pH 5.5 because previous folding studies were conducted at this pH. NTL9 is
a small protein which leads to a relatively broad urea induced unfolding transition and
this in turn causes problems with the post-transition baselines at the highest salt
concentration. The stability was determined by directly fitting the curve to equation 4-2
for salt concentrations below 1.0 molar. The midpoint of the urea induced unfolding
transition, cm, can be estimated even with a poor post-transition baseline. This allows the
stability at high salt concentration to be determined using equation 4-4 and the average
value of meq. The equilibrium m-value, meq, is independent of ionic strength to within the
experimental precision. The meq-value is related to the change in solvent accessible
surface area between the native state and the DSE. The observation that the meq-value is
independent of ionic strength argues that there is no significant change in the
compactness of the DSE at high salt concentration. At first glance this may seem
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surprising since the DSE of NTL9 is expected to have a net charge near +6 at pH 5.5 and
thus reduction of electrostatic interactions via screening might be expected to lead to
compaction. However there are also specific electrostatic interactions that favor a
compact DSE and these too should be screened by high salt concentration (27, 32). Thus
the two competing effects conspire to reduce the dependence of meq on ionic strength.
The stability increased from 4.16 to 5.53 kcal/mol over the range of salt concentrations
studied, indicating that ionic strength dependent interactions make a net unfavorable
contribution to ∆G0 under these conditions (table 4-1). Plots of the apparent fraction of
unfolded vs. [urea] at different salt concentrations are shown in figure 4-3. The plots of
ellipticity vs. [urea] together with the associated fits are shown in figure 4-4.
Salts can modulate protein stability by changes in ionic strength, by specific binding
and via Hofmeister effects (26, 28, 36-40). In theory, although often not in practice, the
functional form of the dependence of ∆G0 upon the ionic strength, I, yields information
about the mechanism of ionic strength effects. Specific binding leads to a linear
dependence of ∆G0 upon I when ligand concentration is above kd. Evidence against
specific binding is provided by studies which examined the effect of varying the anion
and the cation. It is easy to vary the cation by using KCl. Variation of the anion is more
problematic since the absorbance of Br - or I - causes problems and sulfate introduces
complications because it non-specifically stabilizes proteins via preferential exclusion.
We conducted additional measurements at a total ionic strength of 120mM using 20mM
sodium acetate with 100mM KCl, 100mM NaBr, 100mM NaF and 100mM NaAc and
33mM Na2SO4. The measured stability was in excellent agreement with that determined
using NaCl to adjust the ionic strength (table 4-1). Additional measurements were made
at 770mM ionic strength using 750mM KCl and 250mM Na2SO4. The agreement with
the NaCl data is good.
The ionic strength dependence of electrostatic screening is more complicated. Some
workers have used a simple Debye-Hükel limiting law

I dependence expected for the

activity coefficient of an ion in very dilute salt concentration (33). It is not at all obvious
why such a relationship should be expected to describe the variation of ∆G0 with ionic
strength over the range of salt concentrations used in protein stability studies. It is also
worth bearing in mind that it can be difficult to distinguish between an

I dependence

and a linear dependence upon I such as that expected for classic Hofmeister effects (39).
Electrostatic screening has also been modeled using a Columbic potential with a Debye
screening term derived from model dependent solution of the linearized
Poisson-Boltzman equation (42):
U c ( rij )e

−κrij

4-7

where Uc is the columbic potential for two charges separated by a distance rij in a medium
of dielectric constant ε. κ is the Debye parameter which is related to the Debye screening
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length. κ is proportional to

I
where I is the ionic strength and T is the absolute
εT

temperature. The relationship predicts that the screening of pairwise charge charge
interactions should have a Ae −

I

dependence on ionic strength ignoring the small

contribution from salt effect on ε. This simple relationship has been successfully used to
rationalize salt dependent pKa shifts even for salt concentrations well above the expected
range of validity of the Debye-Hükel model. Note that equation 6 does not predict that
∆G0 will decrease with increasing ionic strength since both favorable and unfavorable
electrostatic interactions will be screened. If the electrostatic free energy can be written as
the sum of a set of pairwise terms then the effect of increasing ionic strength should
follow a Ae −

I

dependence where A is independent of ionic strength. Figure 4-6

compares plots of ∆G0 vs. I,
well fit. The plot of ∆G0 vs.

I and Ae − I . In all three cases the data appears to be
I appears linear with a r2 value of 0.904. Plotting ∆G0 vs.

I also yields a linear plot with r2 = 0.908. Plotting ∆G0 vs. Ae −

I

also yields a linear

plot with r2 = 0.873. Comparison of the plots highlights the practical difficulty in
distinguishing between an I or other dependence of ∆G0 on ionic strength. This is a
general difficulty with ionic strength dependent studies and is not specific for NTL9. This
is formally irrelevant to the REFER analysis.
4.3.3 The dependence of the folding rate upon ionic strength
The folding rate of NTL9 was determined for each of the samples used for the
stability studies (table 4-1). The rate increased with ionic strength although the effect
∆G 0
upon lnkf was less than the effect upon
(i.e. lnK). The effects of varying the
− RT

composition of the salt were tested in exactly the same way as used for the stability
studies. The effect on the rate constant varied with ionic strength and not with the choice
of salt for the points tested. Plots of the dependence of the natural logarithm of the
observed first order rate constant, lnkobs, vs. [urea], “chevron plots”, collected at 0.1 and
1M [NaCl] are shown in figure 4-5. The plots have the typical V-shape expected for two
state folding with no observable rollover at low denaturant concentration. The stability
calculated from kf and ku is in good agreement with the values determined by equilibrium
measurements; 4.12 kcal/mol from the kinetic measurements and 4.34 kcal/mol for the
equilibrium measurements at 100mM added salt and 5.02 kcal/mol vs. 5.05 kcal/mol for
the kinetic and equilibrium values at 1M NaCl. The meq-values measured in the
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equilibrium studies are also in very good agreement with the values calculated from the
kinetic parameters mf and mu.
A plot of lnkf vs.

I is shown in figure 4-7. The plot is well fit to a straight line

with r2 = 0.900. The data can also be fit to an Ae −

I

dependence with r2 = 0.845. A

linear dependence on I also nicely fits the data with r2 = 0.918, making it difficult to
distinguish between classic Debye-Hükel behavior and an alternate salt dependence.
Again this highlights the difficulties in analyzing ionic strength dependent data, but, once
again, this is formally irrelevant for REFER analysis.
4.3.4 REFER analysis of the effects of ionic strength
The data presented in the proceeding two subsections highlights the difficulties which
can arise in trying to deduce if salt dependent folding and or stability data follows the
Debye-Hükel relationship. The REFER analysis is not affected by these considerations
since it simply seeks to deduce how lnkf varies with lnK. A Leffler plot of lnkf vs. lnK is
shown in figure 4-8 (6, 48, 49). The parameter

αI = (

∂∆G ≠ ∂∆G 0
) /(
)
∂I
∂I

4-8

defines the ionic strength α-value. There is an excellent linear relationship with slope, αI
= 0.45 ± 0.030, r2 = 0.918. The modest value of αI indicates that salt dependent
interactions are only partially developed in the transition state for folding. Interestingly αI
is noticeable smaller than βT (0.65) and ∆Cp≠/∆Cp (0.60), parameters which report on the
burial of surface area (13). However, the slope of the Leffler plot, αI is larger than αpH
=0.33, determined from pH dependent studies (19).
There is, within the precision of the data, no hint of deviation from linearity in a
plot of αI vs. ∆G I0 . A linear plot is expected for narrow transition state barriers, however
it can be difficult to detect deviations from linearity (6). Cross-interaction parameters can
be more sensitive probes of transition state movement (6, 9). The cross-interaction
parameter αxy is defined by
∂α x
∂ 2 ∆G ≠
=
∂∆G y0 ∂∆G x0 ∂∆G y0

4-9

where the subscripts x and y refer to different perturbations (6). The data presented here
can be used to calculate the cross-interaction parameter relating ionic strength and
0
denaturant. Plots of αI vs. ∆Gurea
and of βT vs. ∆G I0 are shown in figure 4-9. The

subscript urea indicates that the free energy is varied by changing the concentration of
denaturant and the subscript I indicates that ionic strength is used to change ∆G0. The
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0
slope of the αI vs. ∆Gurea
plot is the cross-interaction parameter

the slope of the plot of βT vs. ∆G I0 is

∂ 2 ∆G ≠
0
∂∆Gurea
∂∆GI0

while

∂ 2 ∆G ≠
. Both plots are linear with positive
0
∂∆GI0 ∂∆Gurea

slope although the scattering in the βT vs. ∆G I0 plot coupled with the, necessarily,
limited range of the data leads to a weak correlation (r2 = 0.404). There is a strong
0
correlation between αI and ∆Gurea
(r2 = 0.9997). The slopes of the two plots are

essentially equal as expected for cross-interaction parameters and the magnitude of the
slope is comparable to cross-interaction parameters determined in other systems (6). The
positive cross-interaction parameters are consistent with Hammond effect i.e. movement
of the transition state towards the native state upon destabilization.
4.4 Discussion
The REFER analysis described here indicates that salt dependent interactions are
moderately developed in the transition state compared to the burial of hydrophobic
surface area. This seems reasonable since the charged residues in NTL9 all lie on the
surface while the hydrophobic groups are buried in the structure. Previous work
involving modification of the hydrophobic core residues of NTL9 showed that there was
an excellent correlation between the change in hydrophobicity caused by a modification
and the change in the logarithm of the folding rate while there was a much weaker
relationship between the variation in the size and shape of the residues. This argues that
the transition state involves the sequestering of hydrophobic groups with tight specific
packing occurs on the downhill side of the barrier (50). Amide H/D isotope effect studies
also indicate significant H-bonded structure in the transition state (51). Taken together
these studies suggest that the TSE of NTL9 contains a fairly well structured backbone
stabilized by a more loosely packed hydrophobic core. In this model most of the charged
residues are expected to be fluxional, solvated, and not involved in specific native
interactions. In other words, in terms of solvation and conformational flexibility, the
charged residues are in a more DSE like environment rather than a native like
environment. There is at least one fairly specific interaction involving charged residues
which appears to be formed in the TSE. Mutational analysis of a set of Lys to Met and
acidic to amide mutants showed that K12 and D8 are involved in non-native interactions
in the DSE and indicated that these interactions are still present, although slightly weaker,
in the TSE (31, 32). The presence of non-native interactions in the TSE or DSE can not
be inferred directly from ionic strength dependent studies, however this does not affect
the REFER analysis. It can, however, affects the interpretation of the origins of any
REFER. The persistence of this interaction contributes to the “DSE-like” character of the
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salt sensitive interactions in the transition state.
A key question of interest is whether or not the salt dependence of the stability and
activation free energy of NTL9 is due to screening of electrostatic interactions. It is
clearly not easy to distinguish between a dependence on I vs. a dependence of
Ae −

I

I or

but never the less we believe that part of the salt effects arise from screening

especially at low salt. First the control experiments are consistent with a dependence on
total ionic strength and not the composition of the ion. This argues against specific ion
binding as the origin of the observed effects. Secondly, the primary ions used, Na+, K+,
Cl- and Br- all fall in the middle of the Hofmeister series and are relatively nonchaotropic
and nonkosmotropic. This Hofmeister effects are expected to be modest at least for the
lowest salt concentrations. They are expected to play a more important role as the salt
concentration increases. On the other hand pH dependent studies yield an αpH value of
0.33 which is clearly smaller than αI. pH dependent studies report on the development of
electrostatic interactions and do not suffer from the same problems in interpretation that
ionic strength dependent studies do. The larger value of αI related to αpH could arise from
a contribution of non-electrostatic interactions to the REFER, i.e. Hofmeister effects.
These would be expected to increase αI since, as described above, hydrophobic
interactions play a key role in the folding of NTL9. Alternatively αI could be dominated
by electrostatic screening but could still be different from αpH because some interactions
in the TSE or native state may not be screened by salt. Along these lines it is interesting
to note that the one specific pairwise charge-charge interaction in the native state, the salt
bridge between the N-terminus and D23, has been shown to be insensitive to screening
by salt (43) Clearly the common practice of assuming that ionic strength effects are due
only to the screening of electrostatic interactions and that salt screens all electrostatic
interactions equally is not correct..
The analysis of the cross-interaction parameters is consistent with a salt induced
Hammond effect. Finally we note that the study described here illustrates the power of
the REFER approach even when it is impossible to a prior determine if lnkf or lnK
follows Debye-Hükel like relationship. In addition, the REFER analysis allows potential
transition state movement to be probed and the variation of ionic strength provides a
convenient method for measuring self and cross interaction parameters.
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Table 4-1. Summary of the kinetic and thermodynamic data. Studies were conducted in
20mM NaAc, pH 5.5, 25oC.
Added Salt(1)

∆G0 (2)
(kcal/mol)

meq

kf
-1

-1

(kcal/mol M )

(s )

mf

βT

(kcal/mol
M-1)

No salt

4.16±0.040

0.65±0.010

820±30.0

0.44±0.010

0.67±0.010

760±20.0

0.45±0.010

0.69±0.010

750±30.0

0.41±0.010

0.63±0.010

0.025M NaCl

4.21±0.120

0.65±0.020

820±40.0

0.44±0.010

0.67±0.010

0.05M NaCl

4.15±0.070

0.63±0.010

910±20.0

0.45±0.010

0.71±0.010

860±30.0

0.44±0.010

0.69±0.010

950±30.0

0.46±0.010

0.69±0.010

990±40.0

0.47±0.010

0.71±0.010

0.1M NaCl

4.34±0.080

0.66±0.010

0.15M NaCl

4.20±0.070

0.63±0.010

840±30.0

0.42±0.020

0.66±0.020

0.25M NaCl

4.62±0.040

0.67±0.010

900±30.0

0.40±0.010

0.59±0.010

0.5M NaCl

4.70±0.040

0.66±0.010

1190±70.0

0.43±0.010

0.65±0.010

0.75M NaCl

5.04±0.090

0.68±0.010

1450±140.0

0.42±0.010

0.61±0.010

1M NaCl

5.05±0.050

0.66±0.010

1880±170.0

0.43±0.010

0.65±0.010

1.5M NaCl

5.53±0.060

0.66±0.010

2060±110.0

0.40±0.010

0.60±0.010

2580±120.0

0.42±0.010

0.63±0.010

0.1M NaAc

4.50±0.320

0.66±0.060

1060±30.0

0.46±0.010

0.69±0.040

0.1M NaF

4.47±0.200

0.67±0.030

1040±30.0

0.46±0.010

0.68±0.010

0.1M KCl

4.41±0.200

0.68±0.030

1030±30.0

0.47±0.010

0.69±0.010

0.75M KCl

4.99±0.050

0.72±0.080

1370±140.0

0.48±0.020

0.66±0.040

0.033M

4.45±0.120

0.65±0.030

860±40.0

0.46±0.010

0.70±0.020

4.75±0.04

0.71±0.060

1240±90.0

0.43±0.010

0.60±0.040

Na2SO4
0.25M Na2SO4

(1) All samples contained 20mM NaAc in addition to the added salt. Thus the ionic
strength is 20mM larger than the values listed. The numbers after the ± symbol
represent the standard error to the fit.
(2) Determined from equilibrium unfolding as described in the Materials and Methods.

90

Figure 4-1. A ribbon diagram of NTL9. The acidic and basic residues are shown in stick
format. The diagram was constructed using the pdb file 2HBB and the program MolMol.
The last few residues of NTL9 are disordered in the X-ray structure. Thus the position of
Glu54 and the C-terminus are not shown.
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Figure 4-2. Color coded surface representation of NTL9 showing the distribution of
positively charged (blue) and negatively charged (red) residues. Panels A and B differ by
180o rotation around the z-axis.
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Figure 4-3. Plots of the fraction of unfolded vs. [urea] at various concentrations of NaCl.
The ionic strength increases from left to right. Measurements were made in 20mM
sodium acetate, pH 5.5, 25oC. The concentration of added NaCl were 0M, 0.025M,
0.05M, 0.1M, 0.15M, 0.25M, 0.5M, 0.75M, 1M, 1.5M from left to right.
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Figure 4-4. Plots of the measured elipticity vs. [urea] showing the fits. (A) from left to
right 0M, 0.25M, 0.5M, 0.75M, 1M and 1.5M added NaCl; (B) from left to right 0.025M,
0.05M, 0.1M and 0.15M added NaCl. All experiments were conducted at pH 5.5, 25oC in
20mM NaAc. Data was analyzed as described in the Materials and Methods. Direct curve
fitting was used to estimate ∆G0 for data at and below 1M salt.
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Figure 4-5. Plots of lnkobs vs. [urea], “chevron plots”, for NTL9. (A) 100mM NaCl; (B)
1M NaCl. All experiments were conducted at pH 5.5, 25oC in 20mM sodium acetate.
Thus the ionic strength for (A) was 0.12M and 1.02M for (B).
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Figure 4-6. Plots of ∆G0 vs. (A) I, (B) I , (C) Ae − I . Data were collected at pH 5.5 in
20mM sodium acetate, 25oC. NaCl dependent data is indicated as (○), KCl dependent
data is indicated as (□) and NaF dependent data as (▽).
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Figure 4-7. Plots of lnkf vs. (A) I, (B) I , (C) Ae − I . Data were collected at pH 5.5 in
20mM sodium acetate, 25oC. NaCl dependent data is indicated as (○), KCl dependent
data is indicated as (□) and NaF dependent data as (▽).
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Figure 4-8. A Leffler plot of lnkf vs. lnK for the ionic strength dependent data. The slope
is 0.45 with r2 =0.918.
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5. Synthesis of 13C, 18O labeled HP36 for Isotope Edited Infrared
Experiments

5.1 Introduction
Probing protein folding dynamics at the level of individual residues can provide very
useful information to solve the protein folding problem. Recently IR, especially
two-dimensional IR has been developed to probe protein structure and dynamics (1, 2).
The amide I band in FTIR absorbance spectrum is sensitive to the secondary structure
and can be used to follow the protein structure change upon perturbation of environment
(3). However, the peak is broad since the band is the sum of individual C=O stretchs from
each residue of the protein and it does not provide any site-specific information.
Fortunately, the carbonyl carbon and carbonyl oxygen can be isotopic labeled by 13C and
18
O and the 13C=18O stretch will absorb at different frequency than the 12C=16O stretch.
Assuming a harmonic oscillation, the vibrational frequency can be calculated by equation
5-1:

1
2

ν = πc

k

5-1

µ

Where ν is the frequency, c is the velocity of light, k is the force constant and µ is reduced
mass which equals

m1m2
. So since the 13C=18O stretch has higher reduced mass, the
m1 + m2

frequency will shift to a lower value.
If only carbonyl carbon is isotopic labeled by 13C, the frequency of 13C=16O band
will shift about 40cm-1 lower than 12C=16O band which could still be partly overlapped
with it. Another problem with the single 13C labeled method is due to the 1.1% natural
abundance of 13C (4). Thus in large proteins the isotopic labeled 13C=16O band can not be
distinguished from natural abundance 13C bands and the interference can also be a
complicating factor for midsized and small proteins. Since 18O has only 0.002% natural
abundance and 13C, 18O double substitution can shift the C=O stretch frequency to about
75 cm-1 lower, the isotopic double labeled method will be very useful to characterize
protein dynamics at specific sites.
The villin headpiece subdomain (HP36) was chosen to incorporate a single 13C=18O
label into the peptide backbone because it is a small helical protein which undergoes two
state folding (5). In HP36, the 12C=16O stretch absorbs at 1645cm-1 while 13C=18O stretch
shows absorption at 1572cm-1 which is well resolved. Thus by monitoring the 13C=18O
band we can get the dynamic and structural information of the isotopic labeled specific
site.

104

5.2 Results
Three residues were chosen to be isotopic labeled in different secondary fragments of
HP36 to compare the dynamics from different location. They are Ala 49, Ala 57 and Leu69, which are located in three different helices. Figure 5-1 shows the structure of HP36
with the sites of the residues we double labeled. Ala 49 is located on the protein surface
while Ala 57 is partially buried and Leu 69 is buried in the hydrophobic core. Table 5-1
gives the solvent accessible surface area of the carbonyl carbon, carbonyl oxygen,
backbone and sidechain of these residues.

A57

L69

A49

Figure 5-1 Ribbon diagram of villin headpiece HP36. The NMR structure was used to
make the figure (PDB code: 1VII). The position of Ala 49, Ala 57 and Leu 69 are shown
in ball-and-stick format and colored by blue, red and orange individually. The figure was
created by PyMol.
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Carbonyl carbon

Carbonyl oxygen

backbone

sidechain

Ala 49
0.5 Å
19 Å
36 Å
62 Å
Ala 57
0
2Å
8Å
34 Å
Leu 69
0
0
0.2 Å
43 Å
Ala-*Ala-Ala
0
24 Å
40 Å
72 Å
Ala-*Leu-Ala
0
24 Å
38 Å
153 Å
Table 5-1 Calculated solvent accessible surface area of carbonyl carbon, carbonyl oxygen,
backbone and sidechain of the labeled residues in HP36. The backbone exposure refers to
the amide proton and nitrogen, α-carbon, carbonyl carbon and oxygen. For comparison
the values for Ala and Leu are given for the central residue in a Ala-X-Ala tripeptide
which adopts an extended conformation (φ, ψ=180o).
*A tri-peptide was constructed by PyMol. The surface area of the middle residue was
calculated.
We synthesized HP36 13C, 18O-labeled A49, HP36 13C, 18O-labeled A57 and HP36
13
C, 18O-labeled L69 individually using a ABI 433 A peptide synthesizer and standard
Fmoc chemistry. The first residue in the C-terminus and residues with β-branch
sidechains and the following residues need to be double coupled. The sequence of HP36
is MLSDEDFKAVFGMTRSAFANLPLWKQQNLKKEKGLF. So residues F76, P62,
L61, T54, M53, V50 and A49 were double coupled.
Peptides were cleaved from the PAL-PEG-PS resin with a 91% trifluoroacetic
acid (TFA), 3%anisole, 3%thioanisole, 3%ethanedithiol mixture. Purification was
achieved by HPLC using a water/acetonitrile gradient containing 0.1% (v/v) trifloroacetic
acid on a semi-preparative C18 column (Vydac) with a flow rate of 5 ml/min. A gradient
program of increasing buffer B concentration from 20% to 70% in 50 minutes was used
for all three proteins and all of them elute at the same retention time which is 21 minute.
The buffer A is 99.9% water with 0.1% TFA; buffer B is 80% acetonitrile and 19.9%
water with 0.1% TFA. Peptide identity was confirmed by mass spectrum and all peptides
were shown greater than 95% pure in analytical HPLC runs. The molecular weights of
HP36 13C, 18O-labeled A49, HP36 13C, 18O-labeled A57 and HP36 13C, 18O-labeled L69
are 4191.9, 4190.3 and 4190.6. The expected molar mass is 4189.9.
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