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Abstract
The goal of this dissertation was to develop a method to assess how solution conditions
affect a protein’s stability, and a well-characterized model protein, was used to accomplish this
objective. Generally, stabilizing conditions for proteins are identified from screening a matrix of
conditions using an array of biophysical methods that probe physical stability by determining
melting temperatures (Tm) of secondary and tertiary structure. Although this approach has been
invaluable for quickly obtaining stable formulations, these tools do not provide site-specific
information, which is needed to gain mechanistic understanding of protein stability. Our
methodology employs high-resolution solution NMR spectroscopy to acquire molecular
information about how specific residues within the structure are impacted by solution conditions
and how the conditions affect stability. The N-terminal domain of Calmodulin (N-CaM) was
recombinantly expressed in
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N media along with supplemental calcium to enhance in vivo

stability. Solution NMR spectroscopy was used to evaluate the role of site-specific changes in
mobility and structure on the overall stability of this model system in different solution
conditions. The 1H-15N HSQC experiment was used to investigate effects of pH and ionic
strength on individual residues within or near the two homologous Ca2+-binding sites. Circular
dichroism (CD) was also employed to assess the thermal stability of N-CaM and to help interpret
the observed site-specific changes in 1H-15N HSQC spectra.
To increase protein yield and produce a sufficient amount of protein for NMR analysis,
varying amounts of calcium concentrations were screened in the expression media. Based on
densitometric analysis of SDS-PAGE, 1.5 mM CaCl2 was determined to provide the optimal
concentration for enhancing in vivo stability, leading to the highest yield of N-CaM expression.
From 2D NMR experiments, quantitative information that reflects changes in dynamics was
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derived from changes in peak shape and chemical shift position to elucidate how the solution
environment affects residues within N-CaM. 1H-15N HSQC experiments provided quantitative
determination of specific residues near known degradation sites that undergo physical
perturbations. Changes in the chemical shift position and peak shape observed during 1H-15N
HSQC experiments confirmed that increasing pH and ionic strength affects a limited subset of
residues within a localized region. Residues N60, G61, and D64 in the Ca2+-binding loop site I
was affected, in increasing pH and high ionic strength, while residues in the corresponding
position of Ca2+-binding loop site II remained unaffected. CD data confirmed that, at basic pH,
increased ionic strength resulted in increased overall thermal stability.
Our study used common methods of probing physical stability to evaluate the overall
thermal stability of N-CaM in different solution conditions. Analysis by NMR spectroscopy
provided more detailed, site-specific information to show that different solution conditions affect
individual residues differently, even when the amino acid sequence and structure are highly
similar. By utilizing NMR spectroscopy combined with CD analysis, we were able to show that a
subset of individual residues play a role in overall stability. Employing 2D NMR experiments to
provide molecular information can be utilized in evaluating solution conditions for formulation
of proteins of therapeutic interest.
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CHAPTER 1
UTILIZING A MODEL PROTEIN TO INVESTIGATE MECHANISMS OF PROTEIN
INSTABILITY
1.1 Introduction
The goal of the research described herein is to develop methods using solution phase
nuclear magnetic resonance (NMR) spectroscopy to facilitate the investigation of mechanisms of
stability, to ultimately improve protein stability. Currently used methods cannot provide sitespecific structural and chemical information about intact proteins. Utilizing NMR spectroscopy
to study the stability of proteins can fill this void in research by providing site-specific
information for probing and understanding both chemical and physical structures of proteins.
Existing knowledge of in vivo and in vitro stability, along with current technologies, can
complement higher resolution tools like NMR spectroscopy to understanding the mechanisms of
common protein degradation routes.

Understanding these mechanisms of degradation will

enable the ability to predict stability better and stabilize proteins against degradation, facilitating
design of safe and effective protein-based pharmaceuticals.
Numerous biophysical and analytical tools facilitate the identification of factors that
influence the in vivo and in vitro physical and chemical stability of proteins (1). Commonly,
studies involve combinations of tools to understand degradation and the impact of conditions on
overall protein stability. General approaches to investigating chemical and physical degradation
involve combinations of low-resolution spectroscopic and calorimetric tools. Structural and
thermodynamic information acquired from these tools contributes to analyzing overall stability,
however, the relationship between the two types of degradation is still not well-understood.
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Unfortunately, most tools are limited in that they cannot provide molecular information to
investigate mechanisms of degradation of proteins.
The chemical and physical stability of protein pharmaceuticals is an extremely important,
but complex aspect of the production and formulation of therapeutic proteins. Table 1.1 displays
some of the degradation routes and factors that are associated with protein stability. Generally,
protein degradation is classified as either chemical or physical degradation. Chemical
degradation occurs when covalent bonds are made or broken, resulting in the modification of the
amino acid sequence, peptide bonds, or disruption of native covalent interactions (2).
Degradation products from oxidation and hydrolysis related reactions (deamidation and aspartate
racemization) can result in contaminants, reduced bioactivity, and oligomerization/aggregation
(3). Physical degradation often appears as denaturation, precipitation, and/or aggregation, also
resulting in contaminants and degradation products. Minimizing degradation products
encountered during production and formulation of therapeutic proteins is a constant concern
because it can result in lost product, reduced efficacy, and/or an immunogenic response through
which overall safety is jeopardized (2, 3).
Current approaches to analyzing chemical and physical degradation require combinations
of chemical, biophysical, and analytical tools. Spectroscopic and calorimetric instruments are
used to observe physical changes and obtain melting temperatures (Tm) that reflect the state of
the protein upon unfolding (4). Chemical modifications can be identified from changes in amino
acid sequence and charge using mass spectrometry, chromatography, and sodium dodecyl sulfate
polyacrylamide gels (5). Physical alterations to the secondary and tertiary structure are
monitored by absorbance and fluorescence of intrinsic and extrinsic chromophores and
fluorophores, respectively. Although these tools are helpful in providing a rapid analysis for
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studying chemical and physical instability, it is cumbersome to obtain molecular information
from these methods. Utilizing a higher resolution tool such as NMR spectroscopy to study
protein stability can obtain molecular information about both the chemical and physical states of
a protein without destruction or manipulation of the sample (6).

Table 1.1 Relationships between different types of chemical and physical degradations.
Types of chemical and physical degradation leading to protein instability (red) and examples of
factors influencing them (black). Degradation products resulting from each type of degradation
(blue). Dashed lines (- - -) connects degradation process that have similar mechanisms and/or
influences.

1.2 Techniques for Analyzing Protein Stability
Degradation of proteins is generally classified as either chemical or physical degradation.
The impact of either of these two types of degradations can influence a therapeutic protein’s
bioactivity and/or safety. Therefore, it is important to detect products of degradation. It is a
common practice and sometimes required to combine analytical and biophysical techniques to
assess protein structure and chemical modifications in different solution conditions. Table 1.2
outlines commonly used tools, for analyzing protein structure and different mechanisms of
degradation.
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Generally, studies investigating physical and chemical stability involve using
chromatographic, electrophoretic, and spectroscopic tools. To obtain a protein’s chemical or
structural information in different solution conditions, the method of choice is normally based on
the unique properties or inherent stability of the particular protein under study. Utilization of
these types of techniques along with developing new methods for protein analysis is required to
understand the mechanisms of degradation and how chemical and physical degradation impact
one another.

1.2.1 Chemical Stability Analysis
Chemical stability of proteins is characterized by modifications in the primary sequence
or bonding between individual atoms or residues. Types of chemical degradation that can lead to
a change in molecular weight and/or charge may be detected by electrophoretic methods, such as
isoelectric focusing (IEF) or sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDSPAGE). Disulfide bond formation and reduction are chemical modifications that results in
changes in charge and mass. These changes can affect shape and/or hydrophobicity which can
affect the mobility of the protein through a matrix, specifically for non-reducing SDS-PAGE (5)
and Native PAGE gels. One limitation to electrophoresis is the diminished ability to detect subtle
changes in chemical structure with increasing size of the protein. To compensate for poor
resolution of electrophoretic techniques, mass spectrometry (MS) is used to identify subtle
changes in mass of peptides and large proteins (5, 7). Size also diminishes resolution in MS and
makes it difficult to analyze an intact, higher molecular weight protein. A well-resolved
spectrum from a large molecular weight protein is therefore, difficult to achieve (7). Because of
the size limitation, it is often necessary to employ an enzymatic or chemical digestion and/or
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Edman degradation method to analyze smaller fragments. HPLC is typically coupled with MS to
improve separation and to observe subtle chemical alterations. This is a common method
employed by numerous studies to detect deamidation in proteins such as hGH and CaM (5, 810).
Digestion facilitates the analysis of the degradation products of deamidation (aspartate an
iso-aspartate) by providing smaller fragments of the protein for analysis. In conditions that
promote deamidation, the formation of iso-aspartate (Iso-Asp) can only be distinguished from
Asp by using a second analysis tool. For example, protein carboxylmethyltranferase (PIMT) is
used to catalyze the methylation of Iso-Asp in order to identify it by MS-HPLC (8). Utilization
of digestions and mass spectrometry involves the destruction of sample and consequently the
sample cannot be analyzed by other methods thereafter. Additionally, this method often involves
exposing the sample for extensive amounts of time to conditions such as high pH and
temperature, which could lead to structural alterations along with chemical modifications. This
method is laborious and is adequate for detecting Iso-Asp, but it cannot ascertain information on
structural state or alterations that may have occurred as a result of the chemical modification.
Chemical modifications occurring to specific residues can be obtained by utilizing
hydrogen/deuterium (H/D) exchange in combination with liquid chromatography and
electrospray ionization mass spectrometry (ESI-LC/MS) for analysis (11). This methodology
involves deuterium labeled protein and a peptic digestion performed in acidic conditions.
Chemical information can be obtained and located within the primary sequence. The conditions
needed for analysis can be problematic because low pH conditions can also lead to deamidation
via a different mechanism and physical degradation. Again, this methodology does not provide
information on the impact of chemical degradation on structural changes that may occur to the
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secondary and tertiary structure and additional tools must be used for assessing physical
structure.

1.2.2 Physical Stability Analysis
Investigation of the stability of secondary and tertiary structure involves analysis of
protein structure in physically stressful conditions that induce denaturation, aggregation, and/or
precipitation. Monitoring structural alterations as a function of temperature provides information
about the thermal stability of the global structure of the protein. Chemical denaturants, such as
urea and guanidine hydrochloride are regularly used to facilitate exploration of physical stability
of proteins undergoing temperature titrations. Spectroscopic and calorimetric tools are
commonly used to investigate structural perturbations and unfolding of a protein in denaturing
conditions. Specifically, alterations in secondary structure are monitored by CD, Fourier
transform infrared (FTIR) and UV-Vis absorption spectroscopy. Composition of secondary
structural elements and the transition temperature (Tm) can be acquired by far-UV CD (190-250
nm) and FTIR to evaluate thermal stability of secondary structure (12). Perturbations in the
tertiary structure are observed by monitoring the absorbance and intrinsic fluorescence of
aromatic residues. Extrinsic fluorescence utilizing fluorophores, such as 8-anilino-1naphthalenesulfonate (ANS), can provide information on whether aromatic residues are in an
aqueous or hydrophobic environment. This is based on the fluorescence of ANS which
fluoresces when bound to aromatic residues. Analyzing the change in the microenvironment of
the aromatic residues in denaturing conditions provides information about the stability of global
structure and dynamics (13).
Physical degradation may be analyzed by electrophoretic, spectroscopic, and
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chromatographic tools. SDS-PAGE and capillary electrophoresis are used to identify oligomers
and higher molecular weight contaminants and to confirm the presence of the protein product.
Light scattering is capable of monitoring the onset of aggregate formation by measuring
increasing size of particles in solution. Analytical ultracentrifugation (AUC) and size-exclusion
chromatography (SEC) can be employed to determine molecular size and separation of
oligomers, dimers, and monomers (14). Ion-exchange chromatography is used to separate
proteins by charge, which can be of interest when there are changes that alter the isoelectric point
of a protein. Combining these different types of analytical tools for monitoring aggregate
formation provides a qualitative assessment for understanding the numerous mechanisms of
protein aggregation. Mechanisms of protein aggregation are very complex and preventing
aggregate formation is recognized as an important consideration in protein production and
formulation (3).
The advantage of using these types of biophysical and analytical tools to probe structural
and physical alterations, is their ability to provide a rapid analysis of structural stability while
requiring small amounts of protein. Although these tools provide global information about the
overall physical stability of a protein, they are unable to give information about local
interactions. NMR spectroscopy is a valuable tool for probing protein stability because of the
ability to assess global and local structure of both peptides and proteins. Multi-dimensional NMR
experiments take advantage of repeating elements in peptide bonds to selectively detect nuclei
and obtain data pertaining to specific residues. One experiment, in particular, selectively detects
the amide bond where every proton is attached to a nitrogen in the protein backbone and sidechains. Experiments involving the detection of amide groups benefit from uniform
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N-labeling

of the protein due to low natural abundance of 15N and moderate sensitivity of NMR. Moreover,
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highly concentrated sample is desirable (>1 mM). Stability of intact protein and variants can be
studied by monitoring amide groups that correspond to individual residues to assess overall
structure. Based on the spectra acquired from these experiments in different solution conditions,
conformational and chemical changes reveal information about the global and local stability (6).
Molecular information generated from NMR experiments in conditions that promote chemical
degradation can contribute to understanding the role of how physical perturbation of individual
residues may affect chemical degradation.

Table 1.2 Tools to investigate protein stability. This table presents different categories of
tools used to study chemical and physical degradation. A check indicates whether chemical
and/or physical changes may be detected.
8

1.3 Protein Deamidation: Human Growth Hormone and Calmodulin
There are many studies about the chemical degradation via deamidation and
isomerization occurring to therapeutically relevant proteins, including human growth hormone
(hGH), and the model protein calmodulin (CaM) (2, 3, 8, 15). The most common mechanisms of
in vivo and in vitro spontaneous degradation of hGH and CaM are asparagine deamidation and
aspartate racemization (Figure 1.1). The degradation pathways discussed are not unique to these
proteins, but they are common to many proteins and, therefore, must be considered during the
development of all protein formulations. Deamidation of asparagine (Asn) and glutamine (Gln)
side-chains is one of the most major concerns of protein stability during production and
formulation of a protein therapeutic. Degradation products that arise from deamidation and
isomerization can compromise the safety and/or efficacy of the protein product (3). Knowledge
of the possible factors that contribute to chemical and/or physical degradation during protein
expression, isolation, and purification can facilitate optimization of the yield of the final protein
product and also formulation strategies.

1.3.1 General Mechanism of Protein Deamidation
Protein deamidation in solution is one of the most prevalent non-enzymatic chemical
degradation pathways, which occurs spontaneously as a function of sequence, structure, and
solution conditions, primarily pH (3, 8, 10, 16). These same conditions also affect aspartate
residues, promoting isomerization and resulting in racemization of products. Figure 1.3 shows
the general mechanism of deamidation of Asn under basic conditions. Deamidation in alkaline
pH is initiated by the deprotonation of the amide backbone nitrogen. A nucleophilic attack by the
deprotonated backbone nitrogen on the side-chain at the carbonyl carbon forms a 5-membered
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cyclic succinimide (Asu) intermediate. The subsequent hydrolysis of the intermediate results in
the formation of the predominate product iso-aspartate (Iso-Asp) and some aspartate (Asp). In
peptides, typically 75% Iso-Asp and 25% Asp is formed.

Figure 1.1 Mechanism of deamidation and isomerization. Changes in backbone and
chemical structure is highlighted in red and green, respectively. 1. L-Isoaspartate is the
predominate degradation product formed. 2. L-Aspartate degradation product. 3. Mixture of
racemized degradation products, L- and D- isomers.

A similar deamidation mechanism occurs with Gln, but Asn residues are known to undergo
spontaneous deamidation at a substantially faster rate than Gln residues. It has been suggested,
based on fundamental chemical principles, that deamidation of Asn is more rapid because 5-
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membered rings formed by the Asu intermediate are relatively more stable than 6-membered
rings in a protein (2). Another reason may be due to 5-membered rings forming intermolecular
hydrogen bonds more readily than 6 membered rings (8).
The chemical modifications due to deamidation are a major concern for protein stability.
Because deamidation can lead to protein variants with Iso-asp or Asp residues, the structural and
chemical consequences may lead to an immunogenic response, inactivity, or further degradation
(16). Moreover, the outcome is not predictable for individual proteins and the same chemical
change may lead to different outcomes among different proteins. Because Asn deamidation is a
predominant and rapid mechanism of degradation, the existence of Asn in proteins is highly
relevant to studies in protein degradation.
The majority of the information available about the mechanism and factors contributing
to deamidation derive from studies promoting deamidation on peptides under various solution
conditions (10). These experiments focused on the susceptibility and the rate of deamidation of
Asn and Gln side-chains and how they are influenced by pH, temperature, buffer, primary
sequence, and ionic strength (8, 10, 16, 17).

The pH of the solution is of primary concern

because it has the largest impact on both the rate and mechanism of deamidation. The ratelimiting step at basic pH is the formation of the succinimide intermediate, which occurs
increasingly rapidly above pH 6 as the backbone nitrogen become more deprotonated. In acidic
conditions below pH 4, direct hydrolysis of the amine portion of the amide side-chain leads to
deamidation products and racemization products, D-IsoAsp and D-Asp, although at much slower
rates than occur under alkaline conditions. The residue adjacent to the Asn residue also impacts
the rate and susceptibility. Less sterically hindered residues, such as glycine (Gly) and serine
(Ser) at the N+1 position have been identified in labile sequences. Many charged residues at
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N+1 may facilitate the mechanism by general acid and base catalysis, but to a lesser degree than
Gly and Ser. General acid and base catalysis has also been observed with additives, such as
phosphate, carbonate, and borate. An increase in the rate of deamidation in the presence of these
buffers was observed with some peptides (8). Temperature has also been demonstrated to affect
the rate, by increasing the flexibility of the backbone, thereby facilitating succinimide formation.
Finally, the stabilization and destabilization of peptides in the presence of increased ionic
strength can also affect the rate of deamidation indirectly Ionic strength alters the dielectric
constant of the solvent to increase hydrophobic packing of the core of the protein which can
either stabilize or destabilize tertiary and overall structure, depending on the protein (18).

1.3.2 Deamidation of hGH and CaM
Table 1.3 displays the sequences within hGH and CaM that are prone to deamidation in
neutral to high pH. The positions in hGH identified to be most susceptible to deamidation are
N149 and N152 (8). Deamidation at 149 and 152 does not affect hGH binding to its receptors,
but conformational changes and aggregate formation are observed. There are two sites where
deamidation occurs in CaM and both have an impact on Ca2+ binding and stability. Studies on
the in vitro aging of CaM have identified two primary deamidation sites, one in each of the two
Ca2+ binding sites: N97 and N60 (9).
CaM is an acceptable model for assessing how deamidation may impact structural
degradation because of the numerous stability studies that characterize apo and Ca2+ bound CaM
(holo CaM) (8, 9, 19-23). Masino et al. employed CD spectroscopy to show that whole CaM
and isolated domains have decreased thermal stability when the Ca2+ ligand is absent (24).
Additionally, several studies show that the C-domain has a higher affinity for Ca2+ and that it is

12

inherently more thermally stable than N-domain in intact CaM (21, 24).

Calmodulin
Binding
Site

Human Growth Hormone
Structure

Sequence

Sequence

Loop II

F96V97A98N99S100L101

Loop III

L128E129D130G131S132P133

D93K94D95G96N97G98Y99

Loop III

F146D147A148N149S150H151

N129I130D131G132D133G134

Helix III

H151N152D153D154A155L156

I

K21D22G23D24G25T26I27

II

V55D56A57D58G59N60G61

III
IV

Table 1.3 Deamidation (red) and isomerization (blue) sites in the binding sites of calmodulin
(left) and human growth hormone (right)

1.3.3 Physical Stability of hGH and CaM
In this work, we explore the aspects of in vivo and in vitro stability of the N-terminal
domain of the model protein, calmodulin (N-CaM). Although, this dissertation focuses on NCaM, understanding the stability of human growth hormone (hGH) has also helped to further our
understanding of expressing and purifying proteins (Appendix 1). Many previous reviews and
studies have contributed to understanding hGH’s (15, 25-27) and CaM’s (19-22) physiological
roles as well as their chemical and physical stability in vivo and in vitro. Existing knowledge of
these proteins facilitates recognition of conditions that induce or inhibit common routes of
degradation in vivo and how it relates to in vitro stability, and we have built on this information
to probe mechanism. The majority of our work focuses on the N-terminal domain of CaM.
Abundant protocols for expressing and purifying CaM and a thorough characterization of CaM’s
thermal and chemical stability were available to build upon (19-22). Many studies confirm the
stable and bioactive form of CaM is bound to calcium (21) and show that without the addition of
13

calcium, CaM is susceptible to in vivo and in vitro degradation. The rate of deamidation is
accelerated by increasing pH or temperature, which promote deamidation of asparagines in the
calcium binding sites (23).
Sample preparation for the analysis of protein stability begins with expression and
purification of the model protein. Expressing protein from bacterial cells requires separation
from cell debris and contaminants to make use of the protein. Analytical tools required to purify
proteins may be used with a range of different conditions (pH, temperature, solvent), which may
allow for degradation during protein isolation. Here, we chose conditions based on
physiochemical properties of the protein that promote stabilization. Chromatography, SDSPAGE, and mass spectrometry can be used to assess degradation products that emerge during
purification. The in vitro stability can then be explored after purification by utilizing biophysical
techniques, such as circular dichroism (CD) spectroscopy, to evaluate the structural state of the
protein. NMR spectroscopy detects more subtle perturbations, and we utilize this capability to
investigate how solution conditions influence stability at specific residues in the intact protein
(28). The existing investigative tools, such as chromatography, electrophoresis, and CD are
needed to provide a quick analysis of the material produced by the expression and purification
methods. NMR experiments complete this analysis by providing assessment of structure and
chemical stability relevant to the overall integrity of the protein product.

1.4 Outline of Dissertation
This dissertation demonstrates how understanding the in vivo and in vitro stability and
using the current knowledge of known stabilizers can be used to optimize the expression and
purification of therapeutic proteins. Chapter 2 describes the process of determining how varying
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the concentration of Ca2+ during in vivo expression of N-CaM affects production yield. We
analyzed the expression and final yield of N-CaM to identify the optimal concentration of Ca2+
that provides maximal in vivo stability. This chapter describes steps that enabled us to obtain a
highly concentrated sample of N-CaM on which 1H-15N HSQC NMR experiments could be
performed. NMR spectroscopy has the ability to provide more detailed information at the
molecular level to further understand the mechanism of this stabilization without using
destructive or numerous laborious techniques. Chapter 3 is an analysis of the NMR-based sitespecific stability of N-CaM in different solution conditions. This study provides a rapid approach
to obtaining qualitative and quantitative information from NMR spectra to probe protein
stability. Appendix 1 contains data on a range of solution conditions used to express and purify
recombinant human growth hormone from E. coli. In addition, an explanation of the challenges
during expression and purification of growth hormone are described in Appendix 1.
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CHAPTER 2
OPTIMIZATION OF N-CAM EXPRESSION AND PURIFICATION UTILIZING A
LIGAND
2.1 Introduction
The model system under analysis involves the eukaryotic Ca2+-binding protein,
Calmodulin (CaM).

Numerous studies and reviews have contributed to the characterization of

the structure and the important biological roles of CaM in various organisms (19-22, 29, 30).
These roles are largely Ca2+-dependent and facilitate the regulation of more than 30 proteins and
enzymes involved in different cellular processes. These studies use a common approach to
expressing CaM in bacterial cells and utilizing chromatography to purify and obtain pure, intact
CaM. For studies involving analyzing CaM with multiple spectroscopic methods, a large amount
of protein is required for detecting and monitoring CaM and obtaining reproducible results.
Efficient use of time and resources require improving methods for expressing and purifying CaM
used in these studies. One of our approaches to increasing the yield of CaM focuses on
protecting CaM from physical and chemical degradation in the expression media and cellular
environment. The addition of the known binding partner, Ca2+, whose primary role in the media
is to act as a ligand protectant when bound to CaM (holo CaM) and protect it from degradative
pathways upon expression. This chapter focuses on using the Ca2+, as a ligand protectant in the
expression media to enhance the stability of the N-terminal domain of CaM (N-CaM), thereby
improving the overall yield of pure, intact protein.
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2.1.1 Optimizing the Production of N-Cam Utilizing Ligand Binding
The purpose of this analysis is to utilize existing knowledge of the stability of CaM to
improve the expression and final yield of N-CaM. Because of CaM’s diverse functions and
biological significance, the chemical and physical stability of CaM and the isolated domains are
well known. Additionally, the binding of calcium ions in the binding loops of the pair of EF
hands in the N- and C-domains have been exhaustively studied by spectroscopic techniques
(Figure 2.1) (19, 22, 24, 30, 31). The isolated domains display different thermal stabilities when
they are separate or conjoined in whole CaM, and their stabilities depend on the solution
conditions used to study the stability of CaM (24, 32). Altogether, these studies confirm the
Ca2+-bound state of CaM and each isolated domain is much more thermally stable and less
susceptible to chemical and physical degradation compared to the apo state (Figure 2.1).

I

I
II

II

2+

C

Ca

N

IV

IV
III

III
Apo CaM

HoloCaM

Figure 2.1 Structures of apo and holo CaM.
2+
Three-dimensional structures of calmodulin (148 residues, 16.5 kD), not Ca -bound (PDB: 3cln)
2+
2+
and Ca -bound (PDB: 1cfd) form of CaM. Structures are labeled with four Ca -binding sites (I2+
IV) in the N and C domains. Holo form is bound to four Ca ions.
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We hypothesize that the addition of calcium during the different stages of expression and
purification will improve the overall yield and integrity of N-CaM. In this case, ligand binding is
performing as a protectant against degradation in chemically and physically stressful conditions,
without affecting the structural integrity of the protein. Because various studies confirm Ca2+bound CaM is more thermally stable, we designate the binding of Ca2+ ions as a ligand protectant
because of its ability to protect N-CaM from chemically degrading solution conditions and
bacterial proteases during the purification and expression processes. Some studies suggest the
exogenous addition of prosthetic groups and/or cofactors to optimize the production of proteins
in E. coli (33). This improvement of overall yield has been observed with heme-containing
proteins, in which the addition of a heme precursor was used to obtain active and a higher yield
of soluble protein. Although, calcium is a cell signaling molecule, like cofactors it influences
activity and has the unique advantage that it enhances CaM stability.

For the purpose of

optimizing the expression and overall yield of N-CaM, the addition of calcium to expression
media and during purification is important to producing and maintaining N-CaM in stabilizing
conditions. Furthermore, this study demonstrates how it is useful to consider a ligand protectant
during the production of proteins when a ligand is known to promote stability of the protein of
interest.

2.2 Materials and Methods
2.2.1 Cloning and Construction of the Expression Plasmid
The N-terminal domain of calmodulin was obtained from the full length cDNA of
calmodulin which was subcloned into the pET-15b plasmid described by previous methods
(Urbauer and Topp laboratories) (34). Although this encodes the gene from chicken CaM, human
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CaM has an identical amino acid sequence (20). The gene encoding N-CaM was obtained by
using the PCR-based QuickChange method to mutate K77 to a stop codon in the cDNA of full
length CaM. The following primers were used to generate N-CaM coding region: 5’gatggcaagaaaaatgtaagatacagatagcgag-3’

and

5’-ctcgctatctgtatcttacatttttcttgccatc-3’.

PCR

products were digested at 37 °C with Dpn I (Promega) for 1.5 hours. Immediately after digestion
the DNA was transformed into XL-1 Blue Competent cells (Stratagene) and spread on LB agar
plates containing 100 mg/mL ampicillin (LB/amp plates) then incubated at 37 °C overnight.
Colonies isolated from the plates were cultured overnight at 37 °C in LB and ampicillin. The
DNA from these cultures was isolated and purified using Qiagen Spin Miniprep Kit (Stratagene).
The DNA containing CaM with a stop codon (taa) after M76 in the pET-15 vector was
confirmed by sequencing the DNA using the T7 promoter and T7 terminator primers
(Northwoods DNA, Inc., Bemidjii, MN).

2.2.2 Expression of N-CaM in E. coli cells
The pET-15 plasmid containing the gene for N-CaM (N-CaM-pET-15) was transformed
into BL21 (DE3) cells (New England Biosciences, Ipswich, MA) and plated on LB/amp plates in
which colonies were grown overnight at 37 °C. Starter cultures were made by inoculation with a
colony into 10 mL of LB/amp cultures and grown overnight at 37 °C and shaken at 250 rpm. The
starter cultures were added to 1 L of minimal media at pH 7.4 and grown further. An optical
density (OD) reading is used as a measurement of the turbidity of the media at 600 nm, and in
this case, the cells were grown to an OD600 of 0.6-0.8. Once cells reached this OD measurement,
cells were then induced with a final concentration of 1 mM of isopropyl β-D-1thioglactopyranoside (IPTG) (Acros Organics). Bacterial cells were harvested after 4 hours of
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additional growth by centrifugation at 4,500 x g, and cell pellets were stored at -80 °C. To
determine expression of N-CaM in the cultures, 1 mL samples were taken from each culture and
boiled in 4 M urea and run using non-reducing 16% Tris-tricine SDS-PAGE for analysis by
electrophoresis (35).

2.2.3 Purification of N-CaM
Cell pellets containing the overexpressed N-CaM were resuspended in 250 mM MOPS at
pH 7.5, 500 mM KCl, 1 mM DTT, 1 mM EDTA and lysed by a French Press at 12,000 psi. Upon
centrifuging the cells, a final concentration of 10 mM CaCl2 was added to the soluble lysate
containing N-CaM. The soluble lysate was injected into a fast-performance liquid
chromatogrphy (FPLC) Äkta Explorer System (GE Healthcare) and applied to a phenyl
sepharose column (GE Healthcare) equilibrated with 50 mM Tris-HCl pH 7.4, and 10 mM
CaCl2. The column was washed with 50 mM Tris-HCl pH 7.4, 10 mM CaCl2, and 500 mM
NaCl, and N-CaM was eluted with 50 mM Tris-HCl pH 7.4, and 10 mM EDTA. The fractions
containing N-CaM were concentrated by ultrafiltration (Millipore). Because N-CaM possesses
no tryptophans or tyrosines, the absorbance of phenylalanine at 259 nm is used to quantify NCaM. The final yield was quantified by UV spectroscopy using the absorbance at 259 nm and an
extinction coefficient of 975 M-1 cm-1. The correct size and purity were identified using SDSPAGE gels (36).

Circular dichroism (CD) spectroscopy was used to determine N-CaM

contained the expected secondary structural elements, indicating it was correctly folded. NMR
analysis of N-CaM portrayed correct backbone assignments based on previously published
assignments (22).
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2.2.4 Screening of Ligand Concentrations in Expression Media
To obtain a high-yield of pure, intact N-CaM, modifications were made to the expression
media and purification protocol. To improve the initial yield from the over expression of N-CaM,
6 different Ca2+ concentrations were screened in the expression media upon induction to the NCaM-pET-15 plasmid. The flasks contained 20 mL of minimal media, prepared with 0.5 mM of
CaCl2 (before induction). A starter culture containing the N-CaM-pET15 plasmid in BL21
(DE3) cells were grown overnight and added to the 20 mL cultures to obtain a 100-fold dilution.
The cells were grown at 37 °C and shaken at 250 rpm and induced when OD600 = 0.5 – 0.6. To
find the optimal Ca2+ concentration that would result in an increase in the expression of N-CaM,
CaCl2 was added to the expression media upon induction. The appropriate volume of CaCl2 was
added to obtain the desired final Ca2+ concentration needed in each flask. The five different
supplemental Ca2+ concentrations screened in the expression media were 1.0, 1.5, 2.0, 2.5, and 3
mM, and these were compared to one with no additional CaCl2 added upon induction.
Size-exclusion chromatography was employed as a second purification step to remove
higher molecular weight species that co-elute with apo N-CaM from the phenyl sepharose
column and to exchange N-CaM into a final buffer system containing 100 mM CaCl2 at low pH.
The eluted apo N-CaM was immediately loaded onto a Superdex 75 10/300 GL column (GE
Healthcare) equilibrated in 20 mM Mes, pH 5.5 and 100 mM CaCl2. The chromatographic
separation was monitored by a UV-Vis lamp at 220 nm and the final, pure and intact N-CaM
eluted into 5 mL fractions. The fractions containing N-CaM were identified by 16% Tris-Tricine
gels, then concentrated and quantified by UV-Vis spectroscopy. Final samples were stored in the
equilibration buffer at 4 °C.
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2.2.5 SDS-PAGE analysis and densitometry
To compare the levels of expression from each culture, samples were taken from each
culture in 1-hour intervals over the course of 4 hours. The volumes were normalized to adjust for
differences in cell growth rates, and the appropriate volume to obtain an equal number of cells
was centrifuged at 13,000 rpm. The insoluble pellet was resuspended in saturated urea and
Coomassie loading dye, then boiled at 95 °C for 10 minutes. Equivalent volumes were loaded
onto 16% Tris-Tricine SDS-PAGE gels. After electrophoresis, the gels were stained in
Coomassie dye and imaged by a Typhoon TRIO Variable Mode Imager from GE Healthsciences
(Sweden). To compare the level of expression between cultures after 4 hours of growth,
densitometry was used to obtain the relative intensities (reported as a volume-to-peak ratio) of
the bands relative to the band intensity from the expression culture containing 0.5 mM CaCl 2.
Each N-CaM band was normalized first by comparison to the intensity of a band from a 1 mg/ml
of purified N-CaM on an SDS-PAGE gel.

2.3 Results
2.3.1 Influence of Ca2+ concentration of N-CaM expression in E. coli
The ability of a ligand to provide in vivo stabilization to facilitate the expression of NCaM in bacterial cells was evaluated by screening a range of calcium concentrations in the
expression media. Normally, the amount of calcium added to the expression media is dependent
on the amount needed for the cells to maintain basal functions and to proliferate in minimal
media. In this case, the amount needed for expression of N-CaM in minimal media was 0.5 mM
CaCl2. Figure 2.2 represents the expression of N-CaM in minimal media and 0.5 mM CaCl2 over

25

the course of 4 hours. Maximum expression was observed at 4 hours, based on the intensity
determined by densitometry.

4

Time (h)
3 2
1

0

66 kD

45 kD

Figure 2.2 SDS-PAGE gel of expression of
N-CaM in E coli cells. Gel samples were
taken at each hour after induction (Time = 0 h).
Bands at ~8 kDa corresponds to the expression
of N-CaM (~8.5 kDa) over a 4 hour expression
in 0.5 mM CaCl2. 1st lane on the left
corresponds to the molecular weight standards.

14.4 kD
~ 8 kD

N-CaM

To determine the optimal amount of calcium needed to improve N-CaM expression, the
additional amounts of calcium tested in this study were added immediately after the inducer,
IPTG, was added to the media. A growth curve was generated for each of the cultures containing
different calcium concentrations (Figure 2.3). The turbidity was measured at 600 nm and plotted
as a function of time. The turbidity of the solution is an indication of the cell density in the
cultures over the course of the cell growth.

Figure 2.3 Turbidity measurements of cultures. Comparison of the cell densities from
cultures with varying calcium concentrations. Time of induction was at 4 hours and cells were
harvested at after 8 hours of growth.
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Each curve displays a similar sigmoidal shape which can be separated into 3 phases: lag,
exponential, and stationary phase. The cultures originated from the same colony grown in an
overnight culture, which was diluted and then separated into aliquots so as to maintain similar
growth profiles and induction periods for the test cultures. As such, the lag phases do not diverge
substantially from one another. When comparing the exponential phase of each curve, any
diversion of a curve compared to 0.5 mM CaCl2 indicates the cell growth is altered slightly by
the addition of calcium in the media. It is clear that at four hours after induction, the cell density
is increased ultimately by the addition of calcium compared to no calcium, but not to a high
degree. Because all curves have a similar shape and no large deviations occur, the cell
population’s ability to grow is not affected.
At 4 hours, samples from each of the cultures were taken and analyzed on SDS-PAGE
gels to compare the expression levels of N-CaM (Figure 2.4). The bands present at ~8 kD,
indicate N-CaM was expressed and present in all the cultures (data not shown). The relative
intensities of the bands from each of the cultures were compared to the 0.5 mM CaCl2 standard
culture to determine the extent to which the additional calcium influenced the expression of NCaM. The bands corresponding to the cultures containing 1.0, 1.5, and 2.5 mM CaCl2 have
similar intensities and each band appears to be darker than the band from 0.5 mM CaCl2.
CaCl2 concentration (mM)
66 kD

0.5 1.0 1.5 2.0 2.5 3.0

45 kD
14.4 kD
~8 kD
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Figure 2.4 SDS-PAGE gel of
cultures with varying CaCl2
concentrations. Gel samples
after 4 hours taken from each
culture display bands at 8 kD
corresponding to N-CaM. Bands
were identified by comparing to
purified N-CaM.

Figure 2.5 Band intensities from
cultures
with
varying
CaCl2
concentrations. Comparison of the
band intensities from gel samples at 4
hours of N-CaM expression in cultures
with 0.5 mM – 3.0 mM CaCl2 (volumes
and peaks from SDS-PAGE bands
determined by densitometry). Intensity
values from samples 1.5 mM and 2.5
mM, were not significantly different
based on a t-test. (-2.92 < t < +2.92, t =
0.99, α = 0.1).

To determine the amount of calcium that is the most effective at increasing the expression
of N-CaM, the intensities of these bands were compared using densitometry. The volume-topeak intensities based on densitometric analysis of the bands from the culture with 1.0 – 3.0 mM
CaCl2 were compared against the culture containing 0.5 mM CaCl2 (Figure 2.5). There is a clear
increase in the intensity of the band from the expression of N-CaM when supplemental calcium
is added, based on the increase in intensity compared to the culture with no additional calcium
(0.5 mM CaCl2). The cultures containing 1.5 and 2.5 mM CaCl2, each display approximately a
2.5-fold increase in intensity. Because these intensities are not distinctly different it is difficult to
discern whether the same amount of N-CaM is expressed in each of these two calcium
concentrations without performing an overexpression and quantifying the final yield after
purification of the crude lysate. The growth of the cells in 1.5 and 2.5 mM CaCl2, however, are
not affected based on the similar profiles compared to 0.5 mM CaCl2 generated from the
turbidity readings.
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2.3.2 Effect of Ca2+ concentration on final protein yield
Expression of N-CaM in media containing 0.5, 1.5, and 2.5 mM CaCl2 was performed to
determine if higher expression of N-CaM results in improved yield of soluble, intact N-CaM,
after purification. A two-step purification was performed on the samples to purify the N-CaM
product, SDS-PAGE/densitometry was performed to determine the purity, and UV-Vis
absorbance was used to quantify the final yield.

Generally, CaM is purified employing

hydrophobic-interaction chromatography (HIC) and exchanged into buffer containing calcium by
dialysis. In this study, size-exclusion chromatography (SEC) was used to immediately
reintroduce calcium and convert N-CaM from the apo to the holo state during the polishing step
of the purification. N-CaM elutes from the HIC column in the presence of EDTA because release
of Ca2+ from N-CaM decrease its surface hydrophobicity. Excess calcium promotes the binding
of Ca2+ ions, which stabilizes N-CaM against chemical and physical degradation. Based on this
known protection mechanism, we hypothesized the altering the purification method would result
in a higher yield of pure N-CaM.

Figure 2.6 Elution profiles comparing N-CaM purifications. N-CaM expressed in 0.5 (blue),
1.5 (gray), and 2.5 mM CaCl2 (orange) and the subsequent two-step purification. A. 1st peaks are
the elution of apo N-CaM from a hydrophobic-interaction column B. 2nd peaks from the elution of
holo N-CaM from a size-exclusion chromatography.
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The resulting elution profiles from the two-step purification of each of the expressed NCaM in different calcium concentrations are displayed in Figure 2.6. N-CaM was identified in
the peaks displayed on Figure 2.6 and was determined by SDS-PAGE. The first peak (A) in the
chromatogram corresponds to the elution of apo N-CaM from the hydrophobic interaction
column. The second peak (B) corresponds to the elution of holo N-CaM from the size-exclusion
column. Chromatography was employed to adequately separate N-CaM and isolate it from any
contaminants in the solution. Figure 2.6 displays distinct, but broad peaks from each of these
techniques to demonstrate N-CaM is effectively isolated from the bacterial lysate. The initial
peaks resulting from the different purifications on the HIC column, display similarly shaped
peaks. The shape of the peaks from 0.5 and 2.5 mM CaCl2 from elution of the SEC column
appear to be different from 1.0 mM CaCl2 expression. The change in peak shapes may be due to
the small change in the hydrodynamic radius as a consequence of the different expression media
solutions. This was not investigated further because the correctly folded N-CaM was identified
upon elution from the SEC column by NMR (see chapter 3).

There are noticeable differences in the elution volumes (Ve) between each of the samples
(Table 2.1). The peaks corresponding to 0.5 and 2.5 mM CaCl2 expressions have similar elution
volumes in the both chromatograms, while 1.5 mM CaCl2 sample elutes earlier from each
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column. Additionally, there are 2 peaks that appear in the SEC chromatogram for 1.5 mM CaCl2
sample, in which the small peak appears at the same elution time as the 0.5 and 2.5 mM CaCl2
samples. The SDS-PAGE analysis of the elution fractions revealed that every peak in the
chromatogram contains N-CaM. Because there is limited information provided by SEC, it is
difficult to determine the structural alterations that would result in a change in mobility through
the SEC column. It is certain from SDS-PAGE data, however, that all peaks contain N-CaM and
no traces of other protein contaminants.
The final yields of the N-CaM expressed in the different calcium concentrations and
subsequent purification were compared by employing UV-Vis absorbance to quantify the final
amount of N-CaM obtained after purification (Table 2.2). A substantial amount of protein was
obtained from the expressions in 0.5, 1.5, and 2.5 mM CaCl2. Compared to 0.5 mM CaCl2, the
supplemental amount of calcium in the expression media leads to a higher amount of N-CaM
recovered after purification. Overall, purification of the sample with 1.5 mM CaCl2 results in a
1.5-fold increase in the production of N-CaM per liter of media. Based on the turbidity readings
and densitometric analysis of the expression of N-CaM, the addition of 1.5 mM CaCl2 does not
interfere with the normal cell growth or the ability of the cells to express N-CaM. From this data,
1.5 mM CaCl2 was found to be an optimal amount of calcium needed to provide in vivo and in
vitro stability to facilitate the expression and purification of N-CaM.
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2.4 Discussion
It is well known that calmodulin’s ability to bind Ca2+ ions plays a role in its biological
activity. Just as important, the binding of calcium can enhance the stability of N-CaM in various
physiological and solution conditions (24, 32). In this study, the concept of using a ligand
protectant to enhance stability was applied to developing a method to increasing the in vivo and
in vitro production of pure, intact N-CaM. By using common approaches for expressing and
purifying CaM, modifications were made to the calcium concentration in the expression media.
In addition to the traditional methodology of applying hydrophobic-interaction chromatography
for purification, a second purification step was involved to produce purified N-CaM in
stabilizing solution conditions.
Upon evaluation of the expression of N-CaM in varying amounts of calcium, SDS-PAGE
gels and turbidity measurements revealed that additional calcium had significant impact on the
amount of N-CaM expressed and a no large effect on the growth of the cells. Based on the
increase of turbidity of the solution, adding more than 0.5 mM CaCl2 to the expression media
alters the overall cell density slightly. An increase in cell density was observed when calcium
was added to the expression media 4 hours after the cell growth was initially started (the cells
grow for 4 hours and calcium is added at induction). Calcium regulation in the cell is an energyintensive process relying on various types of cellular machinery. A balance is maintained in cells
to keep intracellular levels of Ca < 0.1 mM and extracellular levels ≤ 1 mM depending on the
type of cell (37). The alteration of the nutrients in the environment of the bacterial population
may have an impact on the metabolic processes of the bacteria, which may impact the growth
rate. Whether the addition of calcium changes the growth rate of the population is not clear.
Monitoring the cell density at 600 nm measures the turbidity of the solution and not the actual
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amount of cells in solution (cannot discern between alive and dead cells) over a period of time.
Precipitation of additional calcium in the media could also affect the optical density, but there is
no way to easily account for this. Based on the consistency of the curve shape from all turbidity
readings, cell growth is not substantially altered. The premise for adding excess calcium to the
expression media upon adding an inducer is to have calcium readily available upon expression of
N-CaM, but not to affect the ability of the cells to grow or generally impair the function of the
protein expression machinery. For this reason, low calcium concentrations were added at the
time N-CaM is being expressed and not prior to expression. Having available free Ca2+ ions in
the media and cytosol at the time N-CaM is released could facilitate the coordination between
Ca2+ ions and residues in binding sites I and II of N-CaM.
Many physiological and environmental factors can influence the degradation of proteins
in vivo and contribute to a low expression of protein. In E. coli, proteins expressed in the cytosol
(soluble proteins) are susceptible to chemical and physical degradation, which may result in their
destruction by cellular proteases. These degradation pathways are influenced by the
physiological and external environments, such as temperature and pH. N-CaM is expressed as a
soluble protein and the susceptibility of the known degradation sites contained in N-CaM can be
influenced by these environmental stresses.
Upon expression and folding in the cytosol, exposed degradation sites in N-CaM are
susceptible to chemical modifications via deamidation of the sidechain of asparagine 60 (N60),
racemization of aspartates 22, 24, and 58, and oxidation of methionine residues 51, 71, and 72 (9,
38).

CaM has increased susceptibility to deamidation when not bound to Ca2+ ions, and

deamidation occurring to Asn sidechains in the Ca2+-binding sites are more likely to undergo
destruction by the organism’s proteasome (39). Methionine residues become susceptible to
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oxidation upon binding Ca2+ in the presence of oxidants (i.e. hydrogen peroxide). Oxidation of
methionine residues 51, 71, and 72 can assist in the unfolding of CaM and has known to be a
signal for destruction by the 20S proteasome (38). Studies inducing oxidation of Met residues
were at high concentration of hydrogen peroxide and our expression or purification conditions do
not expose N-CaM to such oxidizing conditions.

Expression conditions, however, expose N-

CaM to high temperatures at pH 7 for ~4 hours and could promote deamidation and/or
isomerization promoting increased accumulation of N-CaM. Having available free Ca2+ ions
upon expression of N-CaM is most likely protecting it from deamidation and/or isomerization.
Ligand binding, in this case, is limiting the flexibility of labile residues in the binding sites and
reducing conformational exchange, thereby protecting N-CaM from cellular degradation.
Quantification of the band intensities from the expressions, demonstrates that increasing
the calcium concentration to a point improves the overall expression of N-CaM. The higher
intensities of bands from the expressions in 1.5 and 2.5 mM CaCl2, yet slightly higher yield of
protein at 1.5 mM CaCl2 indicate that not all calcium concentrations affect the final yield exactly
the same. The calcium concentrations 1.5 and 2.5 mM CaCl2 seem to follow the same trend as
the other concentrations by altering the cell density slightly; a larger amount of protein is,
however, obtained from 1.5 and 2.5 mM CaCl2. Based on the actual amount obtained between
these two samples, 1.5 mM CaCl2 in the expression media yields a higher amount of pure protein
compared to 0.5 and 2.5 mM CaCl2.
It is likely during any purification process that low recovery of protein can be attributed
to physical and/or chemical instability. In the case of N-CaM, low recovery could be due to the
different stages where N-CaM is not bound to calcium during the two-step purification process.
Because the apo form of N-CaM is more susceptible to physical and chemical degradation, the
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resulting degradation products could lead to a lower recovery of protein. At different stages, the
addition and chelation of Ca2+ ions in solution containing N-CaM facilitates conformational
exchange between the apo and holo forms of N-CaM. Upon binding to calcium, N-CaM exposes
hydrophobic patches known to bind to peptide targets (20-22, 30). It is possible that exposure of
hydrophobic residues in the absence of these targets could promote intermolecular interactions
leading to self-associated aggregates. Before the purification process, precipitation is observed
after adding calcium to the crude lysate containing N-CaM. Centrifugation is required to separate
precipitates from soluble N-CaM. The remaining soluble N-CaM undergoes purification, and no
precipitation is seen thereafter. Based on SDS-PAGE analysis of the precipitation, N-CaM is
observed in the insoluble lysate. Precipitation is an indication of physical degradation of protein
and is often associated with insoluble aggregate formation (3). Precipitation is normally seen at
this step and makes no difference in which calcium conditions N-CaM was expressed. Based on
the final yield of N-CaM after purification, 1.5 mM CaCl2 improves the final recovery of protein
overall.

2.5 Conclusion
Based on the final recovery of protein, it seems there is a balance that must be maintained
between providing enough supplemental calcium to stabilize N-CaM, thereby promoting highyield expression, and excess calcium that will diminish overall yield. Because 1.5 mM CaCl2
improves the initial expression and yields the highest amount of purified protein, it is the best
amount of calcium to supplement the expression media. Additionally, 1.5 mM CaCl2 is an
adequate amount to overcome physical and chemical degradation processes that could result in
low recovery. The final yield of pure, intact N-CaM expressed in 1.5 mM CaCl2 provides an
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increase in protein yield of 50%. This is a sufficient amount of protein for analysis by NMR
spectroscopy, which is described in the next chapter.
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CHAPTER 3
USING NMR SPECTROSCOPY TO INVESTIGATE HOW SOLUTION CONDITIONS
INFLUENCE PROTEIN STABILITY
3.1 Introduction
Many studies involved in developing methods to study protein stability use calmodulin
(CaM) as a model system because the thermal stability of the whole, intact CaM and the isolated
N- and C-terminal domains are well-characterized. Studies that contribute to the vast amount of
literature in which the physical stability of CaM is characterized typically use low-resolution
spectroscopic methods to examine stabilization (9, 23, 24, 32). Structural and thermodynamic
information is obtained using fluorescence and absorbance-based methods to determine the
influence of calcium and different solution conditions on global structure and/or stability.
Although these methods provide a rapid approach to analysis of thermal stability, site-specific
molecular information is not acquired from these methods. When combined with such general
structural and thermal stability information, molecular information provides essential details for
understanding the mechanism of overall stabilization. Residue-specific information required for
characterizing stability on a molecular level may be obtained through NMR experiments.

3.1.1 Structural and Thermal Stability of CaM
As one of the major calcium sensors in many organisms, CaM belongs to the EF hand
family of calcium-binding proteins. The EF hand within these proteins is a helix-loop-helix motif
in which alternating residues within the loop region coordinate to one Ca2+ ion. The well-known
dumbbell structure of CaM is composed of two homologous globular domains separated by a
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short and flexible antiparallel β-sheet linker (Figure 2.1). The N- and C-domains each consists of
a pair of EF hands, resulting in a C2 axis of symmetry per domain. Figure 2.1 displays the two
known conformers of CaM, where the apo form is structurally compact compared to the
extended holo form and CaM, upon binding to calcium, increases in helicity based on circular
dichroism analysis (21).
The four Ca2+-binding loops are similar in sequence, each possessing 12 residues in the
binding site, which are highly conserved amongst the EF hand family of proteins. Six of these
residues are involved in calcium coordination, in which Ca2+ is coordinated in a pentagonal
bipyramidal orientation (Figure 3.1) (31). Because each domain is composed of a pair of EF
hands, the binding sites are also structurally equivalent. One major difference is the N-domain
has lower affinity for Ca2+ compared to the C-domain (Kd ~ 10-7). The highly conserved
sequence in CaM amongst organisms displays similar biochemical and physical properties as
demonstrated by many studies that utilize spectroscopic methods(20).
The N- and C-domains of CaM are homologous to each other with 46% sequence
identity (40). As such, the two domains have similar NMR spectra, and for simplicity, this study
uses the N-domain of CaM (N-CaM) as a model system for development of a method to utilize
two-dimensional (2D) NMR spectroscopy to study protein stability. This truncated form of CaM,
is known to remain functional and well-structured as an isolated domain. Previous studies have
determined the thermal stability of the N-terminal domain within the intact protein and as an
isolated domain and have evaluated how the overall thermal stability and folding of the domain
is impacted by calcium (24). Spectroscopic methods have been used to show that calcium
binding and ionic strength each impart thermal stabilization to full-length CaM and the isolated
domains (24).
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3.1.2 Developing a method to study protein stability by NMR spectroscopy
A two-dimensional (2D) 1H-15N heteronuclear single quantum coherence (HSQC)
experiment was used in this study to evaluate residue-specific changes in apo N-CaM in a range
of solution conditions known to affect the protein’s thermal and structural stability. 2D NMR
spectroscopy is a valuable tool to study changes in conformation, dynamics/flexibility and to
assess local structure. To monitor local structure by 2D NMR, many studies have used 1H-15N
HSQC experiments to selectively detect chemical shifts of individual amide moieties from
residues of interest. Data from 1H-15N HSQC experiments contain site-specific information to
facilitate the determination of residues that coordinate to Ca2+ and to assess local conformational
changes that occur upon Ca2+ coordination and thermal perturbation (19, 22).
The 1H-15N HSQC experiment detects changes in structure and is sensitive enough to
detect subtle conformational changes that occur locally at each backbone amide upon modest
alteration of the solution conditions. This is because the electronic environments of individual
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nuclei are affected differently by changing solution conditions. In a 2D 1H-15N HSQC spectrum
of a protein a cross-peak corresponds to a proton covalently bonded to a nitrogen atom, or an
amide group within the protein. Based on the degree of change in the position of the peak,
qualitative information can be obtained to indicate how the change in environment physically
affects an individual residue. Similarly, the changes in the dynamics/flexibility of the protein in
solution may also be assessed by monitoring the broadening or sharpening of a peak that may
occur as a consequence of changing the solution conditions (6). To evaluate structural stability,
2D NMR experiments can easily be used to screen a range of solution conditions and to monitor
changes in chemical shift positions in the 1H and

15

N dimensions. NMR provides a unique

approach to analyze local structure and conformational changes and serves as a complimentary
tool to other spectroscopic techniques to evaluate molecular mechanisms of physical stability.

3.2 Materials and Methods
3.2.1 Materials
Calcium chloride dihydrate was purchased from ACROS ORGANICS (Fair Lawn, NJ),
potassium chloride (Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), (4-(2hydroxyethyl)-1-piperazineethane-sulfonic acid (Hepes), and 3-(4-morpholino)propane sulfonic
acid (Mops), 2-(4-morpholino)ethanesulfonic acid (Mes), ethylenediamine tetraacetic acid
disodium salt dihydrate (EDTA) and sodium chloride were all purchased from Fisher Scientific
(Pittsburg, PA). For NMR experiments,

15

N-ammonium chloride and deuterium oxide (D2O)

were purchased from Cambridge Isotopes (Andover, MA).
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3.2.2 Expression and Purification of 15N-labeled N-CaM
To obtain

15

N-labeled protein for NMR analysis, N-CaM was expressed and purified as

previously described (Chapter 2) with the following modifications. The bacterial cells were
grown in 1 L of minimal media containing [15N]-labeled ammonium chloride. Upon induction,
CaCl2 was added to make the final calcium concentration 1.5 mM. Upon purification by sizeexclusion chromatography, pure 15N-labeled N-CaM was stored in 20 mM Mes, pH 5.5 and 100
mM CaCl2 at 4 °C.

3.2.3 NMR Sample Preparation
Apo N-CaM was obtained by dialyzing 0.5 mL of holo N-CaM in 3.5k MWCO Slide-aLyzer dialysis cassettes composed of a 30 μm cellulose membrane (Thermo Scientific, PA)
against 20 mM Mes, pH 5.5 and 100 mM EDTA overnight at room temperature (r.t.) to remove
Ca2+ ions from N-CaM. Dialysis was performed in 1 L for approximately 12 hours. Upon the
completion, apo N-CaM was removed from the dialysis cassettes and quantified by UV
absorbance and was diluted into the same dialysis buffer with 6% D2O to obtain a final protein
concentration of 1.0 - 1.5 mM. A pH titration of apo N-CaM was performed at pH 5.5, 6.0, 6.4,
or 6.7 by dialyzing 0.5 mL of N-CaM against 1 L of 20 mM Mes at the desired pH in 10 mM
EDTA for 1 hour. To obtain apo N-CaM at pH 7.1 and 7.4, the protein was dialyzed into 20 mM
Hepes and 10 mM EDTA.
To analyze the effect ionic strength has on the physical stabilization of apo N-CaM, an
ionic strength titration was performed at pH 6.4 and 7.1. The ionic strength concentrations
evaluated at each pH were 35, 65, 95, 125, and 155 mM. The total ionic strength of each solution
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was determined by taking into account the contributing ionic species from the buffer and EDTA
components at each pH. Equation 1 was used to determine the total ionic strength (I), in which
Mi is the molar concentration of all ionic species and Zi is the corresponding charge at each pH.
∑
To obtain apo N-CaM at either pH 6.4 or 7.1, the initial dialysis was performed for 2
hours in either 20 mM Mes, pH 6.4 or 20 mM Hepes, pH 7.1, 10 mM EDTA at I = 35 mM.
Subsequent dialysis steps at increasing ionic strength were performed for 1 hour. Upon
completion of each dialysis step, the sample was measured by using a pH meter (Accumet,
Fisher Scientific) calibrated with 3-points at pH 4.00, 7.00, 10.00, to confirm the sample was at
the expected pH.

3.2.4 NMR Experiments
The 1H-15N HSQC experiments were performed on either a Varian Inova 600 or a Bruker
Avance 600 MHz spectrometer equipped with a triple resonance probe. The spectra were
acquired in 8 scans with 2048 points in 1H and 128* increments in

15

N. An external DSS

standard in D2O was used for referencing the chemical shift position of 1H. Indirect referencing
of

15

N to 1H as determined by using the frequency ratio method

15

N/1H = 0.101329118 (41).

Sparky was used to determine positions, heights, and volumes of peaks in the spectra acquired
from the 1H-15N HSQC experiments (42).
Assignments of the residues in N-CaM were based on Ikura et al.(43), and a pH titration
was performed to correlate assignments at the reported pH with those obtained over the pH range
5.5 to 7.4 (22). The 1H-15N HSQC data were analyzed further to compare changes in peak
positions from the resulting pH and ionic strength titrations of apo N-CaM at 25 °C. To analyze
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the changes in peak positions (Δδ) in the spectra from the pH and the ionic strength titrations,
changes in chemical shift (ppm) in the 1H dimension for individual residues at each pH or ionic
strength were quantified. This was calculated by subtracting the peak position at the higher pH or
ionic strength (

) from the initial peak position at the initial pH or ionic strength ( ), as given

in Equation (2). Because of this approach to identify peaks, only unidirectional changes were
monitored, and changes in the 15N ppm were not included in the analysis.

3.2.5 Circular Dichroism Sample Preparation
The thermal stability of apo N-CaM was monitored by circular dichroism (CD) at pH 5.5,
6.4, and 7.1 (I = 5 mM). Additionally, the thermal stability at pH 6.4 and 7.1 was analyzed over
the ionic strength range of 5 – 125 mM to assess the impact of ionic strength on stabilization at
higher pH. Apo N-CaM was was obtained by the same methods for NMR experiments, with the
exception of using 14N-ammonium chloride in the expression media. To obtain samples at pH 5.5
and 6.4, apo N-CaM was dialyzed into 10 mM Mes, 1 mM EDTA for 2 hours at r.t. To obtain pH
7.1, apo N-CaM was dialyzed into 10 mM Hepes and 1 mM EDTA for 2 hours at r.t. The buffer
for each dialysis was adjusted by adding KCl to obtain the final desired ionic strength.
Following dialysis, the protein concentration was quantified based on UV-Vis spectroscopy
(absorbance at 259 nm, ε = 975 M-1 cm-1) and adjusted to a final concentration of 0.2 mg/mL for
subsequent analysis.

3.2.6 Thermal Stability of Apo N-CaM Evaluated by Far-UV CD
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Far-UV circular dichroism measurements were acquired on an Olis MultiScan
Spectrophotometer (On-line Instrument Systems, Inc, Borgart, GA; supported by Olis
SpectralWorks software for data analysis) equipped with a Peltier temperature controller with a
6-position cell holder. To assess the helical secondary structure of apo N-CaM, the signal at 222
nm was monitored over the temperature range of 10 - 87.5 °C and spectra were obtained in 2.5
°C increments, utilizing a temperature ramp of 15 °C/hr. The CD data acquired from the thermal
titrations, were converted into units of molar ellipticity and plotted as a function of
temperature(12). Error analysis was performed from duplicate samples, and the data were fit to a
sigmoidal function to obtain transition melting temperatures (Tm) using GraphPad Prism version
5.04 for Windows (Graphpad Software, San Diego, CA).

3.3 Results
3.3.1 The Influence of pH on the Structure of Apo N-CaM Assessed by NMR Spectroscopy
A spectrum of the purified N-CaM in pH 5.5 at 25 °C was determined to be the correct
structure based on previous 2D NMR spectra and published assignments of apo CaM by Ikura et
al. (Figure 3.2.A) (22). Residues were identified in each of the Ca2+-binding loops of site I and
II, adjoining beta strands, and outside of the binding sites based on previous resonance
assignments of the residues in CaM (Figure 3.2.B) (22). A good indication that the apo form is
well-structured is the appearance of the characteristic high-field amide protons (9.0-10.0 ppm)
that correspond to the glycines at the sixth position of each of the two Ca 2+-binding loops. This
structural and spectral feature of properly folded, functional Ca2+-binding proteins is common
among the EF hand family (22).
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Figure 3.2 A H- N HSQC spectrum of apo N-CaM. Apo N-CaM (1 mM) in 20 mM Mes,
2+
10 mM EDTA at pH 5.5. Residues in Ca -binding sites I (red) and II (blue) and residues
outside of binding loops in α-helical region (black). Data acquired on a Varian Inova 600
2+
MHz. B. Residues in Ca -binding sites of N-CaM. Binding sites I (red) and II (blue) and
corresponding secondary structural elements in the N-terminal domain of Calmodulin.
2+
Residues coordinated to Ca ion are shaded in gray.
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Some of the residues of interest could not be identified or tracked in our spectrum due to
either peak overlap or extreme crowding, such as in the center of the spectrum. A pH titration of
apo N-CaM was used to facilitate the identification of peak assignments of residues in N-CaM
over a broad pH range. By tracking the unidirectional movement of individual peaks, chemical
shift position can be correlated at each pH with the reported assignments (22, 43). Additionally,
the pH titration provides evidence of structural perturbations at individual nuclei, thereby
reporting local structure as a consequence of increasing the pH. Specifically, by monitoring the
chemical shift positions of individual residues within the Ca2+-binding sites I and II at each pH,
spectra from 1H-15N HSQC experiments can provide information about local conformational
changes and structural perturbations.
1

H-15N HSQC experiments used to monitor apo N-CaM in pH 5.5 at 25 °C over the

course of one week confirm that no large chemical shift changes are observed in apo N-CaM
over this time frame (data not shown). Consequently, the pH titration of apo N-CaM was
performed beginning at pH 5.5 to minimize chemical and physical degradation during storage
and analysis. Following each 1H-15N HSQC experiment, the sample was dialyzed progressively
to higher pH and the additional experiments were performed to yield a series of spectra over the
pH range of 5.5 to 7.4 (Figure 3.3).

Based on the NMR data and previously reported

deamidation rates (8, 9), no more than 8% degradation occurs to N-CaM during the entire data
acquisition period. Such a small amount of degradation produces only a very weak intensity
NMR signal compared to intact N-CaM.
The spectra of apo N-CaM at different pH were compared and, by visually tracking the
changes in peak position, qualitative analysis of the influence of pH on individual residues and
overall structure is apparent. Figure 3.3 shows an overlay of spectra acquired at several pH
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values during this titration. The majority of the resonances of individual residues from each
spectrum closely overlap; this lack of change in chemical shift positions indicates that the global
structure is not affected over the course of the titration. A few individual peaks are affected
considerably by the obvious, large changes observed in the linear movement of peak position
with increasing pH. The peaks circled in Figure 3.3 correspond to individual residues that
undergo relatively large changes in peak position, which are N60, G61, and D64, located in the
binding loop of site II. Based on this series of spectra, adjacent residues in binding site II are not
altered by pH. These three residues (N60, G61, and D64) follow a common trend and move
upfield substantially with increasing pH. This type of chemical shift movement indicates
increasing pH has an effect on local structure such that the nuclei become more deshielded and
deviate further from random coil values.

G61

G59
I27/T28 G23

G25

N60

D24

D64

1

15

Figure 3.3 A series of spectra of apo N-CaM from H- N HSQC experiments in increasing
pH. Peaks are colored based on pH conditions: pH 5.5 (red), pH 6.0 (orange), pH 6.4 (green),
2+
pH 6.7 (turquoise), pH 7.1 (purple), pH 7.4 (blue). Residues in Ca -binding sites I (red) and II
(blue).
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The residues in binding site II that displayed large deviations are in the same type of
secondary structural elements as the residues in corresponding positions in binding site I (Figure
3.2.B). Because they are in equivalent structures, the relative change in chemical shift in the 1H
dimension ( δ) of the residues in site I were compared to the δ of the residues in site II as a
function of pH (Figures 3.4.A and 3.4.B). As depicted in the spectra and Figure 3.4.A, the
residues in positions G23, D24, G25 (GDG sequence) in site I do not display large changes in
chemical shift position. Residues in the GDG sequence undergo small movements in peak
positions; deviations from their original peak positions are less than 0.056 ppm.

Figure 3.4 Change in chemical shift position (Δδ) of residues from pH titration. The Δδ of
2+
1
15
residues in Ca -binding loops, based on H- N HSQC spectra from the pH titration. A.
2+
2+
Residues in Ca -binding site I. B. Residues in Ca -binding site II.

Figure 3.4.B displays residues G59, N60, G61 (GNG sequence), which are in the
analogous positions to G23-G25 in the loop of binding site I. Additionally, D64 is also plotted in
Figure 3.4.B, which is positioned in the short β-turn structure. Both the spectra and δ, clearly
show that N60, G61, and D64 follow a similar trend in which the peaks move upfield in a linear
trajectory with respect to chemical shift position. The Δδ for residues in binding site II is larger
than site I and varies up to 0.422 ppm, confirming that local conformational changes are more
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pronounced compared to the residues in binding site I. The G59 residue does not follow the same
trend, but instead undergoes a relatively small downfield shift with increasing pH, like G23 in
site I. Residue D64 experiences the largest deviation in original peak position compared to the
GDG and GNG residues in binding site I and II, respectively. In the same position of binding site
II, the corresponding peak in binding site I, residue T28, is partially overlapped with I27 and δ
cannot be determined accurately. Nonetheless, it is clear from the spectra that T28 appears to be
affected similarly to adjacent residues in binding site I and does not undergo obviously large
shifts in peak position.

3.3.2 Ionic Strength Titration of Apo N-CaM Evaluated by NMR Spectroscopy
The 1H-15N HSQC experiments were performed to assess how the ionic strength affects
individual residues in apo N-CaM. High ionic strength is known to enhance the thermal stability
of CaM at pH 8, but the molecular mechanism of stabilization is not known (24). The present
study tests the hypothesis that stabilization is achieved by affecting specific residues in apo NCaM. By exposing apo N-CaM to high pH and conducting an ionic strength titration, residues
which play a role in the stabilizing effect of KCl will be revealed. The effect of increasing ionic
strength (I) on individual residues of apo N-CaM was assessed by comparing a series of 1H - 15N
over the range of 35 – 155 mM (selected spectra shown in Figures 3.5 and 3.7).
The ionic strength titrations were performed at pH 6.4 and 7.1 and conducted under a
sufficiently short time frame to minimize chemical degradation processes that occur at higher pH
to less than 8%. The overlay of each spectrum from the ionic strength titration at pH 6.4 did not
show significant changes in peak positions for the majority of residues or large peak position
changes in any one residue (data not shown). To show the minimal effect that increasing ionic
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strength had on the global fold of the protein, Figure 3.5 shows a representative overlay of the
1

H-15N HSQC spectrum of apo N-CaM at the low and higher ionic strength (I = 35 mM and 155

mM) at pH 6.4. Similar to the pH titration, the Δδ for residues in analogous positions were
plotted as a function of ionic strength (Figure 3.6.A and 3.6.B). A general trend is displayed by
the residues in both binding site I and II, such that no large fluctuations are observed.

T28 I27

G61

G59
G23

G25
T28

I27

N60
D24
D64

1

15

Figure 3.5 Series of H- N HSQC spectra from ionic strength titration at pH 6.4 of apo NCaM. Buffer conditions in 20 mM Mes, 10 mM EDTA at I = 35 mM (black) and I = 155 mM
2+
(red). Residues in Ca -binding sites I (red) and II (blue). Inset displays peaks, T28 and I27, at
the two ionic strengths. Data acquired on a Varian Inova 600 MHz at 25 °C.

The average of the maximum deviation from the original chemical shift position over the
course of the titration for these residues in binding site I and II are 0.029 and 0.025, respectively.
These deviations are small in comparison to the large shifts displayed in binding site II from the
pH titration. Both sites appear largely unaffected by increasing ionic strength at pH 6.4.Based on
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the appearance of peaks, the most obvious change appears to occur to the peak shapes of I27 and
T28. These peaks are overlapped when the ionic strength is low (I = 35 and 65 mM), however
between I = 95 and 125 mM the peaks become increasingly resolvable with increasing ionic
strength (Figure 3.5, inset). At I = 155 mM, the peaks are distinctly separated and can be
identified as belonging to residues I27 and T28 and the peak widths and positions easily
determined.

Figure 3.6 Change in chemical shift position (Δδ) of residues from pH titration The Δδ of
2+
1
15
residues in Ca -binding loops, based on H- N HSQC spectra from pH titration. A. Residues
2+
2+
in Ca -binding site I. B. Residues in Ca -binding site II.

The 1H - 15N HSQC spectra from the ionic strength titration at pH 7.1 is displayed as an
overlay of the spectra from I = 35 mM and I = 155 mM (Figure 3.7). Based on this overlay,
more individual residues are perturbed over the duration of the ionic strength titration compared
to the titration at pH 6.4. This spectrum shows broadening of the majority of the peaks and more
peaks become shifted upfield. In binding site I, at I = 35 and 155 mM the peaks do not overlap
completely for residues G23, D24, and G25, but instead small changes in peak positions occur.
When comparing the residues of interest that were affected the most (GNG in site II) and the
least (GDG in site I) by the pH titration, the same trend is observed from the ionic strength
53

titration at pH 7.1. The most pronounced changes in peak position occur to N60, G61, and D64
(Figure 3.7, insets). Figure 3.8 displays minimal changes to residues in site I (Δδ ≤ 0.057 ppm).
In site II, a large shift in the Δδ occurs upon the addition of I = 65 mM for residues N60, G61,
and D64 (insets). An increasing change in the chemical shift positions continue to occur to these
three residues up to I = 95 mM, but no large fluctuations occur thereafter. Residue G59 is
relatively unaffected by increasing I, based on the lack of observable change in chemical shift
position. Similar to the ionic strength titration at pH 6.4, the peaks belonging to I27 and T28
become better resolved above I = 95 mM based on the sharper linewidths.

T28

G61

G25

I27

G59
G23

N60
N60

G61
D24 D64

D64

1

15

Figure 3.7 A H- N HSQC spectra of ionic strength titration at pH 7.1. Apo N-CaM (1
mM) in 20 mM Hepes, 10 mM EDTA. I = 35 mM (black) and I = 155 mM (red).
2+
Residues in Ca binding sites I (red) and II (blue). Insets: Residues undergoing change in
peak position at each ionic strength: I = 65 mM (turquoise) I = 95 mM (blue) I = 125 mM
(green) . Data acquired on a Bruker Avance 600 MHz at 25 °C.
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Figure 3.8 Change in chemical shift position (Δδ) of residues from ionic strength titration at
2+
1
15
pH 6.4. The Δδ of residues in Ca -binding loops, based on H- N HSQC spectra. A. Residues
2+
2+
in Ca -binding site I. B. Residues in Ca -binding site II.

3.3.3 Thermal Stability of Apo N-CaM Evaluated by Far-UV CD
Far-UV circular dichroism (CD) spectroscopy was employed to evaluate the effect of pH
and ionic strength on the thermal stability of the secondary structure of apo N-CaM. To observe
alterations and loss of secondary structure induced by increasing temperature, the loss of the αhelical structure was monitored at 222 nm over the temperature range of 10 to 87.5 °C. The CD
data from the temperature titration at pH 5.5, 6.4, and 7.1 were examined at equivalent ionic
strength (I = 5 mM) (Figure 3.9) to evaluate the effect of varied pH on thermal stability. The CD
signal at 222 nm at each pH displays a monophasic curve in which no transitions occur below 50
°C. Above 50 °C, a decrease in negative molar ellipticity begins to occur with increasing
temperature for both pH 6.4 and 7.1. Based on the melting transition temperatures (Tm) acquired
from the CD experiment (Table 3.1), apo N-CaM appears to become more susceptible to
unfolding at lower temperatures with increasing pH compared to pH 5.5. The Tm of apo N-CaM
is increased by approximately 10 °C between each pH used in this study. The lower T m obtained
(70.1 °C) at pH 6.4 and 7.1 (58.9 °C) confirm apo N-CaM is more thermally stable at pH 5.5
(80.6 °C).
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Figure 3.9 Thermal unfolding of apo N-CaM pH 5.5, 6.4, and 7.1. CD signal monitored at
222 nm to assess physical alterations of the secondary structure in different pH conditions, pH
5.5, 6.4, and 7.1.

CD spectral melt data were then also acquired from the temperature titration over the
ionic strength range of 5 – 125 mM at pH 6.4 and also at 7.1 (Figures 3.10.A and 3.10.B).
Between I = 5 mM and 95 mM, the melting curves at each pH show a similar trend of increasing
transition temperature with increasing ionic strength (Figure 3.11 and Table 3.2). At pH 6.4, the
Tm remains relatively constant, staying within a narrow range between 70.1 °C and the maximum
Tm, 76.6 °C, at I = 95 mM. The increase in ionic strength at I = 125 mM appears to have the
opposite effect, and does not provide further thermal stabilization of apo N-CaM at pH 6.4 as
determined by Tm.
A.

B.

Figure 3.10 Thermal unfolding of apo N-CaM in increasing ionic strength. Physical
alterations of the secondary structure were assessed in increasing ionic strength, I = 5 mM 125 mM monitored by CD at 222 nm A. Ionic strength titration at pH 6.4. B. Ionic Strength
titration at pH 7.4.
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The curves, however, show that the overall amount of initial helical content is increased with
increasing I (Figure 3.10). The same trends are observed with N-CaM at pH 7.1, but the degree
to which the Tm and total α-helical content differ. A smaller change in total helicity is observed
at lower temperatures but Tm is improved substantially by increasing I.
Based on the broader range of melting transition temperatures displayed in Table 3.2 and
Figure 3.11, increasing ionic strength has a larger impact on the temperature titration at pH 7.1.
The initial increase of ionic strength from I = 5 to 35 mM provides a 10-degree increase in the
melting temperature. The impact to the Tm observed between 35 and 95 mM, however, is
negligible. The largest incremental change in Tm is observed between I = 95 and 125 mM at pH
7.1, where the increase in Tm exceeds the highest Tm of both pH 6.4 (80.6 °C) and 5.5 (76.6 °C).
Interestingly, apo N-CaM is much more sensitive to I at pH 7.1 than at 6.4 (ΔTm6.4 = 4 °C and
ΔTm7.1 = 24 °C).

Figure 3.11 The melting transition temperatures from the thermal unfolding of apo NCaM at pH 6.4 and 7.1. CD signal monitored at 222 nm to assess physical alterations of the
secondary structure in increasing ionic strength.
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3.4 Discussion
The apo form of the N-terminal domain of calmodulin was used as a model system to
evaluate the usage of NMR as an investigative tool to assess the effect of solution conditions on
protein stability. In this study, NMR spectroscopy was employed to detect structural
perturbations occurring to individual residues as a result of pH and ionic strength titrations. A
comparison of the spectra acquired from the 2D NMR experiments over the course of the pH
titration displayed both large changes in δ for a subset of individual residues and small overall
conformational adjustments. Individual residues that were greatly affected by the change in the
solution environment were N60, G61, and D64 in site II. This was apparent from the obvious
changes in the 1H chemical shift positions of these residues relative to the modest overall
structural change. Based on previous studies of chemical degradation in CaM, it is known that
N60 and G61 are positioned in a labile sequence (GNG) prone to deamidation (8). In the case of
N-CaM, deamidation of the N60 residue in binding site II occurs relatively rapidly at neutral to
basic pH (9). In the analogous positions, at the end of the binding loop of site I, a GDG sequence
exists where residue D24 is known to undergo isomerization at neutral pH, albeit at a slower rate
than deamidation of N60 (8). In our studies the data was collected in a manner to minimize
chmical degradation so that only physical changes in the protein would be observed. No large
changes in the 1H chemical shift positions occur to the residues in the GDG sequence, indicating
the change in the solution environment does not affect these residues while GNG in site II is
substantially altered, despite both regions having the same structure.
The Ca2+ binding sites I and II are structurally equivalent, based on the NMR structures
determined by Ikura et al. and crystallographic structure by Babu et al. (43, 44). The secondary
structural elements contained within the Ca2+ binding sites is a loop, a short antiparallel β-strand
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proceeded by a helix. The two sites adjoin one another and are connected by hydrogen-bonding
between their β-strand. The primary sequences are comprised of the same residues at each
position that coordinate to the Ca2+ ion, with the exception of position 3 in the loop and position
5 in the β-turn. At position 3, in the absence of calcium in many studies has confirmed that CaM
is highly susceptible to deamidation and/or isomerization at neutral to basic pH (9, 23, 24). This
study is the first to use NMR spectroscopy to identify the specific residues affected by changing
solution conditions to determine how protein stability is altered by its environment. It is
interesting that residues in structurally equivalent locations are affected differently, particularly
because the sequence identity is high (58%) and these residues are surface exposed. As such, it is
expected that D24 would be in the anionic state throughout the pH titration. N-CaM has no
histidine (pKa ~ 6), making it unclear why the structure of site I would differ from site II.
A broader pH titration spanning over pH 3 to pH 12 could affect free ionizable sidechains, such as aspartate (Asp) and glutamate (Glu) located in the binding loops. The pH
titration in this study occurs outside the range of side-chain pKa’s. Residue D64 most likely
remains ionized during this titration and is not a site where isomerization is known to occur. It is
unknown what would cause the dramatic shifting in chemical shift position of D64 without
additional experiments.
Further analysis of the peak shape changes occurring over the course of the pH titration
can provide information about whether higher pH is affecting the flexibility of N-CaM.
Evaluating the sharpening or broadening of the peak shape provides a rapid way to estimate
dynamic changes in the protein in the different solution conditions. Based on previous NMR
relaxation measurements and structural studies, the backbone of apo CaM is highly flexible in
the binding loop region of the Ca2+ binding sites I (residues 21-30) and II (residues 56-67) (45).
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The spectra acquired from the pH titration, do not display a uniform sharpening of the peaks with
increasing pH. Instead, the specific residues undergoing dramatic chemical shift changes (N60,
G61, and D64) become sharper while other unaltered residues remain relatively broad. The
sharpening of the individual peaks suggests this portion of the protein becomes more flexible
with increasing pH. These individual residues are experiencing more movement in solution and
the peaks begin to sharpen because the exchange between the conformations they are undergoing
is relatively fast compared to the NMR timescale. The majority of the peaks remain broad due to
conformational averaging from the relatively slower exchange of conformations the protein is
undergoing compared to the NMR timescale (28). Backbone flexibility in the binding loop
region and high pH could be the major contributors to pronounce changes observed in the 1H
chemical shift positions of N60 and G61 at higher pH, and this local change in conformational
flexibility correlates with decreased thermal stability for N-CaM. Based on the spectra acquired
from the pH titration, global structure is retained throughout the titration, but local structure at
binding site II is altered to a higher degree, while binding site I is relatively unaffected.
To better understand if the impact of local structure at each pH is a consequence of
overall physical stability, a temperature titration was performed and monitored by far-UV CD.
Previous studies have reported similar melting transition temperatures of isolated apo N-CaM at
pH 6.8 and 8.0, resulting from temperature titrations monitored by CD, fluorescence, and 2D
NMR experiments (9, 19). Apo N-CaM unfolds at higher temperatures compared to these
studies of the isolated domain, however, this may be due to the absence of a chemical denaturant.
Based on the molar ellipticity at 10 °C, the same amount of helicity is retained upon incubation
at each pH before the temperature titration, indicating pH is not affecting secondary structure
initially. Over the course of the temperature titration, the unfolding of apo N-CaM, however,

60

occurs at lower temperatures with increasing pH. The loss of the secondary structure as a
function of temperature appears to be impacted at each pH. Although CD is unable to detect
local perturbations, the NMR spectra reveal perturbations are occurring at individual residues,
particularly in site II, upon titration from pH 5.5 to 7.4. Based on the CD data, the physical
stability of N-CaM becomes more thermally labile with increasing pH and when coupled
together with the NMR data, they indicate that physical instability of apo N-CaM at higher pH is
likely due to alterations in structure at site II.
Along with identifying residues that are individually affected by destabilizing solution
conditions, 2D NMR experiments were used to identify residues impacted by known stabilizing
conditions. Masino et al., reported high ionic strength (≥100 mM KCl) plays a role in thermally
stabilizing the secondary and tertiary structure of CaM at pH 8. Pharmaceutical formulations of
proteins include ionic compounds in the buffer components to stabilize proteins in aqueous
solutions (16). Many ions are used in these formulations to increase solubility and thermal
stability of a protein in aqueous solutions (3, 16).

Various reviews and studies propose

explanations of how ionic compounds, specifically anions, can affect the stability of proteins (18,
46). One common explanation is based on the trend observed of how proteins are affected by
anions in the Hofmeister series (47). The Hofmeister series ranks anions according to on their
ability to stabilize (salt-in) or destabilize (salt-out) proteins in moderate to high salt
concentrations (0.01 – 1 M) (48). The mechanism of stabilization or destabilization of a protein
upon the addition of the Hofmeister series is still not well-understood.

Included in the

Hofmeister series is the Cl- ion, which has a neutral effect with respect to stability. Because the
Cl- ion has a neutral effect on stability, the Hofmeister effect cannot be used to explain how KCl
thermally stabilizes N-CaM.
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The ionic strength titration using KCl was performed at pH 6.4 and 7.1 because rapid
spontaneous degradation via deamidation/isomerization to proteins is known to occur above pH
6 (2, 16). Based on the spectra, the overall structure and specific residues at pH 6.4 and 7.1 were
impacted differently by the increasing ionic strength. No large movements in chemical shift
positions of individual residues were observed indicating the conformation of N-CaM at pH 6.4
remained unaltered by the presence of high ionic strength. At pH 7.1, however, the conformation
is altered slightly based on the shift of the majority of peaks. Additionally, larger chemical shift
changes at specific residues within binding site I indicate the structure is not uniformly affected
by ionic strength at pH 7.1.
One explanation, which can affect specific sites within N-CaM, is the alteration to the
solvent dielectric upon increasing the ionic strength. Increasing the solvent dielectric constant,
could impact electrostatic and hydrophobic interactions between residues. Increasing dielectric
constant can drive hydrophobic residues to become buried within the core and less solvent
exposed. Disruption of electrostatic interactions within macromolecular complexes could also be
a consequence of adding ions to the solution. Changing the physical environment by increasing
the solvent dielectric is known to affect deamidation rates. A higher dielectric constant has the
ability to stabilize the ionic intermediate, thereby accelerating the rate of deamidation of labile
aparagines (16). Based on the spectra, residues exposed in the binding site and located in the
deamidation sequence, are moving downfield indicating the ionic strength is directly affecting
local structure to a higher degree than the whole structure. Although more extensive studies
required to ascertain why certain residues are impacted while others are not, it is interesting that
some of the residues that are adjacent or reside in labile deamidation and isomerization
sequences, are the same residues impacted by the pH and ionic strength titrations.
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Although specific sites are impacted substantially at pH 7.1 compared to pH 6.4, CD data
suggests the overall structure of apo N-CaM at each pH is thermally stabilized by high ionic
strength. Secondary structure seems initially to be more impacted at pH 6.4 compared to pH 7.1,
however each pH melt follow the same trend in which each curve displays an initial increase in
helicity (beginning at 10 °C) with increasing ionic strength. There appears to be a relationship
between increased helicity in high ionic strength and the ability of ionic strength to thermally
stabilize apo N-CaM at pH 6.4 and pH 7.1. Conclusively, the increase in ionic strength appears
to stabilize the secondary structure, as indicated by increased Tm within this pH range.
Analysis of the NMR peak shapes at pH 6.4 and 7.1, reveals uniform peak sharpening
occurs as ionic strength is increased. This peak sharpening indicates apo N-CaM becomes more
rigid with increasing ionic strength. The peak positions of many residues have also changed
upon increasing ionic strength at pH 7.1 compared to the ionic strength titration at pH 6.4. Also,
the same pH-sensitive residues in Ca2+-binding site II (N60, G61, D64) undergo more movement
compared to the residues in binding site I. The addition of increased ionic strength to the higher
pH environment creates an additive effect on the mobility and physical perturbation of these
residues in binding site II. At specific sites (I27/T28) the change in peak shape suggests the
dynamics of local structure is affected increasingly with ionic strength while the overall structure
becomes less dynamic. Altogether with the pH titration, our data suggests thermal stabilization
from high ionic strength is related to a combination of local structure interactions and overall
protein dynamics.
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3.5 Summary
In this study, NMR spectroscopy was used to obtain site-specific information to assess
the structural stability of the model system, apo N-CaM, in different solution conditions known
to affect stability. The 1H-15N NMR experiments were used as an investigative tool to acquire
molecular information about the conformational changes and residues perturbed upon increasing
pH and ionic strength. The data from a series of spectra collected during pH and ionic strength
titrations show residues in highly similar sequences and within analogous structural elements are
impacted differently by their solution environment. As such, it is evident that conditions affect
local structure. In N-CaM these perturbations occur to residues located near a sequence prone to
deamidation. Because the NMR data was collected before deamidation products were observed
in the spectra, the data reflect only physical changes to N-CaM
The data derived from the NMR experiments and the thermal titration were used to
evaluate the overall physical stability of apo N-CaM in different solution conditions in order to
explore the relationship between local structure and overall thermal stability. A combination of
low- and high-resolution techniques contributed to establishing that specific residues are affected
by alterations in the solution environment. Based on alterations to the thermal stability and
perturbation of specific residues in these conditions, it appears that overall thermal stability of a
protein depends on a subset of individual residues that are modulated by solution conditions.
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CHAPTER 4
SUMMARY

4.1 Summary
The work described in this dissertation demonstrates how to maximize production of the
model system, N-CaM using the ligand protectant, calcium, in the expression media to enhance
in vivo stability. The high-yield of N-CaM, acquired from the expression and purification,
facilitated the overall goal of developing a method using NMR spectroscopy to evaluate protein
stability in different solution conditions. Site-specific information about the stability of N-CaM
was obtained by performing 2D NMR experiments to probe local interactions and global
structure in solution conditions known to affect thermal stability. This data provides important
information that can facilitate our understanding of the relationship between overall structural
stability and specific residues undergoing physical alterations as a consequence of local
environment perturbations. Our approach to obtaining molecular information to understand local
and global stability of a protein can contribute to research studying the structural stability of
proteins with therapeutic interest.

4.1.1 Using NMR spectroscopy to probe structural stability
NMR spectroscopy was employed to obtain molecular information to assess global
conformational changes and structural perturbations of specific residues in the model system NCaM in increasing pH and ionic strength. The current methodologies used to study the structural
stability of proteins involve investigating the global structure by spectroscopy and calorimetry to
acquire thermal stability. Site-specific information is not attained from these techniques and,
therefore, any local perturbation that may impact global stability is not considered. Our studies
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demonstrated how NMR spectroscopy can be used to reveal differences in local and global
structure upon changing the solution environment. Specifically, NMR spectroscopy provided a
way to investigate how residues in structurally equivalent sites are affected differently in
increasing pH and ionic strength. Identifying the residues largely affected in these conditions has
shown local instability exists when minimal structural stability is observed. This observation is
only revealed when a technique, such as NMR, is able to detect subtle perturbations and
simultaneously global structural changes. Molecular information acquired in this methodology
can be used to facilitate the understanding of the mechanisms of physical and chemical stability
and the environmental factors that influence the instability of a protein.
We have provided a methodology employing NMR spectroscopy to obtain molecular
information that can also facilitate formulating therapeutic proteins in stabilizing conditions.
Site-directed mutagenesis, varying solution conditions, and excipient screenings are common
approaches to finding the optimal stable formulation.

Utilizing NMR to identify residues

involved in local instability can be used in combination other spectroscopic and calorimetric
tools to identify conditions and/or mutations that contribute to stabilizing the overall structural
stability of proteins. Alternatively, NMR spectroscopy can be employed in studies interested in
understanding the mechanism of degradation via “hot spots” in proteins. Regions where “hot
spots” exists contain residues in labile sequences which are prone to chemical degradation, such
as deamidation and/or isomerization, and can have structural consequences as well. Numerous
applications of NMR experiments can facilitate research interested in obtaining residue-specific
information to understand mechanisms of degradation and stabilization, and is therefore,
invaluable to studying and designing safe and effective protein based therapeutics.
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