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Abstract

To analyze the proteins present in biological samples several major steps are involved.
One of the crucial steps in proteomics has been sample preparation. Prior to mass spectral
analysis proteins containing disulfide bonds must be reduced which is followed by digestion.
In this work, a novel way of performing protein reduction and digestion at nano-liter volume
using capillary electrophoresis is presented. In this work, zone passing CE technique was
utilized to analyze the reduction products in CE. After the successful in-capillary reduction,
digestion of protein was also performed. A pH mediated stacking was used to bring the
reduced protein and trypsin together for digestion. For performing in-capillary reactions,
very low amount of sample is needed resulting in the miniaturization of the reaction.
MALDI MS was used for detection considering the ease of coupling to the instrument and

only nano-liter sample volume was needed for MS analysis.

KEYWORDS: capillary electrophoresis, in-capillary digestion, reduction, protein analysis,

pH junction, MALDI TOF MS, sample preparation.
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Chapter 1  Introduction to Protein Analysis and

Proteomics



1.1 Protein Analysis and Challenges

Proteins are the building blocks of life as they control almost every function within the
cell. They are the molecular machines that are responsible for all vital functions in our
body; they function as enzymes, in cellular signaling, molecular transport and many
more. In order to understand the development and physiology of organisms, a thorough
knowledge about protein modification, protein-protein interactions and their function
during different stages of cell development are essential. Protein identification has
always been a crucial task, which is necessary to determine their roles in tissues or cells
as well as their normal or abnormal physiological stress for early detection and diagnosis
of diseases [1, 2]. Hence, protein analysis has been a rapidly growing field of research in
the recent years. Proteins are dynamic [3] and their expression varies from cell to cell
with time, stress, post-translational modification and other factors [4]. An organism can
have multiple protein expression in different parts of its body and at different stages of its
life cycle. Protein analysis is quite challenging because of the complexity in protein

structure and functions.

Proteins are complex molecules made up of amino acids, which are the building

blocks of proteins. They are produced from a set of only 20 amino acids, sharing the



same basic structure; an amino group, a carboxylic group and a hydrogen atom, with only
difference lying in the side chain. The presence of different side chains is responsible for
the different properties of the protein. The amino acid sequence in a protein defines its
primary structure, which is a polypeptide chain. Each polypeptide chain of any length
has a N-terminal amino acid containing a free amino group and a C-terminal amino acid
containing a free carboxyl group. The secondary structure of proteins is derived from the
primary structure by hydrogen bonding between amino acids. The two motifs generated
by this process are the alpha helix, and the beta pleated sheet. Tertiary structure refers to
the three-dimensional structure of a single protein molecule. As a result of solvation and
ionization of the amino acid groups, polar residues will be exposed to the aqueous
environment and the non-polar residues are grouped inside the protein by hydrophobic
forces. Tertiary structure of protein is more complex than the secondary structure. The
association of two or more polypeptide chains forms quaternary structure. They are of
two types depending on the nature of the polypeptide chains: homogeneous quaternary

structure and heterogeneous quaternary structure.

Many proteins like enzymes and hormones most of the time has to function outside
the cells. They have to protect themselves from the extracellular environments and also

have to resist any denaturation and degradation. Disulfide bonds that are formed between



the cysteine residues of some proteins plays an important role in maintaining the folded
conformation and the stability of the proteins. They also help in improving their
thermodynamic stability [5, 6], which in turn gives the proteins a better resistance to

environmental extremes.

Disulfide bonds are covalent bonds formed between cysteine residues. It is formed by

the oxidation of sulfhydryl (-SH) groups of two cysteine molecules, as illustrated in

figure 1-1.
R R
L |
omdatmnh SH\S n oH* 4+ 2"
SH |
| R
R

Figure 1-1 Formation of disulfide bonds.

However, many proteins can be functional only when they are folded into its three
dimensional structure. In other words, unfolded proteins have to fold into their native
structure in order to be biochemically active. Protein folding is a physical process by
which a polypeptide folds into its characteristic and functional three-dimensional

structure. Protein folding in a cell is a very complex process. When translated from a



sequence of mRNA to a linear chain of amino acids, proteins exist as unfolded
polypeptides. Amino acids interact with each other to form the three-dimensional
structure, which is the folded protein known as the native state [7]. If the protein fails to
fold, it will result in the formation of inactive proteins, which can be toxic. However,
under certain conditions like high temperature, high concentration, extreme pH and the

presence of denaturants will result in the unfolding of the proteins [8].

In addition to the complexity of protein structure and functions, yet another factor that
increases the level of complexity in protein identification are protein post-translational
modifications. It is the chemical modification that happens after protein translation.
There are over 300 different PTM’s which include the diverse processes as
phosphorylation [9, 10], lipidation, proteolysis, nitration, oxidation, glycosylation [11,
12], methylation [13], acylation, ubiquitination [14] and many more. Among these,
phosphorylation is the most common PTM in proteins. Often, apart from the single
modifications, they are even modified through a combination of posttranslational
cleavage and by the addition of functional groups. These modifications can result in

changing the size, charge and structure of proteins [15].



1.2 Current Approaches to Protein Analysis

As a result of all the above-mentioned complexity, protein analysis has been a
challenging task. There are several steps involved in the analysis of proteins in a
biological sample. The major steps include protein extraction, preparation of the sample,
separation of the protein of interest, detection using MS and interpretation of the data for
the identification of proteins. There are many separation techniques developed like
chromatography, capillary electrophoresis and mass spectrometry, which are excellent for
separating and detecting proteins. However, the key factor in determining the success of
protein analysis relies on the quality of the sample. Without a properly pretreated
sample, even by using the most sophisticated technique would result in the complexity of

analysis.

To obtain meaningful and reliable results in proteomic analysis, protein of interest
should be pretreated, purified and fractionated prior to the analysis. Sample preparation
means extraction followed by the cleaning up of the sample to be analyzed, which can
include the isolation of protein of interest, removal of unwanted salts and ions, chemical
modification of the analyte or even concentrating the analyte of interest [16]. No
universal sample preparation is available for all the analytes. It depends on the nature of

the analyte and the analytical techniques further employed for the separation



and detection of it. Ideally, the number of steps required for sample preparation should
be minimized and utmost care should be taken to avoid any sample loss. With the rapid
development of analytical techniques for protein separation and detection, demand for
quality samples have also increased. As a result, researches on improving the sample

preparations of proteins have increased immensely over the past few decades.

Depending on the degree of purity to be achieved, different types of purification
procedures can be utilized for the fractionation of protein mixtures. After protein
fractionation and purification, proteins have to be subjected to digestion in order to
efficiently sequence the amino acids. If the proteins have disulfide bonds, it will prevent
denaturation and thus hinders digestion. In order to achieve effective proteolysis for MS
peptide fingerprinting, these disulfide bonds must be reduced. There are many reducing
agents commercially available, which are being used for the reduction of disulfide bonds.
Common reducing agents include dithiothreitol (DTT), tributylphosphine (TBP), beta-
mercaptoethanol and tris (2-caroxyethyl) phosphine (TCEP). Most widely used reducing
agent by researchers is DTT [17]. DTT is a strong reducing agent and only a low

concentration of DTT is sufficient to induce reduction.

The reduction by DTT usually involves two sequential thiol-disulfide exchange
reactions (figure 1-2). The intermediate mixed-disulfide state is highly unstable as the

second thiol of DTT has a tendency to form a six membered-closed ring, which is stable.
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Figure 1-2 Schematic of the reduction of disulfide bonds by DTT.

Reduction reactions are usually followed by alkylation and digestion. Alkylation is
done to prevent the reformation of disulfide bonds by air oxidation. Iodoacetamide
(IAA) is the standard alkylating agent that has been used by most of the researches to
ensure alkylation. Digestion is done by the introduction of digestive enzyme mostly
trypsin and the sample is allowed to react at 37° C for a few hours [18]. Trypsin cleaves
peptide bonds after arginine and lysine. Other commonly used digestive enzymes are
pepsin and chymotrypsin. Pepsin is efficient in cleaving peptide bonds between
hydrophobic and aromatic amino acids such as phenylalanine, tryptophan and tyrosine.
While chymotrypsin cleaves peptide bonds where the carboxyl side of the amide bond is
tyrosine, phenylalanine or tryptophan. Upon digestion, the protein of interest is cleaved

into smaller peptide sequence and further analyzed by MS.



1.3  Protein Identification

Prior to the introduction of Mass Spectormetry, Edman degradation was the only
method of choice for protein identification. This method involves the cyclic degradation
of peptides based on the reaction of phenylisothiocyanate with the free amino group of
the N-terminal residue such that amino acids are moved one at a time and identified as
their phenylthiohydantoin derivatives. This method is very tedious and time-consuming.
Besides these, one of the major limitations is that the peptides with more than 50 residues
cannot be sequenced by this method. Also, this method cannot be applied if N-terminal

amino acid has been chemically modified or if it is buried within the protein [19].

In 1993, protein mass fingerprinting (PMF), an analytical technique was developed for
protein identification. In this method, protein of interest is first cleaved into smaller
peptides and the peptide fragments are then identified by peptide mass fingerprinting, a
technique in which MS is used to measure the masses of the peptide fragments [20]. This
approach is also known as bottom-up protein characterization. The masses of the peptide

fragments are then compared to a database containing the known protein sequence [21].
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By this way a fingerprint unique to the unknown protein can be obtained. However,
identification of protein by this technique faces some challenges. The protein sequence
must be present in the database and the presence of post-translational modifications
would further complicate the analysis. While identifying larger proteins, there is a high

possibility of false positive matches.

These challenges have been overcome with the advent of MS/MS analysis. During
the past two decades, mass spectrometry has become the method of choice for protein
detection and identification. By combining MALDI-TOF or ESI-TOF MS, further
selection and fragmentation of individual peptides from the fingerprint can be achieved
[22]. This results in more accurate determination of the amino acid sequence and hence
the identification of the unknown proteins. MS can be used to analyze samples ranging

in attomole through nanomole quantities.

1.4 Limitations of Current Digestion Techniques

For effective protein analysis, protein digestion should be carried out efficiently and
should give high reproducibility. The standard digestion methods have several

drawbacks. While using 2D-gel electrophoresis for protein analysis, each spot on the gel
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that corresponds to a specific protein are manually excised from the gel, and digested
overnight with trypsin, peptides formed are then identified by mass spectrometry. Even
though this method has been an essential step in protein analysis, it has a lot of
limitations. Manual excision of the protein spots is time consuming and the various steps
performed cannot be automated which eventually affects the resolution and sensitivity of
the analysis. While performing in-gel digestion, some of the protein substrates are
trapped in the gel and the proteolytic enzyme fail to digest them. Also, some peptides

that are formed by digestion cannot diffuse out of the gel [23].

On the other hand, in-solution digestions, which are performed in a small sample vial
usually suffer from diffusion-limited mass transfer. This would slow down the time
needed for digestion, especially for proteins present at sub-micro molar concentration.
Moreover, the several reactions that needs to be performed before digestion and the
longer reaction time favors many side-reactions to occur at undesired amino acids. These
in turn generate complexity in the mass fingerprint. Also, while performing digestion in
the vials, the large surface area of the vials result in sample loss due to adsorption. As an
alternative, bioreactors were used to digest proteins. But the time required for obtaining a
homogenous solution is usually very long as the enzyme to substrate ratio is kept low to

avoid any auto digestion of trypsin. In order to overcome the above-mentioned
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challenges, methods and techniques which are much faster and which utilizes minimum

samples were required.

1.5 Miniaturization of Protein Analysis

Currently, there has been a growing trend towards the miniaturization of the
analytical methods. Miniaturization has led to the development of microfluidic and lab
on a chip devices (LOC), figure 1-3 [24]. The aim of these devices is the integration of
several laboratory processes on a single chip format, which further results in the down
sizing of the samples used. Some of the attractive advantages of miniaturization of
analytical procedures are the consumption of fewer samples, low analysis time,
generation of less waste, integration and automation of various methods etc. The
remarkable surface-to-volume ratio of the microchannels (of the order of 80,000 m-1)
lowers the sample consumption. These devices also allow integrating the sample
preparation and separation steps in one single device so that cross contamination can be
avoided. This way sample handling is reduced to a considerable amount resulting in
increased reproducibility of the results. In microfluidic devices, manipulation of low
volumes of sample (nL to pL) using voltage and pressure is possible. Microfluidic
channels are available in various widths, depths and lengths; usually the dimension

ranges from millimeter to micrometer.
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Sample Sample  H-filter H-filter
Port H-filter Wwell vacuum Ab buffer Mixer

Holding Valve Waste Buffer References  Assay
Well Interface

Figure 1-3 Picture of a typical Lab on a chip device [25].

To resolve the limitations of 2D-gel electrophoresis mentioned in section 1.4, and for
obtaining fast and efficient separations; performing the sample preparation steps and
separation on microfluidic devices have been investigated by several research groups.
Gottschlich [26, 27] group successfully performed two-dimensional separation system on
a micro fabricated device that utilizes open-channel electrochromatography as the first

dimension and capillary electrophoresis as the second dimension. However, the two
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major issues that have to overcome in order to develop a fully functional 2D chip for

proteomics are sensitivity and resolution.

Microfluidic devices have been also developed for performing digestion of proteins
[28, 29]. Such devices not only speeds up the reaction by consuming low sample volume
(nL to pL) but also increased the enzyme to substrate ratio. One of the most common
trends has been the use of enzyme immobilization on solid supports for solid-phase
bioreactors. Immobilization was achieved either by chemical or physical adsorption of
the enzyme to the solid support. This way a larger enzyme to substrate ratio, high
efficiency and the reduction of enzyme autolysis was possible. Wang et al. [30]
developed a microfluidic chip packed with trypsin-loaded beads in a fluidic channel.
This method was found to be more advantageous than the conventional methods as the

digestion was performed faster and more efficiently.

Lab on a chip and microfluidics devices are not only used for performing sample
preparation steps but also for the separation of proteins and for chip/MS interface.
Remarkable developments were made on interface design between the chip and the mass

spectrometer.
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Even though miniaturization of protein analysis using these devices sounds promising,
the cost of manufacturing such devices is very high. Moreover, majority of the research
in this field focuses on the development of single-function chips, which is usually
separation of proteins coupled to MS. Hence, only a very few miniature alternatives to
sample preparation of proteins exists. Therefore an analytical technique, which can be
used to develop and optimize the processes that are performed on LOC was needed.
Capillary electrophoresis (CE), which employs capillar