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ABSTRACT

MB-1, or Milk Bundle-1, is a de novo protein with potential application in ruminant
nutrition. [ts artificially high content of the essential amino acids methionine, threonine,
lysine, and leucine renders it a high quality source of limiting nutrients for the animal.
However, whether expressed in rumen microbes or grown in transgenic crops, MB-1 is
not stable enough for its intended use. In fact, it is labile at rumen temperature and
would be rapidly degraded if exposed to rumen enzymes. With the goal of enhancing the
rumen stability of MB-1, three mutants were designed and analyzed.

The first mutant, MB-1-Cys, was designed to have an exposed cysteine residue and be
capable of forming an intermolecular disulfide bond. Titration of the mutant protein
with p-hydroxymercuribenzoate demonstrated that the single cysteine had been
introduced and that it was capable of binding heavy metals. Disulfide bond formation
was spontaneous upon removal of reducing agents, as indicated by SDS-PAGE. The
resulting MB-1-Cys Dimer was approximately twice the molecular weight of the
monomer, as expected. Exposure to Pronase E revealed that the presence of the disulfide
bond rendered the new protein twice as resistant to proteolytic degradation as MB-1.
The two proteins had the same melting temperatures, thus the enhanced stability was not
due to a change in conformational stability. Rather, it resulted from the reduction in
exposed surface area associated with the close apposition of the MB-1-Cys monomers.

Construction of the second mutant involved the introduction of two cysteine mutations in
such a way that they would be capable of forming an intramolecular disulfide bond and
potentially increasing the thermal stability of the protein. Two different mutants were
designed to serve as a mode of determining the connectivity of MB-1. For the purpose of
purification, the mutations were to be introduced into the MB-1-His plasmid as well.
Since the mutagenesis kit used was known to be efficient for introducing multiple
mutations, attempts were made to introduce the two mutations into the plasmids
simultaneously. Whether due to experimental conditions or to inefficiency of the kit
used, only a few mutations were successful. However, the results obtained have
suggested ways of improving the techniques for future trials.

For the third mutant, MB-1-Trp, the lone tyrosine in MB-1 was designed to be replaced
by a tryptophan in order to improve the spectral properties of the protein and possibly
increase its thermal stability. A mutant was obtained with the correct Trp codon, but an
unexpected frame-shift in the 5’ region of the tryptophan oligonucleotide used predicted a
defective gene. Although the mutant gene is not of use for protein production, the results
showed that the kit is efficient for introducing single mutations, and that completion of
the mutants would be quick provided the cysteines for the intramolecular disulfide bond
are introduced one at a time and the new tryptophan oligonucleotide is properly
incorporated.

-V-
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CHAPTER 1 - INTRODUCTION

1.1  PROTEINS

1.1.1 General Structure

Proteins are the most complex and important macromolecules found in the cells
of living organisms. As polymers of amino acids, they perform a variety of functions
which are necessary for an organism to exist. Some occupy a structural role, giving the
cells shape as they either associate with lipids to form cell membranes or aggregate
together as part of the cytoskeleton. Others serve as the major constituents of muscle or
connective tissue. Enzymes comprise yet another class of proteins which function
metabolically as catalysts, directing and accelerating biochemical reactions. In order to
perform these tasks, a protein must fold into a conformation that is specific for the
interactions involved (Zubay, 1998, Cheftel er a/., 1985).

Twenty amino acids serve as the building blocks for all naturally occurring
proteins. Each amino acid has an amino group and a carboxylic acid group bonded to the
same carbon, the ¢-carbon. Also bonded to the a-carbon is a side chain group termed an
R-group (Figure 1.1a). It is this R-group which confers unique properties to each of the
twenty amino acids. On the basis of their side chain properties, the amino acids can be
divided into three main groups: polar, non-polar and charged (Campbell, 1991). Figure
1.2 shows representative amino acids from each group. Methionine and leucine, with
their long hydrocarbon side chains, are considered non-polar. Threonine has a free
hydroxyl group which makes it polar in nature. Lysine is listed with the charged amino
acids since it has a free amino group at the end of its side chain. At physiological pH,

this amino group is charged.
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Figure 1.1a The Basic Structure of an

Amino Acid. An amine group and a +

carboxylic group are separated by a single H3N ] C H
carbon (the a-carbon). The composition

of the R group distinguishes between the
20 naturally occurring amino acids.

R

Peptide Bond

Figure 1.1b The Peptide Bond. In a protein, the amino acids are joined together by
peptide linkage. A molecule of water is lost in the reaction as a peptide bond forms
between the carboxyl group of one amino acid and the amino group of the other.
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Figure 1.2 Amino Acids Representing the Three Main Groups. Methionine and
leucine are non-polar on account of their long hydrocarbon chains. Threonine has a
free OH group on its side chain, making it polar. Lysine has a large hydrocarbon
portion, but its side chain amino group makes it charged at physiological pH.



In a given protein, the amino acids are linked via peptide bonds to form a linear
sequence (Figure 1.1b). The difference in polarities of the amino acids, and their
distribution within this sequence, determines the fold of the protein relative to the solvent
it is dissolved in. Three levels of organization can be seen in the fold of a protein. As
shown in figure 1.3, the linear sequence of amino acids represents the primary structure.
Based on the amino acid arrangement in this sequence, certain regions will form local
regular secondary structures, like a-helices or B-strands. Such structural elements are
characterized by extensive hydrogen bond networks and repeating dihedral angles along
the peptide bonds. These features specify the 3-D structure of the backbone, or
polypeptide chain without R groups. Further packing of secondary structural elements to
minimize the hydrophobic surface area results in the formation of one or several compact
globular units called domains. At this level, the overall spatial arrangement of the
peptide chain in three dimensions is referred to as the protein’s tertiary structure (Zubay,
1998). The importance of the protein’s primary structure should not be overlooked,
however. [t is this simple linear sequence of amino acids that dictates the ultimate

structure and function of the protein.

1.1.2 Sources of Amino Acids

Amino acids required by most animals can be obtained either from dietary or
bodily sources. Ingested protein is generally broken down into amino acids in the true
stomach and intestine, and absorbed from the intestine into the bloodstream, providing
an amino acid pool for bodily usage. In times of shortage, muscle protein stores can be
mobilized or secretory cells can be stimulated to synthesize amino acids and proteins de
novo (Mepham, 1986; Holmes and Wilson, 1984). Amino acids are classified as

essential or non-essential. Histidine (H), Isoleucine (), Lysine (K), Leucine (L),
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—_— e e e s Primary Structure

Secondary Structure

Tertiary Structure

Figure 1.3 The Three Levels of Organization in a Folded Protein. Distribution of
the amino acids within the linear sequence (or primary structure) dictates the fold and
function of the protein. Hydrogen bond networks (---) and repeating backbone angles
are seen in local secondary structures like ¢-helices and B-sheets. The tertiary
structure of the protein is the 3D arrangement of these structural elements so as to
minimize hydrophobic surface.



Methionine (M), Threonine (T), Phenylalanine (F), Tryptophan (W), and Valine (V) are
considered essential amino acids (EAAs). Unlike the others, these nine cannot be
synthesized by the body in times of need, therefore they must be taken in through the diet
(Purser, 1970). The absorption of these EAAs from digested protein is therefore vital for
the maintenance, reproduction, and growth of all animals, but it is of particular

importance for high-producing dairy cattle.

1.2 PROTEIN IN HIGH-PRODUCING DAIRY CATTLE

1.2.1 Bodily Demand for Protein

The lactating mammary epithelial cell has been deemed one of the most
metabolically active cells found in nature. During lactation, the mammary tissues
achieve metabolic priority over all other tissues of the body. At peak times,
approximately 80% of the energy available to the body is utilized by the mammary cells,
powering various enzymes and transporters that are involved in substrate uptake, milk
synthesis, and secretion (Larson, 1985). Except for energy, fiber, and water, lactating
animals require more protein than all other nutrients combined (Miller, 1979). To
accommodate the increased requirements of the priority tissue, the animal alters its
pattern of nutrient partitioning among tissues. Hormone changes associated with
lactation appear to regulate the metabolism of the tissues in ways which enhance the rate
of substrate entry into the metabolic pool, diminish their utilization by other tissues non-
essential to lactation, augment their partitioning to mammary glands by cardiovascular
control, and facilitate that mammary uptake by stimulating appropriate transport systems
located in cells (Mepham, 1986; Larson, 1985). Essentially, the onset of lactogenesis
signals a nutrient drain towards the mammary gland to meet its metabolic demands.

Central to metabolism is the synthesis of proteins, because all enzymes and most



membrane transporters which regulate cellular metabolism are proteins. The onset of
parturition stimulates gene transcription and synthesis of these proteins as well as milk
proteins (Eckert er al., 1988). For this synthesis to take place, the amino acids must be in

adequate supply.

1.2.2 Path of Digestion and Absorption

In ruminants, such as dairy cattle, approximately 60 to 70% of the protein that is
taken into the body is degraded by rumen microorganisms when it reaches the rumen.
Pathways illustrating rumen microbial activity and ruminant digestion are well defined
(Figure 1.4). The microbes housed there have primarily membrane-bound proteases and
peptidases that break solubilized protein down into peptides, amino acids, and ammonia
(Hutjens er al., 1996; Church, 1988). This hydrolysis at the cell surface permits direct
access to the products of degradation and rapid absorption into the cell. The end
products serve not only as nitrogen sources for the microorganisms, but also as sources of
building blocks for other molecules or sources of carbon and energy when the
peptides/amino acids are in excess (Church, 1988). Some of the deaminated amino acids
are converted to important branched-chain fatty acids, for instance (n-valerate,
isovalerate. isobutyrate, and 2-methylbutyrate). These particular fatty acids are essential
growth factors and serve as precursors for bacterial cell wall components (Church, 1988).
The rumen microbes use the ammonia, some sulfur and non-protein nitrogen, and a large
portion of the liberated amino acids in order to synthesize their own protein. It is this
microbial protein which serves as the primary source of amino acids for the ruminant
animal (Hutjens et al., 1996; Church, 1988; Chalupa, 1975; Hungate, 1966).

Rumen microbes generally contain about 65% of their dry matter as crude protein

(Miller, 1979). They are harvested by the animal, and together with feed protein which



MCRB-L'DP Peptides= A As
' Feces
\(CB Al _ Bl
LDP P}ol
. \ MCP
Dictary Pepuides “VFAs o Liver
Protein Ads<NH, ~Energy
Microbes *CHO

e e oSl V1

e > Proten

Figure 1.4 Path of Digestion and Absorption in the Ruminant. 60-70% of the protein
that is taken into the body is degraded (DP) when it reaches the reticulo-rumen (RR).
Microbes that are present there use the protein as a source of nitrogen, peptides, and amino
acids. Although they use most of these endproducts to produce their own protein (MCP),
they depend on some of the amino acids as a source of building blocks for other molecules
like volatile fatty acids (VFA). The microbes (MCB) and undigested dietary protein (UDP)
travel into the abomasum (A) where the low pH and activity of pepsin act to lyse the
bacterial cells and hydrolyze the proteins. Further digestion of the proteins is achieved by
the digestive enzymes (pancreatic and hepatic secretions) that are met in the small intestine.
Amino acids and some small peptides are absorbed there and then transported by the
bloodstream to the liver. To meet the high demands of the mammary glands, a large
portion of the amino acids are carried to the mammary epithelial cells to be used for bodily
and milk protein synthesis. Other amino acids are used for maintenance and growth of
body tissues. In times of need, the animal draws upon amino acids as a source of glucose
and energy (CHO). This gluconeogenesis takes place in the liver. Protein that is not
digestible by the animal is excreted in the feces. (Modified from Church, 1988.)
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escapes or bypasses degradation in the rumen, travel further down the digestive tract into
the omasum and then the abomasum or true stomach (Church, 1988; Hungate, 1966).
There, the low pH (2) and to some extent the change in osmotic pressure induce lysis of
the microbial cell walls and unfolding of the proteins. Since the cell walls are high in
lipoprotein, pepsin in the gastric juice augments the lysis process and initiates protein
breakdown through cleavage of peptide bonds (Asplund, 1994). As the bolus passes into
the small intestine, alkaline secretions are added from the liver, pancreas, and intestinal
mucosa. When the pH approaches neutrality (7-7.5), the trypsin, chymotrypsin, and
carboxypeptidase A in the secretions begin to degrade the proteins and peptides more
extensively (Church, 1988). Liberated amino acids and short peptides are then
transported across the intestinal wall and carried via the portal vein to the liver. There,
they may pass directly into the systemic circulation and travel to other tissues of the
body, or they may join the body’s general amino acid pool to be used for protein
synthesis. [n addition to supplying building blocks for milk and bodily proteins in the
mammary gland and bodily proteins in other tissues, the amino acids may be drawn upon
to produce glucose in the liver during times of energy shortage. This is a metabolically
expensive pathway, however, because the nitrogen released during deamination must be
captured in the form of urea and excreted (Hutjens er a/., 1996). Any excess amino acids
pass from the tissues back to the liver where they are either used for one of the above

synthetic pathways, or converted to ammonia and keto acids.

1.2.3 Essential Amino Acid Requirements
About 60% of the amino acids of the animal body consist of essential ones
compared to 40% that are non-essential (Miller, 1979). The tissues of cattle, as in other

animals, cannot synthesize the carbon chain of these essential amino acids. So, in order
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to maintain such a high level of essential amino acids, the ruminant depends upon the
dietary protein and microbes that reach the intestine. [n many ruminants, the EAA
content of microbial protein and undigested feed protein is sufficient to meet their
dietary needs. However, the amino acid synthesis by microbes is not sufficient to meet
the requirements for rapid growth and high production in domestic ruminants (Church,
1988). In fact, microbial degradation of feed proteins during lactation may exceed
microbial protein synthesis and result in a net loss of dietary protein. The impact of this
rumen microbial degradation is not limited to protein quantity; it affects protein quality
as well. Microbial protein synthesized in the rumen does not possess an ideal balance of
essential amino acids. The result is a fairly large deficit in the amino acids methionine
(M) and lysine (K), and a lesser deficit in other amino acids including threonine (T) and
leucine (L) (Orskov er al., 1987; Chalupa, 1975; Stern er a/., 1985; Ashes er al., 1995).
Farmers try to meet these requirements by using expensive supplements like roasted

soybean and/or protected EAAs or other by-products such as fish meal.

1.3 OPTIMIZED FEEDING TECHNOLOGY

1.3.1 Benefit of EAA Enriched Proteins

Various diets have been evaluated in terms of digestion and nutritional value for
dairy cattle. These diets included forages, concentrates, and protein supplements - the
usual source of protein. As of yet, no diet has been found to provide an essential amino
acid profile that meets the nutritional requirements of high-producing dairy cattle
(Rulquin er al., 1995; Orskov et al., 1987). The amount and quality of protein produced
by the animal is therefore limited by the availability of essential amino acids. Since
enzymes, transport proteins, and milk proteins are necessary for milk production, the

quantity and quality of milk produced could be decreased when EAA levels are not
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adequate. The health of the lactating cow may also be compromised. Insufficient
protein can have multiple effects on the animal, depending on the extent of the shortage.
For instance, when deficient in protein, cows will lose weight as microbial fermentation
is decreased and less feed is available for ingestion. The animals also become less
resistant to diseases and infections (Miller, 1979). Consequently, farmers have to feed
their animals a larger quantity of bulk protein to provide the limiting ingredients - a
situation which is neither efficient nor cost effective. A search for a more efficient
feeding technology has long been the focus of many researchers.

Studies have shown that milk and milk protein production are significantly
increased when livestock are fed rumen protected essential amino acids or protein that is
high in essential amino acids and resistant to microbial breakdown (Rulquin er al., 1995;
Armentano et al., 1997; Orskov er ul., 1987, Faldet and Satter, 1991; Broderick and
Clayton, 1992; Papas et al., 1984; Robinson er a/., 1995). Methods used to protect these
proteins and amino acids from ruminal degradation include roasting, chemical treatment,
and encapsulation (SmartAmineTM by RhonePoulenc) (Chalupa, 1975; Stern ef dl.,
1985; Ashes er al., 1995; McNiven er al., 1994). These techniques may render the
protein resistant to degradation in the rumen, but they also increase the cost of feeding,
and often make the proteins indigestible in the intestine (Tamminga er /., 1979; Tanner
et al., 1994; Stern et al., 1985; Chalupa, 1975). In some cases, the availability of certain
EAAs have been selectively decreased by such treatments (Clark er a/., 1992; Robinson
etal., 1995).

Postruminal injection of high quality proteins or essential amino acids alone has
also been found to increase the quantity and quality of milk (Rulquin et a/., 1995; Orskov
etal., 1987, King er al., 1990; Rogers et al., 1979; Broderick er al., 1971; Schwab et al.,

1976 ). This technique would certainly not be useful for feeding animals on a daily basis.
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Furthermore, naturally occurring proteins rich in essential amino acids like M, T, K, and
L are rare (Beauregard er al., 1995). With the advances in protein design that have been
made over the past decade, a possible alternative for delivering the EAAs post-ruminally
would be to create a protein that is high in essential amino acids, and naturally resistant
to rumen degradation. Such a protein would be beneficial not only to the dairy industry,
but also to beef and sheep wool industries which depend on high levels of growth and

production in ruminants,

1.3.2 Earlier Attempts

Previous attempts to create an EAA enriched proteins involved altering the
sequence of natural proteins to the extent that they would serve as a candidate for protein
supplement. The changes in amino acid sequences merely destabilized the polypeptides,
however, thus efforts of researchers have leaned towards designing and producing a
protein de navo (Dyer et al., 1993). The first synthetic genes coding for amino acid
enriched proteins took the form of simple, repeating DNA segments that, when expressed
in Escherichia coli (E. coli) cells. translated into essential amino acids (Doel er /., 1980:
Jaynes er al., 1985 Beauregard er u/., 1994). This approach presented several problems.
Highly repetitive DNA segments are quite unstable unless appropriate conditions are met
(bacterial strains should be recombination deficient [rec-]). Their expression and
lifetime in the bacterial cytosol were so limited that they required radio-labelling or in
vitro translation for detection despite the use of optimal bacterial strains and vectors.
Moreover, the translated polypeptides with their repeating sequences deviate from the
natural protein format. In terms of nutrition, the stability of such proteins is inadequate
for effective use as a feed additive, and in fact, they can have toxic effects (Hagen and

Warren, 1982; Boebel and Baker, 1982; Beauregard er ul., 1995; Maldague er a/., 1991).
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Beauregard et al. (1995) postulated that by finding a suitable structure for the selected
essential amino acids and encoding the required folding elements into the primary
sequence, a more stable, non-toxic protein could be produced. In short, they attempted to
design a protein that would adopt a stable tertiary fold in spite of an artificially high
content of the essential amino acids M, T, K, and L. The end product would represent
the first de novo protein designed to have a potential application in ruminant nutrition

(Beauregard er al., 1995).

1.3.3 MB-1: First de novo Attempt

MB-1, or Milk Bundle - 1, is the de novo protein that was designed by Beauregard
et al (1995). All previous de novo designs had concentrated on choosing the amino acids
that would best fit a desired structure. In this case, the researchers were credited with
being the first to design a protein to fit the desired sequence (Beauregard er /., 1995).
[nformation on the 3D structures of natural proteins had revealed many rules and
restrictions that apply to the folding of proteins. For instance, the earliest recognized,
best understood, and most fundamental structural motif of natural proteins is the a-helix.
[t was known that certain amino acids, because of their characteristics, would increase a
peptide chain’s propensity towards assuming a certain conformation like the a-helix.
Since three of the four desired amino acids were considered good helix formers (M, K,
and L), the a-helical bundle was chosen as the tertiary fold to model in the creation of
MB-1 (Beauregard er al., 1995). Furthermore, of the different types of protein folds that
exist, the rules governing a-helical bundle folding were the best understood (Bryson er
al., 1995). It was hoped that incorporation of the essential amino acids into this type of

fold would result in the production of a stable protein which could be used for nutritional

purposes.
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1.4  MB-1: A DESIGNED PROTEIN WITH A TAILORED CONTENT OF EAAs

1.4.1 Design and Structure

As mentioned, MB-1 was designed to adopt an «-helical bundle fold. In order to
understand the design process, it is imperative to describe the proposed structure of MB-
1. Figure 1.5 shows a ribbon model of a right-handed «-helical bundle. It is comprised
of four a-helices joined together by loop segments with the hydrophobic residues
arranged in such a way that they collapse together hiding themselves from the polar
solvent. This collapse of the hydrophobic core is the driving force behind bundle
formation (Betz and DeGrado, 1996). A top view of the bundle is also seen in figure L.S.
From this angle, the recurring pattern of amino acids is evident every two turns of the
helix. The heptad pattern is denoted by the letters of the alphabet, with residues b,c, and
f occupying exposed positions and a and d occupying buried positions (Cohen and Parry,
1990).

The design of MB-1 helices involved looking at four naturally occurring c-helical
bundles and finding a consensus for the positioning of amino acids within the heptads. In
addition to their statistical occurrence, the amino acids found in each position were
evaluated in terms of their hydrophobicity, volume, and charge. This consensus residue
or residue profile approach reflects the assumptions that the micro-environment of each
position in a protein is specific and is reflected in the properties of the amino acids that
fit that particular position (Beauregard ef a/., 1995). Once a consensus was obtained for
each of the heptad positions, trial helices were constructed so as to maximize essential
amino acid content and yet maintain proper folding elements (e.g. charge distribution,
residue volume, pl, weight). For some helices, many cycles of optimization and
secondary structure prediction were required before the sequence satisfied the

considerations. Loops connecting the helices were also designed so as to maximize EAA
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Figure 1.5 The Designed Fold of MB-1. A ribbon diagram (A) represents
the right-handed «-helical bundle. Four a-helices are joined together by
short loop segments with the hydrophobic amino acids arranged in such a
way that they collapse together to form the bundle core. Looking down at
the top of the bundle (B), the hydrophobic amino acids are seen primarily in
positions ‘a’ and ‘d’ of the helix heptads. Residues in positions b, ¢, and f
are more polar as they are exposed to the environment. ‘¢’ and ‘g’ positions
are borderline.
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content, but their lengths varied considerably in naturally occurring proteins, so no
consensus was obtained. Rather, short segments of small and hydrophilic residues were
used to refine properties of the whole protein (e.g. pl and charge). Amino acids that
would have a high turn forming propensity, but have minimal effect on adjacent helices
were favored. In order to improve the protein lifetime in £. coli, aromatic and paired
basic residues were avoided in loops, and the size and pl of the intact protein were
optimized (less than 35kDa and pl between 7 and 8; Beauregard er af., 1995).

The 100 amino acid sequence chosen for MB-1 is shown in figure 1.6. Here the
bundle is represented in an opened out and flattened manner with dashed line circles
depicting the buried positions in the bundle core. As indicated in the picture, 57% of the
protein is made up of the essential amino acids methionine (M), threonine (T), lysine
(K), and leucine (L). This high content of essential amino acids makes MB-1 a possible

candidate for ruminant nutrition.

1.4.2 Production and Structural Characterization of MB-1

Since MB-1 is a de novo protein, it initially had to be produced via recombinant
DNA technology. However, unlike the short repetitive peptides discussed earlier, the
sequence for MB-1 resembles natural proteins, containing 16 different amino acids. Asa
result, highly repetitive and unstable DNA sequences could be avoided when creating the
gene for recombinant expression (Figure 1.7, Beauregard er a/., 1995). The 11 kDa
protein was therefore produced in E. coli. Amino acid analysis of MB-1 confirmed its
expected content of essential amino acids (57%), while circular dichroism (CD) spectra
indicated that it is indeed of considerable helical content (approximately 60%)
(Beauregard et al., 1995). Quenching studies revealed the position of the lone tyrosine
residue (Y62) in MB-1 as being buried as per design (MacCallum et al., 1996). The fact
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Figure 1.6 Amino Acid Sequence of MB-1. This opened out, flattened view of
the MB-1 sequence shows the hydrophilic face of the protein in solid lines and
the hydrophobic face in dotted lines. Fifty-seven percent of the 100 amino acids
are selected EAAs methionine (M), threonine (T), lysine (K), and leucine (L).
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5'- ATG GCT ACG GAA GAC ATG ACC GAC ATG ATG
M A T E D M T D M M

ACC ACCCTG TTT AAAACT ATGCAGCTGTTG
T T L F K T M Q L L

ACC AAG TCG GAA CCC ACG GCT ATG GAC GAG
T K S E P T A M D E

GCC ACT AAA ACG GCT ACT ACA ATG AAG AAT
A T K T A T T M K N

CAT CTT CAA AAC CTG ATG CAG AAG ACT AAG
H L Q N L M Q K T K

AAC AAA GAA GAC ATG ACG GAC ATG GCC ACT
N K E D M T D M A T

ACG TAC TTC AAA ACG ATG CAG TTG TTA ACG
T Yy F K T M Q L L T

AAG ACC GAC CCC TCG GCC ATG GAC GAG GCC
K T E P § A M D E A

ACG AAG ACG GCT ACA ACC ATG AAA AATCAT
T K T A T T M K N H

CTG CAG AAC TTG ATG CAA AAA GGC GTA GCT
L Q N L M Q K G V A

TAA -3

Figure 1.7 Sequence of MB-1 and Corresponding Gene. Each amino acid
in MB-1 is denoted by a single letter below its corresponding codon. Since
MB-1 contains 16 of the 20 amino acids, Beauregard et al. (1995) were able
to create this stable, non-repetitive gene for expression in bacteria.
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that the protein is highly helical and that the tyrosine is buried within the core suggests

that MB-1 is folded as predicted.

1.5 PROTEOLYTIC STABILITY

1.5.1 Proteolytic Stability in the Rumen

For MB-1 to be used as an essential amino acid supplement for dairy cattle, it
must be easily delivered to the animal. Two methods of protein delivery are currently
under investigation. In the first case, rumen bacteria are being genetically engineered to
produce the protein themselves (Teather er «/., Ruminal production system for MB-1
derivatives, patent pending). Introduced into the rumen environment, they would
produce the protein intracellularly and serve as a major source of protein for the animal,
provided the protein is resistant to intracellular proteases. This approach would
minimize cost while providing protection from the rumen environment. The second
approach involves production of transgenic feed crops by introducing the MB-1 gene into
the plant DNA. Since the sowing, growing, and harvesting of such crops is no different
than for the wild-types, this alternative would be easy to integrate into farming practices.
[n any case, both methods have several advantages over chemically and physically
modified “by-pass” proteins: they do not involve industrial processing, they are not
likely to provide overprotection in the intestine, and they simply provide selected amino
acids known to be limiting for animal performance.

Since MB-1 is folded and relatively stable in £.coli, it is believed that it will be
stable in selected rumen microbes. Nevertheless, there are three reasons why the stability
of MB-1 in the rumen environment outside the microbes also deserves attention. First,
the production of MB-1 within the rumen microbe must be controlled and limited so as

to minimize the metabolic load on the microbe. This could be accomplished by tailoring
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the MB-1 gene to secrete the protein into the rumen fluid. Although this would allow for
increased production of the protein and avoid detrimental effects due to intracellular
accumulation, it would entail exposure of the protein to rumen proteases. Second, if
MB-1 is maintained within the microbe, there is a chance that the cells will be lysed
before reaching the abomasum, therefore exposing the protein to the rumen environment
(MacCallum et al.. 1997). Finally, the other alternative for farming practices (feeding
cattle plants that contain MB-1) would imply exposure to and solubilization in the
rumen. Under any of these circumstances, the protein must resist degradation in the
rumen in order for the essential amino acids therein to be assimilated by the cow.

Several techniques are used to evaluate the degradability of proteins under rumen
conditions. These include in vivo, in situ, and in vitro studies. Measurements in vivo are
usually performed using animais equipped with cannulae in their abomasum or small
intestine. The flow of total protein into the abomasum is monitored and the proportion
of dietary protein escaping microbial degradation is determined by subtracting the
amount of total protein that is of microbial origin (estimate). Such trials are laborious.
They require surgically prepared animals, and the results differ from laboratory to
laboratory as they depend on the method used and the flow rate of the digesta into the
abomasum. Although the dynamics of the rumen are considered using this technique, the
estimates of degradation are subject to a high degree of error, therefore other options
were sought to evaluate MB-1 stability (Tamminga, 1979).

The in situ technique involves placing non-digestible dacron bags containing
feedstuffs inside the rumen of a fistulated animal and subsequently assessing the amount
of non-degraded protein left in the bag at specific time intervals (Mehrez and Orskov,
1977; Nocek et al., 1983). This method also exposes the proteins to rumen conditions,

but only those found in the rumen fluid. A large portion of the microorganisms in the
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rumen are associated with the feed particles themselves, and some are even attached to
the rumen wall. These sources of degradability are not accounted for, nor is the effect of
the solid material on protein stability (Church, 1988). In addition, the technique requires
a large amount of feedstuff, and MB-1 is currently being produced only in milligram
quantities. This technique has been shown to have poor repeatability between labs and
requires correction for the microbial contamination of feed residues in the bag (Luchini
et al., 1996). Finally, the pores of the bag have to be large enough to allow large protease
molecules to pass through. MB-1, with its small molecular weight, would simply diffuse
through the pores.

The alternative to in vivo and in situ techniques is to study protein degradation n
vitro. Techniques used for these in-laboratory studies involve exposure of the proteins to
either rumen extracts (fluid or crude protease) or commercially available protease
extracts. Incubation of the proteins with freshly collected rumen fluid is still widely used
today. Using this method, the rate of ammonia accumulation is determined as an
estimation of degradation. In this setting, the ammonia which is reutilized for microbial
synthesis is not taken into account. As a result, the technique gives low rates of
degradation (Broderick, 1978). To overcome these difficulties, inhibitors of amino acid
and ammonia utilization (deaminase inhibitors) have been employed. Yet, the specificity
of their action is not well established (Wallace and Kopencny, 1983).

Extracting proteases from the rumen and using them to assess the degradation rate
is another n vitro option. The method used by Mahadevan er af. (1987) involves the
extraction of intracellular proteases from the rumen, and the subsequent exposure of
these enzymes to the proteins being studied. Developing this protocol for the extraction
of extracellular rumen proteases was considered too demanding at the time. Since the

immediate goal was to compare the proteolytic stability of MB-1 to other known
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proteins, a standard procedure used in feed evaluation laboratories was employed
instead. In such studies, the protein is degraded with non-rumen proteases of microbial
origin to estimate the rate of feed degradation (Poos-Floyd er a/., 1985; Pichard and Van
Soest, 1977, Roe et al., 1991; Krishnamoorthy er a/., 1983). The use of commercially
available proteases for studying pure and soluble proteins like MB-1 is suitable, and their

rate of disappearance can easily be monitored using SDS-PAGE (Spencer er al., 1988).

1.5.2 MB-1 Degradability

The enzymes chosen to evaluate MB-1 degradability in the rumen were Pronase E
(bacterial protease type XIV from Streptomyces griseus) and Neutrase (bacterial protease
from Bacillus subtilis). Commercially available Pronase E is a broad spectrum protease
extract that has both exopeptidase and endopeptidase activity as do proteases found in
the rumen (Roe et a/., 1991). Neutrase is also a broad spectrum protease extract, but it
only has endopeptidic activity. [ts use in estimating ruminal degradation has been
documented. however, giving a highly significant correlation (R?= 0.92) with the wn sutu
dacron bag method (Assoumani er u/., 1990; Roe er al.. 1991).

Using these two proteases under rumen-like conditions (pH 6-7, temperature 38-
42°C), degradability studies performed on MB-1 indicated that it would be rapidly and
totally degraded if exposed to the rumen environment (MacCallum e u/, 1997). For
comparison, two natural proteins of similar size to MB-1 were also evaluated. These
proteins, RNase A and Cytochrome C (Cyt C), are known for their folding stability and
their resistance to proteolytic degradation (Privalov, 1979; Imoto et a/., 1974). As
predicted, they were not degraded as quickly as MB-1. No difference was observed
between Pronase E and Neutrase degradation. However, the apparently low resistance of

MB-1 to rumen degradation is not unlike that found for a number of proteins common to



ruminant feedstuffs. Pea proteins convicilin and vicilin, for instance, show similar
resistance to rumen proteases (Spencer er a/., 1988; McNabb er al., 1994). The
degradability of MB-1 may compare to other dietary proteins, but the lack of stability
would limit expression yields in crops or rumen microbes, and promote digestion in the
rumen. These results have prompted studies to determine the cause for such low

proteolytic stability.

1.5.3 Factors Affecting Proteolytic Stability

Numerous factors atfect the rate at which feed protein is digested in the rumen.
Among the most important are those related to the nature of the protein. Such factors
include the structural stability of the protein, its solubility, and properties of the solvent
in which it is dissolved (Roe ez al., 1991; Church, 1988). The structural or
conformational stability of a protein has a major impact on its proteolytic stability
(Goldberg et a!., 1978). Unfolding of a protein due to low conformational stability
exposes regions which are targeted by proteases. For natural and synthetic proteins then,
folding stability is important for resistance to proteolvtic degradation (Goldberg ez al.
1986 Huang er al. 1994; Liao, 1993; Schein, 1989; Yang and Tsou, 1995). Solubility of
proteins is also an important factor in ruminal degradation of protein (Shirley, 1986:
Church, 1988). Studies with rumen fluid of comparable ionic strength and pH has
confirmed that the degradation of proteins by rumen microorganisms is directly related to
solubility of the protein. Soluble proteins are more susceptible to proteolytic attack
(Church, 1988; Crooker et al., 1978; Wohlt er a/., 1973). Among the solvent properties
that affect the stability ot proteins are temperature, pH, ionic strength and the presence of
amphiphilic molecules (Privalov, 1979). Amphiphilic molecules are compounds having

both polar and nonpolar regions. The main amphiphilic molecules in rumen fluid that
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would affect protein stability are the volatile fatty acids. Like detergents, amphiphilic
compounds are capable of destabilizing the fold of a protein and promoting degradation

in the rumen (Privalov, 1979; Creighton, 1989).

1.6 CONFORMATIONAL STABILITY

1.6.1 The Unfolding of Proteins

The conformational or structural stability of a protein is defined as the Gibb’s
free energy difference between the folded and the untolded conformations of that protein
under physiological conditions (Bradshaw, 1990). For many small globular proteins,
unfolding has been found to approach a two state unfolding mechanism (Creighton,
1989). Assessing the conformational stability therefore requires determining the

equilibrium constant and free energy change of the following reaction:

Folded (F) <- > Unfolded (U)

Although it is difficult to define the specific process whereby early folding is
initiated, the main pattern involves ordering of the backbone into specific structural
elements and packing together of sidechains to form the native structure. Which of these
happens first requires detailed experimentation to resolve, but whatever the case, the
main driving force in protein folding and stability is believed to be the hydrophobic
effect (Engelhard and Evans, 1996). Attraction of non-polar groups plays only a small
role in this effect; rather, it is the properties of the surrounding water molecules that
cause the hydrophobic residues to collapse together. A molecule of water has a
significant dipole due to the greater electronegativity of the oxygen relative to the

hydrogen. This leads to the formation of strong hydrogen bonding networks between
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neighboring molecules. Regions of proteins that cannot integrate and contribute to this
network are usually excluded from it. As a result, hydrophobic or non-polar side chains
collapse together to hide themselves from surrounding water molecules (Zubay, 1998;
Privalov, 1990).

When heat is applied to a protein solution, the network of hydrogen bonds
between the water molecules becomes progressively less organized. As a result, the
solvent begins to lose its polarity, and the protein gradually unfolds (Pfeil and Privalov,
1976). The greater the stability of the protein, the less polar the solvent must become
before unfolding occurs. Unfolding of a protein with addition of heat is a well
documented phenomenon. Privalov (1979), for example, reported the change in Gibb’s
free energy of unfolding with change in temperature for a series of proteins. Figure 1.8
shows that, in general, as temperature is increased, the Gibbs free energy for unfolding of
a protein reaches a maximum and then decreases until the free energy difference of
unfolding reaches zero and the protein unfolds. A parameter referred to as the T, or
melting temperature can be obtained from an unfolding curve. This is the temperature at
which 50 percent of the protein population is unfolded. When a protein sample is placed
at a temperature near or above its T,, then, at least half of the molecules will be unfolded

and more susceptible to proteolytic degradation (Privalov, 1979).

1.6.2 Measuring Conformational Stability

Fluorescence spectroscopy is a powerful technique used to detect the unfolding of
proteins and calculate thermodynamic parameters (Jaenicke, 1996; Kwon et al., 1996:
Permyakov, 1992; Stellwagen and Wilgus, 1978; Pfeil and Privalov, 1976). There are
three naturally occurring amino acid residues, phenylalanine, tyrosine, and tryptophan,

that serve as intrinsic fluorophores and contribute to the UV fluorescence of a protein.



15}

p—
(o

AG, (kcal mol ')

Temperature (°C)

Figure 1.8 General Trend of Free Energy Change (AG,) as a
Function of Temperature. The peak of the curve shows the
temperature at which protein stability is maximal. Unfolding occurs
gradually with temperature, and becomes spontaneous when the free
energy is less than zero.
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When such a fluorophore absorbs photons, it may do several things. [t may produce heat,
giving way to a rise in temperature;, it may change its chemistry, putting energy into
altered bonding structures; or it may become luminescent (Tinoco, Jr. er al., 1995).
Luminescence refers to the emission of photons from electronically excited states.

The absorption and emission of light by a fluorophore are best illustrated by the
Jablonski diagram (Figure 1.9). Absorption of a photon can excite the fluorophore from
the ground singlet state (S,) to any vibrational level of a higher electronic state (S, or S,).
Vibrational relaxation and internal conversion immediately return the photon to the first
vibrational level of the S, state. Fluorescence occurs only from this level. As the
fluorophore retumns to the ground state, a photon is given off which can be detected by
the photomultiplier in a flucrometer. The emitted light is of lower energy than that
absorbed, therefore the emission spectrum of the fluorophore is shifted to a longer
wavelength (Figure 1.10: Lakowicz, 1983; Tinoco, Jr. er a/.,1995). This loss in energy is
not only a result of vibrational relaxation and internal conversion (IC), but also it results
from other competing processes. These processes include intersystem crossing (ISC) of
S, molecules to the triplet state, further internal conversion (IC) of S, molecules to the
ground state, quenching (q) of the fluorescence by other amino acids or by components
of the solvent, and competing photochemical reactions (D). The following equation
defines the quantum yield of fluorescence, which is the ratio of photons emitted during

fluorescence to those that get absorbed:

(DF = kp

ke + kise + kic + kp = kg [Q]
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Figure 1.9 A Jablonski Diagram Illustrating Fluorescence. Shown are the ground singlet
state -S, excited states - S, and S,, and a triplet state - T,. A fluorophore absorbs light,
exciting it to any vibrational level in a higher electronic state (S, or S,). Fluorescence
emission occurs only from the first vibrational level in the S, state, so vibrational relaxation
(and internal conversion from S,) returns the excited fluorophore to this level. From here, the
fluorophore returns back to the ground state, and emits a photon. The observed intensity of
this fluorescence depends upon competing processes. Such processes include intersystem
crossing to the triplet state, internal conversion to the ground state, quenching, and competing
photochemical reactions.
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Figure 1.10 Stokes’ Shift in Fluorescence. Vibrational relaxation of
photons within the higher energy state results in a net loss of energy.
Since the emitted light is of lower energy than that absorbed, the
emission spectrum of the fluorophore is shifted to a longer wavelength.
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As the equation states, the intensity of fluorescence seen from any molecule
depends upon the magnitude of the rate constant for photon emission (or radiation; k)
relative to the sum of the rate constants for the radiative processes (k;) and the non-
radiative processes (Kisc, Kic, kp, k[Q]). In other words, the observed intensity increases
with the rate of photon emission, but decreases overall as the rates of competing
processes increase (Lakowicz, 1983; Tinoco, Jr. e al., 1995).

When a fluorophore is moved between environments, fluorescence quenching can
increase or decrease depending on the constituents in the different environments and
their concentrations. Such changes in the levels of competing processes (in this case,

k,[Q]) are reflected by changes in the fluorescence intensity (Stryer, 1968).

1.6.3 Relationship Between Conformational Stability, Proteolysis Verified

As mentioned earlier, several studies have indicated that unfolding promotes
proteolytic degradation (Goldberg er al., 1978; Liao, 1993; Schein, 1989: Yang and Tsou,
1995, Huang er ul., 1994). Exploring MB-1's folding stability under rumen conditions
was therefore an important step in trying to explain its proteolytic instability. MB-1 was
designed to contain a single tyrosine residue (Y) in position 62 of the bundle. This
corresponds to position "d’ in the heptad of helix III. In this region, the tyrosine was
predicted to be hidden inside of the protein core. Quenching studies indicated that its
side chain is indeed buried as per design (MacCallum er /., 1997). Since the
denaturation of a protein containing tyrosine will expose it to aqueous solution, the
degree of fluorescence quenching is altered and the fluorescence intensity changes.
Unfolding of MB-1 and the associated changes in conformation can therefore be inferred

based on changes in the spectral emissions of its tyrosine residue (Stryer, 1968).



Preliminary studies on MB-1 were conducted using rumen fluid that had been
obtained from fistulated cows. Despite the removal of proteins and microorganisms,
several substances remained that would interfere with fluorescence measurements.
Chromophores such as chlorophyll and carotenoids were among these substances,
absorbing light between 300 and 400nm ( Van Soest, 1983; Katz, 1994). To overcome
this problem, thermal denaturation studies were carried out in a pigment-tree solution
with pH, salt, and volatile fatty acid (VFA) content similar to rumen levels. The intent
was to find out whether MB-1 would be folded at rumen temperature, and if the presence
of amphiphilic VFAs would destabilize the protein. From these studies, MB-1 was found
to have a T,, of approximately 39°C (MacCallum er a/., 1997). This means that half the
population of MB-1 molecules would be unfolded at rumen temperature (38-42°C) and
susceptible to rumen proteases (Church, 1988). A parallel study using the same buffer in
the absence of VFAs showed no change in the T, or unfolding curve, indicating that the
amphiphilic VFAs were not the destabilizing factors in MB-1's low conformational
stability. Clearly, conformational stability is a limiting factor, and is at least in part

responsible for the high degradation rate seen under rumen-like conditions.

1.7  THESIS OBJECTIVES

Milk Bundle-1 protein was designed to be used as a feed supplement for ruminant
nutrition. [ts artificially high content of essential amino acids renders it a high quality
source of limiting nutrients for the animal. For it to be used efficiently, however, it must
be capable of passing through the rumen virtually unaltered in sequence. Whether
expressed in rumen microbes or grown in transgenic crops, MB-1 is not yet stable enough

for its intended use. Proteolytic stability studies under rumen-like conditions indicated
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that it would be rapidly degraded when exposed to rumen enzymes. Subsequent thermal
denaturation studies revealed that the reason for this lack of proteolytic stability is at
least in part the fact that it is 50% unfolded at rumen temperature. Logically, the next
step is to enhance the rumen stability of MB-1.

The main objective of this work is to introduce mutations into MB-1 that will
render it more stable under rumen conditions. To accomplish this, several short term
goals were set. They were:

Q to determine what stabilizing features would be the best to engineer

to dectde upon specific positioning of the mutations

Q to create the mutations in the MB-1 gene using site-directed mutagenesis
Q to optimize production and purification of the mutant proteins
Q to assess any change in proteolytic or conformational stability relative to

that of MB-1
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CHAPTER 2 - GENERAL MATERIALS AND METHODS

2.1  MB-1 PRODUCTION AND PURIFICATION

2.1.1 Recombinant Protein Expression

The MB-1 gene was expressed in £. coli (TB-1 strain) using the pMALc2 vector
shown in figure 2.1 (New England Biolabs, Mississauga, ON). Overnight cultures of the
recombinant plasmid were diluted 1/100 in [ litre of LB Miller medium (Difco) and
selected for resistance to ampicillin (100 «g amp/mL broth). The subculture was grown
for about 1.5 h at 37°C with agitation (300 rpm) until the optical density (OD) at 600 nm
was 0.4 to 0.5 absorbance units (a.u.). At this point, when bacterial growth was
approaching the logarithmic phase, isopropyl-8-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.5 mM in order to induce transcription and translation
of the protein. After addition of the [PTG, incubation was continued for approximately

2 h until the Ay, was between 1.2 and 1.4 a.u.

2.1.2 Cell Harvest and Protein Fractionation

Extraction of recombinant proteins from bacteria must be performed quickly once
expression has reached its optimal level. Otherwise, the cellular, membrane-bound and
secreted proteases of the bacteria will be given more time to degrade them (Cull and
McHenry, 1990). Consequently, the cells were harvested by centrifugation (3200 x g,
1 h) at 4°C so as to slow protease activity while the cells were being pelleted from the
growth medium. After centrifugation, the cells were resuspended in Buffer A [10 mM
Tris, 200 mM NaCl, 10mM ethylenediaminetetraacetic acid (EDTA) and | mM NaN,
pH 7.4] to which protease inhibitors were added [10 mM EDTA and ethylene glycol-
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Figure 2.1 Recombinant Expression Construct. In order for it to be expressed
in £. coli, the gene for MB-1 was inserted into the pMALc2 vector (New
England BioLabs). Using this system, the de novo protein is produced in fusion
with the maltose binding protein (malE or MBP). The MBP is used as a tag for
affinity chromatography. A factor Xa cleavage site is located between the two
proteins to facilitate separation of MB-1 from MBP.




bis(B-aminoethylether)-N,N N’ N’-tetraacetic acid (EGTA), 2 mM benzamide and
benzamidine HCI, and 0.1 mM phenyimethylsulfonyl fluoride (PMSF)].

To extract the protein, bacteria were lysed by sonication in an ice’methanol bath,
using ten 30 sec pulses with a 30 sec pause for cooling between each. Sodium chloride
(NaCl) was then added to the lysate to a final concentration of 700 mM. This allowed
tor precipitation of cell debris during centrifugation (11,100 x g, 30 min). The resulting
bacterial extract contained bacterial proteins as well as a fusion protein of maltose
binding protein (MBP) and milk bundle-1 (MBP-MBI1). To separate the fusion from
these other proteins, the supernatant was loaded onto an amylose column for atfinity

chromatography.

2.1.3 Amylose affinity column chromatography

MB-1 was expressed as a fusion with the maltose binding protein (MBP) in order
to provide an affinity tag for purification. A 20 mL column of amylose resin (New
England Biolabs, Mississauga, ON) was first washed with 10 volumes of Buffer A. A
solvent delivery system was then attached to provide a constant flow rate of | mL/min.
After an equilibration period of 20 min, the bacterial extract was loaded onto the column
through a sample loop. Over a 2 h period, all other components of the bacterial
supernatant were washed through the column while the MBP-MBI fusion protein was
retained. Elution of the fusion protein was accomplished by washing with maltose buffer
(Buffer A + 10 mM maltose, pH 7.4). The higher affinity of the MBP for maltose
allowed for complete recovery of the fusion protein. Absorbance of the eluted sample at
280 nm was monitored and fractions corresponding to the eluted peak were pooled for

cleavage.



2.1.4 Cleavage of Fusion

A factor Xa recognition site is located at the exact point where MBP and MBI are
Joined (see figure 2.1). Cleavage of the fusion protein was therefore achieved by the
addition of this enzyme. The pooled fractions were placed in a dialysis bag (Spectra/Por,
Houston, TX; MWCO 3,500 Da) and 50 pL of factor Xa (1 mg/mL. New England
Biolabs, Mississauga, ON) was added. Dialysis against 2 L of cleavage buffer (20 mM
Trs, 100 mM NaCl, 2 mM CaCl,, pH 8.0) continued at 4°C overnight.

2.1.5 Ion-Exchange Chromatography

After overnight cleavage of the fusion protein, the dialysis bag was equilibrated in
2 L of TE buffer for 2 h. [n order to separate MB-1 from the other proteins, a 20 mL
column of fast flow diethylaminoethyl sepharose (DEAE pH 8.0: Pharmacia, Baie
D’Urfé, Québec) was equilibrated with 10 volumes of TE buffer (Buffer B; 10 mM Tris,
| mM EDTA, pH 8.0). The diethylaminoethyl, when ionized, has a net positive charge
(Rossomando, 1990). When the solution containing MB-1, MBP, and factor Xa was
loaded onto the DEAE column and washed with 100 volumes of TE, the two larger. more
negatively charged proteins were retained. Elution of MB-1 was immediate and did not
require a salt gradient. Fractions (4 mL) were therefore collected immediately after
sample addition and assayed for protein content using SDS-PAGE. A schematic diagram

of the production procedure is shown in figure 2.2.

2.1.6 Electrophoresis (SDS-PAGE)
Denaturing sodium dodecy! sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) was used in this thesis work for monitoring the purity, quantity, and molecular
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Figure 2.2 General Scheme of MB-1 Production. The MB-1-pMALc2
plasmid is expressed in £.coli to yield a fusion of maltose binding protein (MBP)
and MB-1. Once harvested, the bacterial cells are lysed and cell debris is
pelleted. The supernatant containing bacterial proteins and the fusion protein is
loaded onto an amylose column for affinity chromatography. Bacterial proteins
are washed through while the fusion remains bound to the amylose. Elution of
the fusion is accomplished with maltose buffer. Cleavage with factor Xa and
purification on a DEAE sepharose column results in extraction of MB-1 alone.
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weight (M,) of protein in a given sample (Ornstein, 1964; Davis, 1964). The basic
procedure involves passing the protein samples through a microscopically porous gel
matrix with the application of an electric current. Since MB-1 is a small molecular
weight protein (M, = 11 kDa), a tris-tricine method was employed. This method is
capable of resolving proteins in the range of 5 to 20 kDa (Gallagher, 1995; Schigger and
von Jagow, 1987). Based on the Laemmli system, the tris-tricine method uses a
discontinuous gel and a discontinuous buffer system to separate the proteins. Each
polyacrylamide gel was made to have a 12% resolving gel and a 3% stacking gel.
Electrophoresis of the proteins was conducted in a Miniprotean Bio-Rad apparatus
(Beverly, MA). Tris-tricine buffer (0.1 M Tris, 0.1 M Tricine, 0.1% SDS, pH 8.25) was
placed in the upper reservoir of the gel unit to serve as the cathode buffer, while 0.2 M
Tnis, pH 8.9 was placed in the bottom chamber as the anode buffer. Protein samples
were boiled in tricine loading buffer (200 mM Tris-HCl. 40% glycerol, 0.04% Coomassie
Blue G-250, 2% SDS) for 3 min, before being loaded into the wells with a pipet or
Hamilton syringe. Once all of the samples had been loaded, the gel was run for | h at

100 V and 30 mA.

2.1.7 Gel Staining

When protein samples are run on SDS-PAGE, they cannot be visualized until they
have been stained. SDS-PAGE by the method of Laemmli followed by Coomassie
Brilliant Blue R-250 staining was standard procedure for protein researchers. Detection
of proteins with Coomassie Blue requires a large amount of sample, however (0.1-1 ug /
band). With MB-1 being produced in only milligram quantities, the use of this procedure

was deemed wasteful, and often times, the presence of pure protein or contaminants
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would go undetected. Since silver staining is faster and 10-50 fold more sensitive than
Coomassie staining (detects 1-10 ng/ band), MB-1 gels were stained using a silver
staining kit from Bio-Rad (Bio-Rad Bulletin 1089; Bio-Rad 1998/9 Catalogue; Gallagher,
1995; Merril, 1990).

Figure 2.3 shows a typical SDS-PAGE analysis at various stages of MB-1
punification. Samples were taken both before and after cleavage of the fusion protein
and checked on gel to ensure that factor Xa activity was optimal. Aliquots from the final
purified fractions were also loaded onto the gel in order to determine which ones
contained MB-1. Purity of the samples after ion-exchange chromatography was based on

the absence of bands having a different molecular weight than MB-1.

2.1.8 Concentration

Those fractions identified as containing pure protein were pooled together and
concentrated under nitrogen using an Amicon ultrafiltration unit (Amicon. Oakville,
ON). Further concentration was achieved using Centricon 10 concentrating tubes

(Amicon, Oakville, ON).

22  SAMPLE PREPARATION

2.2.1 Protein Quantitation

Before a protein sample can be used in an experiment, its concentration must be
determined. The concentration of protein in a given solution was detected using the
Bicinchoninic Acid Assay Kit (BCA; Sigma, Oakville, ON). This offers a colorimetric
assay in which the copper (II) sulfate of the standard working reagent (SWR) is reduced

by the proteins. The Cu (I) that is formed reacts with bicinchoninic acid in the SWR to
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Figure 2.3 SDS-PAGE Analysis During MB-1 Purification. In gel A,
Lane | contains molecular weight markers, lane 2 shows the fusion protein
before cleavage, lane 3 shows the same sample after cleavage, and the rest of
the lanes show fractions collected after ion-exchange chromatography. Gel
B continues from the first gel, showing the subsequent DEAE fractions and
molecular markers in lane 9. MB-1 of >95% purity can be seen in lanes 10-
15 on gel A and 1-8 on gel B. Faint bands are also present in lanes 10-14.
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yield a purple complex. Since the color change is proportional to the amount of protein
in solution, the concentration of an unknown protein sample can be calculated by
comparison with standards of known quantity (Bovine Serum Albumin: 1 mg/mL
supplied with the BCA kit, Sigma). The absorbance of the sample at 562 nm was
therefore measured using a spectrophotometer and compared with the absorbance of the

standards.

2.2.2 Assessment of Purity

For all of the experiments pertormed, it was important to assess the purity of the
protein sample. Under certain circumstances, preparations of MB-1 show the presence
of a degradation product, having a molecular weight of 8 kDa (Figure 2.4). Based on its
molecular weight and its ability to co-purify with MB-1, the contaminant is believed to
be a truncated unit of MB-1. [f the purity of a sample is below 90%, it cannot be used for
certain types of experiments as the lower molecular weight contaminants would interfere
with the analysis. SDS-PAGE was therefore carried out to ensure that samples were
greater than 90 percent pure for most studies. A lower purity was acceptable for the
degradation experiments, however, since they involved the use of a densitometer which

could be directed to measure only the desired band.

2.2.3 Buffer Exchange

The experiments presented in this thesis required that the proteins be dissolved in
solutions other than the final purification buffer (TE buffer, pH 8.0). Two techniques
were utilized to transfer the protein between buffers. [n the first technique, protein

samples were dialysed by placing them in porous bags of 3.5 kDa molecular weight cut
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off (MWCO) and immersing them in 1000 volumes of the appropriate buffer. Agitation
at 4°C for a minimum of twelve hours with two buffer changes resulted in adequate
buffer exchange. In the second technique, buffer exchange was accomplished using size
exclusion chromatography. A S mL Sephadex G-10 column was equilibrated with 60
mL of desired buffer before loading the protein sample. When the 1-1.5 mL sample was
loaded, the components of the original buffer were retained at the top. Because the
protein was much larger than these particles, it flowed through quickly and was eluted
with the new buffer. One mL fractions were collected. with the protein being eluted in

tractions 4 through 8.
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Figure 2.4 SDS-PAGE Showing the 8 kDa Degradation Product.
Lane | contains molecular weight markers, lane 2 shows a sample
before cleavage, lane 3 shows the same sample after cleavage, and the
rest show fractions collected from the DEAE Sepharose column. MB-1
is more abundant, migrating at 11 kDa, but the truncated unit is still too
concentrated for this sample to be used in certain types of studies.
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CHAPTER 3 - MUTANT 1: MB-1-CYS DIMER

3.1 INTRODUCTION

3.1.1 Design of the Mutant

Previous studies have shown that MB-1 is not stable enough for its desired
application in ruminant nutrition. In its present form, MB-1 would be rapidly degraded
by rumen proteases (MacCallum er al., 1997). An alternative form with increased rumen
stability thus needs to be created. This protein would be capable of passing through the
rumen virtually unaltered in sequence, and delivering a high quantity of essential amino
acids further down the digestive tract for digestion and absorption.

There are two ways in which the stability of MB-1 could be enhanced. Since it is
50% unfolded at rumen temperature, the protein could be rendered more resistant to
degradation by increasing its thermal stability, causing it to be more stable and folded at
rumen temperature. Many researchers have shown that a greater folding stability results
in greater proteolytic resistance (Goldberg er ul., 1986; Huang er ul., 1994: Liao, 1993
Schein, 1989; Yang and Tsou, 1995). For MB-1, this could be achieved either by
engineering fold specifiers into its tertiary fold, or by enhancing the packing and
hydrophobicity of the bundle core.

Another way in which the rumen stability of MB-1 could be increased is by
decreasing the amount of surface area that is available to rumen enzymes. This can be
accomplished by linking monomeric units together, either through a covalent bond or
through expression as a polymer. With the units so closely apposed, one would mask a
certain portion of protease targets on the other and thereby confer greater proteolytic

resistance to the linked protein.
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It was this latter approach that was taken to design the first MB-1 mutant. [n
order to reduce the surface area exposed by each MB-1 monomer, a mutant capable of
disulfide linkage was engineered. As seen in figure 3.1, however, a disulfide bond can
only form when the sulfhydryl groups of two cysteine residues are near one another and
exposed to oxidizing conditions (Friedman, 1973; Creighton, 1989). Since MB-1 has no
cysteine residues, the first step in the creation of the disulfide mutant was to determine
the best position for the cysteine residue. With its free sulfhydryl group, this cysteine
mutation wouid not vnly serve as a model for studying the effect of oligomerization on
stability, but also it would provide a means of binding heavy metal ions to the protein to

facilitate analysis by x-ray diffraction (Friedman, 1973; Rees et al., 1992).

3.1.2 Protein Engineering

For the sulfhydryl group of the cysteine residue to be capable of forming a
disulfide bond with a neighboring MB-1 unit. it had to be engineered in a position that
would be exposed to the aqueous environment. Referring to the top down view of the
bundle (figure L.S, p. 15), it is easy to see that positions 'b’, "¢’and 'f of the heptad
repeat are located on the hydrophilic, exposed surface of the four helices. Any of these
three positions were deemed suitable for the cysteine mutation. When selecting the
appropriate amino acid to be replaced, care had to be taken not only to avoid altering the
essential amino acid content, but also to ensure that the cysteine would offer similar
properties to the position it would be filling. [t is 2 well-established fact that the micro-
environment of the heptad positions allow for incorporation of only certain amino acids
(Paliakasis and Kokkinidis, 1992; Beauregard er al., 1995). Otherwise, the structure and

stability of the bundle could be distorted in order to accommodate the “foreign residue”
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Figure 3.1 Formation of a Disulfide Bond. A disulfide bond forms when the
sulfhydryl groups of two closely apposed cysteine residues undergo oxidation.
The bond formed is a strong covalent bond which can only be broken by
reducing agents like dithiothreitol (DTT) or -mercaptoethanol.
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(Bordo and Argos, 1991). As a result, an asparagine residue (N) in position 93 of the
bundle was chosen for replacement. Being in position ¢, it was predicted to be exposed
to the environment and its properties are similar to those of cysteine, i.e. polar and
uncharged. As shown in figure 3.2, the cysteine would be located near the end of the
fourth helix and capable of forming an intermolecular disulfide with a neighboring

monomer.

3.1.3 Genetic Engineering

Once the position of the cysteine mutation was determined, the next step was to
decide on the best and easiest mode of mutating the MB-1-pMALc2 plasmid. TGC was
the codon chosen for incorporation into the mutant piasmid, for its preferred expression
in E.coli. By looking at the restriction sites on the plasmid, it was found that the
restriction enzymes Pstl and HindIIl each cut MB-1 at a unique site in the region where
the mutation would be introduced (Figure 3.3). It was decided that replacement of this
region with a mutated segment (i.e. “cassette™) would be the simplest and quickest
method of mutating the gene. Cassette mutagenesis with directional sub-cloning was
therefore the mode chosen to replace the native MB-1 sequence with the mutation.
Oligonucleotides Cys1 and Cys2 were designed such that, when annealed, they would
form a dsDNA cassette that contained the TGC codon instead of the AAC codon and

corresponded to the region between Pstl and HindIII sites.
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Figure 3.2 Creation of Mutant 1: MB-1-Cys Dimer. An asparagine (N) in
position 93 of MB-1 will be replaced by a cysteine (C) to form the MB-1-Cys
monomer. In this position, the sulfhydryl group of the cysteine residue is predicted
to be exposed and available to form a disulfide bond with a neighboring MB-1-Cys
monomer. Each unit in MB-1-Cys Dimer would protect a certain portion of the
other unit, thereby decreasing the surface area exposed to proteases.
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Figure 3.3 Restriction Sites in the Region to be Mutated. Ps:I cuts the MB-1-
pMALc2 plasmid just upstream of the mutation site, while AindIII cuts downstream.
Using these two sites, the wild-type “cassette” containing the AAC of asparagine will
be removed from the plasmid and replaced by a cassette containing the TGC of

cysteine.
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3.1.4 Chapter Objectives
The main objectives for this chapter were:
To introduce the mutation into the MB-1-pMALc2 plasmid
To produce and purify the mutant protein, optimizing the original protocol
To confirm the presence of the single cysteine residue
To determine whether or not the disulfide bond was formed

To compare the proteolytic stability of MB-1-Cys Dimer to that of MB-1

O 0 0 o o0 @

To compare the conformational stability of MB-1-Cys Dimer to MB-1

3.2 MATERIALS AND METHODS

3.2.1 Cassette Mutagenesis

As mentioned, cassette mutagenesis was used in order to introduce the cysteine
mutation onto the MB-1-pMALc2 plasmid. A schematic diagram of the process is shown
in figure 3.4. Synthetic oligonucleotides Cys1 and Cys2 were obtained as a gift from Dr
R.M. Teather, Agriculture Canada, Ottawa. The oligos were purified by first running the
samples on a 15% polyacrylamide, 44% urea gel using Tris Borate EDTA (TBE) running
buffer (30 min prerun, | h migration @ 100 V). DNA bands were visualized by ethidium
bromide (EtBr) staining, and then cut from the gel. After the excised bands were placed
in labelled test tubes and crushed with a pipet tip, the DNA was eluted from the
polyacrylamide by incubation in 400 L water overnight at 37°C. Most of the
polyacrylamide remnants were pelleted by centrifugation, and the resuiting DNA-
containing supernatants were desalted on sephadex G-25 spun columns (350 x g, 2 min)
to remove any residual gel or EtBr particles. Once purified, the oligos were quantitated

by measuring the OD at 260 nm in Tris EDTA (TE) buffer pH 8.0. The sample
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Figure 3.4 Schematic of Cassette Mutagenesis. The Cysl and Cys2
oligonucleotides were purified and annealed, yielding the mutant cassette with
Pstl and HindlII sticky ends. Digestion of MB-1-pMALc2 with these two
enzymes resulted in removal of the wild-type cassette and linearization of the
plasmid. Ligation of the mutant cassette to the vector was achieved by incubation

with T4 DNA ligase.
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concentrations were calculated using the conversion factor 1.0 A, unit =33 ug/mL
ssDNA (New England BioLabs Catalogue 96/97).

Cysl and Cys2 oligos were then annealed in a 1:1 ratio in Tris NaCl EDTA buffer
(TE+50 mM NaCl) by incubating them at 100°C for 2 min and then turning the block
heater off to let them cool slowly to room temperature. At this point, the oligos formed a
cassette housing the cysteine-coding mutation, flanking MB-1 sequences, and sticky ends
that corresponded to PstI and HindIlI cleavage sites on the plasmid. MB-1-pMALc2 was
then simuitaneously digested with 2U PstI and 3U HindIlI per ug DNA in NEBuffer 2
(New England BioLabs, Mississauga, Ontario). Samples were incubated at 37°C for 2 h
to optimize enzymatic activity. The digested DNA was mixed with an equal volume of
2X loading buffer (10% glucose, 1% bromophenol blue) and loaded into the single well
of a 0.9% low melting point agarose gel for purification [Tris Acetate EDTA (TAE)
running buffer; 3 h @ 30 V). The band corresponding to the linear plasmid DNA was cut
from the gel and purified by phenol:chloroform extraction and precipitation with
ammonium acetate and 100% ethanol. By combining the linearized plasmid and the
annealed mutant cassette in a 1:2 ratio (by concentration) and incubating them overnight
at 16°C with 10U T4 DNA ligase, the mutant cassette was ligated into the plasmid. After
transformation of the ligation mixture into competent £. co/i B834 cells, the bacteria
were plated with ampicillin selection. Plasmid DNA was extracted from the resulting

colonies according to Sambrook ez a/. (1989) and prepared for dideoxy sequencing.

3.2.2 DNA Sequencing
Dideoxy-sequencing, first described by Sanger et al. (1977), employs chain-
terminating dideoxynucleotides to produce 5' co-terminal fragments of varying lengths.
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A primer annealed to the DNA is elongated by DNA polymerase in the presence of
deoxynucleotides (AINTPs). [a**S]-labelled dATP is also incoporated into the growing
DNA chain to facilitate visualization of the fragments during subsequent
autoradiography. These labelling reactions are then divided into four tubes, each
containing one type of dideoxynucleotide (ddATP, ddCTP, ddGTP, or ddTTP). Because
these dideoxynucleotides lack a 3'-OH group, their incorporation results in termination of
the DNA chain. However, since the proportions of ddNTPs to dNTPs have been
optimized, all possible fragments with the same 5' end are obtained during the reaction.
For instance, the tube that contains ddATP will contain each possible fragment starting
from the primer and ending at a 'ddATP'. When these different sized oligonucleotides
are separated from the DNA template by denaturation, they can be fractionated by
electrophoresis on the gel. The same holds true for each ddNTP reaction. Therefore,
when the contents of the *A’, *C’, *G’, " T tubes are loaded side by side and detected by
autoradiography, the DNA sequence can be read directly, starting with the fastest-moving
or smallest bands at the bottom of the gel and moving up (Sambrook er u/., 1989: Zubay,
1998).

[n order to confirm whether or not the mutation had been incorporated, dideoxy
sequencing was performed on the plasmid DNA using a Bst Sequencing Kit (Bio-Rad,
Mississauga, Ontario). This kit was employed since Bst polymerase (Polvmerase I, large
fragment from Bacillus stearothermophilus) was said to exhibit several properties
superior to the other polymerases used in DNA sequencing. For instance, with an
optimal reaction temperature of 65°C, the Bst DNA polymerase can be used at higher
temperatures than most polymerases, thereby reducing secondary structure in the DNA

template and allowing for more precise sequencing ladders. Also, with its high synthesis



54
rate (120 nucleotides/second), only a small amount of DNA is required (1.0 ug of
double-stranded plasmid DNA is usually sufficient). The even band intensity, lessened
artifacts, and low background that can be accomplished using this kit made it the one of
choice at the time (Bio-Rad Bulletin 1474; Bst DNA Sequencing Kit [nstruction Manual).

DNA samples (approx. 2 n.g) were prepared for sequencing by alkaline
denaturation (2 M NaOH, 2 mM EDTA pH 8.0) and precipitation (2 M sodium acetate
pH 4.6, 3 volumes 100% ethanol). After washing each of the DNA pellets with 70%
ethanol, they were dried in a vacuum concentrator, and dissolved in 7 L of TE buffer
pH 8.0 or sterile water. In reaction buffer (100 mM Tris pH 8.5, 100 mM MgCl,), with a
S min incubation at 75°C and subsequent cooling, the M13/pUC (-47) (24mer)
sequencing primer was then annealed to the denatured DNA template just downstream of
the HindIll site. Approximately 15 .Ci of [a**S] dATP and 1U Bst Polymerase were
then added to the annealed template and mixed thoroughly. A 2.5 nL aliquot of this final
mix was added to each of the four prewarmed (65°C) reaction tubes labelled A,C,G, and
T and containing 2 «L of dNTPs and corresponding ddNTP. All four tubes were then
incubated at 65°C for 2 min to allow for primer extension, radiolabelling, and
termination of DNA synthesis. The reactions were then chased with a mixture of dNTPs
(10 mM each) and incubated for another 2 min. This chase reaction completed the
synthesis of any unreacted primer. Addition of stop solution (95% deionized formamide,
10 mM EDTA, 0.05% xylene cyanole FF, 0.05% bromophenol blue) terminated the final
reactions. Care was taken to spin the samples down when required in between steps
(microcentrifuge @ 14,000 x g). Reaction tubes were stored at -20°C until the gel was
ready to load. While the gel was being prerun (30 min, 55 W), the reaction samples were

thawed and denatured for 2 min at 75°C. Five uL of each reaction were loaded in A, C,
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G, T order onto a 10% polyacrylamide, 42% urea sequencing gel (Hoefer SQ3
Sequencer, Hoefer Scientific, San Francisco, CA). The samples were resolved at 55 W
for 90 min in TBE buffer. Following the run, the gel was fixed in a 10% methanol / 10%
acetic acid solution for 1 h. The gel was then briefly washed with water, and transferred
to 3 Whatman chromatography paper and dried. A temperature of 80°C under vacuum
was used in the drying unit (Dry Gel Sr. Model SE1160, Hoefer Scientific, San
Francisco, CA) for 3 h. The gel was then exposed to x-ray film (Hyperfilm MP,
Amersham) in an autoradiography cassette for 48 h at room temperature. The film was

developed in an automated developer at the Atlantic Veterinary College.

3.2.3 Mutant Protein Production

The next step after confirming the sequence of the mutant plasmid was to produce
the mutant protein. [nitially, MB-1-Cys was purified using the protocol for original MB-
1 (described in section 2.1, p. 35). During these purification trials, it was noted that
several contaminating bands were present, and it was proposed that these bands were due
to the formation of intermolecular disulfide bonds between MB-1-Cys and other
sulfhydryl-containing proteins. Upon inclusion of 2 mM dithiothreitol (DTT) in all
solutions pertaining to purification (except for cleavage buffer), the contaminating bands

disappeared.

3.2.4 p-Hydroxymercuribenzoate Assay
Once pure MB-1-Cys monomer was obtained, the presence of the cysteine residue
had to be confirmed. Spectrophotometric measurement of mercaptide formation by p-

hydroxymercuribenzoate and available cysteine groups on MB-1-Cys was therefore
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performed using a modified version of the procedure described by Boyer (1954). One
half of the 1-2 mL of purified MB-1-Cys was dialyzed against 0.33 M sodium acetate, 2
mM DTT buffer, pH 4.6. The other half was allowed to dimerize as described in section
3.2.5. This latter step was necessary as the DTT present in the purified monomer sample
interfered with BCA quantitation of the protein (described in section 2.2, p. 39). The
amount of MB-1-Cys in the stock solution was subsequently determined by back-
calculating from the concentration of the dimer.

A sample containing approximately 0.66 mg/mL of MB-1-Cys in 0.33 M sodium
acetate, 2 mM DTT buffer (pH 4.6) was prepared and its absorbance at 255 nm was
measured. An aliquot (18 uL) of p-HMB was then added to a final concentration of 60
M, mixed quickly, and measured immediately for change in A,,;. Blanks corresponding
to the absorbance of the buffer and the absorbance of the buffer and protein were
subtracted from the absorbances observed to vield the change in absorbance of the p-
HMB upon binding.

The amount of protein-p-HMB complex formed was calculated using the
Lambert-Beer Law, A=< x ¢ x ¢, which relates the absorbance observed (A) to the molar
extinction coefficient (€, = 6.2x10° M"'cm'') and molar concentration (c) of the
complex, and to the pathlength (¢) of the cuvette (Creighton, 1989). All assays were
conducted at room temperature in a Hellma Quartz cuvette ((=1 cm) using a Hewlett-

Packard 8453 UV-Vis Diode Array spectrophotometer.

3.2.5 Disuifide Bond Formation
Given that the cysteine residue was present in MB-1-Cys, attempts were made to

introduce the disulfide bridge between monomer units (Figure 3.1, p.46). Oxidation
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trials using glutathione, air, and oxygen sources were carried out only to find that
complete conversion to disulfide product could be accomplished by simply removing the
DTT from the final purification buffer (TE + 2 mM DTT, pH 8.0). Dialysis against Tris
buffer, pH 8.2 containing 0.4 .M CuCl,, facilitated the oxidation process to convert MB-
1-Cys monomer to MB-1-Cys Dimer. Four buffer changes over an 18 h period at room
temperature resulted in rapid and complete oxidation. The conversion of MB-1-Cys to
MB-1-Cys Dimer was monitored using SDS-PAGE.

The 2% SDS in the loading buffer used for electrophoresis renders the proteins
denatured and of the same negative charge. As a result, when an electrical current is
applied, their migration towards the anode depends not on charge or shape, but rather on
their molecular weight. Smaller proteins pass through the matrix more quickly than
larger proteins, thus they migrate further down on the gel. It follows that the relative
mobility of a protein on the gel (R,) is actually inversely proportional to the logarithm
(log) of its molecular weight. The molecular weights of MB-1-Cys and MB-1-Cys Dimer
were therefore calculated by comparing the sample s migration to that ot known

molecular weight standards (Hames, 1981; Garfin, 1990).

3.2.6 Proteolytic Stability Studies

With MB-1-Cys Dimer formed, the next step was to determine the impact of
dimerization on proteolytic stability. When MB-1 was first tested, it was exposed to two
types of rumen-like protease extracts, Neutrase (bacterial protease from Bucillus subtilis)
and Pronase E (protease type XIV from Streptomyces griseus). These enzymes gave

similar results, therefore only Pronase E was used in the proteolytic stability studies.



58

The experimental set-up used rumen-like pH (6.8) and temperature (39°C) to
approximate the rumen environment. The 1-2 mL samples (containing 3-S5 mg) of MB-1,
and MB-1-Cys Dimer obtained after production, purification, concentration and
estimation of degradation (described in sections 2.1 and 2.2) were exchanged into the
appropriate buffer by dialysis (described in section 2.2.3). Assays were conducted in
borate phosphate buffer (BP buffer: 7.6 g/L of NaH,PO, H,O + 13.17 g/L of Na,B,0,
10H,0, pH 6.8). Protein stock solutions were equilibrated at room temperature overnight
in order to ensure that the proteins were fully folded prior to the experiment. The
concentration of the stocks was then determined as described in section 2.2, p. 39, and
for each, a sample was prepared such that the final concentration after enzyme addition
was 0.2 mg/mL. The samples were incubated at rumen temperature (39°C) for 5 min
before addition of the enzyme (6.6 U per g sample). A 10 nL aliquot was taken from
each reaction tube immediately after enzyme addition. This “Time Zero (T,)" sample
was placed in a tube containing 20 L tricine loading buffer and boiled for | min to stop
the reaction. Samples were taken at subsequent time intervals and treated in the same
manner before being placed at -20°C for storage. By staggering the sampling times. the
two proteins could be assessed under approximately the same conditions. An initial trial
was run to determine whether or not the temperature resulted in added degradation of the
sample. Since no change was observed when the samples were incubated in the absence
of Pronase E, it was apparent that the temperature used for the experiments (39°C) did
not contribute to additional degradation.

When the assay was complete, samples were thawed, denatured in a boiling water
bath, and then loaded onto a 12% SDS-polyacrylamide gel. The gel was run and stained

as described in sections 2.1.6 and 2.1.7. Care was taken not to stain two gels in the same
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container since this would result in uneven staining. After the gels had been silver
stained, they were subjected to laser densitometry (LKB 2222-020 UltroScan LX,
Pharmacia). The densitometer measures the absorbency through a gel, reporting a peak
wherever a silver-stained protein band is detected. The size of the peak is proportional to
the intensity of the band. Thus, by using a densitometer, it was possible to detect the
slight changes in band intensity observed during a degradation study. A typical scan is
shown in Appendix A. By setting the area under the curve value for the T, samples
equivalent to 100% protein, the amount of protein remaining at subsequent time intervals

was determined.

3.2.7 Thermal Stability Studies

[n order to determine whether the cysteine insertion and disulfide bond formation
had conferred greater folding stability to MB-1, both the disulfide mutant and MB-1 were
exposed to thermal denaturation studies. Despite the removal of proteins and
microorganisms, rumen fluid from a fistulated cow could not be used in previous trials
for MB-1, since contaminating chromophores still remained and interfered with
fluorescence measurements (Van Soest, 1983; Katz, 1994). Rather, a buffered volatile
fatty acid (VFA) mixture was employed to approximate the ionic strength, pH and
amphiphilic content of the rumen liquor (Stewart, 1975; Hungate, 1966). The inclusion
of these properties in stability studies is important since they are believed to have the
greatest impact on protein folding in the rumen. The same VFA buffer was therefore
used to assess the folding stability of MB-1-Cys Dimer.

VFA buffer was made to contain 50 mM sodium acetate, 20 mM sodium
propionate, 20 mM sodium butyrate, and 17 mM potassium phosphate at a pH of 6.5.
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Addition of sodium azide (NaN;, | mM) prevented growth of airborne microorganisms.
Samples of MB-1, and MB-1-Cys Dimer (1-2 mL) obtained after production,
purification, concentration and estimation of degradation (described in sections 2.1 and
2.2) were exchanged into this buffer as described in section 2.2.3, p. 41. Once in the
appropriate buffer, the quantity of protein in the stock solutions had to be determined as
described in section 2.2.1. For each protein, a sample was prepared such that it would
have a final concentration of 0.4 mg/mL. The samples were then allowed to equilibrate
for 12 h at 15°C before starting the denaturation study. Denaturation experiments were
conducted by monitoring the change in tyrosine fluorescence as the samples were heated
from 15°C to 65°C. An equilibration period was allotted between each temperature to
ensure that the corresponding protein conformation had been reached. Any change in
protein fold was reflected by the spectral emission of the lone tyrosine residue.

To monitor the fluorescence of tyrosine, the protein samples were placed in the
sample chamber of a fluorescence spectrophotometer (PTI Model RF-M2004: K.C.
Irving Chemistry Centre, UPEI). Sample temperature was initially set to [5°C with a
circulating bath (Lauda R6S). Then computer software was used to set the motorized
excitation and emission monochromators to the desired wavelengths. Light entered the
sample chamber from a 75 watt xenon lamp as seen in figure 3.5 and was absorbed by
the tyrosine at 284 nm, exciting the electrons to a higher energy level. As the excited
fluorophore relaxed back down to the ground singlet state, photons were emitted in all
directions. The photons emitted at a 90° angle were detected by a photomultiplier tube
(PMT) while the monochromator scanned from 297 to 350 nm. A signal fed from the
tube to the attached computer was recorded as a graphical representation of the photons

emitted per second at each wavelength. Figure 3.6 shows a tvpical emission spectrum
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PTI Model RF-M2004
Fluorescence Spectrophotometer
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Figure 3.5 General Lightpath through the Fluorometer. As shown by
the dashed lines, light enters the excitation monochromator from the lamp
supply. The excitation wavelength is set to 284 nm using the computer
interface. Light of this wavelength enters the sample compartment and is
absorbed by the fluorophores in the sample. The fluorophores emit
photons in all directions as they relax back down to the ground state.
Those photons emitted at right angles are detected by the photomuitiplier
tube (PMT) as the emission monochromator scans from 297 to 350 nm. A
signal from the PMT is fed to the attached computer and is recorded as a
graphical representation of photons emitted per second at each wavelength.
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Figure 3.6 Typical Tyrosine Emission. The signal from the photomultiplier
tube of the fluorometer is recorded by the attached computer as a spectrum of
photons emitted per second at each wavelength. This spectrum shows peak
tyrosine emission at approximately 302 nm when the fluorophore is excited at
284 nm.
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for tyrosine. The spectra obtained at each temperature were corrected for buffer and
water emission, and for loss of efficiency in the detector and gratings. They represent the
photon flux emitted at each wavelength, over a pre-determined wavelength interval, as
determined by slit widths and dispersion of the emission monochromator.

Inner filter effect was also taken into account during the fluorescence studies. [t
refers to the non-linear relationship between sample concentration (fluorophore
concentration) and fluorescence emission. The corrected fluorescence is approximated

by the equation:

Feor = Fa antilog [(OD,+OD,,)/2]

where OD = Log (I/1) and OD,, and OD,,, represent the optical densities of the
sample at the excitation and emission wavelengths, respectively (Lakowicz, 1983).
However, since the same concentration was maintained throughout an experiment, the
OD values did not change. Each data point was therefore multiplied by the same
correction factor, changing only the magnitude of the fluorescence while the shape of the
curve remained the same.

Measuring the conformational stability of a protein requires determining the
equilibrium constant (K) and the free energy change (AG) for the reaction, Folded (F)
=Unfolded (U). Since the unfolding of many small globular proteins has been found to
closely approach a two-state folding mechanism, the thermal stability was calculated
assuming a unimolecular process as described by MacCallum er al. (1997). The
fluorescence intensity, or physical parameter Y, observed at any point on the unfolding

curve is defined by the equation, Y =F; Y; + F, Y,, where Y, and Y, represent the
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theoretical values of Y characteristic of the folded and unfolded states, respectively,
under the conditions where Y is being measured. F;and F, refer to the fraction of protein
present in the folded (f) and unfolded conformations (u) and their sum is set to equal |
(i.e. F; + F, = 1). By combining these two equations, the fraction of protein that is
unfolded (F,) at a given temperature is equal to (Y,- Y)/(Y,- Y,). In the transition region,
values for Y, and Y, must be calculated by extrapolating the pre- and post-transition
regions and using a least squares analysis to determine representative linear equations
(Yeand Y,).

Provided the unfolding of the protein is reversible, the equilibrium constant, K,

and the free energy change, AG, can be calculated using the following equations:

Ko=_E = E = (X))
(1-F,)  F  (Y-Y)

and, AG, = -RTInK = -RTIn (Y;-Y) where R=gas constant
(Y-Y,) T=absolute temperature

It was therefore imperative to test the reversibility of unfolding for each protein.
In order to do so, the protein samples were allowed to equilibrate at the starting
temperature after the experiment was complete. If the reaction was reversible, the
protein would refold to its original pre-transition state and give the same fluorescence
emission spectrum. One of the causes of irreversibility in protein unfolding is the
formation of aggregates at temperatures above the melting temperature. Aggregation
was also monitored, by visibly checking the samples after each measurement. A cloudy

appearance or the presence of small particles would indicate protein aggregation.
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3.3 RESULTS

3.3.1 Mutant Sequence

Plasmid DNA was isolated from the two ampicillin resistant colonies obtained
during the mutagenesis procedure. Using the M13/pUC (-47) (24mer) sequencing
primer, the Bst polymerase synthesized the non-coding strand of DNA 5°to 3°, from just
downstream of the HindlIII site across the gene. Figures 3.7 and 3.8 show the
sequencing results. Reading 5'to 3°, the GTT corresponding to the AAC codon for
asparagine (N) in MB-1 was not replaced in clone 1. Being the wild-type sequence for
MB-1, it worked well as a control. In the second clone, the GTT was replaced by GCA

which corresponds to the TGC codon for the cysteine residue in the translated protein.

3.3.2 Production of Pure MB-1-Cys Monomer

The introduction of a single mutation into a protein can alter its structure and
properties. As a result, the production of the mutant often requires modifying the
procedures used for the wild-type protein. This was the case for MB-1-Cys. The
inclusion of 2 mM DTT in the purification buffers was required in order to prevent
formation of mixed disulfide bonds. Such a simple modification resulted in the

production of pure MB-1-Cys monomer as seen in figure 3.9.

3.3.3 p-HMB Binding to MB-1-Cys

p-Hydroxymercuribenzoate, shown in figure 3.10, has a specific binding affinity
for free thiol groups. When added to a solution containing a cysteinyl protein, its
mercury atom forms a covalent bond with the sulfur atom on the protein. Formation of

this complex results in an increase in absorbance at 255 nm. Since this change in
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HindIll

i -

MB-1-Cys

Figure 3.7 Sequencing Gels for MB-1 and MB-1-Cys Plasmids. Non-coding
strands were sequenced 5' to 3' in the C-terminal region. The mutation is indicated
by an arrow as the sequence is read from the bottom to the top of the gel. The
GTT corresponding to asparagine (N93) in MB-1 was changed to a GCA. This
corresponds to the TGC codon for cysteine in the mutant. PstI and HindlIlII sites
are shown for reference points, and the read sequence in the region of the cassette
is shown in figure 3.8 for clarification
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Pstl HindIIl
sticky end sticky end

*C L M Q K G V A

5'- G TGC TTG ATG CAA AAAGGC GTAGCTTA -3'
3'- ACGTC ACG AACTACGTTTTT CCG CAT CGA ATTCGA -5’

Figure 3.8 Sequence of Mutant Cassette. Cysl (top) and Cys 2 (bottom) oligo-
nucleotides were annealed to form the cassette shown. This segment of dSDNA
houses the cysteine mutation (TGC) and flanking MB-1 sequences. The amino
acid sequence is indicated by the single letters above the cassette. When the
M13/pUC (-47) (24mer) sequencing primer was used to sequence the two clones,
it annealed just downstream of the HindlIl site and sequenced the non-coding or
bottom strand in the 5' to 3' direction (Figure 3.7). As indicated by the underlined
region, the mutation observed on the gel was GCA which replaced the GTT
corresponding to asparagine in MB-1.
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Figure 3.9 SDS-PAGE Analysis of Disulfide Formation. Lanes | and 2
show MB-1-Cys monomer after purification using dithiothreitol (DTT) to
prevent formation of mixed disulfides. After removal of the DTT, dimer
formation was spontaneous as seen in lane 3. Polypeptide markers were
loaded in lane 4 for comparison (37.5 - 4.4 kDa).
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Figure 3.10 p-Hydroxymercuribenzoate Assay. When p-HMB is added to a
solution containing cysteinyl protein, its mercury (Hg) atom forms a covalent
bond with the sulfur of the protein. The formation of p-HMB complex causes
an increase in the absorbance of p-HMB at 255 nm. By measuring the AA ,g;,
the number of cysteine residues in the protein can be determined.
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absorbance is proportional to the number of complexes formed, it is indicative of and can
be used to detect the number of cysteines in the protein (Boyer, 1954; Friedman, 1973).

Titration of MB-1-Cys with p-HMB showed an absorbance change of 0.327 a.u.
at 255 nm when p-HMB was added to the MB-1-Cys. An absorbance of 0.327
corresponds to a p-HMB-Cys derivative concentration of 54.6 uM (Boyer, 1954). The
concentration of MB-1-Cys present in the assay was estimated to be 50.8 »M, thus all of
the Cys residues available on MB-1-Cys reacted with p-HMB. Not only did this assay
identify the number of sulfhydryl groups on the protein (~1), but also it showed that the
MB-1-Cys monomer is capable of binding mercuric salts. A comparison experiment

done on MB-1 showed no p-HMB binding.

3.3.4 Demonstration of Disulfide Bond Formation

[nitial characterization trials have indicated that MB-1-Cys readily dimerizes in
the absence of reducing agent and that this capacity is not increased by the use of
glutathione-catalysed oxidation or exposure to air or oxvgen. The spontaneous reaction
of Cys residues on adjacent proteins shows that as per design, the residue is not buried in
the hydrophobic core but is accessible to the solvent. SDS-PAGE showed the conversion
of MB-1-Cys monomer to disulfide product upon removal of DTT by dialysis into 0.1 M
Tris, 0.4 M CuCl, buffer, pH 8.2 (figure 3.9, p. 68). A plot of log M, versus relative
mobility was used in order to determine the molecular weights of MB-1-Cys monomer
and MB-1-Cys Dimer. Figure 3.11 shows one of the three standard curves created using
the log molecular weight values for each protein standard and their relative mobilities. A
linear regression analysis was performed on each set of data, and the slope and constant

values obtained were used to calculate the molecular weight of each protein. Comparison
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Figure 3.11 Typical Standard Curve for Determination of Molecular Weight.
For each of three trials, a linear regression was performed on the log MW and R,
data for the molecular weight standards. This typical result shows molecular weight
standards represented by open circles and a standard curve with slope -1.532 and y-
intercept 2.1139. The relative mobility of the Dimer was calculated to be 0.4571
for this trial, while that for the monomer was 0.6571. Using the slope and y-
intercept values, the corresponding log molecular weight values were 1.4136 and
1.1072, respectively. These values are indicated by the dotted line for the Dimer
(square), and correspond to the position of the triangle for the monomer. By taking
the antilog of these values, the molecular weights were 25.9 for the Dimer and 12.8
for the monomer. The average values over the three trials were approximately 26
kDa and 13 kDa, respectively.



to the molecular weight markers revealed that the monomer is approximately 13 kDa

while the Dimer is approximately twice that (26 kDa).

3.3.5 Degradability of MB-1-Cys Dimer vs MB-1

Exposure of the proteins to Pronase E resulted in gels similar to the one in figure
3.12. As the protein was degraded, the band intensity decreased. This was reflected by
the area under the curve values from the densitometer.

Degradability results could not be obtained for MB-1-Cys monomer. The DTT
required to keep the protein in its reduced form was shown to cause problems during the
experiments. Studies comparing Cyt C degradation in the presence and absence of DTT
revealed that the activity of the proteases was inhibited by the reducing agent. Since it
was the difference between MB-1 and MB-1-Cys Dimer stabilities that was of interest,
no further studies were attempted on MB-1-Cys monomer.

Studies exposing MB-1 and MB-1-Cys Dimer to Pronase E were performed in
triplicate. Figure 3.13 shows the average amount of protein remaining at each time
interval for both proteins. As the graph illustrates, MB-1 disappeared after only 50 min
of exposure to the enzymes, while MB-1-Cys Dimer was still slightly visible after 120

min.

3.3.6 Conformational Stability of MB-1-Cys Dimer Compared to MB-1

The folding stabilities of MB-1 and MB-1-Cys Dimer were determined by
monitoring the changes in tyrosine fluorescence as temperature was increased. Figure

3.14 shows the difference in fluorescence emission of tyrosine in the folded and unfolded
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Figure 3.12 Typical Gel of a Degradation Trial Using Pronase E. Lane |
shows molecular weight markers, lane 2 contains the time zero (T,) sample. and
lanes 3-15 show samples taken at subsequent time intervals (10 min, 20 min. 30
min, 40 min, and so forth). The intensity of the bands tend to decrease with time

as the protein is degraded.
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Figure 3.13 Digestion of MB-1 and MB-1-Cys Dimer using Pronase E.
The studies were run in triplicate. This graph shows the average values at
each time interval. Original MB-1 was fully digested after a 50 minute

incubation period while the dimer was still faintly visible after 120 minutes.

Average SD = 10%.
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Figure 3.14 Fluorescence Emission Spectra for MB-1. The top curve shows a
fluorescence spectrum of MB-1 in VFA buffer at 15°C. The bottom curve shows a
spectrum of the same sample at 65°C. The decrease in fluorescence intensity is a
result of more efficient quenching by the buffer in the unfolded state.
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states. As seen in the graph, the maximal emission for tyrosine is at 302 nm. When the
intensity at 302 nm (I,,) was plotted as a function of temperature, the unfolding curve
shown in figure 3.15 was obtained. As the temperature was increased, the protein
gradually unfolded, exposing the tyrosine to buffer components capable of quenching its
fluorescence. This increased quenching is evident on the curve as a small, but distinct
decrease in [;g,.

The unfolding curves obtained for MB-1 and MB-1-Cys are very similar as seen
in figures 3.15 and 3.16. Each has three regions: a pre-transition region. a transition
region, and a post-transition region. Points in the pre-transition region were used to
define curve Y. This curve reflects how the fluorescence of the folded protein would
change with temperature if it never unfolded. Similarly, points in the post-transition
region were used to define curve Y,, illustrating the trend for the unfolded protein if it
never folded. Over short temperature ranges, these curves are linear and can be defined
using linear regression analysis.

The equation for Y, (see figures 3.15, 3.16) was used to calculate the
fluorescence intensities that would have been observed at each data point if all of the
proteins in the sample had remained folded. Each of these values (Y, values) therefore
represented a theoretical value for Y at a given temperature. Equation Y, was employed
in a similar fashion to determine the theoretical fluorescence intensities, or Y, values, for
a completely unfolded sample. Since the observed fluorescence intensities (experimental
Y values) fell between these theoretical values, it was possible to use the equation

F, =(Y;-Y)(Y;-Y,) to calculate the fraction of unfolded protein (F,) at a given
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Figure 3.15 Unfolding Curve for MB-1. Effect of temperature on the
fluorescence of tyrosine in MB-1. As the temperature is increased, the protein
unfolds and the fluorescence intensity decreases. Y defines the change in
fluorescence of a 100% folded sample with change in temperature. Y, defines
the change in fluorescence of an unfolded sample with change in temperature.
Equations for Y;(-0.0111x + 1.17) and Y, (-0.0086x + 0.99) were used to
calculate theorectical values for Y at a given temperature. These theoretical
values were used, in turn, to determine the fraction of protein unfolded.
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Figure 3.16 Unfolding Curve for MB-1-Cys Dimer. Effect of
temperature on the fluorescence of MB-1-Cys Dimer. The lines indicate
the equations defined for Y (-0.0095x + 1.14) and Y (-0.0083x + 1.01).
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temperature. The fraction folded (F,) was then determined for each data point using the
formula F, = |- F,. Itis from a fraction folded plot like that in figure 3.17 that the
melting temperature (T,,) of the protein can be determined. The T, is the point at which
50% of the protein population is unfolded (or when F,=0.5). For the MB-1 trial shown,
the T,, was found to be 38°C.

Since the fraction folded curve for the MB-1 study revealed approximately the
same T, as previously measured (39£1.7°C; MacCallum et a/., 1997), denaturation of
MB-1 was not repcated. Fraction folded curves from the two Dimer studies were
averaged and can be seen compared to MB-1 in figure 3.18. Ata F,value of 0.5,the T,
for both MB-1 and MB-1-Cys Dimer was found to be approximately 38°C. This means
that the introduction of the cysteine mutation and disulfide linkage has not altered the
conformational stability of the protein.

In order to calculate equilibrium thermodynamic parameters such as the
equilibrium constant (K,) and change in free energy (AG,), the unfolding of MB-1 and
MB-1-Cys must be reversible. Both proteins were found to unfold irreversibly, however,
as they aggregated at temperatures above the T,, and did not return to the native fold

when allowed time to renature. The reaction that took place was therefore Folded (F) -~
Unfolded (U) -~ Aggregated (A) rather than Folded (F) = Unfolded (U). Consequently, a

detailed equilibrium thermodynamic analysis was not performed.

3.4 DISCUSSION
3.4.1 The Construction of MB-1-Cys Dimer
The first MB-1 mutant was successfully constructed. Dideoxy-sequencing

confirmed that the cysteine mutation had been incorporated into the MB-1 gene, and
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Figure 3.17 Fraction Folded Curve for MB-1. The effect of temperature
on the fraction of the MB-1 population that is folded. Fstarts off at a value
of 1, where all of the population is folded. Then, it gradually decreases until
it levels off at 0 where all of the MB-1 population is unfolded. The melting
temperature (T, ) of 38 °C was determined from the point where F = 0.5
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Figure 3.18 Fraction Folded Curves for MB-1 and MB-1-Cys Dimer.
The fraction folded (F ) starts at a value of 1 when the protein is folded,
then decreases with temperature as the protein is unfolded. When the
protein is completely unfolded, the F,shows a value of 0. The T is the
point at which half of the protein population is unfolded (F;=0.5). As
shown in the crosshairs, both MB-1 and MB-1-Cys Dimer have a T , of
approximately 38°C.
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subsequent expression in £.coli resulted in production of the mutant protein, MB-1-Cys.
Extraction of pure MB-1-Cys from the bacterial lysate required that a strong reducing
agent (DTT) be included in all purification buffers (except cleavage buffer). Upon
addition of the DTT, contaminating bands that had been observed during initial
production trials disappeared. These bands were obviously mixed disulfides, as
suggested by SDS-PAGE (figure 3.9). Their formation served as the first indication
that the sulfhvdryl group of the cysteine was exposed.

Titration of the protein with p-hydroxymercuribenzoate not only verified the
presence of the single cysteine residue, but also proved that MB-1-Cys monomer is
capable of binding mercuric salts. The fact that the amount of complex formed during
the titration (54.6 M) was greater than the amount of MB-1-Cys available (50.8 «M)
can be easily explained by the mode of protein quantitation used. Since the presence of
DTT interfered with quantitation of MB-1-Cys, half of the sample had to be dialysed into
buffer with no DTT, and resulted in dimer formation. Some of the sample could have
been lost during the dialysis, either through leakage or through adhesion to the dialysis
bag when the sample was retrieved. The amount of protein in the dialysed sample would
therefore be less than that in the original buffer. As a result, the concentration used to
determine the molar ratio of p-HMB complex formed to MB-1-Cys available would have
been underestimated, making the ratio higher than expected.

Nevertheless, formation of the MB-1-Cys Dimer was spontaneous upon removal
of the DTT from purification buffers. This demonstrates that the cysteine was exposed
and available for disulfide formation, as per design. The molecular weight of MB-1-Cys

Dimer was 26 kDa, approximately twice that of the monomer. However, the exact
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weight may be slightly less since the presence of the disulfide inhibits optimal binding of

SDS and mobility through the gel (Creighton, 1989).

3.4.2 Assessment of Proteolytic and Conformational Stability

The ultimate goal of linking the two monomers together by a disulfide bond was
to decrease the surface area exposed by each and limit the amount of degradation by
rumen enzymes. Studies exposing MB-1 and MB-1-Cys Dimer to Pronase E revealed
that indeed, this was the case. The MB-1-Cys Dimer was twice as resistant to proteolytic
degradation. A portion of this enhanced stability was undoubtedly due to the decrease in
exposed protease targets:; vet, contributions from another potentially stabilizing source
had to be investigated.

Many research groups have been successful in increasing the conformational
stability of a protein - often with only a single amino acid mutation. For instance, a
Glnl16 to Leu mutation of A-repressor was shown to increase the T,, by 14°C (Pakula and
Sauer, 1989). As well, the Asn37 to [le mutation of yeast iso-1-cytochrome c increased
the T,, by 17°C (Das et al., 1989). With the introduction of a cysteine residue and
subsequent disulfide linkage between MB-1 units, the possibility existed that its
conformational stability had been enhanced, rendering it more stable at rumen
temperature and resistant to proteolytic degradation. In order to determine whether such
a change had taken place in MB-1-Cys Dimer, thermal unfolding studies were performed
on both the Dimer and MB-1. Results indicated that each protein had a T,, of
approximately 38°C. Since the melting temperature of MB-1 had not been altered as a
result of the mutation, the enhanced proteolytic stability of the dimer could not be

attributed to an increased thermal stability.
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The use of Pronase E extract to estimate degradation rates in the rumen has been
criticized by some researchers. They found that it did not correlate well with in vivo
techniques (Nocek er al., 1983; Sniffen et al., 1979; Krishnamoorthy er /., 1983: Poos-
Floyd et al., 1985; Roe et al., 1991; Luchini er a/., 1996). However, even the validity and
reproducibility of in vivo and in situ methods have been questioned. The rumen
environment is extremely complex, and impossible to mimic with accuracy. [t not only
varies from animal to animal, but also it changes according to dietary intake and
microorganism diversity (Asplund, 1994; Krause and Russell. 1996). Protein degradation
rates depend on the stability of the protein, the conditions of the rumen (temperature, pH,
types of microorganisms), the retention time in the rumen, and also on the type and
amount of food in the rumen (Church, 1988; Taminga, 1979; King er a/.. 1990). Since so
many factors influence the rate of rumen degradation, it would not be logical to assume
that the degradation rate experienced under rumen conditions could be approximated by

a single protease extract.

3.4.3 Conclusion

While it may not reflect exactly the degradation in the rumen, digestion with
Pronase E is reliable for studying the relative proteolytic stability of two proteins. [n this
thesis work, the MB-1-Cys Dimer was found to be twice as resistant to proteolytic
degradation compared to MB-1. These results demonstrate that the decrease in exposed
surface area has conferred stability to MB-1. The three experiments were reproducible to
within approximately 10% standard deviation for each protein. However, the relative
degradability of MB-1-Cys Dimer compared to MB-1 was the same for each trial.

Furthermore, studies recently performed on the two proteins using a rumen protease
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extract (RPE) lend support to the Pronase E results. The RPE studies showed a faster
degradation rate for both, but maintained that the MB-1-Cys Dimer is twice as resistant

to proteolysis (Morrison er al., in preparation; Navidzadeh, 1998).
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CHAPTER 4 - MUTANT 2: INTRAMOLECULAR DISULFIDE

4.1  INTRODUCTION

4.1.1 Design of the Mutant

Chapter 3 described the construction of a mutant that was twice as resistant to
proteolytic degradation as MB-1 due to its decrease in exposed surface area. As seen in
section 3.1.1, this was only one of the approaches which could be taken to enhance the
rumen stability of the protein. The other would be to increase its conformational
stability, either through the introduction of fold specifiers, or through the manipulation of
the bundle core. [n this chapter. an attempt is made to enhance the proteolytic stability
of MB-1 with the introduction of fold specifiers.

When MB-1 was designed, no fold specifiers were included to stabilize its tertiary
structure (Beauregard et a/., 1995). Such features include metal binding sites, salt
bridges, and disulfide bonds. Each of these is known to stabilize the fold of a protein,
but at the same time presents a challenge to engineer. The introduction of a metal
binding site would require the correct geometric arrangement of at least two or three
metal binding amino acids like histidines or cysteines (Regan and Clarke, 1990; Handel
and DeGrado, 1990; Wrede and Schneider, 1994). Furthermore, engineering a metal
binding site into MB-1 would create problems for its intended use. To be an effective
feed additive for ruminant nutrition, the protein must be inert. With the ability to bind
metals in the body, such a mutant could induce biochemical stress in whatever organism

it is found. In view of this, it was decided not to engineer a metal binding site into MB-1.
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The second type of fold specifier which could be introduced is the salt bridge. A
salt bridge is formed between oppositely charged amino acids like glutamic acid (-) and
lysine (+). The side chains of the amino acids must be in close enough proximity to
allow for charge interaction (within 3-5 A; Dao-pin et a/., 1991). When engineered into a
protein, they can be placed so as to favor one type of topology through charge attraction
or to disfavor another through repulsive forces (Graddis er a., 1993; Bryson et al., 1995;
Betz and DeGrado, 1996). Like the metal-binding site, a salt-bridge could be introduced
to favor a particular conformation or fold of MB-1, but its effect on the thermal stability
of the protein can not be predicted. [n most cases, however, since the interactions are not
covalent, their contribution to the thermal stability of the protein is negligible (Dao-pin et
al., 1991; Hill er al., 1990; Stitger and Dill, 1990; Matthews, 1993).

The other option for increasing MB-1's conformational stability was to introduce
a disulfide bond between two of its helices. This covalent linkage is found in many
naturally occurring proteins, and has been introduced by mutation into others (Zhou er
al., 1993; Wetzel er ul., 1988; Kanaya et al., 1991: Luckey ef ul., 1991). The ability of an
intramolecular disulfide to enhance the conformational stability of a protein has been
well established (Wrede and Schneider, 1994: Creighton, 1989). It does so by
destabilizing the unfolded state of the protein. Since the unfolded conformation is
restricted by the bond and not allowed as much freedom (or entropy), it is not as favored
as usual (figure 4.1; Zhou et a/., 1993; Creighton er al., 1995). The reaction is therefore
pushed more towards the folded conformation. As a result, a greater amount of heat is
required to unfold the protein. The insertion of intramolecular disulfides into T4
lysozyme, for instance, resulted in a significant increase in its conformational stability

(Matsumura et al., 1989 a,b). Single disulfide bond insertions increased the T, by as
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Folded Unfolded

Figure 4.1 Schematic of Unfolding. The presence of intramolecular disulfide
bonds destabilizes the unfolded state by restricting the freedom of the protein
chain. As a result, the free energy of unfolding is increased and it takes more heat

to unfold the protein.
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much as 1 1°C while double and triple disulfide insertions did so to an even larger extent
(upto 23.4°C).

What is more important, in terms of MB-1, is that the presence of disulfide bonds
is known to confer resistance against degradation in the rumen (Hancock er al., 1994;
McNabb er al., 1994; Spencer et al., 1988; Mahadevan er al., 1980). The reasons for
introducing an intramolecular disulfide into MB-1 were therefore two-fold. First, the
disulfide bond should increase the conformational stability of the protein, rendering it
folded at rumen temperature. And second, this enhanced conformational stability should

be reflected by an increase in resistance to rumen proteases.

4.1.2 Protein Engineering

Since MB-1 contains no cysteine residues, the first step in construction of the
disulfide bond was to determine where the two cysteines should be positioned. Not only
would they have to be closely apposed in the folded protein, but also they should be
placed in a region that would offer the most stability. The disulfide bonds that provide
the greatest stability in proteins are those found in the most closely packed region - the
hydrophobic core (Creighton, 1988). This is indeed the case for most naturally occurring
proteins, but the difficulty in introducing them by mutation lies in choosing the best
position. The stabilizing effect of the disulfide is only attained if the strict
stereochemical requirements of the bundle interior are met (Zhou er al., 1993; Creighton
et al., 1995). If the introduction of the disulfide creates strain on the protein, its presence
would be counter-productive and destabilizing. Therefore, great care must be taken to

ensure that the positions of the cysteine residues are optimal.
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MB-1 was designed to fold into a square a-helical bundle (Beauregard er al.,
1995). However, as of yet, the exact tertiary structure of the protein is unknown.
Without crystallographic data on the structure, it is impossible to use modelling software
to help visualize the positioning of the amino acids. The task of engineering a specific
folding interaction into the protein is therefore even more difficuit. In order to do so, it
must be assumed that the protein is folded as per design. As described in section 1.4.2,
p.16, the results of several studies suggest that it is. Unfortunately, the “handed-ness” of
the folded protein has not been determined. This refers to the connectivity between the
helices of the bundle. When the loop connecting helices I and II goes to the right, the
bundle is said to be right-handed. [f it turns to the left, the bundle has left-handed
connectivity. The difference between the two is illustrated in figure 4.2. Since one of
the natural proteins used in the design of MB-1 is a left-handed bundle (ROP), a
possibility exists that the connection between helices goes to the left rather than to the
right. For an intramolecular disulfide to form in a left-handed bundle. the cysteines must
be positioned differently than in a right-handed bundle. Consequently, the introduction
of a disulfide bond between MB-1 helices offers a way of determining the connectivity of
the protein.

To pursue this angle of study, two mutants have been designed with the potential
to form a disulfide bond. The first of the mutants will house cysteine residues in position
*a’ of the heptad repeat (figure 4.3). Placed near one another in the core of the protein,
the cysteines should form a disulfide bond. That is, provided the protein is a right-
handed bundle. The second mutant will house cysteines in position "d’ of the bundie.
These residues would also be located in the core of the protein, but can only form a

disulfide if the helices show left-handed connectivity. Since only one mutant will
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Left-handed Right-handed

Figure 4.2 Left-handed vs Right-handed Connectivity. [n a left-handed
bundle. the loop connecting the first and second helices turns to the left.
MB-1 was designed to be a right-handed bundle. If it folds as predicted. the

connection between the first and second helices should go to the right as
depicted above.
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Right-handed Left-handed

Figure 4.3 Disuifide Position for Right-handed and Left-handed Bundles. Fora
disulfide to form between helices [ and IV in a right-handed bundle, the two cysteine
residues must be placed in position "a’ of the heptad. If located near one another in
the folded protein. the sulfhydryl groups of the cysteines should be capable of forming
the disulfide. That is, provided the protein is right-handed. If the protein is left-
handed, the cysteines would have to be placed in position *d’.
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actually be capable of forming a disulfide, the connectivity of the protein can be deduced
accordingly.

The disulfide will be engineered between core residues in helices I and IV. In
this location the bridge would hold the end strands of the protein in a fixed conformation,
preventing them from opening up and exposing core residues. Such a fold specifier
would offer added protection from proteases by protecting target regions found in the
core. To create the mutations in this region, the cysteines will be inserted as shown in
figure 4.4. For the “right-handed” disulfide, a methionine in position 10 and leucine in
position 91 will be replaced (M10C, L91C). These residues are predicted to be in "a’
positions of the bundle, and located in helix I and IV, respectively. The “left-handed”
mutant will have cysteine residues in place of leucine 13 in helix [ and methionine 87 in
helix [V (L13C, M87C). Predicted to be in position *d’ of the heptad, these residues

would be closely apposed and capable of forming a disulfide if MB-1 is left-handed.

4.1.3 Genetic Engineering

With the two cysteine mutations located so far apart in the sequence of the
protein, it was decided that the easiest way to create the mutant plasmids was to perform
oligo-directed mutagenesis on the protein-coding gene. An Altered Sites” Il in vitro
Mutagenesis System (Promega Corporation, Madison, WT) was therefore employed to
make the mutagenesis procedure more efficient. Figure 4.5 shows a schematic
representation of how the Promega Kit works. Essentially, the gene to be mutated is first
cloned into the pALTER-1 mutagenesis vector. This vector is resistant to tetracycline
and sensitive to ampicillin. Once the insertion of the gene has been verified by DNA

sequencing, the recombinant plasmid is alkaline-denatured. Purified oligonucleotides
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Right-handed Left-handed
Helix:  MI0C Helix:  LI3C
Helix [V:  L91C Helix [V: M87C

Figure 4.4 Positioning of the Cysteine Mutations. To create the right-handed
disulfide mutant, methionine in position 10 and leucine in position 91 will be
replaced by cysteine residues (M10C, L91C). If MB-1 is folded as per design. this
mutant should be capable of forming a disulfide bond. However. the possibility
exists that MB-1 has left-handed connectivity. In order to investigate this possibiltiy,
a second mutant will be created. [t will house cysteines in place of the leucine in
position 13 and the methionine in position 87 (L13C, M87C). These cysteines will
only be capable of forming a disulfide if the bundle is left-handed. The connectivity
of MB-1 can therefore be deduced by determining which mutant forms the disulfide.
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Figure 4.5 Schematic of the Promega in vitro Mutagenesis Kit. First the MB-1 or
MB-1-His gene must be cloned into the pALTER-1 vector. The resulting mutagenesis
plasmid is then alkaline-denatured. In step 3, the mutant, repair, and knock-out oligos
are annealed to the DNA template and the mutant strand is produced by addition of T4
DNA polymerase and T4 DNA ligase. In the final step, the heteroduplex of DNA is
transformed into a repair minus strain of bacteria and selected for ampicillin resistance.
Only bacteria containing the mutant plasmid should grow.
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housing the cysteine mutations are then annealed to the denatured template along with a
tetracycline knock-out oligo and an ampicillin repair oligo. Addition of T4 DNA
polymerase and T4 DNA ligase results in synthesis and ligation of the mutant strand.
Finally, the heteroduplex is allowed to replicate in a repair minus strain of bacteria while
selecting for ampicillin resistance. Since the mutant plasmid would be rendered
ampiciliin resistant by the repair oligo, any bacteria containing mutant plasmid will
grow. Bacteria containing wild-type plasmid should not grow as they would still be
sensitive to the antibic:ic. In this way, the Promega Kit offers a way to ensure that the
majority of the colonies obtained contain the mutant plasmid. Screening for the cysteine
mutations should in tumn be relatively simple.

Oligonucleotides for the mutagenesis procedure were designed such that they
would anneal to the same template strand as the repair and knock-out oligos. The 5'-3'
DNA strands corresponding to the cysteine codon (UGC) and flanking MB-1 sequences
were therefore used to create the oligos (Figure 4.6). With 12 base pairs on either side
of the mutation, these oligos should anneal strongly to the DNA template and permit
incorporation of the mutation into the synthesized strand.

Another MB-1 mutant was prepared and characterized when these experiments
began. Designed to have a tag of 6 histidines at the C-terminal of the protein, the MB-1-
His mutant can be purified using a nickel column rather than the amylose and DEAE
sepharose columns described in section 2.1, p. 35. The ability to use this recyclable
column greatly reduces the time and money spent making protein (Grundy er a/., 1998).
Since future work in the lab is shifting towards the use of this protocol for ail MB-1
proteins, it was deemed beneficial to introduce the disulfide mutations into MB-1-His at

the same time.
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Left-handed

wt:  5'-ATGATG ACCACC CTIGTTT AAA ACT ATG -3
Cl13: 5'-ATGATGACCACCTGCTTT AAAACT ATG -3

wt:  5'-ACG GCT ACA ACC ATG AAA AAT CAT CTG -3'
C87: 5'- ACG GCT ACA ACC TGC AAA AATCATCTG -3

Right-handed

wt:  5'-ATG ACCGAC ATG ATGACCACCCTGTTT -3'
Cl10: 5'-ATG ACCGACATG TGC ACCACCCIGTTT -3’

wt:  5'-ATG AAA AAT CAT CTG CAG AACTTG ATG -3’
C91: 5'-ATG AAA AAT CAT TGC CAG AACTTG ATG - 3'

Figure 4.6 The Mutagenic Oligonucleotides. Both the wild-type and the mutant
sequences are depicted for the “left-handed “and “right-handed * disulfide mutants.
[n order to create the mutant oligos, the underlined wild-type triplets were replaced
by TGC. As seen for the left-handed mutant, this cysteine coding sequence was
used to replace a CTG coding for leucine 13 and an ATG coding for methionine 87.
For the right-handed mutant, the ATG coding for methionine 10 and the CTG
coding for leucine 91 were replaced. Since the oligos were designed to have 12
wild-type nucleotides on either side of the mutation, they should anneal strongly to
the template DNA and allow for efficient incorporation of the mutation.
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4.1.4 Chapter Objectives
Objectives of this chapter were:
a To introduce two cysteine mutations at specific positions into the MB-1 gene
in order to allow for formation of an intramolecular disuifide bond
To produce and purify the mutant protein by optimizing the original protocol
To venty the presence of the two cysteine residues
To determine whether or not the disulfide bond was formed

To compare the proteolytic stability of the mutant protein to that ot MB-1

0 0 o0 o0

To assess the conformational stability of the mutant protein relative to MB-1

42  MATERIALS AND METHODS

4.2.1 Construction of the Mutagenesis Vectors

The genes to be mutated had to be removed from their pMALc2 expression
vectors and cloned into the pALTER-| mutagenesis vector. Using Sucl and HindlIIl, a
double digest in NEBuffer | (+100 .g/mL BSA) was performed on both expression
vectors (MB-1 and MB-1-His in pMALc2) as well as on pALTER-1. After adding 4 U of
each enzyme for every g of plasmid DNA, the samples were incubated at 37°C for 2.5 h
to optimize the enzymatic activity. The digested DNA was then mixed with an
appropriate volume of 6X loading buffer (40% sucrose, 0.25% bromophenol blue) and
loaded into the wells of a 1.5% agarose gel. An aliquot of ethidium bromide (EtBr: final
concentration 0.5 g/mL) had been added to the gel in order to visualize the DNA bands.
The samples were migrated in TAE running buffer at 80 V for | h. Bands corresponding
to the linearized plasmids and the genes of interest were cut out with a razor blade and

placed in labelled test tubes for further purification.
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Extraction of the DNA from the agarose was accomplished using a Bio-Rad Prep-
a-Gene* Kit (Bio-Rad Laboratories, Mississauga, ON). This kit employs a silica matrix
to selectively bind the plasmid DNA and allow it to be separated from contaminating
particles like agarose and EtBr. Once bound, the DNA/matrix pellet was washed with
70% ethanol. Then the DNA was eluted from the matrix with a 5 min incubation in Tris
EDTA buffer (TE, pH 8.0) at 37°C. Pure expression vector (pMALc2) was stored at
-20°C while the purified inserts, MB-1 and MB-1-His, were subcloned into pALTER-1.
By combining the linearized pALTER-1 plasmid with either the MB-1 or MB-1-His
insert tn a 1:4 ratio (by concentration), and incubating them with 20 U T4 DNA ligase
(overnight at 16°C), the given genes were incorporated into mutagenesis plasmids. After
transformation of the ligation mixtures into competent JM109 cells, the bacteria were
plated with tetracycline selection (12.5 ug/mL). Plasmid DNA was then extracted from
the resulting colonies for dideoxy sequencing. Confirmation of the plasmid constructs

was achieved using the Bst Sequencing Kit as described in section 3.2.2, p. 52.

4.2.2 Oligo-Directed Mutagenesis

When the subcloning had been confirmed, the templates and oligos were prepared
for mutagenesis. Approximately 2 g of each DNA sample was alkaline-denatured using
2 M NaOH, 2 mM EDTA, and precipitated with 2 M ammonium acetate pH 4.6 and
100% ethanol. The denatured templates were either stored at -20°C or used
immediately for mutagenesis.

Synthetic oligonucleotides with the desired mutations were purchased from
Medicorp, Inc. (Montreal, Quebec). The lyophilized oligos were resuspended in | mL TE

buffer and checked by migration on a 15% polyacrylamide, 44% urea gel using Tris
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Borate EDTA (TBE) running buffer (30 min prerun, 1 h migration @ 100 V). Bands
were visualized by ethidium bromide staining. Half (500 ».L) of each oligo solution was
desalted on a Sephadex G-25 spun column (350 x g, 2 min) to remove contaminants.
Once purified, the oligos were quantitated by measuring the OD at 260 nm in TE buffer.
The concentration of each sample was determined using the conversion factor, 1 A, unit
=33 ng/ mL ssDNA (New England BioLabs 96/97 Catalogue). Then, just prior to the
mutagenesis reactions, the oligos were 5'-phosphorylated with T4 polynucleotide kinase
(5 U enzyme : 0.9 ug oligo).

In one reaction, the two mutant oligos (C10 and C91 for right-handed: C13 and
C87 for left-handed) and the ampicillin repair and tetracycline knock-out oligos were
annealed to the denatured template in a 25:5:1 ratio (mutant oligo : repair/knock-out
oligo : template). The components were combined and incubated for 5 min in a block
heater set at 75°C. Then the block heater was turned off and the samples were allowed
to cool to about 45°C (30 min). After the tubes had been placed on ice for 10-15 min, 10
U of T4 DNA polymerase and 3 U of T+ DNA ligase were added to synthesize and ligate
the mutant DNA strand, respectively. An incubation at 37°C for 90 min permitted
production of the DNA heteroduplex (one mutant strand, one wild-type strand). Initial
transformation of the DNA into repair minus ES1301 cells allowed for production of
homoduplex DNA in an environment where mismatch repair was suppressed. In this
way, the chance that the mutagenic or antibiotic mismatches would be repaired was
decreased. Cells were plated on LB agar with ampicillin selection (100 xg/mL).
Ampicillin-resistant plasmids were isolated using the Bio-Rad Prep-a-Gene® Kit and
transformed into the final host, IM109. Dideoxy sequencing was then performed on the

DNA to screen for mutations.
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4.2.3 DNA Sequencing

In order to confirm both the cloning of the gene into the mutagenesis vector and
whether or not the mutations were present, dideoxy sequencing was performed on the
plasmid DNA. Either the Bst Sequencing Kit as described in section 3.2.2, p. 52, or the
Sequenase Version 2 Sequencing Kit from Amersham was used. For the Sequenase Kit,
DNA samples (approx. 5 n.g) were prepared as in section 3.2.2. They underwent
alkaline denaturation with 2 M NaOH, 2 mM EDTA pH 8.0 and precipitation with 2 M
sodium acetate pH 4.6, 3 volumes 100% ethanol. After washing each of the DNA pellets
with 70% ethanol, they were dried in a vacuum concentrator, and dissolved in 7 uL TE
buffer. With a 2 min incubation at 65°C and subsequent cooling, the appropriate primer
was then annealed to the denatured DNA template [SP6 sequencing primer for reverse,
universal M13 (-20) (17mer) for forward]. Dithiothreitol, diluted labelling mix
(containing dCTP, GTP, dTTP), 10 uCi of [a**S [dATP, and diluted Sequenase were
then added to the annealed template and mixed thoroughly. A 5 min incubation at room
temperature allowed for extension of the primer and incorporation of radiolabelled ATP.

A 3.5 4L aliquot of this total mixture was then added to each of the four pre-
warmed (37°C) reaction tubes labelled A, C, G, and T. As in the Bst Sequencing Kit,
these tubes had been filled with premixed dNTPs and corresponding ddNTP (10:1 ratio;
2.5 xL). After the primed template/enzyme/radiolabel mix was added to all four tubes,
the tubes were incubated at 37°C for 5 min. This allowed for rapid DNA chain
elongation and termination of the chain as ddNTPs were incorporated. The reactions
were then stopped with the addition of 2X stop solution (95% formamide, 20mM EDTA,
0.05% Bromophenol Blue, 0.05% Xylene Cyanol FF) and placed at -20°C until the gel

was ready to load. Care was taken to spin the samples down (microcentrifuge @ 14,000
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X g) between steps. Prior to loading, the samples were thawed and then denatured for 2
min at 75°C. Five uL of each was loaded in A, C, G, T order onto a 10%
polyacrylamide, 42% urea sequencing gel. The samples were migrated at 55 W for the
appropriate time in TBE running buffer (30 min prerun, 90 min for reverse reaction, 3 h
IS min for forward). The gel was then fixed in 10% methanol / 10% acetic acid and then
dried as described in section 3.2.2, p. 52. Autoradiography of the dried gel was
accomplished in the same manner as described earlier for the Bst Sequencing Kit

(Section 3.2.2).

43  RESULTS

4.3.1 Construction of the Mutagenesis Plasmid

Plasmid DNA was extracted from three colonies on each plate (MB-1 and MB-1-
His plates). The purified DNA was then sequenced using the SP6 sequencing primer
with the Bst Sequencing Kit. This primer anneals just downstream of the Hindlll site and
allows sequencing across the gene on the non-coding strand. Results are shown in figure
4.7 for wild-type and mutagenesis plasmids. The ends of the MB-1 and MB-1-His genes
are underlined. With the mutagenesis vectors produced, the next step was to introduce

the cysteine mutations.

4.3.2 Mutagenesis Procedure

Since Promega claimed to have introduced up to four simultaneous mutations
with more than 50% efficiency using their kit, attempts were made to introduce the two
cysteine mutations at the same time. For each of the four mutants (MB-1 RH, MB-1 LH,

MB-1-His RH, MB-1-His LH), a total of at least ten colonies were screened by dideoxy
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pPALTER-1: 35'-ACTCAAGCTTGCATGCCTGCAGGTCGACT -3'

MB-1-pALTER-1: 5'-ACTCAAGCTTAAGCTACGCCTTTTTGCAT -3'

MB-1-His-pALTER-1: 5'-ACTCAAGCTITAGTGGTGGTGGTGGTGGTGA -3'

Figure 4.7 Sequences of Mutagenesis Plasmids. Wild-type pALTER-1 and the
mutagenesis plasmids were sequenced on the non-coding strand using the SP6
sequencing primer which annealed just downstream of the HindlIII site. The
pALTER-1 is the wild-type sequence. The end of the MB-1 gene is underlined in
the MB-1-pALTER-1 plasmid. The MB-1-His gene is underlined in the MB-1-His-
pALTER-1 plasmid, showing the GTG rich region which corresponds to the 6 His
residues at the end of the protein.
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sequencing. Those from the first round of mutagenesis were sequenced using only the
SP6 primer. This was to check for insertion of the cysteine codon in the helix IV region.
Although four colonies were checked for each mutant, none housed the GCA mutation.
Consequently, the oligo concentrations were double-checked and the mutagenesis
reactions were performed again. At least six colonies for each mutant were then
screened using both SP6 and M 13 universal (-20) (17mer) primers. This meant that
twenty-four plasmid DNA samples were extracted and purified and sequenced at each
end of the gene. All in all, the screening process took longer than expected and usually
revealed that no mutations had occurred. Even when the reverse reaction showed no
mutation, the forward still had to be performed in case a cysteine codon had been

introduced at the other end.

4.3.3 Mutation Status

Despite the fact that the efficiency of mutagenesis was low, some mutations were
contirmed. These results are summarized in Table L. For the right-handed MB-1
mutant, clone 4 had the C-terminal mutation, C91. The sequencing gel is shown in
figure 4.8. Bands appear across all four lanes for this clone as well as the others that are
seen on the same gel. These samples were sequenced at the same time using the
Sequenase Kit. Because they were left for too long during both the radiolabelling and the
elongation/termination steps, the enzyme likely paused, synthesizing DNA fragments of
the same length in all four tubes. Such fragments have the same mobility, and lend to the
appearance of bands in all four lanes of the gel. Another possibility is that the alkaline-
denaturation procedure did not eliminate the secondary structure of the DNA in that

particular region. This would have caused a similar pause as the enzyme reached the
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Table I: Summary of Mutant Status. The status of each disulfide mutant is
shown. Those clones containing the desired mutations are listed.

Right-Handed MB-1 MB-1-His_
N-terminal (C10) None None
C-terminal (C91) Clone 4 None

Left-Handed MB-1 MB-1-His
N-terminal (C13) None Clone 10
C-terminal (C87) Clone 6 ? Clone 10 ?
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Figure 4.8 Sequencing Gel of MB-1 Clones. These three MB-1 clones were sequenced
using the Sequenase Kit and the SP6 sequencing primer. The primer anneals just
downstream of the HindIII site and sequences the non-coding strand 5' to 3. Frequent
artifacts were observed for all three samples. Since they were left for too long during the
radiolabelling and elongation/termination reactions, the enzyme paused synthesizing
fragments of equal size in all four reaction tubes. Despite this presence of bands in all four
lanes, the mutation is obvious for RH Clone 4. Reading in the region marked by the
bracket, the sequence is TGGCAA with the CAG coding for leucine replaced by the GCA
coding for cysteine. Results for RH Clone | are not as clear, but it appears as though LH
Clone 6 also has a cysteine mutation. This mutation occurs just above the 5 Ts, yet the
pause in this region makes it difficult to confirm the first base of the mutation. The
sequence should read TTTTTGCA. Although the pause resulted in a band in all four
lanes, this often corresponds to a G in the sequence. However, the clone will have to be
sequenced again to ensure that the mutation is correct.
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area of strong secondary structure. In any case, the presence of the mutation is obvious.
Reading the non-coding strand from 5' to 3', the CAG coding for leucine in MB-1 was
replaced by GCA coding for cysteine. Despite the fact that the mutation is present, the
sequence in the pause regions should be verified by sequencing on the opposite strand.
Figure 4.8 also shows a left-handed MB-1 clone (#6). It appears as though this clone
may have the C-terminal mutation, but a pause artifact is located exactly where the
mutation should start. Although the pause resulted in a band in all four lanes, this often
corresponds to a G in the sequence. Also, since the "G’ band seems slightly darker than
the A, C, and T bands, it is probable that the mutation has been properly incorporated.
However, this clone will also have to be sequenced again to ensure that both the mutation
and the region around it are as they should be.

As mentioned in Table I, there were no right-handed MB-1-His mutations found.
One of the left-handed clones did reveal mutations, though. Figure 4.9 shows the
sequencing results for clone 10 in the N-terminal region. Reading from 5'to 3' on the
coding strand, the CTG coding for the leucine in the control plasmid was replaced by the
TGC coding for cysteine. Results for the reverse sequencing of this clone are shown in
figure 4.10. Just above the 5 compressed T bands, there should either be a GCA for the
mutation or a CAT for the wild-type. A mutation has obviously occurred, and a band
may be present in the G lane, but is faint due to compression. Unfortunately, this is not
enough to confirm the incorporation of the mutation. Another round of sequencing

would be required to confirm this fact.
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Figure 4.9 Sequencing Gel of Left-handed His Clones. The clones were
sequenced in the N-terminal region using the universal (-20) (17mer)

sequencing primer. Clone 8 is wild-type, but Clone 10 houses the cysteine
mutation. Reading the coding strand from §' to 3, the mutant sequence is

TGC as opposed to the CTG coding for leucine 91.
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Figure 4.10 Sequencing Gel of His Clone 10 in the C-terminal Region. The
C-terminal region was sequenced using the SP6 sequencing primer in order to
determine whether or not the cysteine 87 mutation had been incorporated. Just
above the 5 T bands, there should be either a GCA coding for the cysteine or a
CAT coding for the wild-type methionine. A mutation has obviously occurred,
and a G band may be present, but is faint due to compression; another round of
sequencing would be required to confirm this fact.
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44  DISCUSSION

4.4.1 Importance of the Intramolecular Disulfide

As mentioned earlier, the presence of disulfides are known to confer resistance
against rumen proteases. Several researchers have established this fact by exposing
disulfide-containing proteins to rumen proteases (using either in situ or in vitro
techniques), both in the presence and in the absence of reducing agents. With their
disulfide bonds intact, proteins like bovine serum albumin (BSA), ribonuclease A
(RNAse A), rice prolamin, maize zein, chicken egg ovalbumin, pea albumin 1. sunflower
albumin 8, and pumpkin trypsin inhibitor | were highly resistant to rumen degradation
(Hancock et al., 1994; McNabb er al., 1994; Spencer er al., 1988; Mahadevan et al.,
1980). However, such proteins were rendered up to 30 times as susceptible to
degradation upon addition of B-mercaptoethanol. Since this compound reduces disulfide
bonds, the proteolytic stability of the native proteins was attributed to disulfide content.
Furthermore, for many of these proteins, the degree of resistance was proportional to the
number of disulfide bonds present. BSA, for example, contains 16 disulfide bonds and is
among the most stable of the proteins listed (Mahadevan er /., 1987). It has been shown
to resist rumen degradation for up to 16 hours while proteins like casein and vicilin,
which do not contain disulfide bonds, were degraded within an hour (Hancock er d!.,
1994; McNabb er al., 1994; Spencer et al., 1988).

The ability of intramolecular disulfides to enhance the proteolytic stability of a
protein is due, for the most part, to the high conformational stability associated with their
presence. By holding the protein tightly in a fixed conformation, less protease targets are

available to the enzymes. For MB-1, the conformational stability at rumen temperature is
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extremely low. Half of the protein population is unfolded, exposing regions susceptible
to degradation. The introduction of an intramolecular disulfide between helices [ and [V
should, in theory, hold the protein together at this temperature. The bond would
therefore be capable of enhancing the protealytic stability of MB-1 and increasing its
lifetime in the rumen. That is, provided it does not disturb the stereochemistry of the
residues around it.

Nature is pertectly capable of engineering a disulfide bond so as to maximize the
stability of a protein. [t can be a very difficult task for researchers, however. As seen in
the case of T4 lysozyme discussed earlier, many studies have met with success. Yet, this
work dealt with the introduction of disuifide bonds into a natural protein of known
tertiary structure. MB-1 was designed Je novo, meaning that its sequence was created by
humans to be unique. [t therefore does not resemble that of any known protein.
Although MB-1 was designed to fold like natural a-helical bundles, its tertiary structure
has not been well-defined. As a result, 3D modelling software could not be used either
to optimize the location of the disulfide, or even to determine the connectivity between
helices. [n their work designing the bundle “Felix™, Hecht ez a/. (1990) included two
cysteine residues so as to confirm the left-handed connectivity of the protein and confer
higher stability to the protein. The fact that the disulfide formed was evidence that the
protein had folded as per design. [ts presence even promoted a slight increase in the
helicity of the protein. However, despite its well-folded helical conformation under
native conditions, the bundle protein showed only marginal stability when exposed to
denaturants. These results indicate just how hard it can be to engineer a stabilizing

disulfide bond within a protein. The positions chosen for MB-1 disulfides may indeed be
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successful in producing a more stable mutant, but it must be understood that such a feat

may require several attempts.

4.4.2 Mutagenesis Conditions Not Optimal: Suggestions for Future Trials

Construction of the mutagenesis plasmids MB-1-pALTER-| and MB-1-His-
pALTER-1 was rather simple, as confirmed by dideoxy sequencing. The introduction of
simultaneous cysteine mutations, on the other hand, was not. Despite the claims made by
the company, the efficiency of mutant production was not very high, certainly not greater
than 50%. This was likely due to human error, rendering the conditions less than optimal
during the reactions. For one thing, the amount of oligonucleotide used at each step in
the procedure was not exact. Often, quantitation by absorption spectroscopy leads to
under or overestimation of the concentration of DNA in a sample. Unfortunately, this
could have led to improper annealing ratios and as a result, the production ot more
plasmids having ampicillin resistance and no mutation. Another problem that was
encountered was the high transformation efficiency of the mutant plasmids into the tinal
host cells. Normally, this would not be considered negative, but when the number of
colonies is higher, the chance of finding a given mutation is decreased. Less plasmid was
transformed during the second mutagenesis round, yet the percentage of colonies housing
the double mutations was still low. In view of this, if the double mutagenesis procedure
is to be used for future trials, the screening process will have to be expanded. Often
times, the introduction of a mutation results in the insertion or deletion of a recognition
site for given restriction enzymes. By first examining the pattern of digestion for each

clone, much less time and money would be wasted sequencing. Only those clones that
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show the mutant pattern need be sequenced. Changes in restriction sites induced by each
mutation have therefore been determined and can be seen in Appendix B.

Attempting to introduce the two cysteine mutations simultaneously decreased the
probability of finding a plasmid with the desired mutations. Since the Promega Kit
comes with the ampicillin knock-out and tetracycline repair oligos as well, successive
rounds of mutagenesis could be performed by switching the selectivity of the plasmid
back to the original conditions. A more efficient method would therefore be to introduce
the mutations one at a time. In this manner, the screening process is simplified. Witha
mutagenesis rate of 60-90%, the sequencing of 5 colonies should give greater than 95%
chance of finding the single, desired mutation. Only one reaction need be performed on
each clone. Then once the first mutation has been found, the mutated plasmid can be
used in a subsequent reaction to introduce the second mutation. Again, only one round
of sequencing need be performed on the resulting clones. Such a technique will be
employed to complete the mutants that have already been started. Once the sequences of
the MB-1 and MB-1-His clones have been verified in the pause regions, the mutated
plasmids can be used to introduce the second mutations. The next round of mutagenesis
would therefore render mutant plasmids tetracycline resistant and ampicillin sensitive.

Using this alternative protocol, the creation of the cysteine mutations should be
completed relatively soon by the new researchers in the lab. When produced, the left-
handed and right-handed mutants will have to be characterized in terms of their ability to
form the disulfide bond. The one that is capable of forming the bond will demonstrate
the connectivity of MB-1, and then be used to determine the effect of an intramolecular

disulfide on its rumen stability.
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CHAPTER S - MUTANT 3: TRYPTOPHAN

5.1 INTRODUCTION

5.1.1 Design of the Mutant

This chapter deals with the creation of a third mutant, MB-1-Trp. Designed to
contain a tryptophan instead of tyrosine, the new mutant is to serve three purposes: 1) to
increase the hydrophobicity of the bundle core and possibly enhance the rumen stability
of the protein, 2) to provide a better means of monitoring the protein during purification,
and 3) to expand the number of experimental options for studying the structure of MB-1.

As previously mentioned, the main driving force in protein folding is the
formation of a well-packed hydrophobic core. Since the non-polar amino acids pack
tightly together in this region, attempts to bury a polar side chain can be energetically
costly. In fact, unless it is capable of forming a hydrogen bond to neutralize its polarity,
the presence of a polar amino acid in the core can decrease the protein’s conformational
stability (Blaber er al., 1993; Kohn and Hodges, 1998). MB-1 was designed to contain a
single tyrosine within its core. Housing a free OH group, the tyrosine is polar in nature.
By replacing it with a tryptophan, the polar OH group would be exchanged for a less
polar side chain (figure 5.1; Zubay, 1998). As a result, the overall hydrophobicity of the
core would be increased. If sufficient in magnitude, this change could improve the
thermal stability of the protein and in turn enhance its resistance to rumen degradation
(Handel er al., 1993; Goldberg et al., 1978, Parsell and Sauer, 1989; Liao, 1993).

The second reason for engineering a tryptophan into MB-1 was to confer greater
spectral properties to the protein so that it could be easily monitored during purification.

MB-1 is produced as a fusion with maltose binding protein (MBP) and purified using



115

?oo' ?oo
mﬁ~?—H HN—C—H
|
CH, CH,
X
NH
l
OH
Tyrosine (Y) Tryptophan (W)

Figure 5.1 Tyrosine vs Tryptophan. The free OH group on tyrosine
confers polarity to its side chain. By replacing the tyrosine 62 in MB-1
with a tryptophan, the polar OH will be removed from the core of the
protein and exchanged for a less polar side chain. The difference in the
polarity of the two amino acids is reflected by their hydrophobicity
indices. where Y = 13.42 and W = 13.93 (Ragone et al.. 1989).
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amylose and DEAE Sepharose columns (section 2.1, p. 35). As the chromatograms in
Appendix C illustrate, monitoring the fusion protein as it comes off of the amylose
column is simple. This is due to the presence of the MBP. It contains tryptophan which
absorbs strongly at 280 nm. Elution of the MB-1-MBP protein is therefore detected as a
distinct peak on the chromatogram. The fusion protein is cleaved before being loaded
onto the DEAE column, however. Since MBP is retained on the column, MB-1 passes
through alone and is diluted in the process. Its tyrosine signal is so weak that the UV
monitor cannot detect it. With no peaks appearing on the chromatogram. the fractions
collected from the column must be checked for protein using either a colorimetric assay
or SDS-PAGE. These latter steps could be omitted if MB-1 contained a tryptophan.
Since it has four times the absorption at 280 nm, the tryptophan residue would offer a
detectable signal as the protein comes off of the DEAE column (Creighton. 1989).

Figure 5.2 shows the absorption and emission spectra for tyrosine and
tryptophan. With its higher absorption and emission levels, the tryptophan offers a
stronger signal than tyrosine. Not only is this signal of higher magnitude, but also it is
very sensitive to small changes in the environment of the tryptophan (Engelhard and
Evans, 1996: Eftink, 1994). As a result, proteins containing tryptophan can be subjected
to a wider variety of experiments regarding protein structure. Such studies include time-
resolved fluorescence and fluorescence anisotropy decay. These techniques can be used
to deduce information about the tertiary and quaternary structure of the protein, e.g.
whether or not it has one dominant conformation under physiological conditions (Handel
et al., 1993; Willis et al., 1994; Hogue et al., 1992). The introduction of a tryptophan
into MB-1 would thus provide a means of gathering important structural information.

Since the crystal structure of MB-1 has not yet been determined, this information is
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Figure 5.2 Absorption and Emission Spectra. As seen in panel A,
tryptophan shows approximately four times the absorption as an equimolar
amount of tyrosine. Fluorescence emission spectra are shown in panel B.
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imperative for elucidating design problems. Other techniques like size exclusion
chromatography and circular dichroism (CD) can be performed on MB-1 as it Is.
However, the signal of the lone tyrosine is so weak that a large amount of protein is
required. Using the MB-1-Trp mutant, these studies could be carried out using less
sample. At the same time, the smaller quantity of tryptophan would yield a better signal

to noise ratio.

5.1.2 Protein Engineering

As described in section 1.6.3, p. 30, MB-1 has a tyrosine (Y62) buried in its core.
Found in position "d’ of helix 11, the bulky side chain of the tyrosine residue is
accommodated by small, neighboring alanine residues (Beauregard er al., 1995). Figure
5.3 shows a top down view of this “knob in hole” design. The same approach will be
used for the tryptophan mutant by simply exchanging the tyrosine residue for a
tryptophan. Since a His tag will be used for future purification purposes, the trp mutation

will be introduced into MB-1-His as well as MB-1.

5.1.3 Genetic Engineering

In order to create the MB-1-Trp plasmid, the TAC corresponding to tyrosine in
MB-1 will be replaced by a TGG coding for tryptophan. The Promega in vitro
Mutagenesis Kit will be employed as described in section 4.2.2, p. 99. However, rather
than annealing the two cysteine oligos, only a tryptophan oligo will be annealed to the

mutagenesis vectors. The sequence for the mutagenic Trp oligo is shown in figure 5.4.
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Figure 5.3 “Knob in Hole” Design Approach. The large side chain of
tyrosine in the core of MB-1 is accommodated by small alanine residues.
Shown as the protruding arc from helix IIL, the tyrosine is located in
position ‘d’ of the heptad. Alanines in helices II (A35), III (A59, position
‘a’) and [V (A84) leave room for the bulky aromatic ring. MB-1-Trp will
be created by simply replacing the tyrosine with a tryptophan.



M A T T Y F K T M
wt:  5'- ATG GCC ACT ACG TAC TTC AAA ACG ATG -3'

M A T T W F K T M
W62: 5'- ATG GCC ACT ACG TGG TTC AAA ACG ATG -3'

Figure 5.4 The Mutant Oligo. Both the wild-type and mutant sequences are
depicted for the MB-1-Trp mutant. In order to create the mutant oligonucieotide
W62, the TAC coding for tyrosine (Y) was replaced by a TGG coding for
tryptophan (W). Since there are 12 wild-type nucleotides on either side of the
mutation. the oligo should anneal strongly to the template DNA and allow for
efficient incorporation of the mutation.
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5.1.4 Chapter Objectives

Objectives of this chapter were:

To introduce the tryptophan mutation into the gene

To produce and purify the mutant protein by optimizing the original protocol
To confirm the presence of the tryptophan

To determine whether or not tryptophan is buried

To compare the proteolytic stability of the mutant protein to that of MB-1

To ascsess the conformational stability of the mutant protein relative 1o MB-1

MATERIALS AND METHODS
§.2.1 Oligo-Directed Mutagenesis

Introduction of the mutation onto MB-1 and MB-|-His mutagenesis vectors was

performed using the same protocol as described in section 4.2.2, p. 99. The only

difference was that the single Trp oligo was used instead of the two Cys oligos.

5.2.2 DNA Sequencing

Clones resulting from the mutagenesis procedure had to be screened for the Trp

mutation. This was accomplished by dideoxy sequencing with the Sequenase Kit

described in section 4.2.3, p. 101. The samples were sequenced using the SP6

sequencing primer, and run on gel for 2.5 to 3 h. All other steps were performed as

described in section 4.2.3.



5.3 RESULTS

5.3.1 Mutagenesis Procedure

A total of four clones were sequenced, two from the MB-1 plate and two from the
MB-1-His plate. The results are shown in figure 5.5. Since the non-coding strand was
sequenced S’ to 3', the mutation is read as CCA. This corresponds to the TGG of the
coding strand (figure 5.4, p. 120), which codes for tryptophan. The CCA should replace
the GTA corresponding to the TAC codon for tyrosine. As shown in figure 5.5, three of

the four clones have incorporated the Trp mutation.

5.3.2 Mutant Status

Figure 5.5 shows that the tryptophan mutations have indeed been incorporated
into the plasmids. However, when the sequence of the entire mutant oligo was checked,
it was discovered that a G nucleotide in the 3' region of the non-coding strand was
missing in all three mutant clones. Comparison to MB-1 Clone | in figure 5.5 reveals
that the wild-type sequence should have been readable if it had been present.

54  DISCUSSION

5.4.1 Tryptophan: A Valuable Probe

Many research groups have introduced tryptophan or tryptophan analogs into
proteins in order to probe their structural dynamics and/or interactions with other
molecules (Handel et al., 1993; Hogue er al., 1992; Hogue ez al., 1996). This is most
beneficial when only one tryptophan is incorporated as the results can be attributed to a
specific region of the protein. A problem with signal interpretation arises when other

tryptophanyl proteins are present in the solution or when the protein itself contains more



MB-1Clonel: 5'-CATCGAAAAGAAGTACGTAGTGGCCAT -3'
MB-1Clone2: 5'-CATCGAAAAGAACCACGTAGTGCCAT-3'
HisClonel:  5'-CATCGAAAAGAACCACGTAGTGCCAT-3'
HisClone2:  5'-CATCGAAAAGAACCACGTAGTGCCAT-3'

Figure 5.5 Sequences of MB-1 and MB-1-His Clones The plasmid sequences in the
region of the tryptophan oligonucleotide are shown. The non-coding or minus strand that
corresponds to the coding strand in figure 5.4 was sequenced. All but MB-1 Clone |
show the tryptophan mutation. Wild-type and mutant codons are bold and underlined, as
the CCA coding for tryptophan in the mutant clones has replaced the GTA coding for
tyrosine in wild-type MB-1 Clone |. Reading further along the sequence, however, a G
is missing. From the mutation on. the sequence should read CCACGTAGTGGCC. but
instead it reads CCACGTAGTGCC.
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than one tryptophan (Engelhard and Evans, 1996). Hogue et a/. (1992) overcame this
type of difficulty by introducing a Trp analog, 5-hydroxytryptophan, into their protein of
interest. By replacing the Tyr 57 in oncomodulin with a SHTrp analog, they were able to
study the protein’s interactions with antibodies using the unique tluorescent properties of
the analog. Such a mutation is usually successful when the interior of the protein is
loosely packed and able to accommodate the bulky tryptophan indole ring. If the protein
is reasonably well-packed though, the introduction of such a large side chain would
perturb the packing and destabilize the protein. This was indeed the case when Handel er
al. (1993) attempted to replace a buried leucine in «, (a four-helix bundle) with a
tryptophan. Denaturation with GuHCI revealed that the presence of the L6W mutation
destabilized the protein by about 3.6 kcal / mol. These results suggest that the stability of
MB-I could be jeopardized by introducing the tryptophan mutation; however, the
potential benefits of introducing the mutation far outweigh the risk of destabilizing the

protein.

5.4.2 Re-Evaluation of the Mutagenesis Kit

The introduction of the tryptophan mutation into MB-1 and MB-1-His plasmids
was very efficient using the Promega Kit. In this case, only one mutagenic oligo was
used and three of the four clones that were sequenced housed the desired mutation.
These results suggest that the intramolecular disulfide mutants would be created quickly
and more efficiently if the cysteine mutations are introduced one at a time. The deletion
observed in the Trp mutants was probably not due to the kit. Rather, it was likely the
oligonucleotide that rendered the Trp clones of no use for protein production. An

apparent single base deletion at the 5' end of the oligo resulted in a frame shift in the
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MB-1 reading frame upon incorporation. The expression of such a gene would yield a
protein of different sequence if any is produced at all. Consequently, the mutations will

have to be introduced again using a new oligonucleotide.



CHAPTER 6 - GENERAL DISCUSSION AND SUGGESTIONS

6.1 GENERAL DISCUSSION

6.1.1 Why Modify Original MB-1

MB-1 is a de novo protein designed to contain a large percentage of the essential
amino acids methionine, threonine, lysine, and leucine (57%). These amino acids were
chosen since they are known to be limiting in high-producing ruminants like dairy cattle.
With its lack of antigenicity and ease of production, MB-1 offers a safe, efficient source
of these essential amino acids for the animal. Unlike most de novo proteins, MB-1 can
be expressed iz vivo to yield a folded protein with several features of native proteins.
This ability to fold into a native-like structure makes MB-1 a viable candidate for
expression in rumen microbes or transgenic plants. Whichever method of expression is
used, the protein will be subjected to proteolytic degradation, either intracellularly or
within the rumen environment. Although comparable to some natural plant proteins,
MB-1's resistance to rumen-like proteases is rather weak. [n order to make the de novo
protein more appealing to potential industrial partners, its rumen stability must first be
improved. If the protein can be made to pass through the rumen virtually unaltered in

sequence, then it would provide an efficient means of delivering the EAAS to the body.

6.1.2 MB-1-Cys Dimer: The First of the MB-1 Mutants

With this goal in mind, three mutants of MB-1 have been designed. The first,
MB-1-Cys Dimer, was created by linking two MB-1 units together with a disulfide bond.
By decreasing the amount of surface area exposed by each monomer, the close

apposition of MB-1 units rendered the dimer twice as resistant to rumen-like proteases.
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However, despite the fact that it is more stable than MB-1, the new mutant may not be
useful in terms of ruminant nutrition. The free sulfhydryl group of the cysteine residue is
capable of binding many of the cysteine-containing proteins and some of the metals (Zn,
Cu, Fe, etc.) required for normal bodily function. Whether found in the microorganisms,
plants, or ruminant animals themselves, the protein may reduce their availability to the
organism and induce biochemical stress. Addition of a signal sequence to the N-terminal
of the protein may minimize such problems by directing it to other cellular compartments
where the stress would be minimal. Such a sequence can be engineered to target the
protein either to the periplasmic space in a rumen microbe for disulfide formation and
secretion, or to the endoplasmic reticulum in a plant for synthesis, disulfide formation,

and secretion (Creighton et a/., 1995; Lodish et al., 1995).

6.1.3 The Intramolecular Disuilfide Mutant

The second MB-1 mutant was designed to contain an intramolecular disulfide.
However, problems were encountered during the mutagenesis procedure and only a few
of the desired mutations have been created. Rather than introducing the two cysteine
mutations one at a time, an attempt had been made to introduce them simultaneously.
Unfortunately, the low efficiency led to difficulties in screening for mutations. A list of
restriction site changes has thus been formulated to simplify the screening procedure in
future experiments. Both a “left-handed” and a “right-handed” mutant were designed in
order to elucidate the connectivity of MB-1. Only one will be capable of forming the
disulfide bond, thus the connectivity of the protein will be determined by a matter of
deduction. The mutant that forms the disulfide will then be evaluated in terms of

conformational and proteolytic stability. If the bond is located in the appropriate
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position, it should increase the thermal stability of the protein, rendering it folded at

rumen temperature and less susceptible to proteolytic degradation.

6.1.4 MB-1-Trp

MB-1-Trp was the third mutant designed in this thesis. The Promega
Mutagenesis Kit worked very efficiently for introducing the single tryptophan mutation
into MB-1 and MB-1-His plasmids. This suggests that creation of the intramolecular
disulfide mutants would be quicker and more efficient if the cysteine mutations are
introduced one at a time. As for the MB-1-Trp and MB-1-His Trp mutants, there was a
problem with the §' end of the oligonucleotide. A new Trp oligo has been received, and
mutagenesis is currently being performed. Introduction of the tryptophan into MB-1
should offer greater hydrophobicity to the core of the protein. If the core can
accommodate the bulky indole ring, then the thermal and proteolytic stability of the
protein may be enhanced. Whether or not the tryptophan enhances the rumen stability, it
will offer greater spectral properties to the protein, allowing it to be easily monitored
during production and exposed to a wider variety of experiments for structural

characterization.

6.2  SUGGESTIONS FOR FUTURE PROJECTS

6.2.1 Exposed Cysteine: A Possible Solution for X-Ray Analysis

As previously mentioned, the exact structure of MB-1 has not yet been elucidated.
The power of x-ray crystallography in elucidating structural information about a protein
is second to no other technique. For most de novo proteins like MB-1, however, it is

difficult to obtain protein crystals of suitable quality for x-ray diffraction analysis. A
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possible solution to this problem is to bind heavy metals like mercuric salts to the protein
prior to the experiment. These metals are known to ease phasing during structure
elucidation. Binding metals to the protein may also promote better crystal growth
(Wrede and Schneider, 1994: Friedman, 1973). MB-1, as it is, cannot bind heavy metals.
As shown in this thesis work, the new cysteine mutant, MB-1-Cys, can. With the wealth
of structural information that can be gathered from an x-ray analysis, it would be possible
to fully evaluate the design of MB-1 and determine what is causing it to have such a low
conformational and rumen stability. The 3D crys:allographic data could then be used in

modelling software to optimize the position of future mutations in MB-1.

6.2.2 Implications from These Studies

Despite the fact that the MB-1-Cys mutant may not be used for nutritional
purposes, the results for the MB-1-Cys Dimer suggest other modes of enhancing the
rumen stability of MB-1. By linking MB-1 units together in the same genetic reading
frame, and expressing it as a polymer, greater proteolytic resistance could be conferred to
the bundle protein. Another possibility would be to introduce the intermolecular and
intramolecular disulfide mutations at the same time. [n this way, the stabilizing force of
oligomerization (inter) would be added to that of enhanced conformational stability
(intra). That is, provided the intramolecular disulfide is in the appropriate location.

The packing and hydrophobicity of the bundle core should be optimized in future
to promote a more stable conformation at rumen temperature. Preliminary studies
suggest that a difference in consensus residues exists between left-handed and right-
handed bundles (Morrison, unpublished). Since a left-handed bundle (Rop) was used in

the original design of MB-1, the sequence of the bundle core may require substantial



modification in order to enhance the thermal stability of the protein. Two points that
certainly need to be addressed are the properties of borderline positions, ‘e’ and ‘g’, and
the placement of B-branched residues like valine, isoleucine, and threonine. The
preliminary results indicate that more hydrophobic residues should be placed in positions
‘e’ and °g’ rather than the abundance of polar and charged residues seen in MB-1 (T, Y,
K™, H™). At the same time, the accommodation of a few B-branched residues seems
favorable in positions “a’ and ‘d’. This suggests that some of the threonines could be
moved from borderline to core positions. These were only initial studies, however.
Further research and statistical evaluation must be carried out before making any
significant changes to the protein core. Perhaps the new MB-1-Cys and MB-1-Trp
mutants will someday provide sufficient structural information to aid in this aspect of

MB-1 design.
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Appendix A: Typical Scan Using the LKB2222-020 UltroScan LX Laser Densitometer.
The densitometer measures the absorbancy through the gel, showing peaks like this where a
silver-stained band appears. Band intensity decreases as the protein is degraded. This is
reflected by the size of the peak and thus the area under the curve. Using the area under the
curve values, the amount of protein remaining at each given time interval was determined.
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Appendix B: Restriction Site Changes Introduced by Given Mutations. The following
table lists the number of restriction sites and sizes of fragments generated for wild-type

and mutant MB-1 plasmids. MB-1-His plasmids show the same number of sites as listed
for MB-1, but the His tag renders some of the fragments 18 bp larger. These are indicated

by the = * .

a fragment of *5991 bp

N-terminal (C10) | ApaLl | 4 recognition sites giving | 5 recognition sites giving
fragments: 497, 498, fragments: 497, 498, 789,
1242, *3754 bp 1242, *2965 bp
C-terminal {C91) | Psi | recognition site giving | 0 recognition sites thus
a fragment of *5991 bp | only circular plasmid
N-terminal (C13) | BspMI | 1 recognition site giving | 2 recognition sites giving
a fragment of *5991 bp | fragments: *1730, 4261 bp
C-terminal (C87) | BspMI | 1 recognition site giving | 2 recognition sites giving

fragments: *1508, 4483 bp
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Appendix C: Typical Chromatograms From Amylose and DEAE Sepharose Columns.
The top panel shows a chromatogram obtained during affinity chromatography. After loading
the sample onto the column, the bacterial proteins are washed through (large peak). Upon
addition of maltose buffer, the fusion protein is eluted, showing a small, but distinct peak.
Cleavage of the fusion protein results in separation of MB-1 from the tryptophan-containing
maltose binding protein (MBP). When loaded onto the DEAE column, MBP is retained while
MB-1 passes through. The tyrosine signal of MB-1 is so weak that it is not even detected. No
peak is observed on the chromatogram, thus samples must be checked for protein using a
colorimetric assay and/or SDS-PAGE.

From Amylose Column
MB-1-MBP

Bactenial Proteins [\ /

T —
——
—_——
RS

Load Wash Elute Collect

From DEAE Column

Collect 4 mL Fractions Immediately (36 tubes)
Load
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