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Abstract
Replacing two conserved amino acids, (Asn-52 to Val and Tyr-67 to
Phe), in the yeast iso-1-cytochrome c gene has little effect on the function
of the protein.
Francis A. McOdimba, 1994.

Tyr-67 and Asn-52 are among the conserved residues in the amino acid
sequence of eukaryotic cytochromes c. These residues, together with Thr-78
are hydrogen bonded to a buried water molecule, (Wat-166), which is also a
conserved structural feature in all naturally occuring eukaryotic cytochromes

¢ whose three dimensional structures have been determined.

Previous studies have suggested that during oxidation-reduction states Wat-
166 plays a role in shifting both the side chains and the main chain at the
bottom of the protein molecule. Replacement of Tyr-67 in rat cytochrome ¢
with Phe and Asn-52 with Ile in yeast cytochrome ¢ have been shown to
result in more thermally stable proteins than the wild type. The Asn-52 to Ile
mutation also resuits in exclusion of Wat-166 with a substantial re-organiz-
ation of hydrogen bonding in that region. Other replacement at position 52

using Ala for Asn result in a functional protein.

The objective of this project was to replace the two conserved amino acids
around the heme environment in the yeast iso-1-cytochrome ¢ with a view of
destabilizing Wat-166. The two amino acids (Tyr-67 and Asn-52) were
replaced with Phe and Val on the wild type iso-1-cytochrome ¢ gene in a
multi-copy pING4 expression plasmid vector which already had a Cys-102 to
Thr mutation. Yeast cells carrying the triple mutant cytochrome ¢ gene were



-

propagated on media with glycerol as the source of carbon. These mutant
cells had similar growth paterns as those carrying the wild type gene in the
absence of glucose, suggesting that the extra mutations did not have any

effect on the expression of a functional cytochrome c in yeast.

Cytochromes ¢ were extracted and purified from yeast cells carrying the
mutant and wild type genes. The total protein yields were comparable in both
cases. The spectrum of the oxidized form of the purified mutant protein
showed a shift in the 695nm peak to 705nm, indicating that the intergrity of

the methionine sulfur bonding with the heme.

Kinetic assays using polarographic method with purified beef heart
cytochrome oxidase showed similarities between the wild type and mutant
proteins in the characteristic two activity sites on the oxidase with similar
Vinax1 € Vmaxz and K, around the micro molar range and Km, around the
nano molar range for both proteins, suggesting that the mutations did not

affect the conformational structure of the cytochrome c molecule.

iv
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CHAPTER ONE
INTRODUCTION

1. Cytochromes

Cytochromes are a group of proteins present in both prokaryotes and
mitochondria of eukaryotes. They are involved in the transfer of electrons in
oxidation-reducticn reactions during respiration or photosynthesis. They
have a prosthetic heme group which is a porphyrin derivative complexed
with an iron atom that alternates between the reduced ferrous state (Fe2+),
with no unpaired electrons and no charge, and the oxidized ferric state (Fe3+)
in which the iron has a single unpaired electron and a charge of +1, (Dicker-
son & Timkovich, 1975),.

In yeast, cytochrome c transfers elechons from cytochrome bcl to
cytochrome oxidase as well as to a few other proteins. It is this transfer of
electrons to the oxidase which subsequently transfers them to oxygen that
allows yeast cells to grow on non fermentrlLle substrates like glycerol,

thereby allowing oxidative phosphorylation to occur.

1.1. Cytochrome b

Cytochrome b is a protoheme protein that is found in a membrane-bound
form in the mitochondria where it can be extracted and solubilized with
detergents such as cholate or deoxycholate. The protein forms a complex
with cytochrome ¢ (Complex III), which receives electrons from Complex
I1 and transfers them to cytochrcine ¢. Reduced cytochrome b has an
absorption spectra that shows an o-peak between 555-567nm, a B8-peak at
526-546 and an a-peak between 408-449, (Dickerson & Timkovich, 1975).



1.2. Cytochrome oxidase
Cytochrome oxidase is a multi-sub-unit terminal protein of the respiratory
chain that catalyzes the transfer of electrons to oxygen to form water, in a
process that results in the synthesis of adenosine triphosphate (ATP):

4H+ + 4e- + Oy 52H,0
The enzyme couples this reaction to the translocation of protons across the
membiane barrier (Wilkstrom, et al, 1981). Cytochrome oxidase is found as
part of the plasma membrane in prokaryotes while in eukaryotes it is
localized to the inner mitochondrial membrane. Some of the sub-units of the
eukaryotic enzyme are encoded on the mitochondrial DNA while others are
encoded in the nucleus (Capaldi, 1990). The enzyme contains two non-
covalently attached heme groups and two protein bound copper ions (named
Cu, and Cug) per minimum catalytic unit. The protein from bovine heart
also contains one zinc and one magnessium atom per monomer, (reviewed in
Komblatt, et al, 1990) as well as one additional Cu per dimer. Reduced
cytochrome oxidase (a, a3) has an a-peak at 605nm, a B-peak at 517nm and
a Soret peak at 445nm, (Dickerson & Timkovich, 1975).

1.3. Cytochrome c

Cytochrome c is a small soluble cytosolic protein whose relative molecular
mass is about 12,400 daltons. The protein is encoded for by a nuclear gene
(Sherman, et al, 1966), and is synthesized on the cytoplasmic ribosomes
(Clark-Walker & Linnane, 1967), in an apo-form which is then translocated
to the inner mitochondrial membrane where the enzyme cytochrome c¢
sythetase covalently attaches it with heme to form a holo-cytochrome c, that

is finally trimethylated at Lys-77, (Delange, et al, 1970; Sherman & Stewart,



1971; Hennig, et al, 1983). Synthesis of cytochrome ¢ is repressed by the
presence of glucose in a mechanism that involves control of the amount of
messenger RNA (Zitomer & Hall, 1976; Zitomer & Nichols, 1978).

Cytochrome c is a water soluble protein, thus making it possible to purify
and crystalize. The protein from mammalian heart consists of a single
polypeptide chain of 108 (104 from yeast) amino acid residues that are
covalently attached to a heme group. It appears spherical in shape with a
diameter approximately 34 Angstroms, (Dickerson & Timkovich, 1975). Its
heme group is surrounded by tightly packed hydrophobic side chains while
the iron atom is bonded to a sulfur atom of Methionine-80 and a nitrogen

atom of a Histidine-18.

The protein has a relatively high affinity for electrons. In the oxidized state
the protein has an o and B absorption peaks at 540nm and a Soret band at
409mn. In addition, there is a small peak at 695nm associated with the
bonding between the sulfur of Met-80 and the heme, (Shechter & Saludin,
1967). In the reduced form it has an o-peak at 550nm, a 8-peak at 521 and

the Soret peak at 415nm, (Dickerson & Timkovich, 1975).

High-resolution three-dimensional crystal structures of cytochrome ¢ from a
number of species such as rice (Ochi, er al, 1983); tuna (Takano & Dickers-
on, 1981ab); horse (Bushnell, et al, 1990); yeast iso-2-cytochrome c,
(Leung, et al, 1989), and yeast iso-1-cytochrome ¢, (Louie et al, 1988a;
Louie & Brayer, 1990) have been determined and found to be highly

homologous with each other. X-ray diffraction, nuclear magnetic resonance



(NMR), (Gao, et al, 1991) as well as spectrophotometry have shown that
tyrosine ionization curves of the reduced and oxidized protein are different,

(Dickerson et al, 1971; Dickerson et al, 1975).

1.4. Interaction of cytochrome ¢ with its redox partners

Cytochrome c interacts with ubiquinol-cytochrome reductase bcj, (complex
II), cytochrome ¢ peroxidase and cytochrome oxidase, through a ring of
positively charged amino acids including lysines, arginines and a trymethyl-
lysine. This is due to the fact that these redox partners are negatively
charged on their sites, (Margoliash and Bosshard, 1983) while cytochrome ¢

is positively charged at the surface.

1.4.1. Interaction of cytochrome ¢ with cytochrome oxidase

Cytochrome c in either reduced or oxidized state binds with cytochrome
oxidase, (Dickerson, et al, 1971; Kornblatt and Laberge, 1988). This binding
allows the enzyme to accept one electron from cytochrome c¢ while it
delivers four to oxygen. In the process, cytochrome c acts both as an electron

donor and a conformational effector for the enzyme, (Kornblatt, et al, 1990).

Conformational changes in cytochrome oxidase are thought to make the
enzyme function as a proton pump. As the enzyme catalyzes the oxidation of
ferro-cytochrome ¢ to ferri-cytochrome ¢, and the reduction of oxygen to
water, it generates a proton electrochemical potential across the inner
mitochondrial membrane which is subsequently used to drive the synthesis
of ATP, (Wikstrom, et al, 1981). It has been suggested that electron transfer

from cytochrome c¢ to the oxidase takes place either across the edges or



directly across the parallel planes of the two proteins, (Wikstrom, et al,
1981, Komblatt, et al, 1990).

In the presence of cytochrome ¢ turnover of the enzyme may result in the
formation of a conformer of the enzyme known as the pulsed form while
when cytochrome c is absent an "oxygenated" form of the enzyme is formed.
In an anaerobic condition electron transfer to the enzyme results in the

formation of a reduced form of the enzyme (Kornblatt & Luu, 1986).

1.4.2. Interaction of cytochrome ¢ with cytochrome bcj

Studies using singly modified 4-carboxy-2,6-dinitrophenyl-lysine (CDNP-L)
to define the interaction domain on cytochrome ¢ for mitochondrial complex
III showed that the sites of interaction for complex IIf and the oxidase are
nearly identical, (Speck, et al, 1979). In another study that was set to
determine if cytochrome cj is the binding subunit of the complex III,
Bosshard, et al, (1979), suggested that the same surface area of cytochrome

c is in direct contact with the bcj complex and with cj.

1.5. Yeast cytochrome ¢

The yeast system has been used in many mutagenesis experiments that have
attempted to determine the roles played by the invariant amino acids of
cytochrome c. Wild type as well as many mutants of yeast cytochrome ¢
have been isolated and functionally characterized (Hampsey, et al, 1986).
Two isozymes of cytochrome ¢ occur in baker's yeast (Saccharomyces
cerevisiae) of which iso-1-cytochrome c is the more common one

accounting for 95% of the total complement of cytochrome ¢ in the yeast



cells while iso-2-cytochrome ¢ accounts for the remaining 5%, (Smith, et al,
1979).

The genes coding each of the two isotypes of cytochrome ¢ have been
isolated and the complete DNA sequence determined and found to be
completely corresponding to the previously determined amino acid
sequence, (Lederer, et al, 1972; Smith, et al, 1979; Montgomery et al, 1980,
Moore and Petigrew, 1990). The coding region of the gene contains no

intervenning (nontranslatable) sequences, (Smith, et al, 1979).

1.5.1. Amino acids that form the heme environment in cytochrome c
Molecule:

There are a number of amino acids that form the immediate heme environ-
ment. These include the invariant Leu-32 located in the lining of the heme
crevice and flanking the heme moiety, Tyr-48 located at the floor of the
heme crevice and an invariant Trp-59 located near the floor of the heme
crevice. Trp-59 functions to stabilize the heme by forming a hydrogen bond
with the heme propionate 7 and Leu-68. Leu-68 forms the right side
hydrophobic heme pocket along with other residues that determine the

hydrophobicity of the heme environment such as the conserved Tyr-67, Asp-
52 and Thr-78, (Hampsey, et al, 1986).

1.5.2. Amino acids that are involved in protein folding
There are residues that are involved in the proper folding of the protein,
including an invariant Gly-6 and a conserved Gly-29 located in a tightly

packed tertiary structure where bulky side chains can not be accommodated.

6



Any replacement of these amino acids could result in loss of function due to
the disruption of the backbone structure of the protein. There are a number
of other residues including Pro-30, Tyr-67, Asn-70, Pro-71, Lys-79, Leu-94
and Leu-98 which are also involved in directing the local folding of the
protein backbone into proper conformation, (Hampsey, et al, 1986; Koul et
al, 1979; ten Kortenaar et al, 1985; Wallace, et al, 1989).

Iso-1-cytochrome ¢ from yeast has five tyrosines, (Tyr-46, Tyr-48, Tyr-67,
Tyr-74 and Tyr-97); seven asparagines, (Asn-31, Asn-52, Asn-56, Asn-62,
Asn-63, Asn-70 and Asn-92); 4 phenylalanines (Phe-4, Phe-16, Phe-42 and
Phe-88) and three valines (Val-20, Val-29 and Val-57) in its amino acid
sequence, (amino acid sequences according to the yeast cytochrome c¢

nomenclature).

1.5.3. The role of Tyr-67 in cytochrome ¢ molecule:

Tyr-67 is one of the conserved amino acids in eukaryotes and appears to be
important in the function of cytochromes-c. The role of this residue to the
function of cytochrome c has been studied using several techiques including
chemical modification (McGowan & Stellwagen, 1970); semi-synthesis
method (Koul, et al, 1979; ten Kotenaar, et al, 1985; Wallace, et al, 1989;
Frauenhoff & Scott, 1992); and more recently, by site-directed mutagenesis

(Luntz, et al, 1989; Schejter, et al, 1992 and Berghuis, et al, 1994a).



Studies have shown that mutating this amino acid would remove the
hydroxyl group from the residue, thereby making the heme environment
more hydrophobic, (Koul, et al, 1979; ten Kortenaar, et al, 1985; Wallace, =t
al, 1989 ). This mutation is therefore expected to cause a major structural
effect on Wat-166 located adjacent to the Tyr-67 position as well as the

proper folding of the protein due to such mutations.

In two studies where Tyr-67 of rat cytochrome ¢ was replaced with Phe it
was found that the mutant protein was more stable than the wild type,
(Luntz, et al, 1989; Wallace, et al, 1989); the original presumption was that
stability arose due to the increase in hydrophobicity in the region. A high
resolution three dimensional crystal structure of a mutant yeast iso-I1-
cytochrome ¢ in which this residue was replaced with Phe has also been
determined (Berghuis, et al, 1994a). However, in their study, Berghuis, et al,
(1994a), observed that in the reduced form of the protein, this mutation
resulted in the Wat-166 being retained around the cavity and only slightly
displaced to 1 Angstrom away from its original site. They also observed that
this slight displacement created a cavity which was previously occupied by
Wat-166 but was subsequently filled by another water molecule, (Wat-300),

from nearby, suggesting that the region became more hydrophilic instead.

1.5.4. The role of Asn-52

Previous studies in yeast iso-1-cytochrome ¢ have shown that replacement
mutations of Asp-52 with Ile resulted in exclusion of Wat-166 with a
substantial reorganization of hydrogen bonding, (Hickey, et al, 1991;
Berghuis, et al, 1994b). Other studies have also shown that this mutation



results in a more thermostable protein than the wild type, (Das, et al, 1989).
However, Das, et al, (1989) also found that other replacements at this posi-
tion using and Gly, which has the smallest side chains, resulted in less
functional proteins. There is only one organism, Monochrysis lutheri, in
which Asn at position 52 is replaced with Val, (Laycock, 1972). So far there
are no literature reports on the replacement of Asn at position 52 with Val

and therefore little is known about the effect of this mutation.

1.6. The water molecules in cytochrome ¢

In the oxidized form of cytochrome c there are a total of 49 water molecules,
27 of which are located at the outer surface and 22 at the inner surface of the
molecule according to the assignment by the crystallographers, while in the
reduced form there are 53 water molecules (Takano & Dickerson, 1981). Of
these water molecules, 3 are buried inside the protein, one between Asn-52,
Tyr-67 and Thr-78 to the lower left of the heme; a second inside the 20s loop
and a third one below the buried heme propionate. The one that is buried
between Tyr-67, Asp-52 and Thr-78, (Wat-166), is also hydrogen bonded to
these amino acids, (Takano & Dickerson, 1981). This water molecule is a
conserved structural feature in all eukaryotic cytochromes ¢ whose three

dimensional structures have been determined (Bushnell, et al, 1990).

In their studies, Takano & Dickerson, (1981), suggested that during the
oxidation-reduction states of the heme this water molecule plays a role in
shifting of both side chains and the main chain at the bottom of the protein
molecule. This chain differential orientation helps to stabilize the molecule

by positioning and orienting the dipole moment of water 166. It has also
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been proposed that this water molecule sets the value of the midpoint reduc-
tion potential through a hydrogen bond interaction with the sulfur atom of
Met-80 ligand, (Takano & Dickerson, 1981; Berghuis & Brayer, 1992).
These studies have also indicated that upon oxidation of cytochrome c¢ this
Wat-166 shows a large displacement towards the positively charged heme
iron atom (Takano & Dickerson, 1981; Berghuis & Brayer, 1992 ).

1.7. The Asn-52Val/Tyr-67Phe/Cys-102Thr mutant

The mutations that were carried out in this study aimed at displacing Wat-
166 with a possibility of filling the cavity at its position by introducing
amino acids with bulky and hydrophobic side chains. Site-directed
oligonucleotide mutagenesis was used to induce mutations on the plasmid
pING4; a multicopy expression vector that replicates in both E. coli and

yeast cells, (Inglis, et al, 1991).

The plasmid DNA from E. coli cells that were transformed with mutage-
nesis products was digested with EcoRI restriction enzyme to screen for
possible introduction of an extra enzyme cut site and the mutations were
confirmed by nucleotide sequencing. Mutant plasmid DNA was used to
transform GM3-C2 strain of yeast cells. The transformed yeast cells carrying
mutants as well as the wild type cytochrome ¢ genes were grown on media

that had glycerol as the source of energy.

The growth of yeast cells carrying the plasmid with mutant cytochrome ¢
was monitored on media with glycerol and compared with the cells carrying

the wild type gene on the same plasmid and found to have similar rates. Both
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wild type and mutant cytochromes ¢ were extracted and purified from yeast
cells. The total yields of cytochromes ¢ from yeast cells with wild type and

mutant genes were found to be comparable.

Kinetic studies using polarographic assays performed in a Clarke oxygen
electrode with purified beef heart cytochrome oxidase, in the presence of
Tris acetate buffer, N,N,N',N'-Tetramethyl-p-phenylene-diamine

dihydrochloride, (TMPD) and ascorbate, showed the characteristic two
activity sites on the oxidase with similar Vmaxs and Kms for both the wild

type and mutant cytochromes c.
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CHAPTER TWOQ
MATERIALS

2.1. The pING4 expression vector

The pING4 is a 10.24 kbp plasmid vector derived from piasmid pYEP213,
(Pielak et al, 1985). It contains the coding region and the upstream activation
sequences of yeast iso-1-cytochrome ¢, (Inglis, et al, 1991) and thus confers
to the yeast cells the ability to utilize glycerol as the sole source of carbon to
support growth due to a functional cytochrome ¢ gene. The plasmid also has
the fl as well as the c.igin of replication (ori) in both yeast and E. coli and
ampicillin resistance gene. It has two Hindlll, two Pstl, four Avall, two
Pvull, two Mlul and three EcoRI restriction endonuclease sites. Has a
mutation on Cys-102 to Thr which has no structural or functional effect on
the protein but prevents it from dimerizing during purification (Cutler, et al,
1987). The plasmid can be converted to single stranded DNA, (Baldari and
Cesareni, 1985).

2.2. Oligonucleotides primers

The oligonucleotides primers used for in vitro mutagenesis were compli-
mentary to the coding strand of pING4 DNA. The oligonucleotide for Y67F
position included one EcoRlI restriction endonuclease site between position
68 and 69. The restriction site was used to screen for mutant DNA

derivatives on agarose gel.
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EcoRI
i)  5-AGT-CAA-GaA (67){TC TGA-CAT-3'....Tyr-67 to Phe.

ii)  5-CTT-GAT-tAc(32)-GGC-ATC-3........... Asn-52 to Val.

The oligonucleotides were synthesized at the Sheldon Biotechnology
Centre, McGili University.

2.3. E. coli cells
2.3.1. CJ236 strain

- Has sex pili construction, therefore making it possible to be infected
with helper phage.

- Genotype dut~, ung-, thi-, relA-, pCJ105(Cm), therefore has a
deficiency in deoxyuridine triphosphate (dut”) and uracil N-glycosyl-
ase (ung-). The dut- phenotype allows dUTP to accumulate inside the
cell, leading to a higher concentration in these cells than in the normal
E. coli, thus increasing the probability of uracil incorporation instead
of dTTP. The ung- makes the cells unable to remove uridylate once
incorporated and uracil containing single stranded DNA can then be

used in site directed mutagenesis, (Kunkel et al, 1987).
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2.3.2. MC1066 strain
- Genotype pyrF74::Tn5 (km!), leuB6, trpC9830, leu, hsdR-, (lacIP-
OZYA), X74, galU, galK, strAT)
- Has the ability to degrade uracil-containing DNA thus selects for
only double stranded DNA without uracil and was used for transform-

ation with mutagenesis product.

2.3.3. DH50. 2671 strain
- Genotype F/endA 1 hsdR17(rg-mK4) supE44thi-1 recAl gyrA (Na-
IY) relAl A (lacZYA-argFA )U169d A 80dlac A (lacZ)M15) (Hana-
han, 1983), was used for propagating DNA for sequencing, since the
DNA from MCI1066 persistently contained residual chromosomal
DNA. that interferred with sequencing reactions, and transformation of

yeast cells.

2.4. The yeast cells, GM3-C2 strain

- Phenotype [trpl-1 leu2-2, leu2-112 his4-519 cycl-1 cyp3-1 (cyc7-)
gal)).

- Carries deletion mutations that eliminate the gene for iso-1-
cytochrome ¢ and iso-2-cytochrome c from its chromosome, (Faye, et
al, 1981).

- Has the ability to grow on synthetic-dextrose media without leucine
and was used in the expression of both wild type and mutant iso-1-
cytochromes ¢ and for the functional characterization of the

phenotypes of mutant genes.
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CHAPTER THREE
METHODS

3.1. Preparation of competent E. coli cells
3 ml of liquid LB or 2x YT media was inoculated with one colony of each of
the three strains and incubated at 37°C overnight with vigorous agitation. 2 x
250 ml of media pre-warmed to 37°C was inoculated with 500 ul of the
overnight grown cells and incubated at 37°C while agitating until the optical
density reached 0.4, (approximately 3.5 hours or about 5 x 107 cells/mi).
The cells were chillec on ice and then centrifuged at 6,000 RPM in an IEC
centrifuge. All subsequent stages were performed at 4°C. The supernatant
was gently decanted and the pellet resuspend in 10 ml sterile 0.1 M CaCl,,
(Hanahan, 1983), using sterile 10 ml pipette to loosen the cells. The cells
were transfered into 50 ml sterile centrifuge tubes and topped to two-thirds
of the tubes with 0.1 M CaCl,, mixed and incubated on ice for 30 minutes.
The cells were then centifuged for 5 minutes at 4°C at 6,000 RPM and the
pellets gently resuspend in Sml of 0.1 M CaCly with 15% glycerol (made
from sterile 1 M solution of CaCly and 60% sterile glycerol solution). The
cells were then transfered into 10 ml sterile tubes and gently mixed until the
solution became homogenous. The suspensions were incubated on ice for 30
minutes and then aliquoted into 200 pl in sterile 1.5 ml pre-chilled eppendorf
tubes on ice, labelled and immediately transformed with DNA or stored at
-70°C.

3.2, Preparation of competent GM-C2 yeast cells
Ovemight cultures of yeast cells from previously stored stock were grown in

1.5 ml media with glucose (YPD) without ampicillin at 30°C with agitation
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overnight. 20 pl of the cell cultures were used to inoculate 100 ml YPD
media in 2x 250 ml flasks and incubated overnight at 30°C with agitation.
The cells were centrifuged at 5,000x g for five minutes at 4°C and the pellets
resuspended in 10 ml of sterile 0.1 M lithium chloride in 1X TE buffer, (Ito,
et al, 1983) and centrifuged again as above. The pellets were resuspended
again in 1.2 ml of lithium chloride in TE buffer and incubated at 30°C for 30
minutes with agitation. The cells were aliquotted into 300 pl in sterile
eppendorf tubes and 100 ul of 60% glycerol (15 % final concentration) was

added. The cells were transformed immediately or stored at -70°C.

3.3. Preparation of single stranded (ss) DNA Templates

Single stranded DNA templates of pING4 plasmid were prepared in CJ236
E.coli cells using M13K07 helper phage, (an 8.7 kbp phage DNA with
kanamycin resistance selectable marker), (Viera and Messing, 1987),
following the Muta-Gene® Phagemid in vitro Mutagenesis Instruction

Manual.

3.3.1. Preparation of phage plasmid DNA

Two sterile test tubes each containing 2 ml of 2x YT liquid media with 100
pg/ml Ampicillin were inoculated with E. coli CJ236 cells carrying pING4
plasmid. The cultures were incubated at 37°C overnight in a gyrating water
bath. Two 250 ml flasks each containing 50 ml of 2x YT media were each
inoculated with 1 ml of the bacterial cultures grown overnight. The cultures
were incubated at 37°C for 3 hours while shaking until the optical density of
the cell suspension reached 0.4. 50 pl of M13K07 (Muta Gene) or its
derivative R408 helper phage (Strata Gene), corresponding to multiplicity of
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infection of about 20 (20 phage particles per cell) were added to each flask
and the cultures allowed to grow at 370C for a further 1 hour to allow the
helper phage to infect the cells. 50 pg/ml kanamycin (from a stock of 70
mg/ml) was then added to the cultures which were again allowed to grow for
4 to S hours. The cell cultures were then centrifuged at 17,000 g (12,250 R-
PM) on Beckman J2 SH centrifuge with a J20 rotor for 15 minutes at 4°C.
The supernatants were re-centrifuged for 15 minutes as above to remove all
cell suspension before adding RNAse (5 pg/ml) and allowing to digest for 30
minutes at room temperature. The DNA was precipitated with a final
concentration of 3.5 M ammonium acetate in 20% polyethylene glycol (PEG
4000) and centrifuged at 17,000 x g for 15 minutes. The resulting pellet was
dissolved in 200 pl of high salt concentration buffer containing 0.3 M NaCl,
0.1 M Tris pH8.0 and 1mM EDTA pH8.0. The suspension was transferred

into 1.5 ml microfuge tubes and centrifuged for 5 minutes.

3.3.2. Extraction of ssDNA from viral proteins

The DNA above was immediately extracted from the phage particles with
phenol; phenol-chloroform-isoamy!l alcohol (50:49:1); chloroform-isoamyl
alcohol (49:1) and finally with chloroform alone until there was no debris at
the interface. The DNA was then precipitated at -70°C for 1 hour by adding
one-tenth of the total volume of 10 M ammonium acetate and 2.5x vol/vol of
cold absolute ethanol. The DNA was then centrifuged on a microfuge for 15
minutes at 4°C and washed once with 70% ethanol. The pellet was dried in a
Speed Vac centrifuge (Sarvant) and then dissolved in 50 pl of 1x TE buffer.
The concentration of single stranded DNA was estimated from the absorba-

nce on the spectrophotometer at 260 nm using the formula: conc = (120 x
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mula: conc = (120 x Abg0) x dilution factor/number of bases, (in picomo-
les per pl) and was found to be 0.63 pmol/jl for pING4. 5 ul of the DNA
sample were electrophoresed on agarose gel and found to migrate faster than
the undigested pING4 plasmid or the phagemid DNA, although the bands
were fairly faint. The DNA was either used immediately or stored at -20°C

until required for mutagenesis .

3.4. Phosphorylation of the oligonucleotides

The oligonucleotides were phosphorylated in order to improve the frequency
of mutagenesis, since they were synthesized without the 5'- phosphate group
necessary for mutagenesis. This is necessary for ligation of the DNA during
mutagenesis. The oligonucleotides were contained in ammonium hydroxide
solution. Each sample was aliquoted into 100ul and the ammonium
hydroxide removed with 1-butanol and centrifugation on a microfuge for 5
minutes. The DNA was then vacuum dried on Speed Vac and each aliquot
resuspended in 50 pl 10 mM Tris and 1 mM EDTA buffer. The concentra-
tions of the oligonucleotide preparations were determined by measuring

absorbance at 260nm on a Cary 2290 spectrophotometer and calculated by

the formula:

(W x 38 x 104/N x 33, ul to give 10 picomoles per pl. [W = no of
O.D. units, N = Length of the oligo] (1 O.D. unit = 38 ug of DNA)]
The concentration of Y67F oligo was found to be 364 pmoles/ul; N52V was
316 pmoles/ul. Before use the oligonucleotides were phosphorylated accord-
ing to the method described in the Muta-Gene Phagemid in vitro mutagene-

sis instruction manual. 1 pl (4.5 umis) of polynucleotide kinase (PNK), 1 pl
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of 10 mM neutralized ATP, 3 pl of 1 M Tris pH 8.0, 1.5 ul of 10 mM MgCly
and 1.5 pl of 5 mM dithiothreitol were added to 1ul of each of the oligonu-
cleotide (equivalent to 364 pmoles of Tyr-67 to Phe; 316 pmoles of Asn-52

to Val and 488 pmoles of Asn-52 to Ile). The mixtures were incubated at
37°C for one hour and then at 650C for 10 minutes to stop the reaction. The
oligonucleotides were diluted to 6 pmoles/ul with 1x TE buffer and either
used immediately or stored at -200C for use in mutagenesis. The rest of the

oligonucleotides were stored at -20°C unphosphorylated.

3.5. In vitro mutagenesis

Site-directed mutagenesis was performed according to the previously
described method, (Zoller and Smith, 1987; Botstein and Shortle, 1985;
Kunkel, er al, 1989), following the outline in the Bio-Rad's Muta-Gene
Phagemid in vitro Mutagenesis instruction Manual (cat. number 170-3576)
and using the pING4 expression vector, (Pielak et al, 1985; Inglis, et al,
1991).

3.5.1. Annealing of oligonucleotide primers to the

template

In microfuge tubes 0.3 pmoles of single stranded DNA template prepared
above in 1pl 1x TE buffer was added to 6 pmoles of both Tyr-67 to Phe and
Asn-52 to Val phosphorylated oligonucleotide primers each in 1yl of 1x TE
buffer. To the template and primer mixtures were added 1 pl 10x annealing
buffer and then made upto 10 pl with distilled water. Control reactions were
set up in a similar manner but without the priming oligonucleotides. The

microfuge tubes with the reaction mixtures were then placed in a 70°C water

19




bath which was then allowed to cool to 30°C over a period of 49 to 60

minutes at room temperature. The samples were then put on ice-water bath
for 5 minutes. While the microtubes were still on ice-water bath, 1 pl of 10x
synthesis buffer, 1 pl (3 units) of T4 DNA ligase and 1 pl of T4 DNA
polymerase enzyme containing 1 unit, (0.5 pl diluted to 2.5 with enzyme
dilution buffer), were added to each reaction mixtures. The reaction mixtures
were incubated on ice for 5 minutes then at 25°C for another 5 minutes and
finally at 37°C for 4 hours to allow the extension of the primers and syn-
thesis of the double stranded DNA. The synthesized products were either
used immediately for transfoming E. coli MC1066 cells or stored at

-20°C until required for transformation.

3.6. Transformatiom of MC1066 E. coli cells with synthesized DNA

Competent E. coli MC1066 cells were transformed with plasmids according
to the method described by Hanahan (1983) with some modifications. 10yl
of mutagenesis reaction products from the above step were mixed with 45l
of SmM MgCly/5mM Tris pH 8 and 90ul of the competent cells. Controls
with 1) double stranded DNA; 2) single stranded DNA without primers and
3) cells without transforming DNA were also prepared. The cell suspensions
were gently mixed with pipette tips and chilled on ice for one hour. The cells
were then treated at 37°C for S minutes to allow them to take in the foreign
DNA. The cells were again chilled on ice for 5 minutes after which 500 pl of
liquid LB media without antibiotics was added to each tube and incubated at

37°C to outgrow for 1 hour.
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40 pl of each cell suspension was spread onto plates with LB-agar media
with 100 pg/ml ampicillin. The remaining cells with DNA were also spread
onto other plates with ampicillin. Half of the control cells without
transforming DNA were spread on plates with media without ampicillin and
the other half media with ampicillin. The culture plates were incubated at
37°C overnight. Transformed colonies from plates with cells carrying
synthesized DNA were picked, re-plated on fresh LB agar media with
ampicillin and incubated at 37°C overnight. The cells without the plasmid
DNA as well as those transformed with ssDNA template without primers did

not grow on media with ampicillin.

3.7. Restriction endonuclease screening of possible mutants

Mini prep DNA from transformed colonies was obtained by the alkaline
lysis and phenol-chloroform extraction method, (Sambrook et al 1989). 2x
2ml cultures of transformed cells were grown overnight at 37°C. The cells
were centrifuged in a microfuge for five minutes and 100 pl of solution I
added. The cell pellets were vortexed for one minute to break up the cells
before adding solutions II and III. The suspensions were centrifuged for five
minutes and the supernatants collected in fresh microfuge tubes. The DNA
was then precipitated by adding 1/10th v/v solution III and cold absolute
ethanol. The suspensions were then centrifuged for 15 minutes in a
microfuge at 4°C. The resulting DNA precipitate was then dissolved in 100
ul of 1x TE buffer. 100 ul of 10 ug/ul DNAse free RNAse was added and
incubated at 37°C for 30 minutes. The DNA was subsequently extracted
once with 1:1 phenol-chloroform and then chloroform, precipitated with 3 M

potassium acetate and absolute ethanol and then centrifuged for 15 minutes
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at 4°C. The resulting DNA precipitate was washed with cold 70% ethanol,
dried in a Speed Vac and reconstituted in 20 pl 1x TE buffer. The DNA
preparations were digested with EcoRl restriction enzyme and
eletrophoressed on a 1% agarose gel in 1x TBE buffer. The DNA that
showed four bands on the gel, (fig 1.) was used to transform E. coli strain
DH50o. cells from which approximately 20 pg of DNA was obtained by the
alkaline lysis, phenol chloroform mini-prep method and used for sequencing.
DH50 cells were preferred because they gave higher and cleaner yields of
DNA without the contaminating chromosomal DNA than the original
MC1066 strain.

3.8. DNA sequencing

Double stranded DNA of both the wild type and mutant plasmids were
sequenced in order to confirm the mutations. Sequencing of both the wild
type and mutant pING4 DNA was done by the dideoxy method (Sanger, et
al, 1977) using bacteriophage T7 DNA polymerase (Tabor & Richardson,
1987) provided in the T7 Sequencing kit (Pharmacia Biochemicals Co. Ltd).

3.8.1. Preparation of double stranded DNA for sequencing

Double stranded DNA was denatured according to the instructions outlined
in the T7 Sequencing Kit instruction manual with minor modifications. 5 pl
containing approximately 5 pg of DN A were mixed with 27 pl of water and
8 ul of 2 N NaOH in microfuge tubes, vortexed briefly and centrifuged for
five seconds. To each microfuge tube 7 pl of 3 M sodium acetate pH 4.6, 4
pl water and 120 pl of cold absolute ethanol were added, mixed and the sol-

utions were place at -70°C for 30 minutes. The solutions in the microfuge
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tubes were centrifuged for 15 minutes at 4°C and the pellets washed with
cold 70% cold ethanol. After centrifugation for 15 minutes at 4°C the pellets
were dried in a Speed Vac centrifuge for 5 minutes then dissolved in 10 pl

water.

3.8.2. Annealing reaction

The sequencing primer (C-T: 5-GGAAAAATGCAGAAACG-3') was
diluted to 5 pg per pl with water. To the 10 pl of denatured DNA template
above, 2 pl of the diluted prime was added to give a final concentration of 1
pg/ul. To the denatured template and primer mixture was added 2 pl of
annealing buffer (provided in the sequencing kit). The solutions were
vortexed gently, centrifuged briefly and incubated at 65°C for 5 minutes
before being transferred to 37°C incubator for 10 minutes then to room

temperature for at least 10 minutes.

The primer extension using T7 polymerase was done exactly according to
the specification in the T7 Sequencing manual. For each DNA sample 3 pul of
the template, 1 pl 35S labeled dATP (New England Nuclear, Du Pont) and 2
ul diluted T7 DNA polymerase (diluted to 0.5 units/ml) were added together.
The whole 6 pl of the pre-mixed enzyme was added to the annealed DNA
template and primer, briefly centrifuged and incubated at room temperature
for 5 minutes. Into four fresh microfuge tubes labeled A, C, G and T were
added 2.5 p of Short dATP, dCTP, dGTP & dTTP (T7Sequencing kit), resp-
ectively for each annealed reaction sample, ("Short" dNTP is normally used
for sequencing DNA of not more than 300 bases). 45 pl of the

corresponding annealed reactions were added to each dNTP tubes, mixed,
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centrifuged briefly and incubated for 5 minutes at 37°C. To terminate the
reactions 5 pl of stop solution (from the kit) was added to each reaction tube
and centrifuged briefly. The samples were either heated to 80°C for 2 min-
utes and loaded directly onto the sequencing gel or stored at -20°C. The gel
(6% acrylamide previously polymerized overnight by adding 10%
ammonium persulfate and 30 ul of N, N, N,' N'-Tetramethylethylenediamine
(TEMED) per 100 ml gel solution) was pre-run for 45 minutes at 1200 volts
before loading the samples. Electrophoresis was allowed to run for 4 hours
at 2000 volts and at temperature between 45 and 50°C. The gels were dried
on vacuum gel drier (Speed Vac) for one hour before exposure to a Kodak
X-ray photographic film for 48 hours. The films were developed manually,

air dried and the nucleotide sequences read.

3.9. Transformation of GM3-C2 yeast cells with mutant DNA plasmids

Yeast cells were wansformed with both wild type and mutant plasmids using
the alkali cation method of Ito, et al, (1983). 10 pg of wild type and mutant
pING4 DNA were each used to transform 200 pl of freshly prepared compet-
ent GM-3-C2 yeast cells. The competent cells and DNA were added together
in microfuge tubes along with 185 pg of carrier DNA (boiled and sonicated
salmon sperm DNA), in 25 pl of TE buffer and incubated at 30°C for 30
minutes with agitation. 1.2 ml of 40% PEG 4000 in 0.1M lithium chloride
diluted in TE buffer was added to each sample, vortexed briefly to mix and
then incubated at 30°C for 30 minutes with agitation. The cells were heat
shocked at 42°C for 15 minutes, incubated at room temperature for 15
minutes and pulse-centrifuged for 5 seconds. The cells were washed twice

with sterile distilled water, centrifuged for 10 seconds and the pellets
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resuspended in 500 pl of water. The cells with DNA as well as controls
without DNA but treated in the same way were spread on SD Leu- plates
and incubated at 30°C for two days to select for the GM3-C2 strain. One
colony of transformed cells with the wild type and mutant plasmids each was
transferred to YPG media plates and incubated for two days at 300C to

select for the cells carrying the cytochrome ¢ gene in the plasmids.

3.10. Curing yeast cells of the plasmids

A colony from each group of cell cultures was inoculated into 2 mi of liquid
media with dextrose, (glucose) (YPD) with 100 pg/ml ampicillin and
incubated at 30°C for two days. The cultures were sub-inoculated into fresh
2 ml YPD liquid media and incubated at 30°C for a further two days. The
cultures were then spread onto YPD media plates with 100 pg/ml ampicillin
and incubated at 30°C for one day. Twenty four distinct colonies were
picked and transferred onto another YPD plate and incubated overnight at
30°C. Cells from each of these colonies were transferred to SD Leu- and

YPG (glycerol) plates and incubated at 30°C for two days.

3.11. Growth of yeast cells

Yeast cells carrying both wild type and mutant plasmid DNA were grown
for two days at 300C on liquid media with glycerol. The cells were diluted to
a maximum of 0.2 O.D. units at 600 nm with fresh media. Further dilutions
were made as follows: 1/2, 1/4, 1/8, 1/10 and 1/20 after which the cells were
counted on the Neuber chamber under the microscope. The cell counts were
plotted against the predetermined O.D. readings, (Fig.3), in order to obtain a

calibration curve correlating the actual cell counts with the O.D. readings.
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20 pl of both wild type and mutant cells from the above cultures were used
to inoculate duplicate test tubes of YP media with 0%, 0.0312%, 0.0625%,
0.125%, 0.250%, 0.5%, 1%, and 2% glycerol. The cultures were incubated
at 300C for two to three days until the cells reached stationary phase as
judged microsconically by the absence of budding cells. Samples from each
culture were diluted 20x in YP media and their absorbance determined on
the spectrophotometer at 600nm and the absorbances matched with the
concentrations on the correlation curve from which the total cell growth

yields were obtained.

100 pl of both wild type and inutait cell cultures grown in YP media with
glucose overnight were used to inoculate triplicate 250ml flasks, each

containing 25 ml of liquid media with 3% glycerol. The growth rates of both
groups of cells were monitored every hour for up to 8 hours by determining
the absorbance at 600 nm of cell cultures diluted to a maximum of 0.2 O.D.
units. The concentrations of cells per ml were determined from the

corresponding cell count in the calibration curve.

3.1Z. Expression and purification of recombinant cytochromes c in yeast
Four ml cultures of yeast cells carrying the wild type and four ml of cells
with mutant plasmids were pre-grown for two days at 30°C with agitation in
YPG liquid media with 100 pg/ml ampicillin. The cultures were each trans-
ferred into 2x 150 ml YPG liquid media with ampicillin and incubated at
30°C overnight on a gyrating incubator. The cells were aseptically trans-
ferred to a 20 liters carboy fermenter with 12 or 14 liters of YPG media

along with antifoam, 560 mg streptomycin and 140 mg tetracycline. The
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incubated in a thermostatically controlled refrigerator/incubator at 30°C and
allowed to grow for two days with large amount of air being bubbled into the
fermenter while vigorously stirring. The cultures were boosted with lactic
acid (pH 5.0) after two days and the cells allowed to grow for another two
days. The cells were harvested, when the culture reached approximately 6
O.D. units, by centrifugation at 3,000 RPM in an IEC DPR-6000 centrifuge
with swing rotor at 40C for 10 minutes, in pre-weighed 1 liter centrifuge
tubes. Cytochromes ¢ were extracted by resuspending the cells in 1/2 v/w of
1 M NaCl in 12.5 mM potassium phosphate buffer pH 7.0 and 1/4 v/w of
ethyl acetate in the presence of phenylmethylsulfonylfrluoride (PMSF) and 1
mM EDTA as protease inhibitcrs, with vigorous stirring for 20 hours. B-2-
mercaptoethanol was added to a final concentration of 1 mM to preserve the
protein in a reduced form. The suspensions were centrifuged on an IEC B-
20A centrifuge with fixed angle rotor, at 10,000 RPM for 15 minutes at 40C.
The supernatants were collected into measuring cylinders and extraction was
repeated on the pellets until the resulting supernatant showed no indication
of cytochrome c present by the colour of the resuiting supernatants. The total
volumes of the supernatants were measured and the total amounts of proteins
were also determined from the reading of absorbance at 415 nm (extinction
coeficient = 129 um) using a Varian Carry 2290 spectrophotometer. The
supernatants were brought to 50% saturation with ammonium sulfate and
centrifuged at 10,000 RPM at 40C for 10 minutes to precipitate other cellular
materials. The yields of the proteins were again monitored. The proteins
were dialyzed in a dialysis tubing with MW cut-off: 6-8,000, diameter 14.6
mm (Spectra/Por), for two days against four changes of 8 liters of pre-chilled
12.5 mM potassium phosphate buffer, pH 7.0, in the presence of EDTA and
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12.5 mM potassium phosphate buffer, pH 7.0, in the presence of EDTA and
B-2-mercaptoethanol. The yields of the proteins after dialysis were moni-
tored. The proteins were then chromatographed through DEAE-Sephacel
column (Pharmacia Chemicals), which holds all other cytochromes as well
as the negatively charged proteins leaving the positively charged
cytochromes ¢ to pass into the holding CM-Sepharose CL-6B (Pharmacia
Chemicals). While in the holding column the proteins were washed with
excess amounts of potassium phosphate buffer before eluting with 250 mM
NaCl in 12.5 mM phosphate buffer pH 7.0 and the final yield of each protein

determined.

3.13. Spectral analysis of Cytochromes ¢

The spectra of both reduced and oxidized wild type as well as mutant
cytochromes ¢ were monitored on a Cary 2290 spectrophotometer interfaced
with a computer with Spectra Calc software. The proteins were diluted 100
times with 12.5 mM phosphate buffer pH 7.0 to give a maximum absorbance
at 415 nm of 1.2 O.D. units and then either fully reduced with sodium
dithionite or oxidized with potassium ferricyanide, passed though CM-
Sepharose mini-columns and washed with phosphate buffer to remove
excess dithionite or ferricyanide. The proteins were put into 1 ml quartz
cuvettes with 1 cm light path and the spectra monitored from 350 nm to 750

nm.
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3.14. Kinetic assays

Kinetic assays were performed using the polarographic method in low ionic
strength buffer, (25 mM Tris-acetate buffer pH 7.9 and 0.1% Tween 80 as
detergent), with purified beef heart cytochrome oxidase in a Clarke oxygen
electrode chamber (Yellow Springs Instruments) thermostated at 30°C.
Reducing substances for both free and oxidase-bound cytochrome ¢ to the
oxidase were 4 mM ascorbate, (Fluka Chemika), and 0.4 mM N,N,N',N'-
Tetramethyl-p-phenylene-diamine dihydrochloride, (TMPD), (Fluka
Chemika) The initial concentration of the oxidase in the chamber was 40
nM. The rates of reduction of oxygen to water were monitored on a plotter
(Servegor 120), with each addition of cytochrome c through an air lock
system using Hamilton syringes. The concentrations of cytochromes c in the
chamber ranged from 10 nM to 4 uM. The assays were performed in tripli-
cates. Assays performed in 12.5 mM potassium phosphate buffer produced

irreproducible data for reasons that were unclear.
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CHAPTER FOUR
RESULTS

4.1. Restriction enzyme digest

The results of the EcoRI digests ontt  :tant and wild type pING4 plasmid
DNA are shown in figure 1. The smallest EcoRI restriction fragment in
pING4 plasmid includes the coding region for cytochrome ¢ while the newly
introduced EcoRI restriction site is 220 bases down stream of this coding

region.

Figure 1: EcoRI digests of wild type and mutant DNA plasmids. The DNAs
were electrophoresed on a 1% agarose gel in 1x TBE buffer and stained with
ethidium bromide. The wild type pING4 DNA (lane 1) shows three bands
approximately 7.8 kbp, 2.3 kbp and 0.5 kbp. The mutant Asn-52Val/Tyr-
67Phe/Cys-102Thr plasmid DNA, (lane 2), shows a reduced size third band
and an extra fourth band at about 0.2kbp. Lane 3 is a 1 kb ladder molecular

weight marker.
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4.2. DNA sequence analysis

More than 200 nucleotide bases (206 for wild type pING4; 216 for Asn-
52Val/Tyr-67Phe/Cys-102Thr were read. The nucleotide sequences are
shown in figure 2. The sequences show a replacement of bases
complimentary to the coding strand for asparagine at position 52 with those
bases that are complimentary to the ones coding for valine while those
complimentary to the ones coding for tyrosine at position 67 have been
replaced with bases complimentary to those coding for phenylalanine in the
Asn-52Val/Tyr-67Phe/Cys-102Thr plasmid DNA.

Figure 2. Amino acid and nucleotide sequences of cytochromes c, wildtype
and mutant (Tyr-67 to Phe:Asn-52 to Val). The mutations at positions 67
(showing the introduced EcoRl site) and 52 are underlined. The nucleotide
sequences are complementary to the coding sequences of the Iso-1-
cytochrome c gene.

87 8 85 8 83 8 8 8 79 78

Lys Lys Leu Gly Gly Phe Ala Met Lys Thr
WT (C102T): C-CTT-CTT-CAA-CCC-ACC-AAA-GGC-CAT-CTT-GGT-
N52V/Y6TF: C-CTT-CTT-CAA-CCC-ACC-AAA-GGC-CAT-CTT-GGT-

77 76 15 74 73 72 71 70 69 68

G, Pro lle Tyr Lys Lys Pro Asn Thr Leu
WT (C102T):-ACC-AGG-AAT-ATA-TTT-CTT-TGG-GTT-AGT-CAA-
N52V/Y6TF: -ACC-AGG-AAT-ATA-TTT-CTT-TGG-GTT-AGT-CAA

67 66 65 64 63 62 61 60 59 S8

Tyr Glu Ser Met Asn Asn Glu Asp Trp Leu
WT(C102T):-GTA-CTC-TGA-CAT-GTT-ATT-TTC-GTC-CCA-CAA-
N52V/Y67F: -GAA-TTC-TGA-CAT-GTT-ATT-TTC-GTC-CCA-CAA-

57 56 55 54 53 52 51 50 49 48

Val Asn Lys Lys Ile Asn Ala Asp Thr Tyr
WT (C102T):-CAC-GTT-TTT-CTT-GAT-ATT-GGC-ATC-TGT-GTA-
NS52V/Y67F: -CAC-GTT-TTT-CTT-GAT-TAC-GGC-ATC-TGT-GTA-
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57 56 55 54 53 52 51 50 49 48
Val Asn Lys Lys Ile Asn Ala Asp Thr Tyr
WT (C102T):-CAC-GTT-TTT-CTT-GAT-ATT-GGC-ATC-TGT-GTA-
N52V/Y67F: -CAC-GTT-TTT-CTT-GAT-TAC-GGC-ATC-TGT-GTA-

47 46 45 44 43 42 41 40 39 38
Gly Tyr Gly Glu Ala GIn Gly Ser His Arg
WT C102T):-CGA-ATA-CCC-TTC-AGC-TTG-ACC-AGA-GTG-TCT-
N52V/Y67F:-CGA-ATA-CCC-TTC-AGC-TTG-ACC-AGA-GTG-TCT-

37 36 35 32 33 32 31 30 29 28

Gly Phe Ile Gly His Leu Asn Pro Gly Val
WT (C102T):GCC-AAA-GAT-ACC-ATG-CAA-GTT-TGG-ACC-AAC-
N52V/Y67F:-GCC-AAA-GAT-ACC-ATG-CAA-GTT-TGG-ACC-AAC-

27 26 25 24 23 22 21 20 19 18
Lys His Pro Gly Gly Lys Glu Val Thr Gin

WT (C102T):-CTT-ATG-TGG-GCC-ACC-CTT-TTC-CAC-GG
N52V/Y67F: -CTT-ATG-TGG-GCC-ACC-CTT-TTC-CAC-GGT-GTG

17 16
His Cys
WT (C102T):-
N52V/Y67F: -CAT-TGT
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4.3. Growth of cells carrying cytochrome c genes

Yeast cells transformed with both wild type and mutant plasmids were
grown at 30°C on media with glycerol as the source of energy. Plates with
control cells without DNA did not have any colonies after two days while
the plates with pING4 and the mutant plasmid DNA had over twenty col-
onies. The level of transformation was rather low for all the plasmids but
were consistent with results from other workers, (Dr. Yue Huang, personal

communication).

4.3.1. Yeast cells cured of the plasmids

Of the twenty-four colonies of yeast cells that were to be cured of the
plasmid eight colonies of the cells presumed to be carrying Asn-52Val/Tyr-
67Phe/Cys-102Thr mutant were unable to grow on media without leucine

and on media with glycerol as the source of energy.

Figure 3: Calibration curve for correlating yeast cell counts with optical

densities. The cells were counted on the microscope using a hemacytometer.
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4.3.2. Cell growth rate assays
The results of the growth rates of yeast cells carrying both wild type and

mutant plasmids on media with glycerol is shown on figure 4. Each
determined O.D. was’ correlated to the cell counts using the calibration
curve, (Fig. 3). The data obtained was subjected to a linear regression
analysis, which showed that the rates of growth of both cell groups were

similar under growth restricting media conditions.

Figure 4: Cell growth rate assays. Yeast cells were grown as described in

the methods section and the concentrations determined from the calibration

curve.
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4.3.3. Cell growth yields

The total yields of yeast cells carrying both wild type and mutant plasmids
are shown in figure 5. Equal amounts of cells were used to inoculate 2ml YP
media with varying amounts of glycerol as the growth limiting factor.
Cultures were grown for three days to stationary phase. However, the cells
with mutant plasmid reached stationary phase on the second day but the
assays were performed the following day when the cells with wild type
plasmid reached stationary phase. The results show that the total number of

cells carrying mutant plasmid was slightly higher than the number of cells

with wild type plasmid.

Figure 5: Cell growth yields. Yeast celis were grown for three days until

cultures of both wild type and mutant cells reached stationary phase
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4.4. Total cytochromes ¢ purified from yeast cells

The total yield of the proteins after each purification step is shown in Table

2. The cultures were grown on media containing glycerol for four days with

lactate boost on the second day. Cytochromes ¢ were extracted from the cells

and chromatographed through DEAE and CM-Sepharose columns. The

proteins were eluted from the CM-Sepharose columns with 250 mM NaCl in
12.5 mM potassium phosphate buffer pH 7.0. The total yield of the protein
from 12 liters of wild type cell culture was 26 mg, while the total yield from

14 liters of mutant cell culture was 31 mg.

Table 1: Purification of cytochromes ¢ from yeast cells. The wild type (Cys-
102Thr) was grown in 12 liters while the mutant (Asn-52Val/Tyr-
67Phe/Cys-102Thr) was grown in 14 liters of culture.

Cells Weight of Weight of Weight of Weight of Weight of
cells proteins - proteins after | proteins proteins after
crude extract | precipitation | after chromato-
dialysis graphy

wild 165 g 121.2 mg 47.8 mg 29.2 26 mg

type

N52V/ | 178 g 148.7 mg 63.8 mg 34.7Tmg 31 mg

Y67F/

C102T

36




4.5. Spectral characteristics of purified cytochromes ¢

The absorption spectra of both reduced and oxidized cytochromes ¢ are
shown in figures 6. The figure shows the spectra of the mutant Asn-
52Val/Tyr-67Phe/Cys-102Thr in the oxidized and reduced forms. In the
reduced forms the spectra show the specific characteristic a-peak at 550 nm,
the B-peak at 521 nm and the Soret peak at 415 nm. In the oxidized forms
the spectra show a shift in the 695 band in thé mutant protein to 701 nm,

(inset).

Figure 6: Absorption spectra of reduced and oxidized cytochrome c. Inset:
the 695 nm band of oxidized form of wild type overlayed on the the spectra
of the mutant. The spectra were collected with a Carry 2290

spectrophotometer as described in the methods section.
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4.6. Kinetic assays

The kinetic activity between cytochrome oxidase and both wild type and
mutant cytochromes ¢ are shown in figures 7 a & b. Transformed to the
Eadie-Hofstee-Scatchard plots (insets), the data show the characteristic high
and low affinity kinetic phases on the oxidase, (Ferguson-Miller, et al, 1976,
Garber, et al, 1988; Cooper, et al, 1990; Sinjorgo, et al, 1983 & 1986), for

both wild type and mutant proteins.

The corresponding V.. and K, of the activity with oxidase are shown in
table 2. In wild type yeast iso-1-cytochrome ¢ the low affinity activity had
Km of 1.1 x 10-M and Vmax of 488, while the high affinity activity had a Km
of 2.2 x 108M and Vmax of 93. In the mutant Asn-52Val/Tyr-67Phe/Cys-
102Thr the low affinity activity had a Km of 8.3 x 10-6M and Vmax of 300,
while the high affinity activity had a Km 2.9 x 10-8M and Vmax of 102.
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Figure 7a: Kinetic assays of wild type yeast iso-1-cytochrome c¢ with

cytochrome oxidase. Inset: Eadie-Hofstee-Scatchard plots of the activity.
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Figure 7b: Kinetic assays of mutant (Asn-52Val/Tyr-67Phe/Cys-102Thr

yeast iso-1-cytochrome ¢ with cytochrome oxidase. Inset: Eadie-Hofstee-

Schatchard plots of the activity.

Cytochrome ¢ concentration (pM)

40

10 2 A
2-30' J—
2.10 1 e
A AT
L9004 L -
1:70' _,'A..’ A
@ -
- P
2 1.501 4-7 4
e ~
z 3oq e 103
g e 3.00}
o < o
> 1.10{ A -
5 : S 2.0
0.90 - N A
40 -y A
0.70 - S 1.00 ] A
0 50~ S .00 SN
' ' 1.00 102
O2/min .
0!30 + L4 1] Ll L] L4 ¥ L§
0.00 1.00 2.00 3,00 4.00 5.00




Table 2: Kinetic analysis of wild type and mutant cytochromes ¢
activity with purified beef heart cytochrome oxidase. The assays were
performed in 25 mM Tris-acetate buffer pH 7.9 with 0.1% Tween 80
in the presence of 4 mM ascorbate and 0.4 mM TMPD. The starting
concentration of the oxidase in the chamber was 40 nM. The standard
errors for Vmax3 in both cases were more than 50% while the corre-
sponding Vmaxj h=d standard errors less than 10%.

Vmaxj; Kmj (UM) Vmaxp Kmj (uUM)
Wild type(C102T) 92.9 0.022 438 11
Mutant(N52V/Y67F/C102T) 102  0.029 300 8.3

Figure 8: The proposed structure of the heme environment of mutant
(N52V/Y6TF/C102T) yeast iso-1-cytochrome c.
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CHAPTER FIVE
DISCUSSION

5.1. Mutagenesis

The mutation changing Tyr-67 to Phe involved replacing a thymine base
with an adenine in the middle of the codon at position 67 (GTA to GaA). It
was also apparent from the nucleotide sequence of yeast iso-1-cytochrome ¢
gene that creating a silent mutation at position 66 (CTC to tTC) would
provide a restriction site for the enzyme EcoRI but otherwise cause no
change in the amino acid since CTC and TTC are an alternate
complimentary bases to the codons for leucine. This silent mutation became
a useful marker in screening for mutant plasmid DNA for possible intro-
duction of an extra EcoRI site, in the Asn-52Val/Try-67Phe/Cys-102Thr

mutant.

Upon digestion with EcoRlI restriction enzyme, the mutant Asn-52Val/Tyr-
67Phe/Cys-102Thr plasmid migrated on the 1% agarose gel with four bands,
indicating an introduction cf an extra EcoRlI site. Both the wild type and the
mutant plasmid DNAs were sequenced and the sequences confirmed the
nucleotide base changes indicating that the required mutations were present
in the plasmid. The mutant plasmid DNA was used to transform yeast cells
strain GM3-C2. Transformants were selected on their ability to grow on
media without leucine, (Faye, et al, 1981). Selected yeast cells were then

transferred to media with glycerol.
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5.2. Characterization of yeast cells carrying mutant cytochrome c gene

During glucose fermentation cytochrome c is not required. It has been found
that in the presence of glucose, synthesis of cytochrome c is inhibited,
(Zottimer & Nicholls, 1978). Cytochrome c is absolutely required for the
growth of yeast cells in media with non fermentable substrate such as
glycerol. For this reason, only the cells with a functional gene expressing
cytochrome ¢ can grow on media with glycerol. Yeast cells carrying the
mutant plasmid were able to grow on this media, indicating that the

cytochrome c expressed by this mutant gene was functional.

When grown on rich media with glucose, yeast cells tend to lose the plasmid
carrying cytochrome ¢ gene. The cells carrying the plasmid pING4 can
therefore be cured of the plasmid by growing them on media with glucose as
the source of energy, (Faye, et al, 1981). Curing the cells of the plasmid was
done in order to ensure that the yeast carried cytochrome ¢ gene on the
plasmid. The cells that cannot be cured are considered to be contaminants

carrying the gene in their chromosomes, (Faye, et al, 1981).

Individual colonies of yeast cells grown on glucose media were transferred
back to glycerol containing media. After three generations of growth inder
non-selective conditions one third of the colonies were not able to grow on
glycerol media, suggesting that they had lost the plasmid and were therefore
not expressing cytochrome c required for respiratory electron transfer chain

to be completed.

43




The results obtained from transformed cells cured of the plasmid by growing
them on media with glucose as a source of carbon is an indication that the
expression of cytochrome ¢ enabling the cells to grow on YPG media was
due to the transforming plasmid and not as a result of reversion in the yeast
chromosomal gene back to wild type. The conclusion arising {rom these

observations is that the mutant gene was the one expressing a functional

cytochrome c.

Yeast cells carrying both wild type and mutant cytochrome ¢ genes were
grown on media with glyceroi. The growth rates of cells carrying both wild
type and mutant genes were monitored for eight hours. The growth curves
show no significant difference between the cells with wild type and those
with mutant genes as the cells carrying the mutated plasmid grew on YPG
media as well as the wild type. However, the total growth yields were
significantly different, since the cells carrying the mutant plasmid reached
the stationary phase in two days while those carrying wild type plasmid
reached their stationary phase on the third day. These results suggest that
the cells carrying the mutant gene had a somewhat faster growth rate. The
data shown in figure 5 were collected on the third day after both groups of
cells reached stationary phase. The total yields of purified wild type and

mutant cytochrome ¢ were however comparable.

5.3. Spectral characteristics
The absorption spectra of reduced and oxidized forms of both wild type and
mutant cytochromes ¢ were determined and the results showed a shift in the

695nm band in the oxidized form of the mutant to 705nm. The 695 nm band
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is related to the integrity of the bonding between the sulfur atom of Met-80
and the heme iron. A shift in this band is therefore suggestive of a structural
change around the heme ligand (Schejter and Saludjian, 1969), in this case,
attributable to the loss of hydrogen bonding between Met-80 and Tyr-67 that
exists in the wild type protein. These results suggest that the mutations
caused structural changes in the heme environment which appear to affect
Met-80 and heme ligand.

5.4. Kinetic assays

Kinetic studies with beef heart cytochrome oxidase have shown that two
activity sites of interaction on the enzyme with Km of about 6 - 5x10-7 M
and Km about 3.5 - 8x10-5 M. These sites are normally demonstrated at low
ionic strength, (Nicholls, 1965; cited in Garber, et al, 1988; Ferguson-Miller
et al, 1976; Rieder & Bosshard, 1978; Cooper, 1990; Sinjorgo, et al, 1984;
1986). Other kinetic studies using yeast iso-1-cytochrome ¢ with beef heart
mitochondrial particles and performed in 25 mM Tris-acetate buffer pH7.9,
have also shown the two kinetic phases with the low affinity Km of 7.7 x 10-
7 M and high affinity Km of 6 x 10-9M, (Garbcr, et al, 1988).

The results obtained in this study also show similar kinetic activities with
low affinity Kms within the micro molar range, (8 x 10-6 to 1.1 x 10-5) and
the high affinity within the nano molar region (2.2 x 10-8 to 2.9 x 10-8), with
both the wild type and mutant cytochromes c. Polarographic assays were
performed in 25 mM Tris-acetate buffer. Many attempts were made to
perform the experiments in 12.5 mM phosphate buffer. However, the data
repeatedly showed only one site of activity due to the fact that phosphates
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compete with the substrate in binding to the oxidase (Garber, et al, 1988).
The data showed no significant differences between the wild type and the
mutant proteins in the reaction kinetics of cytochrome ¢ and the purified
oxidase. The results are very similar to those cited above for the wild type

mammalian and fungal proteins.

The fact that the two kinetic sites could still be demonstrated on the oxidase
with the mutant cytochrome c¢ suggests that the mutations did not cause any
conformational change in the protein. However, there are indications of clear
changes in the hydrogen bonding around the heme region, as suggested by

the shift in the 695 nm band and the other data obtained in this study.

5.5. The heme environment around Wat-166

The role of Tyr-67 in the function of cytochrome ¢ has been studied
extensively, (McGowan & Stellwagen, 1970; Koul et al, 1979; ten Kotenaar,
et al; Luntz et al, 1989; Schejter et al, 1992). Replacing Tyr-67 with non
polar residues to removes the hydroxyl group from the region thereby
making the heme environment more hydrophobic, (Koul et al, 1979; ten
Kortenaar et al, 1985; Wallace, et al, 1989 ). Such mutations would be
expected to affect Wat-166 located adjacent to the site of the mutation.
Considering the role of Tyr-67 the mutation might also affect the proper
folding of the protein.
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The findings by Luntz, et al, (1989), and Wallace, et al, (1989), that
replacing Tyr-67 with Phe in cytochrome c resulted in a more stable protein
is consistent with the suggestion that the region becomes more hydrophobic.
However, Berghuis et al, (1994a), showed that the reduced form of the
mutant iso-1-cytochrome c still had the Wat-166 which was only slightly
displaced to about 1 Angstrom away from its original site. This slight
displacement created a cavity which was subsequently filled by another
water molecule, (Wat-300), from nearby. This implies that the region
becomes even less hydrophobic due to the additional water molecule despite
the loss of a hydroxyl group and the introduction of a hydrophobic amino

acid residue in the region.

In contrast, previous studies in yeast iso-1-cytochrome ¢ have shown that
mutations of Asp-52 to Ile resulted in exclusion of Wat-166 with a substan-
tial reorganization of hydrogen bonding, (Hickey, et al, 1991). The mutant
protein was also found to be more stable than the wild type, (Das, et al,
1989). The disruption of the hydrogen bond network due to this mutation
leads to the shifting of the side chain of Tyr-67 towards the side chain of
Thr-78 with which its hydroxyl group forms a hydrogen bond, (Berghuis, et
al, 1994b). This reorganization in hydrogen bonding was observed in both
oxidation states of the mutant protein. Indeed, Berghuis, et al, (1994b),
showed that in both oxidation state structures of Asn-52Ile/Tyr-67Phe/Cys-
102Thr mutant, only a few hydrogen bonds are formed and the Wat-166 is
missing, since the size of the cavity that it normally occupies is reduced to
about 8 A3 which is less than the space required to accommodate a water

molecule. In all the studies cited above the proteins have been crytallized
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and their three dimensional structures have been determined.

The mutations carried out in this study were similarly targeting the location
of Wat-166. The crystal structure of the Asn-52lle/Tyr-67Phe/Cys102Thr
was not available when this study was initiated. Replacing Asn-52 with Val
and Tyr-67 with Phe in the heme environment, (Fig. 8) was expected to
result in exclussion of Wat-166 and possibly, the inclusion of Wat-300. The
figure was derived from the structure of wild type cytochrome ¢ molecule
(3YCC) from the protein data bank (PDB) file. The molecule was transferred
in Quanta (MSI), and mutated through CHARMM. Valine residue is smaller
than the isoleucine used in the previous experiments by a single methyl
group. The Asn-52V/Tyr-67Phe mutation should leave a slightly larger
cavity than in Asn-52lle/Tyr-67Phe that may well be enough to accom-
modate a water molecule. The question that arises from this hypothesis is,
whether the water molecule could still exist in the cavity with only one
residue, (Thr-78), contributing in the hydrogen bonding instead of the

normal three in the wild type protein.

The mutant protein has been sent for x-ray crystallography and determi-
nation of its three dimensional structure will undoubtedly shed more light on
the overall structure and hydrogen bonding in the region and possibly reveal
the presence or absence of Wat-166 in the cavity. However, even in the
absence of the three dimensional structure the possibility of a water
molecule being retained in an otherwise hydrophobic environment with very
few hydrogen bonding, (Rashin, et al, 1986), is unlikely and it is possible to
speculate that Wat-166 has been removed by these mutations. One should
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not lose sight of the fact that the Tyr-67Phe mutation incorporates a second
water molecule, (Berghuis, et al, 1994a), despite the hydrophobic nature of

the mutation.

The mutant protein has been subjected to second derivative sp. ctroscopy, a
technique that yields information about the polarity around tyrosine residues,
(Schroeder & McOdimba, 1994; Schroeder, 1994, thesis in preparation). In
addition, its chemical and thermal stability have also been studied,

(Schroeder, 1994, thesis in preparation).

In conclusion, the experiments conducted in this study have shown that yeast
iso-1-cytochrome c can still function without the two conserved amino acids
and that replacement of Asn-52 with Val and Tyr-67 with Phe does not
affect the conformational structure of the protein. It is possible that the
presence of these residues and their hydrogen bonding network to the buried
Wat-166 are not absolutely required for the overall function of cytochrome c.
The presence of Wat-166 buried in this region, apart from determining the
mid point potential when the protein goes from one oxidation state to
another, does not seem to be significantly important in the overall function

of the protein in yeast cells and its activity with cytochrome oxidase.
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CHAPTER SIX

APPENDIX
6.1. MEDIA
6.1.1. LURTA-BERTANI (LB) Media
Bacto-tryptone 10g
Bacto-yeast extract 5g
NaCl 10g

Dissolve in 1 liter of distilled water, divide 500 m! into 100 m! aliquots in
milk dilution bottles. Add 7.5 g (1.5%) Bacto agar to the remaining 500 ml
in a 2 liter flask. Autoclave for 20 minutes at 121°C. Add ampicillin to 20
pg/ml to the media when required.

6.1.2. 2x YT Media
Bacto-tryptone 8¢g
Bacto-yeast extract 5g
NaCl 25g

Dissolve in 450 ml distilled/deionized water. Adjust the pH to 7.0 with SN
NaOH. Make upto 500 ml. Add agar to 1.5% if necessary. Autoclave as
above and add ampicillin to 20 pg/ml when necessary.

6.1.3. YP Media
Yeast extract Sg

Bacto peptone 10g
Dissolve in 500 ml distilled water, bring the pH to 6.0 with NaOH and
autoclave for 20 minutes. To prepare YPD add sterile glucose (dextrose) to
3%. To prepare YPG add sterile 60% glycerol to 3%.
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6.1.4. SD Leu- Media
10x SD (Synthetic dextrose):
Yeast nitrogen base without amino acids S5.1g
Ammonium sulfate 15¢g
Dextrose 60 g

Prepare YNB and ammonium sulfate in 150 ml and autoclave.

Prepare dextrose in 150 ml and autoclave. Add equal volumes of each

solution together.

25x Synthetic complete media (SC)

Weigh: adenine - 96 mg; uracil - 96 mg; tryptophan - 96 mg; arginine
- 96 mg; methionine - 96 mg; aspartic acid - 100 mg; tyrosine - 144
mg; isoleucine - 144 mg; lysine -144 mg; threonine - 200 mg;
histidine - 240 myg; phenylalanine - 240 mg; glutamic acid - 480 mg;
valine - 720 mg and serine - 1.8 g. Disolve in 200 ml water. Filter
sterilize. (Note: not all the amino acids go into solution, some

precipitates will not disolve).

To prepare SD Leu- agar plates:
Bacto agar 10g
Water, 430 ml
Autoclave and cool to 60°C. Add 50 m! of 10x SD and 20 ml of 25x SC.

Pour into culture plates immediately.
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6.2. Solutions

6.2.1. Calcium chloride
Prepare IM CaCiz:
CaCly 147¢g
Water, 100 ml.

Autoclave as above and use as 0.1M solution in sterile distilled water.

6.2.2. Glycerol
Prepare 60% glycerol
Glycerol 60 ml
Distilled water, 40 ml

Autoclave as above and use as 15% in the preparation of competent E.coli

cells as final 0.1M CaCl) or as 3% in the YPG media for growing yeast.

6.2.3. 10 M Ammonium acetate

Ammonium acetate 7708 g
Water, 100 ml

Autoclave and store at room temperature.

6.2.4. 1 M Sodium chloride
Sodium chloride 844 ¢
Water to 1000 mi

Store at room temperature.
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6.2.5. 1 M Magnesium chloride

Magnesium chloride 052¢g
Water, 100 ml

Autoclave and store at room temperature.

6.2.6. 1 M Lithium cklo: ide
Lithium chloride 424 ¢
Water 100 ml

Autoclave and store at room temperature.

6.2.5. 50 % Polyethylene glycol (PEG 4000)
PEG 4000 S0g
Water to 100 ml

Autoclave and store at room temperature.

6.2.6. 0.5 M EDTA
EDTA (disodium salt) 18.61 g
Water, 80 ml
Adjust pH to 8.0 with NaOH pellets. Make up final volume to 100 ml.

Autoclave and store at room temperature.

6.2.7. 10 M Sodium hydroxide
Sodium hydroxide pellets 40 ¢g
Water 100 mi

Store in plastic or polycarbonate container at room temperature.
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6.2.8. Solutions for alkaline lysis extraction of DN~ mini- preps
SolutionI: 50 mM Glucose
25 mM Tris pH 8.0
10 mM EDTA pH 8.0

Prepare 100 ml, autoclave and store at 4°C.

Solution II: 0.2N NaOH (make from 10 M solution)
1% SDS (make from a 10% solution)
Freshly mix in sterile distilled water, from stock 10N NaOH and 10% SDS,

just before use.

Solution III: 5 M Potassium acetate

Potassium acetate 60 I
Glacial acetic acid 11.5ml]
Distilled water. 28.5 ml

This results in a 3 M potassium and 5 M acetate. Mix, autoclave and store at
4°C.

6.2.9. Lactic acid solution
85% wiw 170 ml
Distilled water 170 ml

Raise the pH to 5 using NaOH pellets, autoclave for 30 minutes and cool to

300C. This is enough for boosting 14 liters of yeast culture.
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6.3. Antibiotics
6.3.1. Ampicillin stock solution
Prepare 10 mg/ml stock solution
Ampicillin 100 mg
Distilled water ' 10 ml
Filter 1 ml through a 0.45 filter into each sterile eppendorf tubes. Label and

store at -20°C. Use at 20 pug/ml final concentration.

6.3.2. Tetracyline solution: (20mg/ml)
Tetracycline hydrochloride (Sigma) 280 mg
Ethanol, 90% 14 ml

This is enough for initial inoculation and boosting of a 14 liter yeast culture.

6.3.3. Streptomycin solution: (80 mg/ml)

Streptomycin sulfate (Sigma) 1.120 g
Distilled water, 14 ml
Filter sterilize through 0.22 p filter. This is enough for initial inoculation and

boosting of a 14 liter yeast culture.

6.3.4. Chloramphenicai solution
Chloramphenical 340 mg
90% ethanol 10 ml
Dissolve and store at -200C. Use at 170 pg/ml
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6.3.5. Kanamycin solution
Kanamycin 100 mg
Water 10 ml
Filter sterilize and store at -200C. Use at 50 pg/ml.

6.5. Buffers

6.5.1. 5x Tris/Borate/EDTA (TBE) buffer
Tris base S4¢g
Boric acid 275¢g
0.5 MEDTA 20 ml
Water, to 1 liter.

Autoclave. Dilute to 1x with distilled water for use in both agarose and

sequencing gel electrophoresis.

6.5.2. Phosphate buffer
1 M potasium phosphate, dibasic___ 174.18 g
Distilled water, tolL

136.09 g
Distilled water, tolL.
To prepare 12.5 mM phosphate buffer pH 7.0 add 61.5 ml of dibasic

and 38.5 ml of monobasic solutions. Add distilled or deionized water

1 M potasium phosphate, monobasic

to 8 liters.
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6.5.3. Tris acetate buffer
25 mM Tris acetate:

Tris acetate 6.05¢g

Glacial acetic acid 1.43 ml
6.5.4. 1 M Tris buffer

Tris base 12.1¢g

Water 80 ml

Adjust pH to either 7.4 or 8.0 with 1 N HCL.

Make up to 100 ml with water, autoclave and store at room temperature.

6.5.5. 1x TE buffer
Tris buffer 10 mM
EDTA 1 mM

Autoclave and store at room temperature.

6.5.5. Annealing buffer for mutagenesis

Tris-HCI pH 7.4 200 mM
MgCly 20 mM
NaCl 50 mM
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6.5.5. Double strand DNA Synthesis buffer

Tris pH 7.4 175 mM
MgClh 37.5 mM
Dithiothreitol (DTT) 50 mM
ATP 7.5 mM
dNTP (ATP,CTP,GTP,TTP) 4 mM each

6.5.6. T4 DNA polymerase dilution buffer

Potassium phosphate buffer 0.1 M
DTT 5 mM
Glycerol 50%
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