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CHAPTER I 

INTRODUCTION 

The mung bean, Vigna radiata is a diploid species. Mung bean was originally 

classified in the genus Phaseolus, the classification was changed in 1973. It is an 

annual, semi-erect, deeply rooted herb that grows 25 to 100 cm tall.' The sprouted mung 

bean seedlings are commonly referred to as bean sprouts. The chlorophyll-fi-ee bean 

sprouts have been the source for many biochemical studies. One such study involved the 

identification of a cytochrome c that was purified to apparent homogeneity.^ Another 

study demonstrated that a protein present in bean sprout homogenate is capable of 

catalyzing ferredoxin-dependent CO2 fixation.^ 

The role of ferredoxin as the terminal electron acceptor in light-driven oxygenic 

photosynthesis is well established.'* Ferredoxin reduced by photosystem I serves as the 

electron donor for the ferredoxiniNADP^ oxidoreductase (FNR)-catalyzed reduction of 

NADP^, providing the NADPH required for the reductive conversion of C02to 

carbohydrate, and also as the electron donor for the reduction of thioredoxin, providing 

the reduced thioredoxin required for the activation of several key enzymes involved in 

CO2 assimilation.^ Ferredoxin is present in many non-photosynthetic plant tissues, 

where it probably functions as an electron donor involved in nitrogen assimilation.^ To 

date, little evidence has been presented for the involvement of reduced ferredoxin, as 

opposed to NADPH, as the immediate electron donor for CO2 assimilation in any 

oxygenic photosynthetic organism, although the role of ferredoxin-dependent reductive 



carboxylations in CO2 assimilation during anoxygenic photosynthesis has been well 

documented.^ The presence of ferredoxin, FNR, and two low potential cytochromes has 

been demonstrated in bean sprouts, a non-photosynthetic tissue. A protein or proteins 

demonstrated to catalyze the ferredoxin-dependent carboxylation of acetyl CoA is also 

present in bean sprout homogenate.^ It was proposed that ferredoxin is the direct electron 

donor for the reductive formation of pyruvate from bicarbonate plus acetyl CoA in bean 

sprout homogenate. The enzyme or enzymes responsible for catalyzing this 

carboxylation was demonstrated to be oxygen sensitive. Some discussion of the 

conditions thought to be required for the purification of the protein present in bean sprout 

homogenate will be presented, as well the condhions for the activity assay. 

The cytochromes were discovered by David Keilin in 1925 during his work with 

Gasterophilus intestinalis. During his examination of the thoracic muscle of 

Gasterophilus with a low-dispersion spectroscope, he noted four distinct absorption 

bands. He categorized the cytochromes based on the positions of characteristic 

absorption bands of the reduced form and designated them as cytochromes a, b, c and d. 

Each type of cytochrome contains a chemically different heme group. The heme contains 

four pyrrole groups linked by methine bridges to form a tetrapyrrole ring.^ In most 

cytochromes the heme iron is 6-coordinate, with two axial ligands. In some cases, 

histidine serves as one axial ligand, and a methionine sulfur serves as the other ligand. 

Other combinations include histidine and histidine or histidine and lysine, and, in one 

instance, the a-amino group of the N-terminal residue serves as an axial ligand. 10 



The cytochrome c heme is covalently bound to the polypeptide chain by two thioether 

bonds. Many of these cytochromes have a heme-binding domain near the N-terminus 

consisting of a cysteine with two variable intervening residues followed by another 

cysteine adjacent to a histidine.^ The iron atom ahemates between the Fe(II) and Fe(III) 

oxidation states. The absorption spectrum of the reduced form of cytochrome c has three 

bands; they are the Y(Soret), p and a bands with maxima at 416 nm, a complex band at 

521 nm and a band at 548 to 559 nm, respectively." The absorption spectrum of the 

oxidized form has a Soret band at 410 nm and a broad band at 530 nm.̂  

An investigation into the phylogeny of plants based on comparsions of amino acid 

sequences of ubiquitous proteins, prompted the purification and characterization of 

cytochrome c from several higher plants.^ One of these studies resuhed in the 

purification of a c-type cytochrome fi^om mung bean and its sequencing by Edman 

degradation.'^ The protein contains 111 amino acid residues and is acetylated at the 

N-terminus. The molecular weight was estimated to be 12.1 kDa by SDS-PAGE. When 

the amino acid sequence of mung bean cytochrome c was compared to the amino acid 

sequences of known mitochondrial cytochromes c, a high percent of identity was seen. 

The homology between sequences led the investigators to propose that this mung bean 

cytochrome c is a mitochondrial cytochrome c. A few mitochondrial cytochromes are 

encoded by the mitochondrial DNA, but most are part of the nuclear genome and 

synthesized on the cytoplasmic ribosomes. Proteins synthesized on the cytoplasmic 

ribosomes that are destined for the mitochondria usually contain a pre-sequence that 

targets the protein to the mitochondria.'^ The pre-sequence is generally located at the 



N-terminus and is removed by matrix proteases.''* In contrast, the cytochrome c primary 

transcript does not contain a pre-sequence for mitochondrial targeting. It has been 

proposed that the apocytochrome c is targeted to the mitochondria by a specific overall 

confirmation. Plant mhochondrial cytochrome c functions as a mobile electron carrier 

between complex III and complex IV of the respiratory electron transport chain (Figure 

1). Cytochrome c is located on the outer surface of the inner mitochondrial membrane. 

A cytochrome c-encoding gene has been cloned from Arabidopsis thaliana. This 

was the first cytochrome c gene to be isolated from a higher plant.'^ When phenograms 

and cladograms were constructed using histone H3, alcohol dehydrogenase and actin 

DNA sequences Arabidopsis did not cluster with other higher plants. At present the 

National Center for Biotechnology Information (NCBI) has mitochondrial cytochrome c 

sequences fi^om four higher plant species that have been submitted to GenBank. The 

species are Helianthus annuus, Froitillaria agrestis, Oryza sativa and Chichorium 

intybus. '"''^'^'^^ When these four sequences were analyzed by Vector NTI's AlignX 

program, a high percent of identity was noted. 

In view of the fact that cytochrome c can be purified from mung bean,imtial 

efforts were concentrated on characterization of cytochrome c. The characterization 

includes the midpoint redox potential of cytochrome c, the pL, and an accurate molecular 

mass utilizing DE-MALDI-TOF. Further studies focused on the molecular cloning of 

the mung bean gene for cytochrome c using the RAPID AMPLIFICATION OF cDNA 

ends (RACE) protocol.^' 



The use of the RACE protocol requires that a short stretch of an exon sequence be 

known for primer design. The 3' and 5' oriented primers are chosen to produce 

overlapping cDNA. The 3' and 5' primers provide specificity while primers that anneal 

naturally to the 3'poly (A) tail or 5' end extend the cDNA from the end of the message to 

the specific primer. Full-length intact cDNA is produced by combining the RACE 

products.^' 
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Figure I. The higher plant respiratory chain contains four electron transfer complexes, 
complex I (internal NADH^ubiquinone), complex II (succinate—^ubiquinone), complex 
HI (ubiquinol-^cytochrome c) and complex IV (cytochrome c—>oxygen). Complex I 
contains flavin mononucleotide (FMN) and Iron-sulfur centers N-1 , N-2, N-3. 
Complex n contains Flavin adenine dinucleotide (FAD), 2Fe-2S iron clusters termed 
S-1 and S-2 and 4Fe-4S iron cluster S-3. Complex III contains the Rieske center 
(2Fe-2S) iron-sulfur center and two cytochromes b. Complex IV contains two a-hemes 
and two copper atoms located on the subunits I and II of the cytochrome oxidase. Many 
higher plant mitochondria contain an alternate oxidase activity. Adapted fi"om the 
Encyclopedia of Plant Physiology. ̂ ^ 



CHAPTER II 

MATERIALS AND METHODS 

Materials 

Fresh mung bean sprouts obtained from a local warehouse were used as the 

starting material for all protein purifications described. Spinach leaf ferredoxin, purified 

as described previously, was used in the CO2 fixation activity assay.̂ ^ Amberlite CG-50, 

CM-Sephadex, Genelute Minus EtBr spin column and trypsin were purchased from 

Sigma Chemical Company. The Bio-Gel P-30 and PVDF membranes were purchased 

fi'om Bio-Rad Laboratories. Qualitative graded paper 102 was purchased fi^om 

Millipore. The DEAE-cellulose and the CM-cellulose were purchased from Whatman, 

Inc. Sephadex G-50, Sephadex G-IO, cyanogen bromide activated Sepharose 4B and 

cyanogen bromide-activated Sepharose HP was purchased from Pharmacia Fine 

Chemicals. The Molecularporous membrane dialysis tubing with a molecular weight cut 

off of 6000 to 8000 was purchased from Spectrum. Ribonuclease H, M-MLV Reverse 

Transcriptase and Taq DNA Polymerase were purchased from Promega Corporation. The 

RNeasy kit was purchased from Qiagen. The Topo TA cloning kh was purchased from 

Invitrogen. The SMART RACE cDNA amplification kit was purchased from BD 

Biosciences. Molecular mass was determined by an Appilied Biosystems Delayed 

Extraction Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass 

Spectrometer (DE-MALDI-TOF MS). Peptide sequencing was carried out using a 

Porton Instruments 2020 sequencer with on-line Beckman Gold HPLC system and 
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Beckman 32karat analysis system at the Center for Biotechnology and Genomics at 

Texas Tech University. All primers were synthesized using a Beckman Oligo 1000 M 

Oligonucleoside Synthesizer, and all sequence was analyzed by an ABI PRISM TM 310 

Genetic Analyzer at the Center for Biotechnology and Genomics at Texas Tech 

University. All solutions were prepared using doubly distilled water that was passed 

through three Sybron-Bamstead combination demineralization/organic removal 

cartridges. 

Methods 

Ferredoxin dependent CO? fixation enzyme purification 

All buffers were bubbled with argon for 2 hours to remove oxygen. All 

purification procedures were carried out at 4 °C unless otherwise indicated. Bean sprouts 

were homogenized in a Waring-type blender for 60 seconds in one liter of homogenizing 

buffer, which consisted of 100 mM Tris-HCl buffer (pH 8.0) containing 400 mM NACl, 

0.1% p-mercaptoethanol, 20% glycerol, 100 pM benzyl isothiocyanate (BITC), I mM 

A/-acetyl-L-glutamate, and 1 mM phenylmethylsulfonyl fluoride (PMSF), then filtered 

through cheesecloth. Twenty-five kilograms of filtrate were combined and treated with 

sodium dithionite (3.75g/liter). Acetone chilled to -15 °C was added to a final 

concentration of 35% (v/v). The precipitate was removed by centrifiigation at 10,000 x g 

for 10 minutes. Chilled acetone was added to the 35% acetone supernatant to a final 

concentration of 75% (v/v). The precipitate was centrifiiged at 10,000 x g for 5 minutes 

and the pellet was collected. The pellet was suspended in the homogenizing buffer and 
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dialyzed against 5 liters of homogenizing buffer for 12 hours and subsequently dialyzed 

against dialysis buffer containing 50 mM Tris-HCl buffer (pH 8.0) containing 200 mM 

NACl, 0.1% P-mercaptoethanol, 20% glycerol, 50 pM BITC and 1 mM 

A-acetyl-Zglutamate. The dialysis buffer was changed every 12 hours for 60 hours 

while under a continuous stream of argon. The suspended pellet was centrifuged at 

10,000 X g for 5 minutes to remove insoluble material and then dialyzed against the 

dialysis buffer for 3 hours. The dialysate was passed through a DEAE-cellulose column 

that had been equilibrated with the dialysis buffer. Ammonium sulfate (70% saturation) 

was added to the non-absorbed fi^action, which was then dialyzed against 50 mM 

Tris-HCl buffer (pH 8.0) containing 50 mM NACl, 0.1% p-mercaptoethanol, 20% 

glycerol and 1 mM iV-acetyl-Z-glutamate under a constant steam of argon. The 

ammonium sulfate fi'action was concentrated using a 10 ml Amicon stirred cell with a 10 

kDa molecular weight cut off (MWCO) membrane. The fraction was then applied to a 

ferredoxin-immobilized Sepharose 4B column that had been previously equilibrated with 

50 mM Tris-HCl buffer (pH 8.0) containing 0.1% p-mercaptoethanol, 20% glycerol and 

1 mM iV-acetyl-Z,-glutamate. The ferredoxin was coupled to the cyanogen 

bromide-activated Sepharose 4B using the procedure described in the technical report 

provided by Pharmacia Fine Chemicals. The column was washed with the same buffer to 

remove any unbound protein. The fi^action was eluted with 50 mM Tris-HCl buffer (pH 

8.0) containing 200 mM NACl, 20% glycerol and 1 mM acetyl coenzyme A. The 

fi-action was dialyzed against 50 mM Tris-HCl buffer (pH 8.0) with 20% glycerol and I 



mM acetyl coenzyme A and concentrated using a 10 ml Amicon stirred cell with a 10 

kDa MWCO membrane. The fi-action was applied to an acetyl coenzyme 

A-immobilized Sepharose HP column that had been equilibrated with the dialysis buffer. 

The acetyl coenzyme A was coupled to the cyanogen bromide-activated Sepharose HP 

using the procedure described in the technical report provided by Pharmacia Fine 

Chemicals. The column was washed with the same buffer then the fraction was eluted 

with 50 mM Tris-HCl buffer (pH 8.0) 200 mM NACl, 20% glycerol and 1 mM acetyl 

coenzyme A. The eluate was used to measure enzyme activhy at this stage of 

purification. 

Ferredoxin-linked enzyme activity for COT^incorporation 

The reaction vessel was a Thunberg-type cuvette. The cuvette (main arm) and 

side arm were attached to a vacuum line and a glass introduction line that was controlled 

by a stop valve that could be either opened to introduce zinc-reduced methyl viologen or 

argon, or to a vacuum to remove gas, and then closed off to keep the reaction anaerobic. 

In the main arm, I ml of 150 mM iV-Hydroxyethylpiperazine-iV-2-ethanesulfonic acid 

(HEPES) buffer (pH 8), 10 |il of 10 mM acetyl CoA, 0.5 mg of ferredoxin and 1.0 ml of 

enzyme preparation were added. To the sidearm 0.1 ml of 100 mM NaHCOs was added. 

Zinc-reduced methyl viologen was introduced through the vacuum line. The 0.1 ml of 

100 mM NaHCOa was mixed with the contents of the main arm.̂ "'̂ ^ Absorbance 

decreases at 604 nm were monitored wdth a Shimadzu Model UV2100U 

spectrophotometer. 
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Ferredoxin CO? fixation enzyme purification in an anaerobic chamber 

The preparation was carried out as described above for the preparation of a 

ferredoxin-dependent enzyme extract through the homogenizing, dialysis, 

DEAE-cellulose column, ammonium sulfate fi-action, and dialysis and concentration 

steps. At this point the ammonium sulfate fraction was frozen in liquid nitrogen and 

readied for transport to Ohio State University. All buffers were prepared, then degassed 

and sparged with argon that had been run through a palladium column for O2 scrubbing. 

The following procedures were carried out in a Coy Model B Anaerobic Chamber kindly 

provided by Dr. Robert Tabita at Ohio State University. The ferredoxin-immobilized 

Sepharose 4B column was packed and equilibrated with 10 mM potassium phosphate 

buffer (pH 7.5) containing 100 pM acetyl coenzyme A and 0.1% P-mercaptoethanol. An 

acetyl coenzyme A-immobilized Sepharose HP column was packed and equilibrated 

with 10 mM potassium phosphate buffer (pH 7.5) containing 100 pM acetyl coenzyme A 

and 0.1% p-mercaptoethanol. Everything needed for the experiment was equilibrated in 

the anaerobic chamber for 24 hours before use. The ammonium sulfate fraction buffer 

was replaced with the buffer used to equilibrate the ferredoxin column using a 10 ml 

Amicon stured cell with a 3 kDa MWCO membrane. The fi-action was applied to the 

ferredoxin immobilized Sepharose 4B column and then washed with 10 mM potassium 

phosphate buffer (pH 7.5) containing 100 pM acetyl coenzyme A and 0.1% 

p-mercaptoethanol to remove any unbound protein. The fi-action was eluted whh 100 

mM potassium phosphate buffer (pH 7.5) containing 100 pM acetyl coenzyme A and 
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0.1% P-mercaptoethanol, and the buffer was then replaced with the buffer used to 

equilibrate the acetyl coenzyme A column and concentrated using a 10 ml Amicon stirred 

cell with a 3 kDa MWCO membrane. The fi-action was then applied to the acetyl 

coenzyme A-immobilized Sepharose HP column and washed with 10 mM potassium 

phosphate buffer (pH 7.5) containing 100 pM acetyl coenzyme A and 0.1% 

P-mercaptoethanol to remove any unbound protein. The fraction was eluted with 100 

mM potassium phosphate buffer (pH 7.5) containing 100 pM acetyl coenzyme A and 

0. \% p-mercaptoethanol. The elute was used to measure enzymatic activity in 

subsequent experiments. The ferredoxin-dependent CO2 fixation activity was assayed as 

described above except that the reaction vessel was a plastic cuvette fitted with a rubber 

stopper to keep it anaerobic when it was placed in a spectrophotometer located outside 

the anaerobic chamber, and the 100 mM NaHCOs was introduced with a syringe. 

Cytochrome c purification #1 

The following procedures were carried out at 4 °C unless otherwise noted. Fifty 

kilograms of mung bean sprouts were purchased from a local market. Two kilogram 

batches of mung bean sprouts were blended in a Waring-type blender with 

approximately 0.5 Uters of 100 mM Tris-HCl buffer (pH 8.0) containing 400 mM NACl, 

2mM ethylenediaminetetraacetic acid (EDTA), 0.1% (v/v) p-mercaptoethanol, 100 pM 

benzylisothiocyanate (BITC), and 1 mM phenylmethylsulfonyl fuoride (PMSF) for 

approximately 3 minutes. The homogenate was filtered through cheesecloth. The 

12 



filtrates were combined, and chilled acetone was added to a final concentration of 35% 

(v/v). The precipitate was removed by centrifiagation for 10 minutes at 10,000 x g. 

Chilled acetone was added to the supernatant to a final concentration of 75% (v/v). The 

precipitate was collected by centrifiigation at 10,000 x g for 5 minutes. The precipitate 

was suspended in homogenizing buffer then dialyzed against 5 liters of 10 mM Tris-HCl 

buffer (pH 8.0) containing 200 mM NACl, 2mM EDTA, 0.1% (v/v) p-mercaptoethanol, 

100 pM BITC. Insoluble material was removed by centrifiigation. The supernatant was 

dialyzed against 5 liters of 10 mM Tris-HCl buffer (pH 8.0) containing 0.1% (v/v) 

P-mercaptoethanol, 50 pM BITC. The sample was then applied to a DEAE-cellulose 

column that had been previously equilibrated with 10 mM Tris-HCl buffer (pH 8.0) 

containing 0.1% (v/v) P-mercaptoethanol, 50 pM BITC. The non-binding fraction was 

then applied to a CM-cellulose column that had been previously equilibrated with 10 

mM Tris-HCl buffer (pH 8.0) containing 0.1% (v/v) p-mercaptoethanol, 50 pM BITC. 

The column was washed with 5 liters of equilibrating buffer. The protein was eluted whh 

30 mM Tris-HCl buffer (pH 8.0), containing 400 mM NACl and 0.1% (v/v) 

p-mercaptoethanol. The cytochrome c containing eluent was concentrated by 

precipitation with ammonium sulfate at 80% saturation. The precipitate was dialyzed 

against 10 mM Tris-HCl buffer (pH 8.0). The dialysate was applied to a 

ferredoxin-Speharose 4B afFinity column that had been equilibrated with 10 mM 

Tris-HCl buffer pH 8.0. The column was washed whh 5 liters of 10 mM Tris-HCl 

buffer pH 8.0. The protein was eluted with 30 mM Tris-HCl buffer (pH 8.0) containing 

13 



400 mM NACl. The cytochrome c-containing eluent was concentrated and the buffer 

exchanged for 30 mM Tris-HCl buffer (pH 8.0) using an Amicon PM-10, 10 kDa cut off 

ukrafiUration membrane. The sample was applied to a CM-cellulose column that had 

been equilibrated with 30 mM Tris-HCl buffer (pH 8). The column was washed whh 5 

liters of 30 mM Tris-HCl buffer (pH 8.0). The cytochrome was eluted with 30 mM 

Tris-HCl buffer (pH 8.0) containing 200 mM NACl. The cytochrome was concentrated 

whh an Amicon PM-10, 10 kDa cut-off uhrafikration membrane. 

Cytochrome c purification # 2 

Cytochrome c was purified from mung bean using the following method, which 

was adopted from a published protocol. ^ Sixteen kilograms of mung bean sprouts were 

purchased from a local market. The following procedures were carried out at 4 °C unless 

otherwise noted. Two kilogram batches of mung bean sprouts were blended in a 

Waring-type blender whh approximately 0.5 liters of doubly deionized H2O (ddH20), 

containing 30 g of sodium ascorbate and 1 g of EDTA for approximately 3 minutes. 

The pH of the homogenate was adjusted to 4.6 by the addition of HCl. The homogenate 

was then filtered through Millipore qualitative graded paper 102 in three Buchner 

funnels. The fiher residue was washed with one liter of ddH20. Fifteen Uters of filtrate 

was adjusted to pH 8.0 with 1 M Tris. The fihrate was then left undisturbed for 2 hours, 

and the preciphate was removed by fihration. The fihrate was next added to 1.0 L of 

Amberihe CG-50 in the NH^" form at pH 10.0. The resin was allowed to absorb 

proteins, and the supernatant was decanted. The resin was washed with ddH20 by 
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stirring and decanting until the supernatant was coloriess. The resin was stirred for one 

hour with 350 ml of 0.5 M NACl and the pH maintained at 8.0 with the addition of 2 N 

NaOH The supernatant was collected by decantation. Sodium ascorbate was added at 

the concentration of 0.2 g/liter of cytochrome c containing solution. The cytochrome 

c-containing solution was then dialyzed against 30 liters of 0.05 M NaH2P04 - NaOH 

buffer (pH 8.0) for 18 hours. The cytochrome c was loaded on a CM-Sephadex column 

that had been previously equilibrated with 0.05 M NaH2P04- NaOH buffer. The column 

was washed with 0.05 M NaH2P04-NaOH buffer (pH 8.0) containing 0.1 g/liter of 

sodium ascorbate. The protein was eluted vAth 0.05 M NaH2P04-NaOH buffer (pH 8.0) 

containing 0.5 M NACl. The protein was concentrated using a 150 ml Omegacell 10 kDa 

(MWCO) membrane; then dialyzed against the 0.05 M NaH2P04-NaOH buffer 

overnight. The cytochrome c was completely reduced by the addition of 2 mg of sodium 

acsorbate. The protein was applied to a Biogel-P 30 column that had been previously 

equilibrated with 0.05 M NaH2P04-NaOH buffer pH 8.0. The protein was eluted with 

the same buffer and concentrated with a 10 ml Amicon stirred cell with a 10 kDa MWCO 

membrane. The cytochrome c was then applied to a Sephadex G-50 column that had 

been previously equilibrated with 0.05 M NaH2P04-NaOH buffer (pH 8.0). The 

cytochrome c was eluted with the same buffer. The cytochrome c was then concentrated 

using a 10 ml Amicon stirred cell with a 10 kDa MWCO membrane. The purity of the 

cytochrome was determined by a reducing, sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), using a 10-20% acrylamide gel, stained with 0.1% 

Coomassie Blue-R25 and destained with 40% methanol. 
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Electroblotting of protein onto a polyvinylidene difluoride 
(PVDF) membrane followed by heme stain 

Cytochrome c-containing samples were loaded onto a 10-20% reducing 

SDS-PAGE gel in two different lanes with four lanes separating them. Low weight 

molecular standards were loaded onto the gel next to one of the lanes containing 

cytochrome c. Following SDS-PAGE, the gel was removed from the electrophoresis 

tank and soaked in a wash of ddH20 with 2.0 mg/100 ml of dithiothreitol (DTT). The 

water wash was followed with two washes of transfer buffer that contained 10 mM 

3-cyclohexylamino-1-propanesulphonic acid (CAPS), 10% Methanol and 2.0 mg/100 

ml DTT. The membrane was soaked in 100% methanol, and then equilibrated in the 

transfer buffer until it stayed submerged. The blotting apparatus was assembled and run 

at 90 volts for 40 minutes. The membrane was removed from the apparatus and cut in 

half between the two cytochrome c lanes. The half with the low molecular weight 

standard next to the cytochrome c was stained whh Coomassie Brilliant Blue-R25 and 

destained with 40% methanol. The membrane was given to the Center for Biotechnology 

and Genomics at Texas Tech Univershy for sequencing on a Porton Instruments 2020 

sequencer. This instrument utilizes Edman chemistry to determine the primary structure 

of proteins by N-terminal sequence degradation. The other half was stained for heme 

using the method of Jacob.^^ Prior to blotting, the heme stain was prepared using a 500 

ml conical beaker. An excess of solid benzine hydrochloride and 100 ml of methanol 

were put into the beaker and mixed. After one minute the solution was fdtered. To the 

fihered solution 50 ml of ddH20, 4 ml of glacial acetate, 10 ml of 3% hydrogen peroxide 
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and 2 ml of pyridine was added. The heme-staining solution was poured onto PVDF 

membrane, allowed to sit for one minute then poured off. The membrane was then air 

dried. 

In-gel digestion of proteins separated by SDS-PAGE 

The protein band of interest was excised from the gel and cut into 1 x 1 mm 

pieces. The pieces were washed with 300 pi of ddH20 for 15 minutes. The pieces were 

then washed with 300 pi of CH3CN for 15 minutes. The supernatant was removed. The 

pieces were washed with 300 pi of 100 mM NH4HCO3 for 15 minutes. The pieces were 

next washed with 300 pi 100 mM NH4HCO3/ CH3CN (50:50 v/v ) for 15 minutes. The 

supernatant was then removed. The 300 pi of 100 mM NH4HCO3 and 300 pi 100 mM 

NH4HCO3/ CH3CN (50:50 v/v ) wash and supernatant removal was repeated until all the 

stain was removed. The pieces were crushed whh the end of a sterile 1 ml pipet tip. 

Next, 100 pi of CH3CN was added, and the mixture was allowed to stand for 5 minutes to 

dehydrate the crushed pieces. The supernatant was removed, and the pieces were dried in 

a speedvac for 5 minutes. For the digestion, 20 pi of 12.5 pg/ml of modified trypsin in 

20 mM NH4HCO3 and 0.1% dimethyl glyoxime was added. The pieces were dehydrated 

in the digestion buffer for 30 minutes at 4 °C. The pieces were covered with 20 mM 

NH4HCO3 and 0.1% dimethyl glyoxime, and then incubated 16 hours at 30 °C. After the 

16 hour incubation, an equal volume of CH3CN was added to the digested pieces and 

incubated on a shaking platform for 30 minutes. The digest supernatant was transferred 
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to a clean Eppendorf tube and dried in a speedvac. The lyophilized digest was then 

analyzed by a Thermo Finnigan Deca XP Plus electrospray ionization mass spectrometer 

(ESI/MS) at the Center for Biotechnology and Geneomics at Texas Tech University. 

DE-MALDI-TOF 

The molecular mass of the cytochrome was determined using an Applied 

Biosystems Delayed Extraction Matrix-Assisted Laser Desorption/Ionization 

Time-of-Flight Mass Spectrometer (DE-MALDI-TOF MS). The protein was prepared 

for mass spectrometry analysis by the purification system described above. Onepl of the 

purified cytochrome c sample was mixed whh 9 pi of a matrix solution. The matrix 

solution consisted of 10 mg sinapinic acid in a solvent system of 300 pi of acetonitrile, 

600 pi ddH20 and 100 pi trifluoracetic acid (TEA). The sample-matrix mix was applied 

to the target plate and dried. An external standard of lysozyme (14306.1 Da) was used 

for calibration. 

Oxidation-reduction thration 

The absorbance spectrum of the cytochrome c was monkored between 530 nm to 

580 nm. The cytochrome in 0.05 M NaH2P04-Na0H buffer (pH 8.0) was fully oxidized 

by the addkion of 1 pi of 5 mM ferricyanide to a final concentration of 5 pM in 1 ml of 

the solution containing cytochrome c. To I ml of the cytochrome sample 1.67 pi of 300 

mM ferrocyanide was added to give a final concentration of 500 pM. Three subsequent 
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addkions of 1.67 pi of 300 mM ferrocyanide were added to the cytochrome. The 

cytochrome was then fully reduced by the addition of sodium dkhionke. Using the Nemst 

equation, the Eh values were calculated for each point by using the known concentrations 

of ferricyanide and ferrocyanide and a value of + 430 mV for the Em of the 

ferricyanide/ferrocyanide couple. The log of (oxidized cytochrome c/reduced 

cytochrome c) was calculated for each point by measuring the amount of oxidized and 

reduced cytochrome c from the absorbance spectrum. The Em was determined by 

plotting the log of (oxidized cytochrome c/ reduced cytochrome c) versus the Eh. 

Pyridine hemochrome 

The cytochrome c was fvilly oxidized by the addkion of ferricyanide. The 

absorbance spectrum was measured from 400 nm to 600 nm. The cytochrome c was fiilly 

reduced by the addkion of sodium dkhionke. The absorbance spectrum was measured 

from 400 nm to 600 nm. The cytochrome c was then converted to a pyridine 

hemochrome by the addkion of 125 pi of pyridine and 125 pi of 5N NaOH solution to 

1.0 ml of cytochrome c. The absorbance spectrum was measured from 400 nm to 600 nm. 

The reduced minus oxidized difference absorbances of the pyridine hemochromes were 

measured. The extinction coefficient of the pyridine hemochrome was taken to be 19.1 

mM"' cm'' at 550 nm.̂ ^ 

19 



Isolation of total RNA from mung bean 

Before beginning the isolation procedure, all pipette tips, Eppendorf tubes, and 

spatulas were incubated overnight in 0.1% diethyl pyrocarbonate (DEPC)-treated 

ddH20, followed by autoclaving the next morning. The mortar and pestle were baked at 

180 °C overnight. The electrophoresis tank and casting tray were washed wkh water and 

detergent, rinsed wkh 0.1% DEPC treated-ddH20, then rinsed wkh ethanol and allowed 

to dry. Aseptic techniques were used while working wkh RNA. The total RNA was 

isolated using the RNeasy Midi protocol and kit. After weighing 0.5 g of fresh mung 

bean sprouts, the sprouts were placed in the mortar and ground using the pestle in liquid 

nitrogen, until a fine powder was present. The powder was decanted into a 2 ml 

Eppendorf tube. The liquid nkrogen was allowed to evaporate. The sample was not 

allowed to thaw. Two millilkers of the provided lysate buffer (RLT) were added to the 

Eppendorf tube containing the sample. The sample was centriflaged for 10 minutes at 

3000-5000 X g at room temperature. The supernatant was transferred to a new tube. One 

volume of 70% ethanol was added the homogenized lysate. The sample was then applied 

to an RNeasy-midi column placed in a 15 ml centriflige tube and centrifuged for 5 

minutes at 3000-5000 x g. The flow through was discarded. Four millilkers of the 

provided RWI buffer were added to the column which was then centrifuged for 5 

minutes at 3000-5000 X g. The flow through was discarded. Next, 2.5 ml of the 

provided RPE buffer was added to the column which was then centrifuged for 2 minutes 

at 3000-5000 x g. Another 2.5 ml of the RPE buffer was added to the column which was 

then centrifuged for 10 minutes at 3000-5000 x g. The sample was eluted by adding 150 
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pi of RNase-free water and then centrifiiged for 3 minutes at 3000-5000 x g. The eluted 

sample was then applied to the midi column, which was then centrifuged for 3 minutes at 

3000-5000 X g. The 150 pi total RNA sample was stored in the -80 °C freezer. 

Reverse transcription PCR 

Two micrograms of total RNA were mixed wkh 1 pi of the AP primer (Table 1) 

in a 0.5 ml polymerase chain reaction (PCR) tube. The volume was adjusted to 6.5 pi 

wkh 0.1% DEPC treated ddH20. The RNA and AP primer were heated to 70 °C for 5 

minutes and then placed on ice. To this 4 pi of 0.05 M NaH2P04-Na0H buffer (pH 8.0). 

MLV 5x Rxn Bf, 8 pi of dNTp (2.5mM), 0.5 pi of Rnasin Ribonulease inhibkor 

(40unks/pl) and 1 pi 0.05 M NaH2P0 -NaOH buffer (pH 8.0). MLV Reverse 

transcriptase (200 unks/pl) were added, yielding a total volume of 20 pi. The mixture 

was incubated for 1 hour at 37 °C. The mixture was then heated to 95 °C for 5 minutes 

and then placed on ice. The cDNA was diluted with 180 pi of 0.1% DEPC treated 

ddH20. This cDNA was used for the 3' RACE reaction. 
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Table 1. Sequence of primers used in RT PCR and RACE protocols. 
Primer Sequences 

AP 5' GGC CAC GCG TCG ACT AGT ACT TTT TTT TTT TTT TTT T 3' 

GSPI 5' GAG AAG ATC TTC AAG ACC AAG TGC G 3' 
T A 
A 

GSP2 5' ACC GGC ACC TTT ATC GAC GGT GTG 3' 

SMARTH 5' AAG CAG TGG TAT CAA CGC AGA GTA CGC GGG 3' 

5' CDS 5' (T)25N.iN 3' 
(N=A C,G or T; N.i= A,G or C) 

UPM 5'CTA ATA CGA CTC ACT ATA GGG C 3' 

NUP 5' AAG CAG TGG TAT CAA CGC AGA GT 3' 

3' Rapid amplification of cDNA ends (RACE) 

All components of the reaction were added to the 0.5 ml PCR tube (Table 2). The 

cycling parameters (Table 3) began wkh an annealing temperature 10 °C below the Tm of 

the GSPI and AP primers used (Table 1). PCR was preformed using a Perkin Elmer 

Certus thermal cycler. The PCR product was analyzed by gel electrophoresis. The 

sample was stored in the -20 °C freezer. 
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Table 2. 3' RACE PCR reaction components. 
Reaction components 

ddH20 

dNTP 2.5 mM 

10 X Taq buffer 

MgCL 15 mM 

GSPI 12.5 pmol/pL 

AP 12.5 pmol/pL 

l"* strand cDNA 12.5 pmoL/pL 

Taq DNA Polymerase 5u/pL 

Mineral Oil 

Amount 

32 pi 

2.5 pi 

5 pi 

5 pi 

2.5 pi 

2.5 pi 

2 pi 

1 pi 

2 drops 

Table 3. Cycling parameters used for 3' RACE PCR protocol. 

94 °C for 5 minutes 

25 cycles 
94 °C for 30 seconds 
55 °C for 60 seconds 
72 °C for 90 seconds 

72° C for 7 minutes 
4 °C (stop reaction) 
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5' Rapid amplification of cDNA ends (RACE) 

The first strand cDNA was synthesized by adding 3 pi of total RNA 1 pil of 5 '-

CDS primer (Table 1), and 1 pi of SMART II A oligo (Table 1) to a 0.5 ml PCR ttibe. 

The content of the tube was spun briefly. The mixture was incubated at 70 °C for 2 

minutes, and then placed on ice for 2 minutes. To this 2 pi of 5X first-strand buffer, 1 pi 

of DTT (20 mM), 1 pi of dNTP ( 10 mM), and 1 pi of Powerscript reverse transcriptase 

were added. The contents were mixed and then incubated at 42 °C for 1.5 hours. 

Following incubation, 20 pi of tricine-EDTA buffer was added. The tube was then 

heated to 72 °C for 7 minutes. 

A master mix (Table 4) was prepared for the 5' RACE reaction The contents 

were mixed and spun briefly. The 5' RACE reaction was prepared (Table 5) in a 0.5 ml 

PCR tube, and the master mix was added. PCR was preformed using a Perkin Elmer 

Certtis thermal cycler (Table 6). The PCR product was analyzed by gel electrophoresis. 

The bands of interest were excised from the agarose gel, and a second round of PCR was 

preformed using Ipl NUP primer solution (Table I) and 0.5 ml of master mix. The 

mixture was cycled at 94 °C for 30 seconds, 68 °C for 30 seconds, and 72 °C for 3 

minutes for 25 cycles. 
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Table 4. Master mix for 5 ' RACE PCR reaction. 
Master mix components Amount 

PCR Grade Water 

lOX Advantage PCR Buffer 

dNTP 10 mM 

5 OX Advantage Polymerase Mix 

34.5 pi 

5 pi 

1 pi 

Table 5 . 5 ' RACE PCR reaction mixture. 
Reaction components Amount 

cDNA 

UPMIOX 

GSP 2 10 pM 

Master Mix 

2.5 pi 

5 pi 

Ip l 

41.5 pi 

Table 6. Cycling parameters for 5 ' RACE PCR reaction. 

5 Cycles 
94 °C for 30 seconds 
72 °C for 3 minutes 

5 Cycles 
94 °C for 30 seconds 
70 °C for30 seconds 
72 °C for 3 minutes 

25 Cycles 
94 °C for 30 seconds 
68 °C for 30 seconds 
72 °C for 3 minutes 
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Transformation and analyzing poskive clones 

The 3' and 5' RACE PCR products were cloned into the vector pCR 2.1 TOPO 

and transformed into competent E. coli cells using the TOPO TA cloning kk. In a sterile 

1.5 ml Eppendorf tube, 4 pi of PCR product, 1 pi of provided sak solution, and 1 pi of 

TOPO vector were added. The reaction mixture was mixed and incubated at room 

temperature for 5 minutes. To insert the pCR 2.1 TOPO construct into the competent 

cells, 2 pi of the cloning reaction was added to a vial of One Shot Chemically Competent 

E. coli. The cells were incubated on ice for 30 minutes. The cells were heat-shocked for 

30 seconds at 42 °C. The cells were put on ice and 250 pi of SOC medium was added to 

the cells. The cells were incubated in a shaker for 1 hour at 37 °C. Fifty microlkers of 

the transformation mixture was spread onto a LB plate that had been treated with 40 pi of 

40 mg/ ml of X-Gal and 40 pi of 100 mM isopropyl-beta-D-thiogalactopyranoside 

(IPTG). The plates were incubated overnight at 37 °C. A whke colony was picked the 

following day and added to a 5 ml culture of LB medium containing 50 pg/ ml of 

ampicillin. The cultures were grown overnight. The plasmid DNA was isolated using a 

Wizard Plus Miniprep DNA purification system. The sequence of the insert was 

determined using an ABI PRISM TM 310 Genetic Analyzer. 
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CHAPTER m 

RESULTS 

Purification of bean sprout enzymes involved in Ferredoxin 
dependent CO? fixation enzyme 

If the partially purified enzyme(s) from bean sprout can catalyze the 

carboxylation of acetyl CoA, wkh reduced ferredoxin serving as the electron donor, then 

the oxidation of reduced ferredoxin catalyzed by the enzyme(s) when bicarbonate and 

acetyl CoA are present should be observed. It has been shown that the high background 

absorbance at 422 nm of the partially purified enzyme(s), which had a higher absorbance 

then the crude extract, made it diflficuk to follow the changes in the oxidation state of 

ferredoxin directly.^ However, as reduced methyl viologen rapidly reduces ferredoxin, k 

is possible to follow the oxidation of reduced ferredoxin indirectly by monitoring 

absorbance decreases resulting from the ferredoxin-dependent oxidation of reduced 

methyl viologen at 604 nm, a wavelength where interference from the background 

absorbance of the enzyme(s) is less severe. A unk of enzyme activky was defined as the 

oxidation of 1.0 pmol methyl viologen/min. Table 7 shows the specific activky of the 

CO2 fixation enzyme(s) after inkial attempts to purify the enzyme(s). Table 8 shows the 

specific activky of the CO2 fixation enzyme(s), purified at Ohio State University, using a 

protocol in which the bean sprout extract was kept strictly anaerobic after the ammonium 

sulfate fraction stage. There was a slight increase in specific activky under strictly 

anaerobic condkions. Figure 2 shows the PVDF membrane of the product of the CO2 

fixation enzyme purification. SDS-PAGE analysis on the enzyme prep purified in the 

27 



anaerobic chamber does not show any improvement in purification. Several of the bands 

were sequenced by a Porton Instruments 2020 sequencer wkh on-line Beckman Gold 

HPLC system and Beckman 32 karat analysis system at the Center for Biotechnology and 

Genomics at Texas Tech Universky, and then identified using the National Center for 

Biotechnology Information (NCBI) database. The proteins were identified as 

pectinesterase (accession number S78456) and (CYPl accession number BAB82452). 

Pectinesterase catalyzes the hydrolysis of pectin to pectic acid and methanol. The CYPl 

protein is identified as cyclophilin. Cyclophilin is thought to have peptidylprolyl cis-

trans isomerase activity.^* Nekher of these proteins would be expected to have CO2 

fixation capabilities. Unfortunately, purification and identification of the CO2 fixation 

enzyme(s) was not achieved. The CO2 fixation enzyme(s) appears to be very susceptible 

to 02-damage. It may be helpflil to attempt to purify the enzyme(s) under strictly 

anaerobic condkions from the beginning of the protocol. During the investigation of the 

CO2 fixation enzyme, a protein thought to be a cytochrome was found. The cytochrome 

was isolated, purified, and characterized. 
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Table 7. CO2 fixation enzyme activity assay resuks. 
Fraction Protein Total Activity Specific Activky Yield Fold 

(mg) units units/mg % Purification 
protein 

Acetone 
(35-75%) 

8750 10,320 1.2 100 

DEAE-
cellulose 

5620 10,000 1.77 96 1.57 

Fd-
Affinky 

Acetyl CoA 
AfFinity 

70 

- 5 

1200 

143 

17.1 

28.6 

11.6 14.25 

1.4 23.8 

Table 8. CO2 fixation enzyme activky assay, purification under strictly anaerobic 
condkions. 
Fraction Protein 

(mg) 
Total Activky Specific Activky Yield Fold 

unks unks/mg % Purification 
protein 

j j r : , / \ c -

cellulose 

Fd-
Affinity 

Acetyl CoA-
AfFinky 

J 1 J 

2.4 

1.2 

693 

67.2 

45.96 

2.2 

2.8 

38.3 

100 

9.6 1.27 

6.63 17.41 

29 



kDa 1 

275 
150 
100 

75 

50 

Figure 2. The PVDF membrane following purification attempts of the CO2 fixation 
enzyme. Lane 1 is a high molecular weight standard. Lanes 2, 3 and 4 are 2 pi, 4 pi, and 
6 pi of the CO2 fixation enzyme prep, respectively. 
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Cytochrome c purification 

The initial attempts to purify the cytochrome resuked in Img of cytochrome c in a 

mixture of proteins from 50 kg of starting material. SDS-PAGE following the inkial 

attempts to purify showed mukiple Coomassie-stained bands. Heme staining of the 

PVDF membrane from the inkial attempts to purify showed one heme-staining band. 

The second protocol for purification of cytochrome c resulted in a yield of 2 mg of 

cytochrome c from 16 kg of starting material and only one Coomassie-stained band after 

SDS-PAGE and one heme staining band on the PVDF membrane (Figure 3). 

Spectra, pyridine hemochromogen and oxidation-reduction thration 

The absorbance spectrum of the dkhionke-reduced cytochrome c shows 

absorbance maxima at 415 nm, 520 nm, and 550 nm (Figure 4). The absorbance 

spectrum of the ferricyanide-oxidized cytochrome c shows an absorbance maximum at 

409 nm and a broad feature centered at 530 nm (Figure 5). The spectrum of the 

ferricyanide-oxidized cytochrome c also exhibks a broad band at 697 nm that arises from 

a sulfur to iron charge-transfer band and is indicative of the presence of an axial 

methionine ligand (Figure 6). 
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Figure 3. PVDF membrane stained wkh Coomassie brilliant blue on the left half and 
heme stained on the right half Lane 1, low molecular weight standard. Lane 2, 65 
pmole of C3^ochrome c Coomassie brilliant blue stained. Lane 3, 65 pmole of 
C5^ochrome c heme stained. 
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The dithionke-reduced cytochrome c absorbance spectrum does not display the 

broad band at 697 nm (Figure 7). The absorbance spectrum of the pyridine hemochrome 

shows absorbance maxima at 420 nm, 520 nm, and 550 nm typical of c-type 

cytochromes. Using the absorbance of the pyridine hemochrome at 550 nm, the known 

extinction coefficient of the pyridine hemochrome, and the fact that the amino acid 

sequence of bean sprout cj^ochrome shows only a single heme binding site, k was 

possible to calculate an extinction coefficient of 31 mM"' cm'' at 550 nm for the native 

cytochrome. Figure 8 shows the oxidation-reduction thration done using the ferricyanide 

and ferrocyanide couple. Plotting the log (oxidized cytochrome c/reduced cytochrome c) 

that was calculated from the a-band absorbance, against Eh, that was calculated from the 

ferricyanide/ferrocyanide concentrations, gave a good fit to the Nemst equation for a one 

electron carrier with the Em = +291 mV ± 10 mV (Figure 9). 
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Figure 4. The absorbance spectrum of the dkhionite-reduced cytochrome c. The Soret 
band is seen at 415 nm, the p band at 520 nm, and the a band at 550 nm. 
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Figure 5. The absorbance spectrum of the ferricyanide-oxidized cytochrome c. A broad 
band at 530 nm and the Soret band at 409 nm. 
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Figure 6. The absorbance spectrum of the ferricyanide-oxidized cytochrome c between 
600 nm and 700nm. A broad peak is seen at 697 nm. 

36 



0.100 

0.090 

0.080 

0.070 

0.060 

0.050 
650 700 

Figure 7. The absorbance spectrum of the dkhionite-reduced cytochrome c between 600 
nm and 700nm. The broad band at 697 nm seen in the ferricyanide oxidized cj^ochrome 
c is not seen. 
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Figure 8. Absorbance spectrum of the oxidation-reduction titration. 
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Figure 9. Using the data from the oxidation-reduction thration, a plot of log 
(oxidized/reduced) cytochrome c versus the Eh gives an Em value of +291 mV ± lOmV 
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N-terminal sequencing and in-gel digestion 

The protein was found to be blocked at the N-terminus and therefore refractory to 

direct sequencing by repetkive Edman degradation. As the protein could not be 

sequenced by N-terminal sequencing, an in-gel trypsin digest was done followed by 

ESI/MS. Figure 10 shows the mass chromatogram obtained following ESI/MS. The 

digested protein was identified by the NCBI database as cytochrome c from mung bean 

(accession number P00052). Table 9 shows the sequence of the fragments and the 

identky of the fragments in the cytochrome c sequence. 

MALDI-TOF analvsis 

Figure 11 shows the DE-MALDI TOF mass spectra of the cytochrome. The mass 

peak of the cytochrome c is 12882.7 ± 7 Da and on the shoulder there is a peak at 

13089.3 Da that corresponds to the addkion of sinapinic acid accompanied by 

dehydration.^" An external standard of lysozyme (mass =14306.1 Da) was used for 

calibration. 
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Figure 10. The ESI/MS chromatogram displaying the trypsin digestion fragments. 
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Table 9. The digested protein was identified as gi 1118012 |sp|p00052|CYC_PHAAU 
CYTOCHROME C. The identified sequence of cytochrome c wkh the bold amino acids 
being the fragments obtained by the in-gel digestion. The fragment mass, % mass, AA 
and % AA are listed for each fragment obtained. 
ASFDEAPPGN SKSGEKIFKT KCAQCHTVDK GAGHKQGPNL NGLFGRQSGT 

TAGYSYSTAN KNMAVIWEEK TLYDYLLNPK KYIPGTKMVF PGLKKPQDRA 

DLIAYLKEST A 

Sequence Mass 

CAQCHTVDKGAGHK 1436.63 

NMAVIWEEK 1101.29 

KPDRADLIAYLK 1512.77 12.47 95-107 11.71 

QGPNLNGLFGR 1154.29 9.51 36-46 9.91 

IFKTKCAQCHTVDK 1603.92 13.22 17-30 12.61 

% Mass 

11.84 

9.08 

AA 

22-35 

62-70 

%AA 

12.61 

8.11 
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Figure 11. MALDI-TOF mass spectrum of the cytochrome c wkh a mass peak of 
12882.7 and on the shoulder a peak of 13089.3 that corresponds to the addkion of 
sinapinic acid accompanied with dehydration. 
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Total RNA isolation and reverse transcription 

In Figurel2, two distinct bands within the smear are seen. The two distinct bands 

are the 18S and 28S ribosomal RNA (rRNA). RT-PCR produced cDNA used for the 

RACE protocols. 

3' and 5 ' RACE 

Figure 14 shows the 3' RACE PCR product analyzed on a 1% agarose gel. The 

gel revealed mukiple bands. The band wkh an approximate size of 400 bp was excised, 

and PCR was carried out again to amplify k and eliminate contaminants. The PCR 

product was then cloned into the pCR 2.1 TOPO vector and transformed into competent 

E. coli cells. Following plasmid purification a 1% agarose gel shows the plasmid with 

the 400 bp insert (Figure 15). The PCR 2.1 TOPO vector with the insert was extracted, 

and Eco/RI digestion was performed to confirm the presence of the insert. The 1% 

agarose gel indicates the size of the insert is identical to that of the PCR product. 
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Figure 12. Gel electrophoresis of total RNA. Lane I is 1 pi and lane 2 is 2 pi of total 
RNA A28S rRNA and 18S rRNA band are identified. 
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Figure 16 shows the 5' RACE PCR product analyzed on a 1% agarose gel. The 

gel indicates a 200 bp PCR product. The PCR 2.1 TOPO vector wkh the 200 bp insert 

was extracted, and Eco/RI digestion was preformed to confirm the presence of the insert. 

The 1% agarose gel indicates that the size of the insert is identical to the PCR product 

(Figure 17). 

The final gene product of the RACE protocol is 337 nucleotides. The nucleotide 

sequence translates into a 112 amino acid sequence. The translated amino acid sequence 

was aligned wkh cytochrome c (accession number P00052) using NCBI's alignment tool. 

The alignment shows 95% sequence identity. The differences between the two sequences 

are residues 11-13, 16, and 20. Residue 11-13, 16 and 20 in the translated sequence are 

valine, alanine, glutamine, aspartic acid, and arginine, respectively. The residues 11-13, 

16 and 20 in the cytochrome c (accession number P00052) are asparagine, serine, lysine, 

glutamic acid, and lysine, respectively. The predicted mass of the translated sequence is 

12246 Da. The mass obtained by DE-MALDI-TOF of the cytochrome c purified from 

mung bean is 12882.7 Da . The mass of the translated sequence does not take into 

account the N-terminal blocking group, assuming k is N-acetylated, (mass = 43 Da) or 

the heme prosthetic group (mass = 616 Da). A mass of 12905 Da is calculated when the 

N-terminus blocking group and the heme prosthetic group masses are added to the mass 

of the translated sequence. The predicted isoelectric point of the translated sequence is 

9.25, and the charge at pH 7.0 is 4.91 .^' The following is the 337 nucleotide sequence 

and the translated amino acid sequence (Figure 13). 
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GGCATGTCTTCCTAATAGTTCATTCCTTTCTACTTTTCCGCGCAATTCTCCTTT 

TTCCTTCGATTCTCTCAAACCCCTTCCTTCGCGA ATG GCG TCC TTC GAT 

M A S F D 

GAG GCT CCT CCC GGC GTC GCC CAG TCC GGC GAC AAA ATC TTC AGG 

E A P P G V A Q S G D K I F R 

ACT AAA TGC GCT CAG TGT CAC ACC GTC GAT AAA GGT GCC GGT CAC 

T K C A Q C H T V D K G A G H 

AAA CAA GGA CCC AAT CTG AAT GGT TTG TTT GGA AGG CAA TCT GGC 

K Q G P N L N G L F G R Q S G 

ACT ACC GCT GGA TAT TCC TAT TCT ACC GCT AAC AAA AAC ATG GCT 

T T A G Y S Y S T A N K N M A 

GTG ATA TGG GAG GAA AAG ACC TTG TAT GAT TAC TTG CTC AAT CCC 

V I W E E K T L Y D Y L L N P 

AAA AAG TAT ATT CCA GGG ACA AAG ATG GTG TTT CCT GGT CTT AAG 

K K Y I P G T K M V F P G L K 

AAA CCT CAG GAT CGT GCG GAT CTT ATT GCT TAT CTT AAA GAA TCC 

K P Q D R A D L I A Y L K E S 

ACT GCA TAA GGATTAAACTTTCATACATCGTTACGCATTGTTCATTCGA 
T A Stop 

AGTTCCGGAGATTTAAATTTTCAGACACTTAATTATGTGGTGCAGGAAGT 

ACTGTATCAGCAA ATA AAGTAGACTTGATTTGTTTGCAATGCTATTTTG 

Figure 13. The 337 nucleotide sequence and the translated amino acid sequence. 
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TTCATTTTGCATTGCCTTTTAAGAATTTGCGATATATGGGTTAATACCCAA 

TTAATTTAACAG TTGAAAGTTGAAACATTG TTGCTGATAAAAAAAAAAA 

AAAAAAAAA 

Figure 13. Continued. 
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1 2 3 4 5 6 7 8 9 10 

Figure 14. The 3' RACE PCR product. Lane 2 is 1 pi of the standard X DNA /Eco RI. 
Lane 3 is I pi of the standard A, DNA / HIND RI and lane 4 is I pi of the standard X DNA 
/ HIND m (h 174 / Hae ffl. Lane 6 is I pi of PCR product. Lane 7, 2 pi of PCR 
product, and lane 8, 3 pi of PCR product. 
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1323 

1078 
872 

603 

310 
281 

Figure 15. The 3' RACE PCR product cloned into the pCR 2.1 TOPO vector and 
transformed into competent E. coli cells and the plasmid recovered. Lane I is 1 pi of the 
standard X DNA / Eco RI. Lane 2 is 1 pi of the standard X DNA / HIND m and lane 3 is 

1 pi of the standard X DNA / HIND IE (h 174 / Hae HI. Lane 5 is 1 pi lane, 6 is 2 pi 
lane, 7 is 3 pi, lane 9 is 4 pi, lane 10 is 5 pi, and lane 11 is 6 pi of purified plasmid. 
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1323 

1078 
872 

603 

310 
281 

Figure 16. The 5' RACE PCR product. Lane 2 is I pi of the standard X DNA /Eco RI. 
Lane 3 is I pi of the standard X DNA/HINDIH and lane 4 is 1 pi of the standard X DNA/ 
HIND m (j)- 174/Hae IH. Lanes 7, 8, and 9 are 1 pi of the PCR product. 
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310 
281 

Figure 17. Lane 1 is 1 pi of the standard X DNA / Eco RI. Lane 2 is 1 pi of the standard 
X DNA / HIND m and lane 3 is I pi of the standard X DNA / HIND HI <|)- 174 / Hae HI. 
The 5' RACE PCR product cloned into the pCR 2.1 TOPO vector and transformed into 
competent E. coli cells, the plasmid recovered and an Eco/RI digestion performed. Lane 
1 is Ipl of the digestion, and lane 2 is 2 pi of the digestion. 
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CHAPTER IV 

DISCUSSION 

The second protocol for purifying cytochrome c from mung bean resuked in a 6-

fold increase of protein yield compared to the first purification protocol and also allowed 

purification to homogeneky. The translated amino acid sequence from the cloned nucleic 

acid sequence was identified using NCBI's BLAST program.^^ Using NCBI's align two 

sequences tool, the translated amino acid sequence and the cytochrome c (accession 

number P00052) had 95% identky. The in-gel digestion was necessary because the N -

terminus was found to be blocked when an attempt was made to sequence the protein by 

Edman degradation. It is not uncommon for higher plant cytochromes c to have an 

acetylated N-terminus.^^''^ The acetylated N-terminus had kept prior researchers from 

identifying the first 8 amino acids of the cytochrome c sequence from mung bean wkh 

certainty. Early investigators deduced the first 8 amino acids by sequence homology to 

other known cytochromes c. The fu-st eight amino acids of the translated sequence are 

the same as the first eight amino acids of P00052 cytochrome c that was deduced by 

homology comparisons. 

Using Vector NTI's AlignX program, the amino acid sequence of cytochrome c 

from 29 species was aligned for comparison to the translated amino acid sequence 

(Figures 18, 19, 20). Several features common to c type cytochromes are seen in the 

translated amino acid sequence of the bean sprout cytochrome. The heme binding domain 

near the N-terminus consisting of a cysteine wkh two intervening residues followed by 
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another cysteine adjacent to a histidine was seen in the translated amino acid sequence at 

positions 23 through 27. Another common trait of the known cytochrome c sequences 

that is seen in the translated amino acid sequence of the bean sprout cytochrome is the 

methionine in position 88 that serves as the axial ligand of the Fe atom.'-'' This finding 

IS consistent with the observation of the charge transfer band centered at 697 nm in the 

absorbance spectrum of the oxidized cytochrome. Another common feattire to 

cytochrome c is a conserved phenylalanine at poskion 91.^" Addkionally, most 

mkochondrial cytochromes c have a "ring" of highly-conserved lysine residues that 

surround the exposed heme-edge of the protein and play an important role in the 

"docking" of these cytochromes wkh their reaction partners. There have been two 

methods used to investigate the interaction surface that cytochrome c presents to ks 

reaction partners. One method of investigation is the differential chemical modification 

approach. The other approach used was the kinetic examination of singly modified 

cytochromes c derivatives.^^'^' Both approaches pointed to the importance of lysine 13, 

86, and 87 in the interaction of cytochrome c wkh both cytochrome c oxidase and 

cytochrome c reductase. In the mung bean sequence, the conserved lysine residues that 

correspond to these poskions are K22, 95, and 96. Some cytochrome c sequences have 

lysine residues at positions 22, 39, 53, 55, 60, 99, and 100. These lysine residues do not 

play a part in the docking of the cytochrome c to its reaction partners.^^ In the mung bean 

sequence, three of the lysine residues that correspond to the above are found in poskions 

31,62, and 108. 
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It also appears that lysine 72 and 79 may form part of a common interaction surface. In 

the mung bean sequence, the corresponding lysine residues are in poskions 81 and 88. 

As noted earlier, to date the nucleic acid sequence for genes encoding plant 

mkochondrial cytochrome c have only been determined for 4 higher plants. The 

complete gene for cytochrome c has now been cloned from mung bean. It was originally 

thought that the gene might have a pre-sequence that targets the protein to the 

mitochondria. The sequence of the gene was checked for this presequence using 

prediction soft ware.^^ There was no presequence found for the mung bean cytochrome 

c. As mentioned earlier it could be a folding event that helps target the cytochrome c to 

the mitochondria. 

The spectral features of the cytochrome c purified from mung bean are very 

similar to the spectral features of known cytochromes c. The flilly-reduced cytochrome 

displayed a Soret band at 415 nm, a P band at 520 nm and an a-band at 550 nm. A 

methionine sulfiir to heme iron charge transfer band was seen at 697 nm in the fiiUy-

oxidized cytochrome. The methionine sulfur to heme kon charge transfer band was not 

present in the fiiUy reduced cytochrome c. The Em value of the mung bean cytochrome c 

is +291 mV The Em values of known mkochondrial cytochrome c range from +244 to 

+264 mV ± 20 mV.̂ ^ The mung bean Em value of + 291 mV ± 10 mV is significantly 

higher than values reported in the Ikerature for other mitochondrial cytochromes c. 
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(1) 10 20 39 
Acernegundo (1) i8i^ASAPPn8^AAGEiB FHRcSQCHWDiGfflHKBGP 

Anopheles gambiae str. PEST (1) ----^!GVP.^^G^)Vr-,KGKKLFyORCAOCHTVEAGG:^HKVGP 
Arabidopsis thaliana (1) MatgfDEAPPGNPKAGEKIFRTKCAQCilTVEKGAGHKQGP 

Arum maculatum (1) -ftP!AEAPPGH:'KAGEKIFKTKCACCHTVEKGA6HKaGP 
Aspergillus niger (1) -GKDASFAPGDSAKGAKLFQTRCAQC.HTfEAGGPHKVGP 

Atelessp (1) GD'/FKGKRiFiMKCSQCHTVEKGGKHK'T'GP 
Brassica napus (1) -ASFUEAPEGj|S:v\GEKIFKTKCAQCHTVDKGAGHKQCP 

Chlamydomonas reinhardtii (1) M S T P A E A P A G D L A R G E K I F K T K C A Q C H V A E K G G G H K Q G P 

Cichorium intybus (1) M A S F A E A P A G S A T A G E K I F K T K C A Q C H T V E K G A G H K Q G P 
Cucurbita maxima (1) -ASFUEAPPGNs; K A G E K I F K T K C A O C H T V D K G A G H K S G P 

Emencella nidulans (1) - - M L I N C F P G D S T K G A K L F E T R C K Q C H T V E N G G G H K V G P 
Fritiilaria agrestis (1) MASFSBiMilGDFKSGEKIFKTKCA0CHTVDKGAGHK6GP 

Haematobia irritans (1) GVl/vGDVEKGKKlFVQRCAQCHfVllAGGKHKVGP 
Helianthus annuus (1) -ASFAEAPAGUPTTGAKIFKTKCAQCHTVEKGAGHKQGP 

Homo sapiens (1) HGDVFKGKKIFIMKCSQCHTVEKGGKIIKTGP 
Lycopersicon esculentum (1) -^|MpPPGNPKAGEKIFKTKCAOCHTVEKGAGHKEGP 

Manducasexta (1) GVpACNAfiNGKKIFVQRCAQCHTVEAGGKHKVGP 
Musca sp (1) GVPAGDVFKGKKLFVQRCAQCHT.VEAGGKHKVGP 

Oryzasativa (1) M M I S J ^ J M G B P K A G E K I F K T K C A Q C H T V D K G A G H K Q G P 

Pan troglodytes (1) GDVEKGKKIFIMKCS QCHTVEKGGKH KTG P 
Polytomella sp. Pnngsheim 198.80 (1) MlSfADSf AGRT ANGEKIFKTKCAQCHVAEMGGGHKQGP 

Sambucus nigra (1) - ASFDEAPPGN P KAG EKIFKTKC H QC HTVDKGAGH KQG P 
Samia cynthia (1) GVPAGBAFNGKKIFVORCAQCHl^AGGKHKVGP 

Schistocerca gregaria (1) GVPCGnVFKGKKIFyQRCAQCH:PI?EAGGKHKTGP 
Solanumtuberosum (1) -ASFGEAPPGNPKAGEKIFKTKCAQCh'TVDKGAGHKEGP 

Spinaciaoieracea (1) - A T F S E A P P G N K L ' V G A K I P K T K C A Q C H T V D L ' G H H K | G P 

Triticum aestivum (1) -ASF.^EAPPGNF. AGAKI FKTKCAQCHTVDAG^HKQGP 
Zeamays (1) -ASF.^EAPPGNPKAGEKIFKTKCAQCHTVEKGAGHKQGP 

Vigna radiata (1) V A S F D E A P P G V A O S G D K I F R T K C A Q C H T V D K G A G H K Q G P 

Consensus (1) ASF EAPPGN GEKI FKTKCAQCltTVFKGAGilKQGF 

Figure 18. Using Vector NTI's AlignX program, the amino acid sequence of cytochrome 
c from 29 species was aligned for comparison to the translated amino acid sequence 
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Acer negundo 
Anopheles gambiae str. PEST 

Arabidopsis thaliana 
Arum maculatum 
Aspergillus niger 

Ateles sp 
Brassica napus 

Chlamydomonas reinhardtii 
Cichorium intybus 
Cucurbita maxima 

Emericella nidulans 
Fritiilaria agrestis 

Haematobia irritans 
Helianthus annuus 

Homo sapiens 
Lycopersicon esculentum 

Manduca sexta 
Musca sp 

Oryza sativa 
Pan troglodytes 

Polytomella sp. Pringsheim 198.80 
Sambucus nigra 

Samia cynthia 
Schistocerca gregaria 

Solanum tuberosum 
Spinacia oieracea 
Triticum aestivum 

Zea mays 
Vigna radiata 

Consensus 

40) 40 '".n r^C^ yg 

39) NLSGLFGRQSCTTAGYSYSAANKNKAIiNWGVNfLSllYLl 
,36) N L I I G L F C R K T O L ' A A G F S Y T I J A N K A K G I " WNEDTLFEYL- . 
;40) N L K G L F G R Q S G T T P G Y S Y S A A N K S M A V N W E E K T L Y D Y L E 
3 9 ) N L N G L F G R Q S G T T A G Y S Y S A A N K N M A V L W E E S T L Y D Y L L 
39) NLHGLFGRKTCOSFGYAYT.OANKQAGVTWDENTLFSYLS 
31) NLHGLFGRKTGyASGFTYTtANKNKGIIWGEnTl.KEYLF, 
:39) NLNGLFGRQSGTTAGYSYSAAtNlKNKAVEWEEKTLYDYLL 
:40) NLGGLFGRVSGTAAGFAYSKANKEAAVI WGE.^TLYEYLL 
[40) NLNGLFGRQSGTTAGYSYSAANKSKAV'I WEENTLYDYLL 
;39) NLKFGLFGRQSGTTFGYSYSAANKNRA'VIWEEKTLYDYLL 
:38) NLHGLFGRKTGOAGGYAYTDANKQADVTWDE'- . -SLFKYLE 
;40) NL8F,GTPGRQSGTTAGYSYSAANF<NKAVMWDE::TLYDYT,L 
:35) NLHGTPGRKTGQAAGFAYTNATJKAKGITWODDTLFEYLL 
39) NLJIGLFGRQSGTTAGYSYSAANKNMAVTWEE: :TLYDYLL 
:32) NLHGLFGRKTGOAl'GYSYTAANKNKGITWGEnTI.KEYI.lr. 
;39) NLJSJGIEFGRQSGTTAGYSYSAANKNXAVMWGEXTLYDYLL 
:35) NLHGFPGRKTGOAFGFSYSNANKAKGI'IWQDDTLFEYLE 
:35) NLHGLFGRKTGQAAGFAYTDANK.^KGITWNBnTT.FEYLF, 
;40) NLIRGLFGRQSGTTl'GYSYSTANKNMAVlWEE-VTLYDYLL 
31)NLHGLFGRKTGQAPGYSYTAANKNKGIIWGEUTLMEYLE 
:40) KLGGLFGRVSGTAAGFAFSKANKEAAVTWSEHSLYDYLL 
:39) NLiGisiGRpSGTTAGYSYSAANKN.MAVNWEEKTLYDYLL 
;35) NLHGFYGRKTGOAPGFSYSNANKAKGITWGDDTLFEYLF, 
35) N L H G £ 1 * G R K T G 0 A P G F S Y T D A N K S K G I T W D E X T L F T Y T . K 
39) NLHfG^pGRQSGTTAGYSYStJANKNyAVTWGE'TLYDYLL 
;39) NLNGlFGRQSGTAASYSYSAAHKNKAVTWSEnTLYEiLL 
39) tJLHGLFGRQSGTTAGYSYSAANKNKAV-.WEEMTLYDYLL 
:39) NLNGtFGRQSGTTAGYSYSAANKNKAVVWEENTLYDYLL 
[40) NLNGlFGRQSGTTAGYSYSTANKNMAVTWEEKTT.YiYLi 
;40) NLNf;Lt GRQ:^GTTAGY:: ,YSAAHK:;-AV wtt: 'iLYDYLL 

Figure 19. Using Vector NTI's AlignX program, the amino acid sequence of cytochrome 
c from 29 species was aligned for comparison to the translated amino acid sequence 
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(79) 79 
Acernegundo (78) NPKKYI 

Anopheles gambiae str PEST (75) N I ' K K Y I 
Arabidopsis thaliana (79) NPKKYI 

Arum maculatum (78) NPKKYI 
Aspergillus niger (78)NPKKFI 

Atelessp (70) NPKKYI 
Brassica napus (78) NPKKYI 

Chlamydomonas reinhardtii (79) NPKKYM 
Cichorium intybus (79) NPKKYI 
Cucurbita maxima (78) NPKKYI 

Emericella nidulans (77) NPKKYI 
Fritiilaria agrestis (79) NPKKYI 

Haematobia in-itans (74) NPKKYI 
Helianthus annuus (78) NPKKYI 

Homo sapiens (71) NPKKYI 
Lycopersicon esculentum (78) NPKKYI 

Manducasexta (74) NPKKYI 
Musca sp (74) NPKKYI 

Oryza sativa (79) NPKKYI 
Pan troglodytes (70) NPKKYI 

Polytomella sp. Pringsheim 198.80 (79) NPKKFM 
Sambucus nigra (78) NPKKYI 

Samia cynthia (74) NPKKYI 
Schistocerca gregaria (74) NPKKYI 

Solanum tuberosum (78) NPKKYI 
Spinacia oieracea (78) NPKKYI 
Triticum aestivum (78) NPKKYI 

Zeamays (78) NPKKYI 
Vigna radiata (79) NPKKYI 

Consensus (79) NPKKYI 

90 ' :'iO 1 1 3 
l^GTKMfFfGLKKPQDRADLlAYLKQSflA 
PGTKMVFAGLKKPQERGDLIAYLK5ATK-
PGTKMVFPGLKKPQDRADLIAYLKEGTA-
PGTECMVFPGLKKPQERADLIAYI.KESTA-
PGTKMAFGGLKKG KERN DLITYLKESTA-
PGTKMIFVGIKKKEERADLIAYLKKATNE 

PGTKKVFPGLKKPQDRADI.TAYLKEATA-
PGNKKVFAGLKKPEERADLIAYLKOATA-

PGTKMVFPGLKKPQERADLIAYLKSSTA-
PGTKMVFPGLKKPQDRADT.TAYLKEATA-
PGTKMAFGGLKKTKERNLJLITYLKESTA-
PGTKMVFPGLKKPQDRADLIAYLKEATSG 
PGTKMIFAGLKKPNERGDLIAYLKSATK-
PGTKMVFPGLKKPQERADLIAYLKI'STA-
PGTKMIFVGIKKKEERADTJIAYLKKATNE 
PGTKMVFPGLKKPQERADL1AYT,KEATA-

PGTK^/IVFAGLKKANERAULIAYLKQATK-
PGTKMIFAGLKKPGDRADLIAYLKSATA-
PGTKMVFPGLKKPQERADLI SYT.KEATS-
PGTKMin/GIKKKFERAULlAYLKKATNF 
PGNKMVFAGLKKPEDRADLIAFLKOASA-
PGTKMVFPGLKKPQDRADLIAYLKQSTA-
PGTKMVFAGLKKANERADLTAYLKESTK-
PGTKMVFAGLKKPEERADLIAYLKESTK-
PGTKMVFPGLKKPQERADLIAYLKEATA-
PGTKMVFPGLKKPQDRADLIAYLKDSTQ-
PGTKMVFPGLKKPQDRADLIAYLKKATSS 
PGTKMVFPGLKKPQERADLIAYLKEATA-
PGTKMVFPGLKKPQDRADLIAYLKESTA-
[•' G T K M V F : , K K P O F ; [ - A I ; : . : A Y L K F A T A 

Figure 20. Using Vector NTI's AlignX program, the amino acid sequence of cytochrome 
c from 29 species was aligned for comparison to the translated amino acid sequence 
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