
 

 

ABSTRACT 
 
 

EXPRESSION AND PURIFICATION OF THE Chlamydomonas  
BLUE-COPPER PLASTOCYANIN PROTEIN 

 
 

By Don Ruwan Ranatunga 
 
 

Plastocyanin (PC) is a type 1 blue copper (Cu) protein found in the thylakoid 
lumen of plant and algal chloroplasts and in some cyanobacteria. It carries electrons from 
the cytochrome bf complex to the photosystem I reaction center. The -barrel structure of 
PC provides a binding site for the bound copper atom, which undergoes oxidation and 
reduction during electron transfer. In the oxidized state, the Cu center has a large 
absorbance peak centered at 597 nm, providing a convenient marker for purification and 
quantification of the protein. The atomic 3D structures of the Chlamydomonas reinhardtii 
cytochrome bf complex and PC have been solved. An abundant source of 
Chlamydomonas PC would be useful for detailed structure-function studies of electron 
transfer and interactions between these important electron transfer partners. I have 
expressed in Escherichia coli the Chlamydomonas PC as a His-tagged, thioredoxin fusion 
protein. The fusion protein, purified by metal-chelating and anion-exchange 
chromatography, carries a Cu atom as shown by its absorbance spectrum and has a 
characteristic redox midpoint potential of +375.5 + 1.5 mV at pH 7.0. However, the 
molar Cu content of the purified protein was only ~10%. One hypothesis for low Cu 
incorporation is that differences in cis-trans isomerization of proline 36 (in mature C. 
reinhardti PC) near the Cu pocket might hinder Cu binding. Pro36 is in the less common 
cis configuration in PC structures. This has been tested by site-directed mutations F35S 
and AGF33-35KLS that made the PC protein of the green alga Chlamydomonas more 
similar to that of the cyanobacterium Synechocystis sp. PCC 6803. Unfortunately, these 
modifications did not significantly improve Cu incorporation, nor did attempts at in vitro 
Cu reconstitution into the fusion protein nor the separated PC. Other possibilities for low 
Cu incorporation include interfering metal ion interactions during His-bind, Ni-chelating 
chromatography or steric constraints imposed by the thioredoxin fusion partner. Another 
approach for producing Chlamydomonas PC was the expression from plasmids that 
encode the pelB leader sequence for export of the native PC to the E. coli periplasm. 
Although the PC yield from these plasmids is low, this strategy might avoid problems 
that appear to be associated with the thioredoxin fusion protein and immobilized metal 
ion affinity chromatography.
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INTRODUCTION 

 

All life on earth depends on an energy supply. The main energy source that 

sustains life on earth is the sun. About 1% of the electromagnetic radiation emitted by the 

sun reaches the earth and converts into chemical energy by an important mechanism 

known as photosynthesis. Using the chemical energy obtained from the sun, primary 

producers can fix atmospheric carbon dioxide to form useful carbohydrates. This energy 

then flows through different trophic levels of food chains and networks, thus sustaining 

99% of life on earth. Approximately 50% of primary production occurs in the oceans by 

algae, cyanobacteria and diatoms (1). Cyanobacteria are prokaryotic photoautotrophic 

organisms. They contain photosynthetic pigments that can absorb particular wavelengths 

of light from sunlight. These pigments include chlorophyll-a, phycocyanin, 

allophycocyanin, phycoerythrin, -carotene, and xanthophylls (2). The emergence of 

cyanobacteria occurred approximately 3.5 billion years ago and during the following 

1 billion years, they contributed immensely towards the oxygenation of the atmosphere 

(1). Their characteristics such as adaptations to survive in warm temperatures, high light, 

and low carbon dioxide concentrations has allowed them to spread into a broad range of 

habitats (1). Cyanobacteria are abundant in shallow fresh waters (i.e., lakes and rivers) 

and oceans. The basic structure of a cyanobacterium resembles that of a gram negative 

bacterial cell, which consists of an outer membrane, a peptidoglycan layer, and a 

cytoplasmic membrane (1). The intracellular thylakoid membranes of cyanobacteria 

contain proteins important for both respiration and photosynthesis. 
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Algae are eukaryotic photoautotrophic organisms. These organisms can range 

from single celled species (e.g., Chlamydomonas) to multi-celled complex species such 

as kelps found in marine environments. Algal species can be found in virtually every 

ecosystem in the biosphere (3). Algae contain membrane bound organelles and 

chloroplasts which act as the photosynthetic centers. Each chloroplast contains an outer 

membrane and an inner membrane, similar to the double membrane of mitochondria 

(Figure 1). 
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(A) 

 

(B) 

 

Figure 1: Chlamydomonas cell and chloroplast structure. (A) Transmisson Electron 
Micrograph of Chlamydomonas cell (from ref. 4) (B) Components of a chloroplast (from 
ref. 5). 
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Algal species such as Chlamydmonas renhardtii are used as model organisms in 

photosynthesis research. The ease of culture, short generation times, and diverse 

biochemistry among different species has made them invaluable research tools. 

Furthermore, certain by-products of some algal species such as hydrogen and 

triacylglycerols may provide alternative fuel sources in the near future. 

As shown in Figure 1, thylakoid membranes contain different components 

necessary for photosynthesis, mainly consisting of proteins and phospholipids. Among 

those components, phycobilisomes (large water soluble proteins), chlorophyll-protein 

complexes, carotenoids, and components of the electron transport system are significant 

(1). Phycobilisomes are located on the external surface of the thylakoid membranes of 

cyanobacteria and red algae and have the ability to harvest the light energy by funneling 

the energy to the photo pigments located in photosystem II and photosystem I (6, 7).  

Energy absorbed by photo-pigments can be used to acquire electrons from 

inorganic molecules such as H2O or H2S that can be used in production of energy in the 

form of adenosine tri-phosphate (ATP). Electrons stripped away from those inorganic 

molecules are transferred among different molecules, eventually creating a proton (H+ 

ion) gradient across photosynthetic membranes, which is used to produce ATP. This 

phenomenon is known as photosynthetic electron transport, and a well established model 

that explains the main steps of it and their redox potential energy levels is called the  

Z-scheme of electron transport (Figure 2) (8) 
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Figure 2: The Z-scheme of photosynthesis. Abbreviations: Mn for a manganese 
complex containing 4 Mn atoms, bound to Photosystem II (PSII) reaction center; Tyr for 
a particular tyrosine (Tyr 161) in PSII; P680, reaction center chlorophyll (Chl) in PSII (it 
is the primary electron donor of PSII); P680,* excited state of P680 after absorption of a 
photon of light; Pheo, pheophytin molecule (the primary electron acceptor of PSII; it is 
like a chlorophyll a molecule where magnesium (in its center) has been replaced by two 
H+s); QA, plastoquinone molecule tightly bound to PSII; QB, plastoquinone molecule that 
is loosely bound to PSII; FeS, Rieske Iron Sulfur protein; Cyt f, cytochrome f; Cyt b6 (L 
and H), cytochrome b6 (low and high potential); PC, plastocyanin; P700, the reaction 
center chlorophyll of PSI (it is the primary electron donor of PSI); P700,* excited state of 
P700 after absorption of a photon of; Ao, special chlorophyll a molecule (primary 
electron acceptor of PSI); A1, phylloquinone (Vitamin K) molecule; FX, FA, and FB, three 
separate Iron Sulfur Centers; FD, ferredoxin; FNR, Ferredoxin-NADP+-oxido-reductase. 
Three major protein complexes are involved in running the "Z" scheme: (1) Photosystem 
II; (2) cytochrome bf complex (containing Cyt b6; FeS; and Cyt f); and (3) Photosystem I 
(With permission of Govindjee (The Z-Scheme is the crux of the light reactions of 
photosynthesis. Its description is presented at 
<http://www.life.uiuc.edu/govindjee/textzsch.htm>, but for the scheme itself, see 
<http://www.life.uiuc.edu/govindjee/ZSchemeG.html>URL ref. 9). 
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Figure 3: Electron transport in the thylakoid membrane. (A) Photosynthetic electron 
transfer complexes and low- and high-potential pathways of the cytochrome bf complex.  
Abbreviations: PS II and PS I, photosystems II and I; PQ pool, plastoquinone pool; Fe-S, 
Rieske 2Fe-2S cluster; Qo, plastoquinol oxidation site; Qi, plastoquinone reduction site; f, 
cytochrome f heme; Cyt c6/PC, cytochrome c6 or plastocyanin; bL, low potential 
cytochrome b6 heme; bH, high potential cytochrome b6 heme; ci, heme ci or x.  
Two-headed arrow represents movement of the Rieske iron sulfur protein. This diagram 
was created by Darryl Horn (ref. 10). (B) 3-D Structure of Chlamydomonas Plastocyanin 
(Figures created with JMOL software)(ref. 11). 
 

 

Figure 3 shows the major components of photosynthetic electron transport and 

their location in the photosynthetic membrane (i.e., thylakoid membrane). Photosystem II 

and I are reaction centers that contain antenna systems, which consist of protein with 

bound photo pigments such as chlorophylls and carotenoids. Photons from the sun can 

excite these pigments, and the energy transferred from them is used for the primary 

photochemical reactions. In photosystem II the reaction center chlorophylls absorb light 

at 680 nm, where electrons from a donor (i.e., H2O) molecule are transferred to an 

acceptor molecule (8). Then, the electrons travel through an array of electron carriers to 

Cu 
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reach an important protein named the cytochrome bf complex. Antenna systems in 

photosystem I also absorb solar radiation by way of antenna photo pigments. The 

photosystem I reaction center absorbs light at 700 nm and receives electrons from the 

cytochrome bf complex (8). Upon excitation with light energy, electrons in photosystem I 

travel through another array of electron carriers and at the end reduce NADP+ to 

NADPH. This process also increases the concentration of H+ ions (protons) inside the 

lumen of the thylakoid membranes thus creating a proton gradient. Protons are then 

pumped out of the lumen using a membrane bound protein named ATP-synthetase and 

ATP is produced (12). 

The constant supply of electrons to photosystem I from the cytochrome bf 

complex is facilitated by either plastocyanin (PC) or cytochrome c6 (Figure 3) (13). 

Plastocyanin is approximately 10.4 kDa in size and can travel freely between cytochrome 

bf and photosystem I. Electron transport by plastocyanin is possible because of a Cu2+ ion 

integrated into the structure of this protein. Reduction of this Cu2+ ion allows PC to gain 

an electron and transport it to photosystem I; therefore, the Cu center of PC is essential 

for the proper functionality of this protein. 

Proteins are polymers of amino acids that form primary, secondary, tertiary, and 

quaternary structures. The function of a protein is closely related to its structure. 

Purification of proteins without changing their structure and functional groups is, 

therefore, important for research involving studies of protein structure-function 

relationships. However, in vitro protein studies can become challenging because 

purification techniques and other manipulations may alter functional groups of proteins, 
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thus altering their function. Plastocyanin is an important protein in photosynthesis, and 

understanding the structure and function of this protein will increase knowledge of 

photosynthetic mechanisms. This protein produced by different organisms has been 

purified successfully (14-21). Furthermore, the structures of Chlamydomonas cytochrome 

bf and plastocyanin have been solved by purifying proteins from the native species 

(Chlamydomona reinhardtii) (11, 22, 23). However, no technique has been developed yet 

to express the petE (plastocyanin) gene in a plasmid vector to overproduce functional 

Chlamydomonas PC in Escherichia coli (E. coli) cells. Such synthesis of 

Chlamydomonas PC would further facilitate structural studies of plastocyanin as well as 

in vitro electron transport experiments between the cytochrome bf complex and 

plastocyanin to help understand the structure function relationships of these proteins.  

The gene coding for PC (e.g., the Chlamydomonas petE gene shown in Figure 4) 

has been sequenced and the structures of the protein have been solved from different 

organisms (24-29). The structure of the Chlamydomonas reinhardtii plastocyanin has 

been solved to a resolution of 1.5 Å using X-ray crystallography techniques (11). This 

organism is widely used as a model organism to study different components of the 

electron transport system. 
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Figure 4: Chlamydomonas reinhardtii plastocyanin DNA and amino acid sequences. 
Lowercase letters (red) represent the DNA sequence and the uppercase letters (black) 
represent the amino acid sequence (ref. 11, 23).   
 

 

Chlamydomonas PC is approximately 10.4 kDa in size and has a -barrel 

structure (Figure 5a). Plastocyanin structures are somewhat different among different 

organisms (e.g., plants, algae, and cyanobacteria) (30). However, the region near the Cu 

center is quite conserved (30). Three ligands – thiolate sulfur of Cys84 and N of His37 

and His87 – make strong bonds with the Cu center, and the thioether sulfur of Met94 

makes a weak bond with the metal ion (30). There are two proline amino acids that are 

located near the Cu center, and these prolines are also quite conserved among different 

organisms (Figures 5 and 6). 
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(a)                                                            (b) 

  

Figure 5: Chlamydomonas plastocyanin structure. (a) The -barrel structure and the 
Cu center of Chlamydomonas plastocyanin and (b) prolines 36 and 86 
near the Cu center (Figures created with JMOL software)(ref. 11). 

 

 

Figure 6: Amino acid alignments of plastocyanin from different organisms. The 
highlighted sections show prolines 36 and 86 of Chlamydomonas reinhardtii and the 
amino acids from other organisms that align with these prolines. (alignment constructed 
with “Clustal-W”: http://www.ebi.ac.uk/Tools/clustalw2/index.html). 

Cu 
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As shown in Figure 5b, proline 36 of Chlamydomonas PC is in its cis 

confirmation, and proline 86 is in trans confirmation where the trans confirmation is 

energetically favored relative to the cis confirmation in nature. Changing the cis-trans 

confirmation of prolines may have profound effects on the functionality of a protein since 

it could change the direction of the backbone of the protein. In certain proteins, cis-trans 

isomerization of prolines functions as a switching mechanism where one conformation 

allows proper functioning of the protein and the other hinders its function (31, 32). 

Therefore, it is important to purify proteins without changing cis-trans confirmations of 

proline.  

Hervas et al. (1993) described a method for cloning the petE gene of 

Synechocystis sp. PCC 6803 into a plasmid vector and over-expressing it in Escherichia 

coli cells. They also managed to purify the over-expressed plastocyanin using a 

combination of techniques that involved protein precipitation and ion-exchange 

chromatography (3). Their purification of plastocyanin was highly effective and results 

indicated a 93% Cu incorporation in the purified plastocyanin. 

The main objective of my research was to find an efficient technique to  

over-express the petE gene in a plasmid vector that can be inserted into an E. coli strain 

(i.e., AD494DE3) and purify Chlamydomonas reinhardtii plastocyanin protein with a 

high Cu2+ content. I succeeded in overproducing and purifying plastocyanin (fused with 

thioredoxin), and achieved up to approximately 18% Cu incorporation into the metallo 

protein. 
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MATERIALS AND METHODS 

 

Plasmids 

pOSHmCRE 

Ouyang created the pOSHmCRE plasmid to “overproduce” thioredoxin-

Chlamydomonas plastocyanin (TRX-PC) fusion protein. I used this same plasmid (Figure 

7) for my research. During the construction of this plasmid, the Chlamydomonas PC gene 

(pet-E gene) was cloned into the pOSHmCRE plasmid that can be introduced into 

AD494DE3 Escherichia coli cells for protein expression (Figure 7). 
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Figure 7: Plasmid pOSHmCrE for expression of Chlamydomonas plastocyanin as a 
thioredoxin fusion protein (TRX-PC). Plasmid pOSHmCrE (constructed by Ouyang) 
contains an ampicillin (Ap) resistance cassette, which allows screening for plasmid 
insertion into host cells upon plasmid insertion (e.g., by electroporation). The code for the 
histidine (His) tag, which is located between the thioredoxin and the plastocyanin (petE) 
genes, helps purification of the gene product (the TRX-PC fusion protein) by Ni-
chelating His-bind column chromatography. 

petE 
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The thioredoxin (TRX) gene was included, because the encoded TRX protein has 

the ability to stabilize newly synthesized proteins (33). The histidine (His) tag is used for 

purification of TRX-PC fusion protein by means of Ni-chelating, His bind 

chromatography. AD494DE3 E. coli cells contain a Lac operon that can be induced by 

isopropylthiogalactopyrinoside (IPTG) and regulate the production of T7 RNA 

Polymerase. T7 RNA Polymerase transcribes the engineered gene that codes for the 

TRX-PC fusion protein on the pOSHmCRE plasmid. His tags and T7 RNA polymerase 

promoter plasmids have been used successfully for expression and purification of a 

variety of proteins (34-36). 

Ouyang also engineered pCE and pET-CrE plasmids (Figures 8 and 9). These two 

plasmids were designed to produce Chlamydomonas plastocyanin and transport it to the 

periplasm of E. coli cells with the help of a pelB leader peptide sequence. 
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pCE 

 

Figure 8: Plasmid pCE for production of native, Chlamydomonas reinhardtii 
plastocyanin protein. Plasmid pCE (constructed Ouyang) contains a Chlamydomonas 
reinhardtii petE gene under the regulation of a lac promoter-operator, along with a PelB 
sequence that allows plastocyanin to be transported into the periplasm. The ampicillin 
resistance cassette allows screening for the plasmid. pCE was used as an alternative to 
pOSHmCRE, and to overproduce PC in as a native, non-fusion protein. 
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pET-CRE 

 

Figure 9: Plasmid pET-CrE for production of a native, Chlamydomonas reinhardtii 
plastocyanin protein. Plasmid pET-CrE (constructed Ouyang) contains a 
Chlamydomonas reinhardtii petE gene under the regulation of a T7-RNA polymerase 
promoter. The ampicillin resistance cassette allows plasmid selection. pET-CRE was 
used as an alternative to pOSHmCRE, to overproduce a native, non-fusion PC protein. 
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Fermenter Cultures and Protein Purification 

AD494DE3(pOSHmCRE) cells were acquired from frozen stocks stored at -80º C 

and used to start overnight cultures by inoculating 50 mL of LB medium, 150 µg/mL 

Ampicillin (Ap). After overnight growth at 37 °C with shaking (~200 RPM), these 

cultures were then used to start 4 liter fermenter cultures containing LB medium and 150 

µg/mL Ap. IPTG was added to 0.1 mM after letting the cells grow for 1 hour to induce 

the production of the TRX-PC fusion protein. Cells were harvested after 24 hours of 

growth and centrifuged at 5000 x g to pellet them. Cells were resuspended in 25 mL of 

His-bind chromatography binding buffer (20 mM Tris-HCl pH 7.9, 0.5 M NaCl, 5 mM 

Imidazole). A French Press was used to apply pressure at 20,000 psi on harvested cells 

and rupture the cell walls in order to acquire the soluble protein fraction.  Cells were 

ruptured on ice and components of the French press were submerged in ice before use to 

minimize protein degradation. A protease inhibitor mixture was used to minimize the 

degradation of proteins during purification. The components of the protease inhibitor 

were: 2 mM DTT, 0.5 mM Pefabloc (ABESF), 1 mM Aminocaproic Acid, 1 mM 

Benzamidine, 1 µM Pepstatin, 10 µM Leupeptin, 1 µM E-64, and 1 µM Bestatin. These 

were mixed with 25mL of His-bind chromatography binding buffer (37). 

Sonication with a Fisher Scientific 550 Sonic Dismembrator (three times with 30 

second exposures and 1 minute intervals between each exposure) was used to further 

rupture the cell walls and shear DNA (samples were kept on ice throughout these 

procedures to minimize protein degradation). The cell mixture was then centrifuged at 

5500 x g for 10 minutes at 4 ºC to separate the cell debris from the cell lysate. This 



18 

 

supernatant contained the soluble proteins as well as membrane vesicles and was used for 

the purification steps. This procedure was scaled down for 400 mL cultures in some 

instances to obtain smaller protein samples for certain experiments. 

 

His-bind, Ni-chelating, Fast Protein Liquid Chromatography (FPLC) 

An ion-exchange chromatography method known as His-bind, Ni-chelating FPLC 

was used in purification of the TRX-PC fusion protein. As shown in Figure 7, the  

TRX-PC gene contains a nucleotide sequence that encodes a six amino acid, histidine 

(His) tag in the protein. Histidine can bind to immobilized Ni2+ ions (38). Therefore, the 

His-tag in the TRX-PC fusion protein was used as an anchor to immobilize the fusion 

protein in a column during the purification process. A column (Amersham 

Biotechnologies XK 16 column; 16 mm x 20 mm bed volume) was loaded with 5 mL of 

Novagen His-bind resin (39). The resin contains reactive groups bound to the surface of 

each bead/unit. These reactive groups can hold Ni2+ ions by chelation and immobilize 

them. His-tagged proteins can then bind to these immobilized Ni2+ ions, and the proteins 

that do not contain a His-tag will be eluted from the column. The affinity of the His-tags 

to Ni2+ ions decreases in the presence of imidazole. Therefore, buffers containing 

imidazole were used to elute the bound proteins from the column and purify the TRX-PC 

fusion protein. 

The following Novagen His-bind chromatography buffers were used (39): 

• Binding buffer: 20 mM Tris-HCl pH 7.9, 0.5 M NaCl, 5 mM Imidazole 

• Wash buffer: 20 mM Tris-HCl pH 7.9, 0.5 M NaCl, 60 mM Imidazole 
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• Elution buffer: 20 mM Tris-HCl pH 7.9, 0.3 M NaCl, 200 mM Imidazole 

• Charge buffer: 50 mM NiSO4  

All buffers were filtered through 0.4 µm filters (Osmonics inc., Poretics, 

polycarbonate 0.4 micron, 47 mm filters) to prevent clogging of FPLC tubing and the 

column. 

 

Column Preparation for FPLC 

The column was clamped perpendicular to the surface of the lab bench and using 

a peristaltic pump at a flow rate of 2 mL/minute, washed with three column volumes (~15 

mL) of filtered double distilled water (ddH2O) or milli-Q water, followed by five column 

volumes (~25 mL) of binding buffer, and followed by three column volumes of charge 

buffer. The column was then placed in a 4 ºC refrigerator and loaded (at 1.5 mL/minute) 

with 5 mL of filtered (0.22 µm filter) soluble proteins obtained from lysed E. coli cells. 

Twenty mL of binding buffer was used (flow rate of 1.5 mL/minute) to elute unbound 

proteins from the column. The column was then attached to the FPLC instrument and 

chromatography was performed as explained blow. 

 

Fast Protein Liquid Chromatography (FPLC) Apparatus Preparation 

The Pharmacia Biotech FPLC apparatus consists of two pumps (model p-500) 

that can maintain a precise flow rate and includes detectors (i.e., conductivity meter and 

UV-absorbance detector, with a 280 nm filter) that measure conductivity and UV 

absorbance of samples eluted from the column. The pumps are controlled by computer 
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software. The tubing and the pistons of the pumps are filled with 20% filtered ethanol 

when not in use, which prevents bacterial growth. Therefore, it is important to flush the 

ethanol and fill the tubing with appropriate buffers before using the FPLC instrument.   

 

 

Figure 10: FPLC diagram. Diagram shows the main components of an FPLC apparatus. 
Pump A and pump B are connected to inlet-A and inlet-B, which are placed in the 
binding and elution buffers, A and B, respectively (illustration taken from ref. 40). 
 

 

As shown in Figure 10, inlet-A was placed in the binding or wash buffer and 

inlet-B was placed in elution buffer. Both pumps (A and B) were then run at 1:1 flow 

ratio at a flow rate of 10 mL/minute for 5 minutes. Thus, the two pistons were filled with 
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appropriate buffer solutions. Then, pump-A alone was run at a flow rate of 10 mL/minute 

for 10 minutes. Thus, the mixing chamber where the two buffers mix before entering the 

column was filled only with the binding-wash buffer. The UV-absorbance meter was 

reset during this time. Then, the column (loaded with proteins) was attached to the FPLC 

instrument. The fraction collector was programmed to collect 1.5 mL fractions. Pump-B 

was set at 0% flow rate for the first 8 minutes. Then, it was programmed to increase the 

flow rate linearly and reach 50% flow rate within 20 minutes. Finally, the rate of pump-B 

was increased to 100% (1 mL/min) and maintained for 15 minutes. 

UV absorbance readings (280 nm) indicated that proteins started eluting at ~18 

minutes. Nineteen fractions were collected during typical runs. A UV absorbance peak in 

the FPLC chromatograph output-plot indicated elution of proteins. SDS-PAGE (sodium 

dodesylsulfate polyacrylamide gel electrophoresis) analysis was then performed (see 

Appendix D) on the fractions collected. Bio-Rad 8-16% Tri-HCl, 10-well pre-cast gels 

were used for these studies. 

 

Dialysis 

Spectra/Por 32 mm (flat width) 12000-14000 molecular weight cutoff dialysis 

tubing was used. The pooled protein fractions were pipetted into the dialysis tubing and 

were placed in Q-Sepharose ion-exchange binding buffer (20 mM Tris-HCl (pH 7.5)) for 

48 hours (buffer was changed after 24 hours). 
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Q-Sepharose Ion-exchange FPLC 

Q-Sepharose Fast Flow is a strong anion exchange resin manufactured by 

Amersham Bioscience (41). The resin contains quaternary amine groups that can 

maintain a negative charge throughout a wide pH range of pH 2-pH 12 (41). The column 

was packed and prepared according to manufacturer’s instructions (see Appendix A). 

FPLC apparatus preparation and column loading were similar to that described for 

His-tag Ni-chelating chromatography. However, the resin (Q-Sepharose) and the buffers 

used were different. Two buffers were used: 

(1) Binding buffer: 20 mM Tris-HCl (pH 7.5) 

(2) Elution buffer: 20 mM Tris-HCl, 0.5 M NaCl (pH 7.5) 

The controls of the pumps were programmed identically to those for His-tag 

chromatography. FPLC fractions were collected and SDS-PAGE analysis was performed 

as described above. 

 

In vitro Cu Incorporation Into Plastocyanin 

Ion-exchange FPLC fractions were pooled together and in vitro Cu reconstitution 

performed according to the method used by Pauman et al. (2004) (42). The Cu-HisII 

reconstitution buffer consisted of 100 mM Cu-HisII: 0.199 g Copper II acetate, 0.31 g 

Histidine, and ddH2O up to 10 mL (42). Cu-HisII was added in 20-fold molar excess 

compared to the protein concentration in solution and left at room temperature for 1 hour 

for Cu incorporation to occur. 
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Site Directed Mutagenesis of petE Gene 

Since ~93% Cu incorporation into plastocyanin was achieved using Synechosystis 

PC (3), the plastocyanin amino acid sequences of different species were compared using 

the CLUSTAL software. 

Stratagene Quickchange II XL mutagenesis kit was used to construct mutations in 

the Chlamydomonas PC gene (43). This in vitro mutagenesis method consists of three 

main steps: (a) Mutant strand synthesis, (b) enzymatic (Dpn I) digestion of template 

DNA, and (c) transformation of modified DNA into competent cells (43). The synthesis 

of mutant DNA strand is similar to polymerase chain reaction (PCR). This step consisted 

of denaturing the DNA template, annealing mutagenic primers, extending the primers 

with PfuUltra (a high fidelity enzyme) DNA polymerase (43). The kit required the use of 

forward and reverse primers designed to anneal to the same region of opposite strands of 

the template plasmid. Dpn I has the ability to digest methylated and hemi-methylated 

DNA. Therefore, this enzyme specifically digested template strands (43).  The XL-10 

Gold Ultracompetant Cells provided with the kit were both endonuclease (endA1) 

deficient and recombination (recA) deficient (43). The endA1 mutation improved plasmid 

miniprep quality and the recA mutation helped ensure DNA insert stability (43). 

Plasmid pOSHmCRE was subjected to mutagenesis using this procedure (see 

Appendix A). Proline 36 is situated at position 84 in the TRX-PC fusion protein. 

Therefore, the primers for mutagenesis were named according to the amino acid position 

in the TRX-PC fusion protein (not the amino acid number in mature plastocyanin). The 

sequences of the native Chlamydomonas PC protein in the region targeted for 
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mutagenesis and the sequences that were constructed after mutagenesis are shown in 

Figure 11. 

 

Native Chlamydomonas plastocyanin sequence: 
5’-GGC GAG ACC GTG AAC TTC GTG AAC AAC GCT GGC TTC CCC CAC AAC  
        G       E       T       V     N       F       V      N      N       A      G      F      P       H       N 
 
ATC GTC TTC GAC GAG GAT GCC-3’ 
    I       V     F       D       E        D      A 
 
 Chlamydomonas plastocyanin F83S mutant DNA and amino acid sequence: 
5’-C AAC GCT GGC TCC CCC CAC AAC ATC GTG TTC GAC GAG GAT-3’ 
            N      A      G      S      P       H       N       I       V     F       D       E        D 
 
Chlamydomonas plastocyanin AGF-KLS Mutant DNA and amino acid sequence: 
5’-GGC GAG ACC GTG AAC TTC GTG AAC AAC AAA CTC TCC CCC CAC AAC 
        G       E       T       V     N       F       V      N      N       K      L      S      P       H       N 
 
ATC GTG TTC GAC GAG GAT GCC-3’ 
    I       V     F       D       E        D      A 
 

Figure 11:  Native and mutant Chlamydomonas petE sequences in the region 
targeted for mutagenesis. The DNA sequence is shown on top of the single-letter amino 
acid sequence and red color characters represent changes made to the DNA and amino 
acid sequence. 
 

Mutagenesis of the Chlamydomonas reinhardtii petE Gene 

I grew E. coli AD494DE3(pOSHmCRE) in 5 mL of LB broth with Ap150µg/mL, at 

37º C with vigorous agitation. Plasmid DNA was isolated from overnight (O/N) cultures 

(incubated for ~16 hours) by means of the Promega “Wizard Plus SV minipreps” 

procedure (37) (see Appendix B). 

Plasmid DNA was quantified by diluting 4 µL of the plasmid extract into 96 µL of 

double distilled water (ddH2O), and absorbance was measured at 260 nm (DNA absorbs 
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~260 nm). DNA concentrations were calculated (according to the formula: 1 absorbance 

unit at 260 nm = 50 µg/mL (or 50 ng/µl) of DNA) and the typical DNA yields were 

approximately 42 ng/µL. 

The following primers were designed to mutagenize the petE gene (Figure 12): 

 

Forward primer for Chlamydomonas PC AGF-KLS mutation: 
5’-GGC GAG ACC GTG AAC TTC GTG AAC AAC AAA CTC TCC CCC CAC AAC 
        G       E       T       V     N       F       V      N      N       K      L      S      P       H       N 
 
 ATC GTG TTC GAC GAG GAT GCC-3’ 
    I       V     F       D       E        D      A 
 
Reverse primer for Chlamydomonas PC AGF-KLS mutation: 
5’ –GGC ATC CTC GTC GAA CAC GAT GTT GTG GGG GGA GAG TTT GTT GTT 
          A      D     E       D      F        V       I        N      H     P        S        L      K      N      N 
 
CAC GAA GTT CAC GGT CTC GCC-3’ 
   V       F       N      V      T      E       G 

Figure 12: Mutagenic primers for Chlamydomonas PC AGF>KLS mutation. Single 
letter amino acid sequence is shown bellow the forward and reverse primer DNA 
sequences. 
 

The primers were diluted with 10T/0.1E buffer (10 mM Tris-HCL pH 7.5, 0.1 

mM EDTA) to a stock concentration of 200 µM and working concentrations of 20 µM 

(37). Primer solutions were stored at -20 ºC. The amounts of primers needed for the 

QuickChange mutagenesis was calculated according to the user manual of the 

mutagenesis kit (43). 

LB/Ap150µg/mL plates were prepared according to the QuickChange II XL user 

manual (43). SOC medium was prepared according to the Sambrook et al. Molecular 
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Cloning Manual (44), as recommended by the Stratagene QuickChange technical support 

team instead of the NZY+ broth indicated in QuickChange II XL manual. 

For the site-directed mutagenesis reactions, three microfuge tubes were labeled as 

control, sample 1 (Chlmydomonas PC F83S), and sample 2 (Chlmydomonas PC 

AGF>KLS). Each tube was loaded with the solutions as shown in Table 1. After adding 

one µL of pfuUltra HF DNA polymerase, each tube and the mutagenesis reactions were 

incubated in a thermal cycler at the settings described in Table 2. 

 

Table 1 

Preparation of mutagenesis reactions. 

 

Control Sample 1 Sample 2 
10x reaction buffer   = 5 µL 
pWhitescript plasmid 
(from 5ng/µl stock)  = 2 µL 
Control primer#1  = 1.25 µL 
Control primer#2  = 1.25 µL 
dNTP mix      = 1 µL 
Quick solution      = 3 µL 
Nuclease free  
Water                    = 36.5 µL 
pfuUltra             = _1 µL 
Total                     = 51 µL 
 

10x reaction buffer  = 5 µL 
pOSH37 mCRE2     = 0.3 µL 
 
Primer#1         = 0.5 µL 
Primer#2         = 0.5 µL 
dNTP mix         = 1 µL 
Quick solution         = 3 µL 
Nuclease free water = 39.7 µL 
pfuUltra                 = _1 µL 
Total                          = 51 µL 
 

10x reaction buffer   = 5 µL 
pOSH37 mCRE2      = 0.3 µL 
 
Primer#10          = 0.3 µL 
Primer#20          = 0.3 µL 
dNTP mix          = 1 µL 
Quick solution          = 3 µL 
Nuclease free water = 40.1 µL 
pfuUltra                  = _1 µL 
Total                           = 51 µL 
 

Note. Quantities of each component of the mutagenesis reactions were added in the order shown. 
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Table 2  

Thermal cycler settings for mutagenesis. 

 

Segment Cycles Temperature Time 
1 1 95 ºC 1 min 
2 18 95 ºC 50 sec 

60 ºC 50 sec 
68 ºC 6 min 20 sec (1 min/kb of plasmid length) 

3 1 68 ºC 7 min 

 

At the end of thermal cycler run, 1 µL of Dpn I restriction endonuclease was 

added into each tube to digest methylated parental plasmids. The reaction tubes were 

centrifuged for 1 minute and incubated at 37 ºC for 1 hour. Transformation of mutant 

DNAs into recipient E. coli cells was then carried out as explained in Appendix C. 

Transformed E. coli cells were plated onto LB/Ap100µg/mL plates. Three groups of 

plates were prepared. The first group contained one plate and it was pre-treated with  

100 µL of 10 mM IPTG and 100 µL of 2% X-gal (spread and dried 30 minutes before 

plating). This plate was plated with transformed E. coli cells containing pWhitescript 

mutagenesis control plasmid (43). The second group consisted of three plates. The first 

plate was plated with 75 µL from the transformation reaction (see Appendix B) of 

Chlamydomonas PC F83S mixed with 100 µL LB broth. The second plate was plated 

with 150 µL from the same transformation reaction mixed with 50 µL LB broth. The 

third plate was plated with the remainder of the mixture in the tube. The third set of plates 

also consisted of three plates, and they were treated the same as the second set of plates 
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with the exception that the transformation reactions contained Chlamydomonas PC 

AGF>KLS instead of Chlamydomonas PC F83S. 

The transformation plates were incubated at 37 ºC for 16 hours. The plates with 

the F83S mutant showed good colony growth--75 µL of the QuickChange reaction gave 

~120 colonies. The control had many blue colonies, indicating the transformation was 

successful. pWhitescript control plasmid contains a gene coding for -galactosidase. 

However, this gene is inactivated under normal conditions due to a stop codon in its DNA 

sequence. The control primers provided with the QuickChange II XL kit creates a point 

mutation that reverts the activity of the -galactosidase gene thus allowing the control 

plasmid (pWhitescript) to produce the enzyme. The media in which the E. coli cells with 

control plasmid were plated contained X-gal, which undergoes a chemical reaction and 

produces a blue color in the presence of -galactosidase. Therefore, colonies with cells 

that contain pWhitescrip plasmids that underwent mutagenesis appeared blue in the plate 

medium (43). Unfortunately, the AGF>KLS mutant did not give any colonies, indicating 

that the mutation reaction did not occur. Therefore, another reaction was started for the 

Chlamydomonas PC AGF>KLS mutation. The protocol was changed slightly according 

to the troubleshooting guide provided in the QuickChange II XL manual. Sample 

preparation and thermalcycler setting for these modified reactions were carried out as 

shown in Tables 3 and 4. 
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Table 3 

Modified mutagenesis sample preparation for the Chlamydomona PC AGF>KLS 
mutation 
 

Control Sample#2 
 
10x reaction buffer = 5 µL 
pWhitescript plasmid = 2 µL 
(from 5ng/µl stock) 
Control primer#1 = 1.25 µL 
Control primer#2 = 1.25 µL 
dNTP mix  = 1 µL 
Quick solution  = 3 µL 
Nuclease free water = 36.5 µL 
pfuUltra                      = _1 µL 
Total   = 51 µL 
 

 
10x reaction buffer = 5 µL 
pOSH37 mCRE2 = 1 µL 
 
Primer#10  = 1 µL 
Primer#20  = 1 µL 
dNTP mix  = 1 µL 
Quick solution  = 3 µL 
Nuclease free water = 38 µL 
pfuUltra                      = _1 µL 
Total   = 51 µL 
 

Note. Quantities of each component of the mutagenesis reactions were added in the order shown.  

 

Table 4 

Modified thermal cycler settings for construction of the Chlamydomonas PC AGF-KLS 
mutation. 
 

 

Segment Cycles Temperature Time 
1 1 95 ºC 1 min 
2 18 95 ºC 50 sec 

60 ºC 50 sec 
68 ºC 12 min 15 sec (2 min/kb of plasmid length) 

3 1 68 ºC 7 min 
 

 

The reaction tubes were frozen at the end of these reactions for future 

transformation. Reaction tubes were thawed on ice and 1 µL of Dpn I was added to each 
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tube. The tubes were swirled gently and incubated in a 37 ºC water bath for 1 hour. 

Transformation was performed slightly differently by increasing the volume of Dpn I 

treated DNA from 2 µL to 4 µL (see Appendix C). 

Plating was performed on LB/Ap100µg/mL plates. Two groups of plates were 

prepared. The first group of plates had two plates and each plate was pre-treated with  

100 µL of 10 mM IPTG and 100 µL of 2% X-gal and left for 30 minutes. The first plate 

was plated with 100 µL of the transformation mixture (see Appendix C), and the second 

plate was plated with 250 µL of the mixture. The second group of plates consisted of 

three plates. The first plate was plated with 75 µL from the transformation tube (see 

Appendix C) of Chlamydomonas PC F83S mixed with 100 µL LB broth. The second 

plate was plated with 150 µL from same tube mixed with 50 µL LB broth. The third plate 

was plated with remainder of the mixture in the tube. 

Chlamydomonas PC AGF>KLS transformant colonies appeared on these plates 

(see Results). I chose five each of the Chlamydomonas PC F83S and Chlamydomonas PC 

AGF>KLS transformant colonies (numbered 1 through 10; 1 to 5 for Chlamydomonas 

PC F83S; and 6 to 10 for Chlamydomonas PC AGF>KLS). From these, overnight (O/N) 

cultures were started in 5 mL of LB/Ap150µg/mL liquid medium. These cultures were 

incubated at 37 ºC for 16 hours. 

For future use, 10 µL from each liquid culture was transferred to another set of 

tubes containing 5 mL of LB/Ap150 µg/mL. The overnight cultures obtained from these 

were then preserved at -80 ºC. Plasmids were then isolated as described in Appendix B. 

Plasmid DNA concentrations were determined by UV absorbance as described above. 
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Mbo II Digestion of Mutant Plasmid DNA 

 

Isolated plasmids from Chlamydomonas PC AGF>KLS were used as templates 

for polymerase chain reaction (PCR) amplification of the petE gene. PCR was performed 

as explained in the Biotechnology Lab Manual (37) using the primers described in Figure 

13. 

 

Forward primer: 

5’-ATGAATGCCGGCAGACGCCACCGTCAAGCT-3’ 
 

Reverse primer: 

5’-TAGCTACCCGGGAGCAATTTACTGGACAAT-3’ 
 

Figure 13: PCR primers and annealing sequences for the Chalmydomonas petE gene.  
The green characters of the two primers indicate the nucleotides that bind to the template 
strand of plasmid pOSH37mCRE. The black characters show 5’ overhanging sections. 
 

 

Approximately 500 ng of purified DNA obtained after PCR amplification was 

used for each digestion reaction. The restriction enzyme was added at 0.5 units per 

reaction tube, and the total volume of each reaction mixture was adjusted to 15 µL using 

NEB2 buffer.  After mixing the components of the Mbo II digestion mixture, the tubes 

were incubated at 37 ºC for 1 hour. An Agarose gel with 1.2% (instead of 0.7%) was used 

for better resolution of bands at lower molecular weights. A 100 base-pair (bp) standard 

by Bayou Biolabs (catalog L-101) was used as a size standard. 
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Agarose (0.7 g) was weighed into a 100 mL flask with a stir bar in it and added  

25 mL of 1x TBE buffer (44). The above components were then boiled and left to cool to 

~50 ºC before pouring into two gel molds, each with 8-comb wells, which were left ~30 

minutes to polymerize. Pipette 7 µL of the digests and 100 kb Bayou Biolabs DNA 

ladder into 14 new microcentrifuge tubes, then added 2.5 µL of DNA-Blue (loading 

buffer) only into the 12 sample tubes. All tubes were then heated at 65 ºC for 5 minutes 

and centrifuged briefly. Then, 2 µL of 1/1000 SYBR Green-I dye was added to all 14 

tubes. The tubes were incubated at room temperature in the dark for 15 minutes. Combs 

were removed from the two gels and 1x TBE buffer was poured to cover the gel. Seven 

µL of each sample and standards were loaded. The gels were run at 125 mV for 35 

minutes. Gels were visualized with a BioRad GelDoc or FX fluorescence scanner. 

 

Sequencing of petE From Chlamydomonas PC F83S and Chlamydomonas PC 

AGF>KLS 

I sequenced the petE gene of plasmids isolated from seven E. coli transformants 

to confirm whether the mutations occurred at the desired positions. These transformants 

were obtained through Quickchange XL II mutagenesis technique described above. The 

sequencing reactions were performed by using the Applied Biosystems “BigDye” 

sequencing procedure (see Appendix B). Sequencing products were then purified using 

Amersham Bioscience AutoSeqTM G-50 purification columns. 

The purified samples were sent to University of Wisconsin Madison 

Biotechnology Center Sequencing Facility (http://www.biotech.wisc.edu/) for analyses. 
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A control sequencing reaction was performed with pGEM32 plasmid: pGEM32 plasmid 

(by Promega) contains a M13 phage sequence. The primer used was directed towards the 

M13 sequence (Primer sequence: 5’-TGTAAAACGACGGCCAGT-3’). 

I used Vector NTI software by Invitrogen to align the sequences and interpret the 

data. Upon confirming the sequences, E. coli AD494DE3 transformants carrying the 

mutant plasmids were then created (see Appendix B and Materials and Methods). 

 

Purification and In vitro Cu Reconstitution of AGF>KLS Mutant PC Protein 

E. coli AD494DE3(pOSHmCRE AGF>KLS) (mutant 7) for expression of the 

AGF>KLS mutant PC protein was grown in 4 L fermenter cultures in 

LB/Ap150µg/mL/CuSO4(0.2 mg/mL) medium and TRX-PC gene expression was induced by 

adding 0.1 mM IPTG. Cells were harvested and the soluble protein fraction obtained 

using French-Press and sonication. Ni-chelating, His-bind FPLC was performed and 12% 

SDS-PAGE was run to determine which fractions showed a band of ~25 kDa, indicating 

the elution of TRX-PC. One fraction from the His-bind chromatography (fraction 9) was 

used for in vitro Cu reconstitution with Cu-His-II. Absorbance readings were used to 

calculate the Cu incorporation. All of these procedures were performed as described 

above in the sections on fermenter cultures and protein purification, His bind, 

Ni-chelating FPLC and in vitro Cu incorporation into plastocyanin. 



34 

 

Thrombin Cleavage of TRX-PC 

 

Some of the TRX-PC samples were treated with thrombin to separate the 

thioredoxin and plastocyanin proteins. I pipetted 500 µL of mutant TRX-PC protein 

(from mutant 7) and 500 µL of wild type (wt) TRX-PC protein into two separate 

microfuge tubes. Since it is necessary to add 25 units of thrombin per 1 mg of protein 

(37), I added 0.5 µL of 0.25 units/µL stock into each tube and then incubated the tubes at 

room temperature for 24 hours. SDS-PAGE analysis was performed to see whether 

digestion occurred properly. 

 

Purification of Plastocyanin From Ion-exchange FPLC Alone 

The soluble protein fraction was collected (by rupturing the cells by French press 

and sonication treatments) from AD494DE3(pOSHmCRE AGF>KLS) (mutant 7) cells. 

Q-Sepharose ion-exchange chromatography was performed, and the samples were 

analyzed using 12% SDS-PAGE. These procedures were performed as described above 

in the sections on fermenter cultures and protein purification, Q-Sepharose ion-exchange 

FPLC and SDS-PAGE analysis (Appendix D). 

 

Purification of Plastocyanin From the Periplasm of AD494DE3 E. coli Cells 

I started growing 5 mL starter cultures of AD494DE3(pET-CrE-1), and  

XL-1Blue(pCE-E) in LB medium with Ap at 150 mg/mL. I inoculated 400 mL LB Ap 

150 mg/mL medium with above starter cultures and added CuSO4 to 0.2 mg/mL. Cells 
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were harvested after 24 hours of growth (IPTG was added after 2 hours of incubation). 

The cells were harvested and ruptured using French press and sonication as described 

above. 

The cells were collected in 500 mL centrifuge bottles and centrifuged at 6000 x g, 

10 min, at 4 °C. The cell pellets were washed by suspending in 5 mM Tris-HCl, 20% 

sucrose (20 g of sucrose to 100 mL of solution), centrifuged as previously and  

re-suspended (to 1/100 of the original culture volume, e.g., 40 mL total) in the same 

buffer (but without sucrose). Lysozyme was added at 1 mg/mL and incubated at 37 °C 

for 1 hour with shaking.  Finally, the mixture was centrifuged at 25,000 x g, 15 minutes, 

4 °C to pellet the spheroplasts. The supernatant was analyzed for periplasmic proteins by 

performing a 14% SDS PAGE analysis. 

 

Deferential Protein Precipitation of Periplasmic Proteins 

Solid ammonium sulfate was slowly added to the supernatant (soluble protein 

fraction acquired after cell breakage) to reach a saturation level of 60% (36.1 g added per 

100 mL), under vigorous stirring and continuous pH testing to keep the pH value close to 

7.0 by adding small amounts of a concentrated NaOH solution. Then, the resulting 

preparation was gently stirred for 1 hour and cleared upon centrifugation at 12,000 g for 

20 minutes. Ammonium sulfate was added to the supernatant as before to reach a 

saturation level of 98% (27.5 g added to every 100 mL). Upon centrifugation at 12,000 g 

for 20 minutes, the pellet was resuspended by means of a glass bar in 200 mL of 10 mM 
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Tris-HCl, pH 8.0, and dialyzed against the same Tris-HCl buffer for 48 hours with two 

dialysis buffer replacements. 14% SDS PAGE analysis was then performed. 

 

TRX-PC Protein Sample Preparation for Crystallography 

A buffer exchange into 20 mM Tris-HCl was performed on protein samples 

(plastocyanin obtained from E. coli AD494DE3(pOSH mCRE AGF>KLS) and E. coli 

AD494DE3(pOSH mCRE) according to the Microcon-10 product manual (45). Protein 

samples were then concentrated using Microcon-10 centrifuge filter units (45). 

Crystallization reservoir solution was made: 2.7 M ammonium sulfate, 0.1 M CoCl2, 0.1 

M CaCl2, and 0.08 M ammonium phosphate [pH 6.6] (11). Spectrophotometric readings 

at 280 nm were obtained for each protein sample to determine the protein concentration 

based on the predicted extinction coefficient (4.5 cm-1 mM-1) of the TRX-PC protein 

obtained from the Gene Inspector software manufactured by Textco BioSoftware, inc. 

(http://www.textco.com/). The concentrations of the proteins obtained from E. coli 

AD494DE3(pOSHmCRE AGFV>KLSV) and E. coli AD494DE3(pOSHmCRE) were 

~9 mg/mL and ~7.5 mg/mL, respectively. For each sample, 2 µL of the protein solution 

was mixed with 2 µL of reservoir solution and placed into the sample carrier. The 

reservoir carrier was filled with 0.5 mL of reservoir solution (2.7 M ammonium sulfate, 

0.1 M CoC12, 0.1 M CaC12, and 0.08 M sodium phosphate buffer [pH 6.6]). The 

crystallography plate was covered with paraffin and incubated at 22 ºC for 5 days. 
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RESULTS 

 

TRX-PC Purification by His-bind, Ni-chelating, Fast Protein Liquid 

Chromatography (FPLC) 

One main objective was to overproduce thioredoxin-plastocyanin (TRX-PC) 

fusion protein and purify the protein using His-bind Ni-chelating FPLC. Figures 14a and 

b show the results of Ni-chelating FPLC protein purification upon expression of the wild 

type petE gene construct (pOSHmCRE) in E. coli AD494DE3. Purified proteins were 

analyzed using 12% SDS PAGE. 
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(a) 

               

(b) 

              

 

Figure 14: SDS PAGE analysis of FPLC fractions acquired from His-bind 
chromatography performed on soluble protein fraction from AD494(pOSHmCRE).  
Panel (a) lanes 1: AllBlue protein standard, 2: Fraction 6, 3: Fraction 7, 4: Fraction 8, 5: 
Fraction 12, 6: Fraction 14, 7: Fraction 16, 8: Fraction 17, 9: Flow through from column 
loading, 10: Flow through from FPLC run. Panel (b), lanes 1: AllBlue protein standard,  
2: Fraction 1, 3: Fraction 2, 4: Fraction 3, 5: Fraction 4, 6: Fraction 5, 7: Fraction 18,  
8: Fraction 19, 9: Empty, 10: AllBlue protein standard. 

25KD 
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As is evident from Figure 14, all FPLC fractions showed a protein band of 

~28 kDa, indicating the elution of TRX-PC fusion protein. However, most lanes of the 

gel also showed bands of different molecular sizes, which indicated poor purification or 

possible degradation of the TRX-PC fusion protein. Ion-exchange chromatography was 

used to further purify the protein. Since the buffers used in ion-exchange chromatography 

are different from those of His-tag chromatography, the protein fractions were pooled 

together and dialyzed against ion-exchange binding buffer (37). 

 

TRX-PC Purification by Q-Sepharose Ion-exchange Chromatography 

Since the fractions from Ni-chelating His bind chromatography contained 

impurities, Q-Sepharose ion-exchange chromatography was used to further purify the 

TRX-PC fusion protein. SDS-PAGE analyses of the resulting fractions are shown in 

Figures 15a and b. 



40 

 

(a) 

                  

(b) 

                

Figure 15: SDS PAGE analysis of FPLC fractions from Q-Sepharose ion-exchange 
chromatography of partially purified TRX-PC fusion proteins. Samples from  
His-bind chromatography (shown in Figure 14) were further purified by Q-Sepharose 
ion-exchange and analyzed by SDS-PAGE. Panel (a) lanes 1: AllBlue protein standard; 
2: Fraction 7; 3: Fraction 8; 4: Fraction 9; 5: Fraction 10; 6: Fraction 11; 7: Fraction 12; 
8: Flow through from column loading; 9: Flow through from FPLC run before fraction 
collection; 10: Flow through from FPLC run after the last fraction. Panel (b) lanes  
1: AllBlue protein standard; 2: Fraction 13; 3: Fraction 14; 4: Fraction 15; 5: Fraction 16; 
6: Fraction 17; 7: Fraction 18; 8: Fraction 19; 9: Fraction 20; 10: Fraction 21. 
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As seen in Figure 15b, fractions 19, 20, and 21 (lanes 8-10) showed a strong band 

~28 kDa and very few impurities. These data indicate that the TRX-PC fusion protein 

(expected mass ~28 kDa, predicted mass 28291 Da) had been successfully isolated at 

high purity. These TRX-PC-containing fractions were pooled and analyzed for Cu 

incorporation. 

 

In vitro Cu Incorporation Into TRX-PC Fusion Proteins 

TRX-PC fusion proteins purified by His-bind and Q-Sepharose ion-exchange 

chromatography as described above had a Cu content of only ~8%. To improve the Cu 

content of these proteins, I attempted in vitro Cu reconstitution as described in Materials 

and Methods. Briefly, in vitro Cu incorporation was performed by adding Cu-His-II in  

20 M excess to the pooled protein fraction (42). The samples were left for 1 hour upon 

addition of Cu-His-II before adding K3Fe(CN)6 to oxidize plastocyanin before obtaining 

spectrophotometric readings. After in vitro Cu incorporation, the Cu content of the 

protein was determined spectrophotometrically at 597 nm as described in Materials and 

Methods. Proteins in general have an absorbance peak at 280 nm. Plastocyanin also 

absorbs at 597 nm if the protein contains an oxidized Cu center within its structure (46). 

Therefore, it is possible to use extinction coefficients for the TRX-PC protein as well as 

for Cu-containing PC to calculate the molar concentration of the protein as well as the 

proportion of PC holoprotein containing Cu atoms. UV-visible absorbance readings 

obtained before in vitro Cu reconstitution revealed a total protein concentration of  
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0.05 mM in the pooled fraction. The ratio of total TRX-PC protein to Cu-containing 

TRX-PC holoprotein was ~10:1. Therefore only ~10% of the TRX-PC fusion proteins 

contained a Cu center. This indicated that in vitro Cu incorporation did not significantly 

improve Cu incorporation into plastocyanin. 

 

Improved Cu Content of TRX-PC Proteins by Inclusion of Cu in the Growth 

Medium 

One hypothesis for the low Cu incorporation in the expressed TRX-PC fusion 

protein was poor Cu availability in growth medium. Therefore, 

AD494DE3(pOSHmCRE) cells were grown in 4 L fermenter cultures (as described 

earlier) with CuSO4 at 0.2 mg/mL included in the growth medium and all breakage and 

purification buffers. IPTG at 0.1 mM was added to induce the production of TRX-PC 

fusion protein. Cells were lysed by French Press treatment at 20,000 psi and sonication, 

and the soluble proteins were collected by centrifugation (as described in Materials and 

Methods).  Ni-chelating, His-bind chromatography was performed on the soluble protein 

fraction. SDS-PAGE analysis showed purified proteins in one fraction (fraction 9) (data 

not shown). 

Fraction 9 was used for the Cu incorporation calculations. In vitro Cu 

incorporation was performed using Cu-His-II (as explained in Materials and Methods). 

K3Fe(CN)6 was added (few grains) to oxidize the plastocyanin Cu center. UV-visible 

absorbance readings were obtained (Figure 16) and plastocyanin Cu incorporation was 

calculated using extinction coefficients as described previously. 
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(a) 

             

(b) 

    

Figure 16: UV-visible absorbance of native TRX-PC fusion protein purified by 
Q-Sepharose ion-exchange FPLC and after in vitro Cu incorporation. 
Panel (a) shows absorbance spectra of TRX-PC between 250 nm and 780 
nm. The blue color plot was obtained before oxidizing plastocyanin with 
K3Fe(CN)6. The red color plot was obtained after adding K3Fe(CN)6 to 
oxidize plastocyanin. Panel (b) shows the absorbance peak at 597 nm of 
the oxidized plastocyanin protein. 
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These data indicated a TRX-PC total protein to Cu-containing holoprotein ratio of 

5.4:1. Thus, Cu incorporation improved to approximately 18% upon inclusion of Cu in 

the growth medium and purification buffers.  

 

Mutagenesis of the Chlamydomonas petE Gene for Improved Cu Incorporation  

To determine whether proline 36 and proline 86 of plastocyanin are conserved 

among different organisms, CLUSTAL software was used to compare alignments of 

plastocyanin amino acid sequences of different species as shown in Figure 17. 

 

 

Figure 17: Amino acid sequence alignments of plastocyanin from different species 
using CLUSTAL. The two red-boxes highlight proline 36 and proline 86. 
These two amino acids are located in close proximity to the Cu center of 
Chlamydomonas plastocyanin. Although the two prolines are conserved 
among different species, the surrounding amino acids near proline 36 are 
different, for example between Synechocystis and Chlamydomonas. 
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As seen in Figure 17, the amino acids surrounding proline 36 in the mature 

Chlamydomonas PC protein are different between Synechocystis and Chlamydomonas. I 

postulated that the differences among surrounding amino acids of proline 36 affect the 

isomerization of proline to change from cis-confirmation to trans-confirmation, thus 

changing the properties of the protein and preventing Cu incorporation into plastocyanin. 

Site directed mutagenesis was performed (as shown in Figure 11) to change the amino 

acid sequence near proline 36 of Chlamydomonas plastocyanin to mimic that of 

Synechocystis. 

 

 30 31 32 33 34 35 36 37 38 39 40 41 42 

Synechocystis 6803  V N N K L S P H N I V F P 

Chlamydomonas reinhardtii  V N N A G F P H N I V F P 

Chlamydomonas F35S V N N A G S P H N I V F P 

Chlamydomonas AGF33-35KLS  V N N K L S P H N I V F P 

 

Figure 18: Amino acid sequences near proline 36 in native and mutant 
plastocyanins. Numbers indicate residue positions in mature PC proteins. Mutant 
Chlamydomonas PC proteins in plasmid pOSHmCRE were constructed with  
Stratagene “Quick-Change” reagents. 
 
 

As shown in Figure 18, two mutations were made: F35S and AGF>KLS (33-35). 

A single nucleotide change (silent mutation) was also created in both mutant plasmids at 

the codon for valine 40. This silent mutation caused the disappearance of an MboII 
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restriction site, which allowed for screening of mutant DNA relative to wild type DNA 

(Figure 20). 

Mutagenesis was performed using Quickchange II XL (see Materials and 

Methods) to determine whether cis-trans conformational changes of proline 36 in the 

Chlamydomonas plastocyanin can be determined by the characteristics of amino acids 

that surround this residue and whether this can influence Cu incorporation into the 

protein. Mutations S83F and KLS>AGF were constructed as described in Materials and 

Methods. Plasmids containing these mutations were isolated by the Promega Wizard 

minipreparation procedure with typical plasmid DNA yields of ~50 ng/µL. 

PCR analysis was performed with the primers described in Materials and Methods 

Figure 13 to test whether the AGF>KLS and F83S mutations had been successfully 

incorporated into plasmid pOSHmCRE. Figure 19 shows that PCR amplification of each 

of the plasmids tested generated the expected, ~400 bp product indicating the presence of 

the petE gene in these plasmids. 
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Figure 19: PCR products showing amplification of the petE gene from pOSHmCRE 
plasmids. The gel lane numbers (1 to 13) at the top (in red) corresponds to 
the numbers at the bottom (in white). Samples 1 to 5 are pOSHmCRE 
F83S mutant DNA and Samples 6 to 10 are pOSHmCRE AGF>KLS 
mutant DNA.
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Figure 20: MboII digests of PCR products showing successful creation of mutations 
F83S and AGF>KLS in the petE gene of plasmid pOSHmCRE. 
Samples 1 to 5 are pOSHmCRE F83S mutant DNA and Samples 6 to 10 
are pOSHmCRE AGF>KLS mutant DNA. 

 

 

MboII Digests to Identify pOSHmCRE Plasmids Containing Mutant petE Genes 

MboII digests of the PCR products of mutagenized pOSHmCRE petE genes were 

performed to identify plasmids containing the desired F83S and AGF>KLS mutations 

(Figure 20). The rationale for these experiments was that the wild type petE gene has an 

MboII recognition site, whereas the mutant genes that were created should have lost it. 

The native (wild type) PCR product contains an MboII site; and therefore, shows two 

bands after MboII digestion of the ~400 bp petE PCR product (Figure 20, lane 3). Three 
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putative “mutant” DNA samples (lanes 9, 12 and 13) also showed MboII digestion. 

Therefore, these plasmids did not contain the mutations. However, the remaining seven 

samples (lanes 4-8 and 10 and 11) did not show the expected MboII cleavage products of 

the wild type petE gene. These lanes did contain trace amounts of a lower molecular 

weight band, but this band could have resulted from “star activity” of the MboII enzyme 

causing it to cut at a site that may be similar to its usual recognition site. This is also 

known as “altered relaxed activity” of restriction enzymes (NEB 2006-07 catalog). 

Furthermore, the PCR products were not purified, which may have caused the buffer to 

be different than normal. Such differences can cause star activity (NEB 2006-07 catalog). 

In summary, these data suggest that mutations F83S (Figure 20, lanes 4-8) and 

AGF>KLS (lanes 9-13) were successfully created in seven of ten plasmids tested.  

 

Sequence Analysis of petE Mutations 

The objective of sequence analysis was to confirm that mutations F83S and 

AGF>KLS had been successfully constructed at the desired locations in the 

Chlamydomonas petE gene. The seven putative mutant clones of plasmid pOSHmCRE 

described above were sequenced as described in Materials and Methods. Figure 21 

depicts segments of these DNA sequence data in the region surrounding the codon for 

proline 36 in the petE genes, which is equivalent to proline 84 in the gene for the TRX-

PC protein. As demonstrated by these sequence data, the desired F83S mutation was 

successfully constructed in clones 1-5 and the AGF>KLS mutation was made in clones 7 

and 8 of plasmid pOSHmCRE. These mutant plasmids, designated pOSHmCRE F83S 
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and pOSHmCRE AGF>KLS have modified petE genes that should encode PC proteins 

carrying the amino acid changes shown in Figure 18 above. 

 

Figure 21: Alignment of DNA sequences of mutant pOSHmCRE plasmids in the 
petE gene region. (A) Portion of the petE gene sequence from mutants F83S (strain  
#1-5) and AGF>KLS (strain #7 and 8): 1F-8F indicate sequences derived from the 
forward primer for the petE gene. Red boxes highlight the changed (mutated) nucleotides. 
The dark-blue box highlights the codon for proline 84 in the gene for the TRX-PC fusion 
protein (equivalent to proline 36 in the petE gene). (B) Same region of the petE gene 
from the mutants: 1R-8R indicates the sequences derived from the reverse primer for the 
petE gene. Red boxes highlight the changed (mutated) nucleotides. The dark-blue box 
highlights the codon for proline 84 as before. 
 

Growth and Viability of E. coli Transformants Carrying Mutant petE Genes on 

Plasmid pOSHmCRE 

The goal was to screen for bacteria that contained the mutant plasmids and could 

grow under normal growth conditions. Small colonies appeared on all the selective plates 

onto which 10 µL of transformation mixtures were streaked (see Materials and Methods 

for details). Strains (3, 7, and 8) from these plates were inoculated into 50 mL of LB  
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150 mg/mL Ap medium in 150 mL flasks. These flasks were left on a shaker at room 

temperature overnight. After 1 hour of incubation, IPTG was added to (0.1 mM) induce 

gene expression. 

Cell growth after 24 hours was not impressive in any of the three flasks that were 

inoculated with AD494DE3(pOSHmCRE AGF>KLS) strains 3, 7, and 8 respectively. 

However, one flask – with the AD494DE3(pOSHmCRE AGF>KLS) strain 7 (mutant 7), 

had better cell growth (i.e., cell density) than the others. A sample of this strain (mutant 

7), as well as that of another clone carrying the same mutation (mutant 8), was sonicated 

and SDS-PAGE analysis was performed to test for overproduction of TRX-PC fusion 

protein carrying the AGF>KLS mutation (Figure 22). 

 

Protein Production in E. coli AD494 That Carry Mutant petE Genes on Plasmid 

pOSHmCRE 

 SDS-PAGE analysis was performed to determine whether the two selected mutant 

strains (mutant 7 and mutant 8, both of which carry the petE AGF>KLS mutation) had 

the capability to overproduce the mutant TRX-PC fusion protein. Plasmids pOSHmCRE 

containing the mutant DNA were inserted into E. coli cells, grown under optimal 

conditions (in the presence of IPTG) and proteins were purified using His-bind,  

Ni-chelating FPLC (as described in Materials and Methods). Fractions from the FPLC 

run were then analyzed using SDS-PAGE (Figure 22). These data show that E. coli 

AD494DE3(pOSHmCRE AGF>KLS) strain 7 was able to effectively overproduce the 
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petE AGF>KLS mutant TRX-PC protein whereas AD494 strain 8, carrying the same 

mutation, did not overproduce the protein. Strain 7 was used for subsequent experiments. 

 

               

 

Figure 22: SDS PAGE analysis of overproduced, mutant TRX-PC proteins.  
His-bind Ni-Chelating FPLC fractions from E. coli AD494 strains carrying the petE 
AGF>KLS mutation on plasmid pOSHmCRE. Lanes 1, AllBlue protein standard;  
3, AD494 strain 7 ; 5, AD494 strain 8. 
 

 

Cu Incorporation Into the Mutant AGF>KLS TRX-PC Fusion Protein 

AD494DE3(pOSHmCRE AGF>KLS) strain 7 was grown and IPTG added for 

protein expression as described in Materials and Methods. The in vitro reconstitution 

method was used to incorporate Cu into the overproduced, mutant TRX-PC AGF>KLS 

fusion protein.  Cu incorporation was calculated using the extinction coefficients of the 

TRX-PC fusion protein and PC-holoprotein as described in Materials and Methods. 

~28KDa 
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Based on these calculations, the Cu content of the AGF>KLS mutant TRX-PC protein 

was ~13%. Since Cu incorporation did not improve relative to the native TRX-PC 

protein, this result did not support the hypothesis that the amino acids surrounding proline 

36 of Chlamydomonas reinhardtii plastocyanin determine its cis-trans isomerization and 

hindered Cu incorporation into the expressed protein. 

 

Thrombin Digestion of TRX-PC Fusion Proteins 

The hypothesis that Cu incorporation into Chlamydomonas reinhardtii 

plastocyanin (PC) was hindered because of steric-hindrance by the thioredoxin (TRX) 

portion of the TRX-PC fusion protein was tested by cleaving TRX from PC with 

thrombin protease. Thrombin-cleaved proteins were then analyzed by SDS-PAGE 

(Figure 23). Horse-heart cytochrome c was used as a size standard and is expected to give 

one band at ~12 kDa. The higher molecular weight bands of ~24 kDa that appeared in 

lanes 3 and 12 (Figure 23) probably represent dimers. The bands near 10 kDa in lanes 9 

and 11 indicate that digestion of the native and AGF>KLS mutant TRX-PC proteins 

occurred. However, the resolution of the gel at lower molecular weights was poor, and 

the expected bands representing TRX (~14 kDa) and PC (~10.5 kDa) were not clearly 

evident. 
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Figure 23: Thrombin digestion of thioredoxin-plastocyanin fusion proteins.  
TRX-PC proteins were purified by His-bind Ni-chelating chromatography and digested 
with thrombin as described in Materials and Methods. Lanes 1, Precision plus Bio-Rad 
AllBlue standard; 3, Horse-heart cytochrome c (~12000 Da); 5, native, undigested  
TRX-PC; 7, AD494 AFG>KLS mutant TRX-PC; 9, native TRX-PC after thrombin 
digestion; 11, AD494 AFG>KLS mutant TRX-PC after thrombin digestion; 12,  
Horse-heart cytochrome c. 
 

The data shown in Figure 23 indicate that thrombin cleavage of the TRX-PC 

fusion proteins may not have occured as predicted. This has been observed previously 

(Marceau & Kallas, unpublished) and may be caused by reaction conditions leading to 

degradation of the thrombin cleavage products or perhaps by a change in the TRX-PC 

sequence or protein fold that leads to altered cleavage. To address this, further thrombin 

cleavage experiments were performed and the products analyzed by 14% SDS-PAGE to 

obtain better resolution in the low molecular weight range. An example of these data is 

shown in Figure 24. The resolution of this gel was not perfect, perhaps because of 

overloading of the proteins. However, the two bands – one near 15 kDa and the other one 
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near 10 kDa in lanes 3, 5, and 9 of Figure 24 - suggested that thrombin digestion occurred 

in both the wild type and AFG>KLS mutant TRX-PC proteins as expected. The multiple 

bands near both 15 and 10 kDa, and the essential absence of the 10 kDa band in lane 7, 

suggest that non-specific proteolysis of these cleaved polypeptides had begun and might 

lead to the complete degradation of one or the other after extended incubation. 

 

           

Figure 24: Ion-exchange FPLC purified, thrombin digested TRX-PC fusion proteins 
analyzed by 14% SDS PAGE. Lane 1, BioRad All Blue Standard; lanes 3 and 5, 
thrombin cleaved native TRX-PC protein; lanes 7 and 9, thrombin cleaved AFG>KLS 
mutant TRX-PC protein. 
 

To further investigate the possible interference of thioredoxin protein with Cu 

incorporation into plastocyanin, I attempted to separate the two proteins and acquire pure 

plastocyanin by means of Q-Sepharose ion-exchange chromatography. I pooled four 

native TRX-PC protein fractions and cleaved the fusion protein with thrombin. This 

sample was loaded onto a Q-Sepharose ion-exchange column for attempted separation of 

 50 
37 
25 
20 
15 
10  



56 

 

plastocyanin from thioredoxin. Fractions from this column were collected and analyzed 

by 14% SDS-PAGE (Figure 25). 

 

            

 

Figure 25: SDS PAGE analysis of thrombin-cleaved TRX-PC protein eluted from a 
Q-Sepharose ion-exchange column. Lanes 1, All Blue protein standard; 2, thrombin 
cleaved TRX-PC sample before chromatography; 3-10, Fractions 2 – 9 eluted from the 
Q-Sepharose FPLC column. 
 

Lanes 6-8 (fractions 5-7) in Figure 25 show a band near 10 kDa, suggesting that PC 

protein eluted from the column. However, the same fractions also showed bands near 15 

kDa indicating the presence of TRX. Since the relative intensities of the 15 and 10 kDa 

bands before and after purification were similar, the Q-Sepharose chromatography, under 

the conditions tested, did not lead to separation of the plastocyanin protein from TRX. 

Nonetheless, the PC protein may have been partially enriched relative to TRX, and I 

performed an in vitro Cu reconstitution with the thrombin digestion products using          
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Cu-His-II. Samples of 100 µL were taken from native TRX-PC thrombin digest (purified 

using Q-Sepharose ion-exchange chromatography) and AD494 AGF>KLS mutant TRX-PC 

thrombin digest (purified using only His bind, Ni-chelating FPLC prior to thrombin 

cleavage) for the Cu reconstitution experiments. The calculations based on absorbance 

values at 280 nm and 597 nm with oxidized plastocyanin revealed that the native 

plastocyanin had ~16% Cu incorporation while the AGF>KLS mutant plastocyanin had 

~12% Cu incorporation. According to these results, neither the mutation (AGF>KLS) in the 

expressed Chlamydomonas plastocyanin nor its detachment from thioredoxin led to a 

significant increase in Cu incorporation into the plastocyanin protein. Unfortunately, 

complete purification of plastocyanin from thioredoxin did not succeed, and it remains 

possible that the presence of the TRX protein somehow interfered with Cu incorporation. 

 

Purification of Plastocyanin From AD494 AGF>KLS Mutant by Ion-exchange 

FPLC Alone 

The purpose of this experiment was to determine whether charge interactions 

during His-bind, Ni-chelating chromatography hinder Cu incorporation into 

overproduced Chlamydomonas reinhardtii plastocyanin. Therefore, only Q-Sepharose 

ion-exchange chromatography was used in these experiments to purify the TRX-PC 

protein expressed in E. coli. Fractions collected from these chromatography runs were 

then analyzed using 12% SDS-PAGE (Figure 26, panels a and b). 
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(b) 

                       

Figure 26: SDS PAGE analysis of ion-exchange FPLC fraction acquired from the 
soluble protein fraction of the AD494 AGF>KLS mutant: Panel (a) Lanes 1, AllBlue 
Standard; 2, flow through from column loading; 3, flow through from beginning of FPLC 
run; 4, flow through from end of FPLC run; lanes 5-7, fractions 1-3; 8, fraction 5; 9, 
fraction 7; 10, fraction 9; 11, fraction 11; 12, fraction 13. Panel (b) Lanes 1, fraction 15; 
2, fraction 17; 3, fraction 19; 4, fraction 21; 5, fraction 23; 6, fraction 25; 7, fraction 27; 
8, fraction 29; 9, fraction 31; 10, fraction 33; 11, supernatant from cell breakage; 12, 
AllBlue Standard. 

(a) 
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The data shown in Figure 26 suggest that the TRX-PC fusion protein was partially 

purified in some fractions (i.e., the band of ~28 kDa in the fractions in lanes 5-7 in Figure 

24a and fractions in lanes 3, 4, 5, and 6 of Figure 24b). In vitro Cu reconstitution into 

proteins in fractions from lanes 3-6 of Figure 24b revealed a Cu incorporation of ~15%.  

These data suggest that His bind, Ni-chelating chromatography did not hinder Cu 

incorporation into the overproduced, Chlamydomonas reinhardtii plastocyanin protein. 

However, because the TRX-PC proteins were only partially purified in these 

experiments, the specific concentration of TRX-PC protein would have been 

overestimated, leading to an underestimation of Cu content. Therefore, it remains 

possible that metal-chelating, His-bind chromatography does interfere to some extent 

with Cu incorporation. Also, a protein of ~28 kDa eluted earlier from the Q-Sepharose 

column (lanes 5-7, Figure 26a). It remains possible that this might also be the TRX-PC 

protein and perhaps a form that has a higher Cu content. The identity of these protein 

bands could be established by mass spectrometry. Unfortunately, these experiments were 

not performed for lack of time. 

 

Purification of Plastocyanin From the Periplasm of E. coli Cells 

The objective of these experiments was to express Chlamydomonas reinhardtii 

plastocyanin from different plasmid constructs (Figures 8 and 9) that can produce 

plastocyanin as a non-fusion protein and transport it into the periplasm of E. coli cells. 

AD494DE3 E. coli cells containing pCE and pETCRE plasmids were grown and 

plastocyanin was purified as explained in Materials and Methods. The results of these 
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efforts to express and purify the native plastocyanin were tested using SDS-PAGE 

(Figure 27). If the native Chlamydomonas PC migrated anomalously, the bands seen 

between 10 kDa and 15 kDa could indicate the possible production of plastocyanin by  

E. coli strains XL-1blue(pCE) (lane 3) and AD494DE3(pET-CRE-1) (lane 5). To further 

purify these putative plastocyanins and to investigate this further, I used a protein 

precipitation technique as described in Materials and Methods. Unfortunately, SDS 

PAGE analysis revealed that this effort did not succeed (data not shown) and time 

limitation prevented further pursuit of this strategy. 

 

      

 

Figure 27: SDS PAGE analysis of plastocyanin in the periplasmic protein fractions 
of E. coli expression strains. 14% SDS-PAGE gel, lane 1, AllBlue protein standard;  
3, soluble protein fraction from E. coli XL-1 blue(pCE); 5, soluble protein fraction  
from E. coli AD494DE3(pET-CRE-1). 
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DISCUSSION 

 

Plastocyanin is an important electron transport protein. Proper functioning of 

photosynthetic electron transport through the cytochrome bf complex depends on the 

ability of plastocyanin (or cytochrome c6 in many cyanobacteria and algae) to acquire 

electrons from the cytochrome bf complex and transport them to photosystem I (8). The 

component that actually carries electrons in plastocyanin is a Cu atom that is embedded 

within the protein’s structure (Figure 5). Therefore, it is crucial for plastocyanin to 

contain Cu for its normal electron transport activities (14-21). 

Studying the structure and function of plastocyanin is important to understanding 

the detailed mechanisms involved in photosynthesis. Therefore, the amino acid sequences 

and protein structures of plastocyanin from different organisms have been studied  

(24-29). The green eukaryotic alga, Chlamydomonas reinhardtii, is an important 

model organism for photosynthesis, and the plastocyanin structure of this species has also 

been resolved (11). However, the current method of obtaining Chlamydomonas 

reinhardtii plastocyanin involves purifying the protein directly from the native organism 

(47). The amount of protein that can be purified this way is much less than the amount 

possible by employing genetic engineering techniques. The ability to produce large 

amounts of Chlamydomonas plastocyanin in an efficient manner would efficiently 

provide abundant protein to carry out structure-function studies. This is especially useful 

in crystallography studies since this requires high concentrations of purified protein. 

Therefore, we wanted to clone the Chlamydomons petE gene into an expression plasmid 
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and insert this plasmid into the E. coli AD494DE3 strain, which can be easily grown in 

Luria-Broth (LB) medium, thus providing an efficient way to overproduce 

Chlamydomonas plastocyanin. Ouyang (Ouyang & Kallas, unpublished) has constructed 

such plasmids. For example, plasmid pOSHmCRE includes a gene for thioredoxin (TRX) 

attached to the petE gene in order to create a TRX-PC fusion protein (Figure 7). TRX can 

act as a chaperone protein (33), thus ensuring the proper folding of proteins attached to it. 

I believed that the inclusion of TRX might help plastocyanin fold properly and possibly 

facilitate or at least not hinder inclusion of the Cu ion. Thioredoxin fusions have been 

used to successfully overproduce a variety of recombinant proteins (34, 48-51).  

AD494DE3(pOSHmCRE) cells grew rapidly in LB/Ap150mg/mL medium. The gene 

coding for the TRX-PC fusion protein was placed under the regulation of a bacteriophage 

T7 RNA-polymerase promoter. AD494DE3 E. coli strains contain a T7 RNA-polymerase 

gene under the control of a Lac-promoter (52). Therefore, the lactose analog IPTG can 

induce the production of T7 RNA-polymerase in AD494DE3 strains. Addition of IPTG 

to the growth medium during the log-phase of growth ensured the production of T7 

RNA-polymerase in AD494DE3(pOSHmCRE) cells. The T7 RNA-polymerase protein 

could then bind to the T7 RNA-polymerase promoter region on pOSHmCRE plasmids, 

thus allowing TRX-PC gene expression. The proper functioning of the plasmid and over 

production of TRX-PC fusion protein was evident from the SDS-PAGE analysis 

performed on the soluble protein fractions from induced E coli AD494DE3(pOSHmCRE) 

cultures (Figure 14). 
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The next challenge was to purify the TRX-PC fusion protein. The TRX-PC gene 

has been engineered to include a histidine (His) tag and two thrombin cleavage sites 

between TRX and PC (Figure 7). The His-tag has an affinity for Ni2+ ions and is a 

valuable tool in affinity chromatography (34, 36, 53-56). The purpose of including the 

His tag was to devise an easy way to purify the TRX-PC fusion protein by using  

Ni-chelating, His-tag affinity chromatography. Novagen His-Bind resin used in 

this purification method can bind Ni2+ ions upon loading the NiSO4 charge buffer into the 

column (39). When the soluble protein fraction was loaded onto the column, the His tag 

of the TRX-PC fusion protein could bind to the immobilized Ni ions. The rest of the 

proteins that cannot bind to the column (due to the lack of His tag) will elute during 

column loading. This is evident from Figure 14a lane 9 where the flow-through from 

column loading does not show a strong band at ~28,000 Da, indicating that the TRX-PC 

fusion protein was bound to the column, and the other proteins were eluted. Increasing 

the concentration of imidazole in the His-bind column changes the binding properties 

between Ni2+ ions and His-tag, thus decreasing the affinity between those two 

components. Increasing concentrations of imidazole containing elution buffer were used 

to elute the TRX-PC proteins that were bound to the column. Successful elution of  

TRX-PC fusion protein was evident from Figure 14a and b lanes 2 through 8. 

Ion-exchange chromatography is another technique used in protein purification 

(57-59). A column containing a resin can be loaded with a solution that would charge the 

column positively or negatively, and a protein solution that needs to be purified can be 

loaded with an appropriate charge (according to the isoelectric point [pI] of the protein 
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and the pH of the buffer it is in) that will allow the protein to bind to the column (on the 

principle that opposite charges attract). We used Q-Sepharose ion-exchange 

chromatography to further purify the TRX-PC protein. SDS PAGE analysis on FPLC 

fractions showed strong protein bands near 28 kDa representing TRX-PC fusion protein 

(Figure 15a lane 8 and Figure 15b fractions 19, 20, 21). Although the gel lanes indicated 

the presence of some impurities in the fractions, the strong band near 28 kDa suggested 

that the majority of the proteins purified were TRX-PC. Therefore, I was able to 

successfully overproduce TRX-PC and purify it efficiently using Ni-chelating affinity 

chromatography and Q-Sepharose ion-exchange chromatography.  

Previous studies have used different purification techniques to purify 

plastocyanin. A common protein purification method used for plastocyanin purification 

was protein precipitation using ammonium sulfate (3). However, protein precipitation 

coupled with ion-exchange chromatography was more widely used (11, 14, 18, 60). 

Plastocyanin purification using ion-exchange chromatography alone has also been 

performed previously using Q-Sepharose ion-exchange (20), Whatman CM 52 cation 

exchange (61) and Superose 12 ion-exchange matrices (21). The success of these 

purification strategies, based on the A280/A598 ratio (this ratio represents the molar ratio of 

total plastocyanin:Cu incorporated, oxidized plastocyanin), differed according to the 

species and techniques used to obtain plastocyanin. Redinbo et al. (1993) described one 

of the most effective methods to obtain Chlamydomonas reinhardtii plastocyanin with an 

intact Cu center (11). Redinbo et al. (1993) obtained the soluble protein fraction by using 

a freeze-thaw cycle (-70 ºC to 0 ºC) and precipitated proteins (except plastocyanin) 
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overnight using ammonium sulfate (11). The supernatant containing plastocyanin was 

then purified by ion-exchange chromatography using Sepharose 4B columns and 

Whatman DE-52 matrices (11). 

Protein concentrations can be calculated using molar extinction coefficients of a 

protein. The molar extinction coefficient refers to the capacity of a molecule to absorb 

light at a given wavelength (units are M-1 cm-1). The predicted molar extinction 

coefficient for the TRX-PC protein at 280 nm is 19.66 au M-1 cm-1 (Gene Inspector 

software: Textco BioSoftware, Inc.) and that for the oxidized, Cu-containing PC 

holoprotein at 598 nm is 4.5 au M-1 cm-1 (62), where au refers to absorbance units. Since 

it is possible that Cu can be stripped out from PC during the purification process, in vitro 

Cu reconstitution was performed using a method described by Pauman et al. (2004) (42). 

The protein samples (TRX-PC) used for preliminary Cu incorporation studies were 

obtained after growing AD494DE3(pOSHmCRE) cells in media that was not 

supplemented with 0.2 mg/mL CuSO4. Calculations based on UV-visible absorbance 

measurements and the extinction coefficients described above revealed a 10% Cu 

incorporation into the TRX-PC protein, thus indicating that only 10% of the purified 

TRX-PC can actually function properly and carry electrons. The relative Cu content of 

TRX-PC prior to in vitro Cu incorporation and AFTER in vitro Cu incorporation did not 

change significantly (it increased from ~8% Cu incorporation to ~10%). 

In vitro Cu reconstitution into plastocyanin has been more successful with 

plastocyanin purified from other organisms, such as Synechocystis PCC 6803 (3, 42) 

where Cu incorporation was as high as 93%. Plastocyanin from Chlamydomonas 



66 

 

reinhardtii have been purified with a 99% Cu content (13). The methods used in 

plastocyanin purification from Chlamydomonas did not use in vitro Cu incorporation. 

Plastocyanin purified from cyanobacteria such as Prochlorothrix hollandica showed 

lower levels of Cu incorporation (70% Cu incorporation) (17). These data suggest that the 

success of Cu incorporation depends on the source of the plastocyanin protein and 

unique, protein structural differences. Thus far, no report has been published that 

describes the overproduction of Chlamydomonas reinhardtii plastocyanin with a high 

level of Cu incorporation into the protein. In particular, I am unaware of any work on the 

use of thioredoxin-plastocyanin fusion proteins. Low Cu incorporation into 

Chlamydomonas plastocyanin could be attributed to various reasons such as low Cu 

availability in growth media (63, 64), steric-hindrance by thioredoxin, or the structural 

characteristics of Chlamydomonas plastocyanin (30). Li et al. (1995) (63) described that 

Cu deficiency in growth media can reduce Cu incorporation into Chlamydomonas 

reinhardtii plastocyanin. According to their results, apo-plastocyanin (PC without the Cu 

center) and holo-plastocyanin (with Cu center) did not differ significantly in terms of 

structure (63). However, apo-plastocyanin was more susceptible to degradation by 

protease activity. Cu deprived Chlamydomonas cells produced more apo-plastocyanin 

(63). Furthermore, these cells also demonstrated high levels of proteolysis activity (63). 

Therefore, inclusion of sufficient Cu in growth media seems to be essential for efficient 

overproduction of holo-plastocyanin.   

In order to increase Cu incorporation into the TRX-PC protein, AD494DE3 

(pOSHmCRE) cells were grown in LB/Ap150mg/mL medium with CuSO4 thus eliminating 
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the possibility that low Cu availability in media could have lowered the Cu incorporation. 

Although CuSO4 can be toxic to bacterial growth at concentrations low as 5 µg/mL (65, 

66) the E. coli cells grew rapidly at 0.2 mg/mL concentrations of the chemical. Protein 

purification buffers and other solutions used during TRX-PC purification from these cells 

also included 0.2 mg/mL CuSO4. Ni-chelating, His-tag chromatography and ion-exchange 

chromatography were used to purify the TRX-PC fusion protein. Total TRX-PC protein 

and PC holoprotein (Cu-containing) concentrations were calculated from absorbance data 

and extinction coefficients as discussed above. The results indicated a slight increase of Cu 

incorporation (from 10% to 18%) into plastocyanin after the addition of CuSO4 to growth 

media and protein purification buffers. Other researchers also have shown that the 

availability of Cu in growth media affects the amount of functional Chlamydomonas 

reinhardtii plastocyanin that can be purified (13). If the growth media lack Cu2+, the cells 

could produce apo-plastocyanin (13). Furthermore, proteolysis activity also could increase 

(63) and reduce the amount of purified plastocyanin. However, previous studies have 

shown that in vitro Cu reconstitution has helped increase the amount of functional 

plastocyanin. Apo-protein purification from Chlamydomonas reinhardtii and in vitro 

reconstitution in these studies revealed 50-80% Cu reconstitution (63). 

As explained earlier, previous researchers managed to purify plastocyanin with 

intact Cu centers at much higher percentages (11, 14, 18, 20, 21, 60, 61) than reported 

here. For example, Hervas et al. (1993) (3) was able to purify Synechocystis PCC 6803 

plastocyanin with up to 93% Cu incorporation. This research group described a method 

where the Synechocystis petE gene was expressed in E. coli cells from a plasmid 
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(pBluescriptII (sk+)) vector. The protein was purified by ammonium sulfate protein 

precipitation followed by DEAE-cellulose column chromatography (3). 

The amino acid sequences of the Chlamydomonas reinhardtii and Synechocystis 

6803 plastocyanins have many conserved regions. However, the two sequences are not 

identical, and some of the differences between the two amino acid sequences may have 

significant impacts on the structure of these proteins.  Therefore, I compared the amino 

acid sequences of plastocyanin from those two organisms along with plastocyanin from a 

few other organisms using the CLUSTAL alignment tool (Figure 6). The 

Chlamydomonas plastocyanin Cu center contains three ligands that form strong bonds 

with the Cu ion. Those ligands are the thiolate sulfur of Cys84 and N atoms of His37 and 

His87 (30). Furthermore, a weak bond between the Cu ion and thioether sulfur of Met92 

is also present (30). The sequence alignment analysis showed that these ligands are 

conserved among plastocyanins from different organisms. 

Investigation of the Chlamydomonas PC structure with JMOL software revealed 

that there are two prolines located close to the Cu center, Pro36 and Pro86. Prolines are 

important in proteins since they can change their conformations between cis and trans 

and can, therefore, dramatically alter the conformation and function of proteins (31). The 

JMOL structure analysis revealed that Pro36 of the Chlamydomonas PC was in a cis 

conformation while Pro86 was in a trans conformation. In nature, the trans conformation 

is more energetically favored than the cis conformation. Therefore, if Pro36 changes from 

cis to trans (for example during purification), the properties of Chlamydomonas PC could 

be altered significantly (31). Amino acid sequence comparisons of plastocyanin proteins 
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from different species revealed that Pro36 and Pro86 are conserved among most species 

while the amino acids that surround those two prolines residues can vary from species to 

species. As explained above, previous researchers expressed Synechocystis PC in E. coli 

cells and managed to purify and isolate the protein with 93% Cu incorporation (42). 

Therefore, I hypothesized that the amino acid sequence near Pro36 of Synechocystis 

might preserve the cis conformation while the amino acid sequence near Pro36 of 

Chlamydomonas cannot preserve its cis conformation during purification, thus causing a 

cis-trans conformational change and changing the properties of PC in such a manner that 

Cu incorporation into Chlamydomonas PC decreases. Previous researchers have shown 

that cis-trans conformational changes of proline can act as a switching mechanism in 

certain proteins where such changes drastically alter protein function (32). Therefore, to 

test this hypothesis, I devised a site-directed mutagenesis strategy to change amino acids 

near Pro36 in the Chlamydomonas PC from AGF>KLS (Figure 12). 

To change three amino acids, six nucleotides of the petE gene needed to be 

changed. Furthermore, the codon for a valine (V) was changed to inactivate a naturally 

occurring MboII restriction site in the petE gene. Disappearance of the MboII site was 

used to identify DNA sequences that properly underwent site-directed mutagenesis. 

Altogether, seven nucleotides were changed when creating the mutant petE gene. 

According to the technical recommendations of the site directed mutagenesis method 

(QuickChange XL-II), the possibility of successfully creating more than five nucleotide 

changes that are located close to each other is challenging. Therefore, I created a single 

amino acid change (F>S) by only changing two nucleotides of the petE gene as a fallback 
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strategy if the seven-nucleotide mutation did not work. However, the sequencing data 

revealed that both, the seven-nucleotide (three amino acids) and the two-nucleotide 

(single amino acid), mutations occurred successfully (Figure 21). Since the three amino 

acid change caused the protein sequence surrounding Pro36 in Chlamydomonas 

plstocyanin to be identical to that of Synechocystis PCC 6803, the mutant with three 

amino acid change—AD494DE3(pOSHmCRE AGF>KLS), or mutant 7—was used for 

the Cu incorporation experiments. Unfortunately, the Cu incorporation experiments 

showed that the AGF>KLS plastocyanin had only 13% Cu incorporation. Therefore, 

these data failed to support the hypothesis that the amino acids (A, G and F of 

Chlamydomonas reinhardtii) surrounding Pro36 may determine its cis-trans 

isomerization state and prevent efficient Cu incorporation. Successful experiments that 

changed proline cis-trans conformation by introduction of point mutations have been 

performed previously (31). Furthermore, other techniques such as use of prolyl isomerase 

to change the conformation of proteins also have been documented (67). 

Another hypothesis concerning the low Cu incorporation into expressed 

Chalmydomonas plastocyanin was that the TRX-PC fusion protein has a structure 

different from the native PC structure and that the TRX portion may have thus prevented 

incorporation of Cu into PC. Since there are two thrombin sites encoded in the TRX-PC 

gene of plasmid pOSHmCRE (Figure 7), I used thrombin to cleave TRX from the PC 

protein. SDS-PAGE analysis suggested the successful cleavage of TRX-PC (Figure 24). 

However, the additional bands in the gel could be due to poor protein purification and 

degradation of purified proteins. The purification technique that was used (i.e., 
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Q-Sepharose ion-exchange chromatography) could not separate TRX from PC 

successfully. However, since the gels suggested that TRX and PC had been separated 

after thrombin cleavage, I assumed that the detached thioredoxin protein should not 

interfere with Cu incorporation into plastocyanin. However, after in vitro reconstitution, 

Cu incorporation into the detached, native plastocyanin protein was only ~15% and even 

lower at ~11% into the detached, AGF>KLS mutant (mutant 7) plastocyanin. Therefore, 

these data did not support the hypothesis that the thioredoxin portion of the TRX-PC 

fusion protein hinders Cu incorporation into PC. However, it remains possible that 

thioredoxin, a redox-active, thiol-containing protein (68), might interfere in some other 

way, for example by direct binding Cu to its cysteine sulfhydryl groups (69). 

Another hypothesis for the low Cu incorporation into PC was that Cu 

incorporation is hindered during Ni-chelating, His-bind chromatography because of 

repulsive interactions between positively charged ions (Ni2+ and Cu2+). Such phenomena 

have been reported before where repulsive forces between ions affected affinity of 

molecules to immobilized matrixes (22). Therefore, I used ion-exchange chromatography 

alone (where Ni2+ is not used) for the TRX-PC purification. According to Figure 26 it 

was evident that TRX-PC was at least partially purified in panel a fractions 5, 6, and 7 

and panel b fractions 3, 4, 5, and 6. In vitro Cu reconstitution coupled with absorbance 

readings of the samples revealed that Cu incorporation was ~12%. These data argue 

against the hypothesis that Cu incorporation into PC was hindered because of repulsive 

interactions between Cu2+ and Ni2+ during Ni-chelating his bind chromatography. 

However, because the TRX-PC proteins were only partially purified in these experiments 
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(Figure 26), the specific concentration of TRX-PC protein would have been 

overestimated, leading to an underestimation of Cu content. Therefore, it remains 

possible that metal-chelating, His-bind chromatography does interfere to some extent 

with Cu incorporation. 

As an alternative to purifying and incorporating Cu into Chlamydomonas PC 

using the TRX-PC fusion protein and affinity purification, I used two additional plasmids 

(pCE and pET-CRE) that can produce the native Chlamydomonas reinhardtii 

plastocyanin and transport it to the periplasm of E. coli cells with the help of a pelB 

leader sequence (Figures 8 and 9, respectively) (70). Transport of proteins to the 

periplasm of bacterial cells and purification from the periplasm has been well developed 

(18, 20, 21, 60, 61, 71). Periplasmic export of plastocyanin using leader peptides has also 

been successful in previous research (18, 21, 60, 61). 

Plasmid pCE was inserted into XL-1 Blue E. coli cells and pET-CRE was inserted 

into AD494DE3 E. coli cells. These cells were grown similarly to AD494DE3 

(pOSHmCRE) cells and periplasmic proteins were obtained with the help of lysozyme 

(72). SDS-PAGE analysis (Figure 25) showed faint bands between 10 and 15 kDa. 

However, since the expected native, Chlamydomonas plastocyanin protein, is ~10.5 kDa, 

it was not clear that any of these bands corresponded to the PC protein. Nonetheless, 

differential protein precipitation was used in an attempt to concentrate possible 

Chlamydomonas plastocyanin. Unfortunately, SDS-PAGE analysis (Figure 27) could not 

confirm that a plastocyanin protein had been purified. In other cases, expression of 

proteins with export to the E. coli periplasm and purification using protein precipitation 
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techniques has been well developed (47, 71). The reason for poor production of the native 

Chlamydomonas plastocyanin could be low expression of petE gene from the pCE and 

pET-CRE expression vectors (Figures 8 and 9). With further attention, this should be a 

solvable problem but unfortunately time ran out to address this in the context of the 

current thesis. 

Since the different approaches I took to increase Cu incorporation into the 

Chlamydomonas plastocyanin protein did not yield satisfactory results, I tried to 

crystallize the native and AGF>KLS TRX-PC proteins to gain further information about 

the structures of these expressed proteins that may have influenced Cu incorporation. The 

crystallization method and conditions used by Redinbo et al. (1993) (11); namely, the 

hanging drop vapor diffusion method, were attempted. The same method was 

successfully used for plastocyanin crystallization by at least one other group (28). 

Typically, 2 µl of protein at 12.6 mg/mL concentration yield bundles of hexagonal rods 

of Chlamydomonas reinhardtii plastocyanin (incubated at 22 ºC for 3-5 days) (11). 

Different, yet similar, techniques were used by other researchers for plastocanin 

crystallization (25, 26, 29). The intention was to obtain TRX-PC crystals and send them 

to a crystallography facility to obtain structural data. Such data, especially of the native 

and mutant, AGF>KLS TRX-PC proteins, could potentially reveal any differences in 

those structures compared to already defined structures obtained from plastocyanin 

proteins of other organisms (e.g., Synechocystis PCC 6803) (73, 74). Unfortunately, 

crystallization did not occur after preliminary attempts to incubate protein samples in 

appropriate buffers. 
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CONCLUSION 

 

Chlamydomonas plastocyanin is an important protein in the photosynthetic 

electron transport system. Transport of electrons from the cytochrome bf complex to the 

photosystem I reaction center depends on this Cu-containing metallo-protein. Although, 

plastocyanin from several other organisms (for example, Synechocystis PCC 6803, 

Spinach, Populus nigra, Phormidium laminosum) has been expressed in bacteria and 

purified with high Cu content (>90% Cu incorporation in several cases), purification of 

the Chlamydomonas plastocyanin with a high Cu has been challenging. My main goal 

was to develop a method to purify Chlamydomonas plastocyanin with a high Cu content 

with the aid of plasmid vectors that express the PC protein in Escherichia coli. 

Parent constructs (based on plasmids engineered by Ouyang) carrying the petE 

gene provided a convenient and efficient method to over produce plastocyanin proteins. 

The initial approach included expressing the petE gene in conjunction with a gene that 

codes for thioredoxin (TRX) to generate thioredoxin-plastocyanin fusion proteins (TRX-

PC). Cu incorporation studies revealed that the TRX-PC fusion protein had low Cu 

incorporation even after attempted in vitro Cu incorporation. Several hypotheses were 

formulated to explain low Cu incorporation into Chlamydomonas plastocyanin and each 

of these was tested. Measures taken to improve Cu incorporation included:  (a) inclusion 

of CuSO4 at 0.2 mg/mL concentration in the growth media, (b) removal by cleavage of 

the TRX portion from the TRX-PC fusion protein and in vitro Cu incorporation into 

plastocyanin, (c) omission of Ni-chelating His-bind chromatography and use of  



75 

 

ion-exchange chromatography to purify plastocyanin, (d) construction of a mutant 

Chlamydomonas plastocyanin that has an amino acid sequence that mimics that of 

Synechocystis PCC 6803 plastocyanin near a putatively crucial proline 36 residue, and  

(e) use of two plasmid constructs that should produce native Chlamydomonas 

plastocyanin and export it to the periplasm of E. coli. Unfortunately, none of these 

strategies substantially increased Cu incorporation into Chlamydomonas plastocyanin. 

Future work might include crystallography to obtain structures of native and mutant 

thioredoxin-plastocyanin proteins for comparisons of these against PC structures from 

other organisms to gain insight into features that might hinder Cu incorporation into the 

expressed Chlamydomonas protein.
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APPENDIX A 

Q-Sepharose Ion-exchange Chromatography 
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Preparation of Q-Sepharose: 

Q-Sepharose Fast Flow was supplied pre-swollen in 20% ethanol. A slurry was 

prepared by decanting the 20% ethanol solution and replaced it with starting buffer in a 

ratio of 75% settled gel to 25% buffer. The starting buffer should not contain agents 

which significantly increase the viscosity. The column may be equilibrated with viscous 

buffers at reduced flow rates after packing is completed (41). 

 

Packing Q-Sepharose Fast Flow Columns: 

• All materials were iquilibrated to the temperature at which the chromatography 

was performed. 

• The gel slurry was degassed. 

• The end pieces were flushed with buffer to eliminate air from the column dead 

spaces. It was made sure that no air has been trapped under the column net. The 

column outlet was closed with a few centimeters of buffer remaining in the 

column. 

• The slurry was poured into the column in one continuous motion; pouring the 

slurry down a glass rod held against the wall of the column minimized the 

introduction of air bubbles. 

• The remainder of the column was immediately filled with buffer and mounted the 

column top piece onto the column and connected the column to a pump. 

• The column was opened and the pump was set to run at the desired flow rate. 

Ideally, Fast Flow gels must be packed at a constant pressure not exceeding 3 bar 



78 

 

(0.3 MPa) in XK columns. If the packing equipment does not include a pressure 

gauge, a packing flow rate of at least 400 cm/h (15 cm bed height, 25 °C, low 

viscosity buffer) should be used. If the recommended pressure or flow rate cannot 

be obtained, the maximum flow rate the pump can deliver should be used, which 

should also give a reasonably well-packed gel. 

• Note: 75% of the packing flow rate was not exceeded in subsequent 

chromatographic procedures (as recommended by the matrix manufacturer). 

• The packing flow rate for 3 bed volumes was maintained after a constant bed 

height was reached. The final height of the resin in the column was ~5 cm.
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APPENDIX B 

Engineering Mutant E.coli Cell
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Main steps of the mutagenesis strategy: 

• The parent plasmid (pOSH mCRE-2) was isolated: 

 Plasmid isolation was performed by using Promega “Wizard Plus 

SV minipreps” procedure (37). 

• The petE region of pOSHmCRE was mutegenized using Quick Change II XL 

PCR based mutagenesis kit (43). 

• The plasmids were inserted into XL-II Gold E. coli cells with Ap resistance by 

heat-shock transformation method (43).  

• The cells were plated on LB/Ap150 µg/mL plates and selected for Ap resistance 

(Colonies that grew were Ap resistant). 

• Five  mL cultures of Ap resistant colonies were prepared (chose approximately 10 

of those colonies) on LB/Ap150 µg/mL media. 

• Plasmids were extracted from the antibiotic resistant colonies 

 Plasmid isolation was performed by using Promega “Wizard Plus 

SV minipreps” procedure (37). 

• Polymerase Chain Reaction (PCR) was performed to amplify PC gene of the 

above selected colonies: 

Forward Primer: 
5’-ATGAATGCCGGCAGACGCCACCGTCAAGCT-3’ 
 

Reverse Primer: 
5’-TAGCTACCCGGGAGCAATTTACTGGACAAT-3’ 
(Green color characters indicates the portion of the sequence that actually binds to 

pOSHmCRE2 during PCR) 
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• PCR products were then treated with Mbo II. 

• DNA gels were run: The colonies that did not cleave under Mbo II contained the 

mutations (showed a single band in the DNA gel). An example of this analysis is 

shown in Figure 20. 

 

Introduction of Mutant Plasmids into XL10-Gold E. coli Transformation: 

• Three 14 mL BD-Falcon polypropylene tubes were pre-chilled on ice. 

• XL10-Gold cells were thawed on ice and transferred 45 µL to each Falcon tube. 

• Two µL of -Mercaptoethanol were added to each tube 

• The tubes were swirled gently and incubated on ice for 10 minutes (swirled every 

2 minutes). 

• Two µL of Dpn I treated DNA were transferred to respective tubes. 

• SOC-broth was pre-heated to 42 ºC 

• The three tubes were swirled and incubated in an ice-bath for 30 minutes. 

• The three tubes were heat-pulsed in 42 ºC for 30 seconds. 

• The tubes were incubated on ice for 2 minutes 

• 0.5 mL of 42 ºC SOC was added to each tube. 

• The tubes were incubated at 37 ºC for 1 hour, shaking at 225-250 rpm. 

 

Plasmid Isolation: 

• Cells were harvested from the 10 tubes of O/N cultures by centrifuging at 3700 

rpm for 5 minutes. The supernatant was discarded. 
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• 250 µL of Cell Resuspension Solution was added into each tube, vortexed and 

transferred into sterile 1.5 mL microcentrifuge tubes. 

• 250 µL of Cell Lysis Solution was added into each tube and inverted the tubes 4 

times and left for 3 minutes. 

• Ten µL of Alkaline Protease solution was added to each tube and inverted the 

tubes 4 times and left for 5 minutes. 

• 350 µL of Neutralization solution was added to each tube and inverted 4 times. 

• The tubes were centrifuged at x14000 for 10 minutes. 

• The lysates were transferred (leaving the white residue) into Spin Columns with 2 

mL collection tubes on each (DNA purification units). 

• The tubes were centrifuged at x14000 for 1 minute and the flow-through was 

discarded. 

• 750 µL of Column Wash Solution was added into each unit and centrifuged at 

x14000 for 1 minute. The flow-through was discarded. 

• 250 µL of Column Wash Solution was added to each unit and centrifuged at 

x14000 for 2 minutes. The collection tubes with flow-through were discarded. 

• The spin columns were transferred into new sterile 1.5 mL microcentrifuge tubes. 

• 100 µL of Nuclease Free Water was added into each spin column and centrifuged 

at x14000 for 1 minute to elute the DNA and discarded the spin columns. 

• Ten µL of 10x 10T/0.1E was added to each tube. 
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• Four µL were taken out from each tube and diluted in 96 µl of ddH2O in a 

separate set of microcentrifuge tubes in order to acquire UV absorbance and 

calculate the amount of DNA recovered from each sample. 

• The DNA samples were stored in -20 ºC. 

 

Creation of Mutant Transformants with AD494DE3 E. coli Cells: 

I electroporated mutant plasmids with Ampicillin (Ap) sensitivity into AD494DE3 

cells (Ap sensitivity helps when screening for cells with inserted plasmids). 

Electrocompetant AD494DE3 cells were stored in -80 ºC in 40 µL aliquots. The 

procedure is summarized bellow (37): 

• Three 40 µL electrocompetant cell tubes were thawed on ice for 10 minutes. 

• DNA extracts (plasmids) of mutants F83S, AGF>KLS (mutant 7) and AGF>KLS 

(mutant 8) were thawed on ice. 

• 1.5µL of those plasmids were added into each respective 40 µL tube and mixed 

and left for ~45 seconds. 

• The samples were transferred, one sample at a time, to a cold electroporation 

cuvette with 0.2 cm gap size. 

• The cuvette was placed on a pre-chilled electroporation chamber and pulsed once 

(at 20 kV, 25 µFD capacitance, 200 ohm resistance, for 4.7 seconds). 

• The cuvette was immediately removed and added 0.5 mL of S.O.C. media and 

pipetted into a 15 mL sterile tube. 0.5 mL of S.O.C. was used to wash the cuvette 
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and added that to the 15mL tube. Separate electroporation cuvettes were used for 

each transformation (to minimize cross contamination). 

• The three 15 mL Falcon tubes were incubated at 37 ºC for 1 hour with 200 rpm 

agitation (shaking) for the antibiotic to be produced before plating. 

• Two plates of LB/Ap150 µg/mL  per sample were used as follows: 

 Plate 1: One µL of culture were placed and streaked for isolation. 

 Plate 2: Ten µL of culture were placed and streaked for isolation. 
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APPENDIX C 

Sample Preparation and DNA Sequencing Reactions
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BigDye sequencing procedure: 

• Ten µL of plasmids isolated from each cell culture that possibly carried 

pOSHmCRE-F83S or pOSHmCRE AGF>KLS mutant plasmids were transferred 

to new microfuge tubes as shown bellow:  

Each tube contained: 

o Nuclease free water  2 µL 

o BigDye buffer   3 µL 

o DMSO    1 µL 

o BigDye   2 µL 

o Plasmid DNA   10 µL (from 50 µg/mL, to get 500 ng) 

o Primer (F or R) 2 µL (from a 5 pmol/µL stock, to get 10 

pmol working solution) 

Total    20 µL 

 

• The following were transferred into a separate microcentrifuge tube (control tube) 

o Nuclease free water  7 µL 

o BigDye buffer   3 µL 

o DMSO    1 µL 

o BigDye   2 µL 

o Plasmid DNA (pGEM32) 5 µL (from 50 µg/mL, to get 250 ng; this 

plasmid is ! size of pOSH37) 
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o Prime 2 µL (from a 5 pmol/µL stock, to get 10 

pmol working solution) 

Total    20 µL 

• The sequencing reaction (similar to PCR method) was executed as described in 

QuickChange II XL user manual (43) using the following thermal cycler settings: 

Sequencing Reaction Thermal cycler settings:  

Segment Cycles Temperature Time 
1 1 95 ºC 5 min 
2 49 96 ºC 15 sec 

58 ºC 4 min 
3 1 72 ºC 7 min 

 

Amersham Biosciences AutoSeqTM G-50 for purification of DNA Sequencing 

Reactions: 

• Fifteen GE G-50 autosequencing columns with bottom tubes were prepared by re-

suspending the resin in column by vortexing gently, loosening the cap and 

snapping off the bottom closure. 

• The columns with bottom tubes were spun for 1 minute at x 5000 (2000 g). 

• The tips of the columns were blotted using paper towel. 

• The columns were placed in 15 new microfuge tubes and removed the caps of the 

columns 

• Twenty µL of sample were transferred to the center of the angled surface of resin 

bed (did not disturb the resin bed). 
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• The columns were spun for 1 minute at x 5000 (2000 g).The columns were 

discarded and stored the liquid in microfuge tubes in -20 ºC.
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APPENDIX D 

SDS-PAGE Gel and Sample Preparation
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BioRad protean III electrophoresis system was used for gel preparations. 

Resolving and stacking gels were prepared as described bellow (gel thickness was 

0.75mm) (37). 

Component Mixtures for SDS-PAGE Resolving Gel: 

Stock Solutions 12% Acrylamide Gel 14% Acrylamide Gel 
40% Acrylamide (37.5:1, 

Acrylamide:Bis-
acrylamide 

1.5 mL 1.75 mL 

65% Sucrose 0.325 mL 0.325 mL 
10x Resolving gel buffer (3.75 M 

Tris-HCl [pH 8.8], 
1% SDS) 

500 µL 500 µL 

ddH2O 2.595 mL 2.345 mL 
TEMED 5 µL 5 µL 
10% APS 25 µL 25 µL 
Total Volume 5 mL 5 mL 

 

Component Mixtures for SDS-PAGE Stacking Gel: 
Stock Solutions 4% Acrylamide Gel 
40% Acrylamide (37.5:1, Acrylamide:Bis-acrylamide 0.4 mL 
4x Stacking gel buffer (0.5 M Tris-HCl [pH 6.8], 0.4% 

SDS) 
1.0 mL 

ddH2O 2.57 
TEMED 10 µL 
10% APS 50 µL 
Total volume 4 mL 

 

Two clean glass plates with spacers were clamped together. The plates were 

inserted into a gel caster and tightened securely. Resolving gel was prepared as explained 

above and poured (pipette) into the space between the two glass plates. Approximately 1 

cm space on top was left for the stacking gel. The gel was left to set for ~30 minutes. 

Stacking gel was prepared as explained above and poured (pipette) on to the resolving 
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gel. The 10-well combs were placed immediately and the stacking gel was left to set for 

~30 minutes. The comb was removed carefully and 1x running gel buffer (0.25 M  

Tris-HCl [pH 8.3], 0.192 M Glycine, 0.1% SDS) was added to the top and bottom buffer 

chambers (the wells of the gel must be covered with running buffer). 

 

SDS-PAGE Sample Preparation: 

Eleven µL of each sample (or standard) was mixed with 5 µL of 4x SDS-PAGE 

sample buffer (40% glycerol, 200 mM Tris-HCl [pH 6.8], 0.04% bromophenol blue, 8% 

SDS), 2 µL 1 M DTT and 2 µL 1 M Na2CO3. Samples and standards were incubated at 

55 ºC in a water bath for 30 minutes. Twenty µL of samples were loaded into each well 

of the SDS-PAGE gel. The cover was attached and 20 mA constant DC current was 

supplied for ~ 30 minutes (37). 
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