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2 Abstract 

Members of the thioredoxin superfamily of proteins catalyze disulfide bond reduction and 

oxidation using the active site C-X-X-C sequence. In hyperthermophilic organisms, cysteine 

side chains were expected in low abundance since they were not believed to endure the high 

temperatures under which they grow. Recently it has been found that disulfide bonds in 

hyperthermophiles are more frequent, the higher the growth temperature of the organism. 

This is perhaps used as an adaptation to high temperature in order to stabilize proteins under 

harsh conditions. A protein with sequence and structural similarities to mesophilic members 

of the thioredoxin superfamily, called protein disulfide oxidoreductases (PDO), has been 

found in the genomes of recently sequenced hyperthermophilic genomes. In this study PDOs 

from the hyperthermophiles Aquifex aeolicus (AaPDO) and Pyrococcus furiosus (PfPDO) 

have been investigated. The molecular weight is about 26 kDa and their structures are 

comprised of two homologous thioredoxin folds, referred to as the N-unit and the C-unit, 

each containing a C-X-X-C motif. The sequence identity between the two units and the two 

proteins is low, but they are still structurally very similar. The function of these proteins in 

vivo is unknown. As a first step in characterizing the activity of these proteins, the redox 

characteristics of these domains will be investigated. During this project, the genes for 

AaPDO and PfPDO have been cloned into overexpression vectors, expressed in E. coli and 

purified to homogeneity. To allow for individual study of the activities of two units, mutated 

proteins were prepared in which the cysteine residues of the N-unit (AaPDOnm and 

PfPDOnm) and of the C-unit (AaPDOcm and PfPDOcm) and purified. Circular dichroism 

spectra recorded of the wild type and mutants indicate that all purified proteins are folded and 

that the N- and C-unit active site mutants are structurally similar to the corresponding wild 

type proteins. 
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4 Introduction 

Protein folding is crucial to cellular functions. Incorrect folding usually results in inactive 

protein and is often the cause of disease. A major structural feature of many proteins – 

especially extracellular ones, are disulfide bonds between cysteine pairs. The sulfur-sulfur 

bond can be considered Nature’s transient covalent bond as conditions for its spontaneous 

formation and breaking can be regulated both intracellularly and extracellularly[1]. This 

transitory covalent bond has found many uses in vivo ranging from providing protein 

crosslink’s, stabilizing extracellular proteins whose environments may be unpredictable, to 

allowing membrane anchorage such as farnesylation to reversible redox regulation of 

enzymatic activity. Not surprisingly then, there exists proteins whose function it is to 

specifically (or generally) make or break disulfide bonds providing the cell with a necessary 

means of control. 

The thioredoxin superfamily of structurally and functionally related proteins forms the largest 

group of these proteins and are found in the genomes of all life on earth – from viruses to 

man. These proteins catalyze reduction and oxidation of disulfide bonds using a -C-X1-X2-C- 

sequence motif in their active sites, which undergoes a reversible intramolecular 

oxidation/reduction. In their oxidized (disulfide) state, they can act as electron acceptors and 

in the reduced (dithiol) state as electron donors. One major function of proteins in this 

superfamily is to provide electrons to ribonucleotide reductase, which performs the essential 

conversion of ribonucleotides to deoxyribonucleotides. The switch between the oxidized and 

reduced state is a reversible reaction whose direction and spontaneity can be characterized by 

a so-called redox potential. The relationship between redox potential and equilibrium 

constant is based on fundamental chemical relationships. The equilibrium constant has the 

standard relationship to the Gibbs Free Energy: 

! 

"G = #RT lnKeq  

where ΔG is the Gibbs Free Energy, R is the Ideal Gas Constant, and K is the equilibrium 

constant of the reaction. The redox potential of a particular reaction is then the value at 

standard conditions corrected for non-Standard State conditions, known as the Nernst 

equation: 
  

! 

E = E
o
"
RT

nF
lnQ 

where E is the redox potential of the reaction, E° is the Standard State redox potential (1 

Atm, 298 K, 1M concentration), F is the Farraday constant and Q is the reaction quotient 
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calculated by inserting the initial conditions of the non-equilibrium míxture. Proteins of the 

thioredoxin superfamily range from the very reducing (e.g., thioredoxins, Trx) to the very 

oxidizing (protein disulfide isomerase, PDI) spanning a remarkable range in equilibrium 

constants of over 5 orders of magnitude. 

It seems that at least in part, the redox potential is correlated with the sequence -X1-X2- 

between the two active site cysteines[2], which appears to be conserved within a given 

subfamily. Recently, a structural explanation was put forth to explain the very different pKa 

values of the N-terminal active site cysteine residues. With sequence C-G-P-C, Trx has a pKa 

of about 6.8 and the most reducing redox potential (-270 mV). At the other extreme, DsbA 

has sequence C-P-H-C with pKa of 3.8 and a redox potential of -180 mV. The glutaredoxins, 

which have C-P-Y-C, have intermediate pKa values (around 5) and intermediate redox 

potentials of around 210 mV.  The sequences of the active sites have, over time, become 

associated with the proteins themselves in such a way that gene annotation lists a protein as 

Grx-like if it has a C-P-Y-C active site or Trx-like if it has a C-G-P-C active site sequence[3]. 

In accordance with the perturbed pKa values in the reduced state, the N-terminal active site 

cysteine is solvent exposed (favoring ionization and nucleophilicity) while the C-terminal 

active site cysteine is almost totally buried (justifying the large pKa)[4]. This is generally true 

for all active oxidoreductases for which there are structures. 

In eukaryotes, protein disulfide isomerase (PDI) catalyses disulfide bond formation in the 

endoplasmic reticulum where it may reach millimolar concentrations (0.8% of the total 

cellular protein). PDI consists of four thioredoxin-fold domains, two of which (domains 1 and 

4) contain a catalytic site for disulfide bond formation. In addition to its activity as a disulfide 

bond isomerase, it has been reported that PDI is also capable of binding and hydrolyzing 

ATP, an activity that is not required for oxidoreductase activity. In prokaryotes, disulfide 

formation is catalysed by disulfide bond proteins (Dsb) in the periplasm of the bacteria 

through the oxidation and the isomerization pathway[2]. Prokaryotic proteins of the Dsb 

family also have the ability to rearrange incorrect disulfide bonds and facilitate the correct 

folding of exported proteins. 

At first, it was believed that cysteine side chains would not endure the high temperatures 

under which Bacterial and Archaean hyperthermophiles grow and were therefore expected at 

low abundance in these organisms. The explosion of genome sequencing in the 21st century 

has provided an unexpected answer to this prediction. A genome-wide survey of 30 

organisms from the 3 kingdoms found no significant difference in cysteine content between 
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mesophilic and hyperthermophilic organisms[5]. Furthermore, genes coding for proteins of 

the thioredoxin superfamily have also been identified, suggesting that cysteine redox 

chemistry is likely to be as important in hyperthermophilic biochemistry as for 

mesophiles[6]. 

Recently it was discovered that, on the contrary, stabilizing disulfide bond formation might 

be crucial to these organisms for maintaining protein structure under the harsh conditions 

they grow[6]. Comparisons of hyperthermophiles show that disulfide bonds are more 

frequent the higher the growth temperature of the organism. This implicates that disulfide 

bonds may be important for thermostable proteins and could be an adaptation to high 

temperature[6]. A protein disulfide oxidoreductase (PDO), so far only found in 

hyperthermophilic members of bacteria and archaea, is made up of a single chain containing 

two thioredoxin fold units arranged in a tandem like manner. Each unit has eight β-strands 

and eight α-helices where the β-strands constitutes the core of the protein with the α-helices 

asymmetrically distributed around[7] forming a closed protein domain[8] (Fig. 1). The in 

vivo function of these proteins is still unknown, although in vitro studies have shown that it is 

active as a disulfide oxidoreductase and one report presents evidence that it binds to ATP (a 

function that to date has never been reported for any other member of the thioredoxin 

superfamily[9].  

Structures of PDO proteins from two hyperthermophilic organisms have been reported. The 

thioredoxin domains in these PDO proteins are arranged differently compared to the structure 

of yeast PDI. Where in the yeast protein the 4 domains are arranged as beads on a string 

forming a “U” structure (Fig. 1), in the Aa- and Pf-PDO proteins, the central beta sheets are 

combined to make a more integrated structure. This fundamental structural difference points 

toward a possible functional difference for these proteins[7]. 

Pyrococcus furiosus 

The hyperthermophile, Pyrococcus furiosus, meaning rushing fireball, belongs to the Archaea 

domain. It was first isolated from a marine solfatara (A vent through which steam and 

volcanic gases are emitted) at Volcano Island in southern Italy[10]. It grows at a temperature 

optimum of 100°C and has a doubling time of 35-37 minutes under optimal conditions. They 

are enveloped cocci with polar grouped flagella and use peptide fermentation as the principle 

metabolic pathway. Presence of elemental sulfur enhances growth, but is not essential[11]. 
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AaPDO (2AYT)    AaPDO showing the two structural units                 

PfPDO  (1A8L)   PfPDO showing the two structural units 

E. coli DsbA  (1A2L)   Yeast PDI  (2B5E)   

Figure 1. AaPDO, PfPDO, E. coli DsbA, and yeast PDI demonstrating the Thioredoxin 
fold. AaPDO and PfPDO shown from two different angles. Coordinates 
obtained from RCSB Protein Data Bank. 
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Protein disulfide oxidoreductase, isolated from Pyrococcus furiosus (PfPDO), consists of two 

homologous units of 4 β-strands and 4 α-helices that display the same thioredoxin fold[7]. 

There is only 17% sequence identity between the two units and between 8-20% sequence 

identity with other PDOs[12]. The PfPDO is about two times the size of normal glutaredoxins 

and thioredoxins, reflecting the presence of two domains. Each unit has an active C-X-X-C 

site where the C-terminal unit C-P-Y-C sequence is the conserved glutaredoxin active site. 

The N-terminal unit sequence C-Q-Y-C has, so far, not been observed in any other member 

of the glutaredoxin family[13]. 

Aquifex aeolicus: 

The rodshaped Aquifex aeolicus is one of the most hyperthermophilic bacteria known; it 

grows in hot springs or near volcanoes and has a temp maximum near 95°C[14]. It is 

chemolithotrophic, hydrogen oxidizing and the final product of its metabolic reaction is water 

(aquifex means watermaker)[11]. It is able to grow on hydrogen, oxygen, carbon dioxide and 

mineral salts, but not on organic substrates like sugars, amino acids yeast extract or meat 

extract[14]. It forms cell aggregates comprised of up to 100 individuals[11]. AaPDO, isolated 

from, Aquifex aeolicus, is structurally similar to PfPDO. The sequence identity between them 

is 36% .It has a C-G-Y-C C-terminal active site earlier found in protein disulfide isomerase 

DsbC in E. coli and a C-E-S-C active site in the N-terminal unit, not earlier observed in any 

other PDO[6]. 

Differences in redox potential between the active sites, can be used to investigate the 

similarity of the N-terminal and C-terminal PDO units, which despite the low sequence 

identity, are structurally very similar. To make it feasible to measure the activity for each 

unit, mutated proteins containing the changes C-X-X-C to A-X-X-S were created in order to 

inactivate each active site - one at the time. The substitute amino acids were chosen not to 

interfere with the protein structure. The cysteine, more buried in the protein, was exchanged 

with a serine, which is structurally similar to cysteine and has the same ability to form 

hydrogen bonds.  The smallest amino acid with a side chain, alanine, was chosen for the more 

exposed cysteine. 

Choice of vectors 

pNCO-113 expression vectors contain a T5 promotor under control of a lac operator. This 

plasmid can be used in any E. coli strain, as the T5 promotor is recognized by the endogenous 
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E. coli RNA polymerase. While inducible using IPTG, constructs can express low levels of 

the target protein constituently. pET vectors are under control of the strong bacteriophage T7 

transcription promoter. Target protein expression may be initiated either by transferring the 

plasmid into an expression host containing a chromosomal copy of the T7 RNA polymerase 

gene under lacUV5 control. Expression is induced by the addition of IPTG to the bacterial 

culture. T7 RNA polymerase is so selective and active that, when fully induced, almost all of 

the cell’s resources are converted to target gene expression. Another important benefit of this 

system is its ability to maintain target genes transcriptionally silent in the uninduced state. 

The pET-46 Ek/LIC vector (Novagen Cat. No. 71335-3) is used for rapid, directional cloning 

of PCR-amplified DNA without the need for restriction digestion or ligation for high-level 

expression of polypeptides. Fusion proteins contain an N-terminal 6 His•Tag sequence 

cleavable by enterokinase. 

Choice of expression host 

Expression of recombinant proteins in E. coli offers advantages of speed, simplicity, and 

high-level expression. Consequently, many strains have been engineered to improve 

expression of target proteins. The host E. coli BL21(DE3) is a lysogen of λDE3, which 

carries a chromosomal copy of the T7 RNA polymerase gene that is controlled by the lacUV5 

promoter.  BL21 (DE3)pLysS utilizes the T7 RNA promoter to control protein expression 

and contains a low-level expression plasmid that expresses the T7 lysozyme gene at nominal 

levels. T7 lysozyme binds to T7 RNA polymerase, and inhibits transcription by this enzyme. 

Upon IPTG induction, overproduction of the T7 RNA polymerase effectively shuts down any 

low level inhibition by lysozyme[15]. 

The genomes of certain organisms contain sequences with codons that occur infrequently in 

E. coli[16]. Forced high-level expression of rare codon-containing genes in E. coli depletes 

the endogenous pool of corresponding tRNAs and can disrupt translation, leading to 

truncated protein expression or no protein expression, as well as frameshifts, codon skipping, 

and misincorporations. BL21-CodonPlus-RIL cells[17] contain extra copies of the argU, ileY, 

and leuW tRNA genes, which recognize the AGA/AGG, AUA, and CUA codons, 

respectively. tRNA specific for these codons are abundant in organisms with AT-rich 

genomes, but rare in E. coli.  

After plasmids are amplified in a non-expression host, they are most often transformed into a 

host bearing the T7 RNA polymerase gene (DE3 lysogen) for expression of target proteins. 
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The pET System uniquely provides a choice of three types of expression hosts that suppress 

basal transcription to varying degrees. In λDE3 lysogens the T7 RNA polymerase gene is 

under the control of the lacUV5 promoter, which allows some degree of transcription in the 

uninduced state and in the absence of further controls is suitable for expression of many 

genes whose products have innocuous effects on host cell growth. For more stringent control, 

hosts carrying either pLysS or pLysE are available. The pLys plasmids encode T7 lysozyme, 

which is a natural inhibitor of T7 RNA polymerase, and thus reduces its ability to transcribe 

target genes in uninduced cells. pLysS hosts produce low amounts of T7 lysozyme, while 

pLysE hosts produce much more enzyme and, therefore, represent the most stringent control 

available in λDE3 lysogens[15]. 

E. Coli strain M15[pREP4] (Qiagen) which permits high-level expression when used with 

plasmids containing T5 promoters are also available. Strain SG13009[pREP4] is also 

available and may be useful for the production of proteins that are poorly expressed in 

M15[pREP4]. Both the M15 and SG13009 strains derived from E. coli K12 and have the 

phenotype NaIS, StrS, RifS, Thi–, Lac–, Ara+, Gal+, Mtl–, F–, RecA+, Uvr+, Lon+. Note 

that E. coli strains M15 and SG13009 do not harbor a chromosomal copy of the lacIq 

mutation, so pREP4 must be maintained by selection for kanamycin resistance. 

Often the choice of expression host is made by trial and error, using the one or ones that give 

the best expression levels or purest and most stable protein. All the above discussed cells 

were tried with the different constructs used in this work – with varying success. 

 

5 Materials & Methods 

5.1 Cloning & Transformation 

pNCO-113 plasmids containing the AaPDOwt, AaPDOnM, AaPDOcM, PfPDOnM and 

PfPDOcM genes were generously provided by Prof. Markus Fischer (University of Hamburg, 

Hamburg, Germany). 60ng of each plasmid was transformed into E. coli BL21(DE3) Star 

cells (Stratagene) by heat shocking the cells at 42°C for 45 seconds. The transformed cells 

were plated on LB agar plates containing ampicillin and incubated at 37°C over night. As 

part of an exhaustive compilation, Table 1 lists all plasmid vectors and host cells tried in this 

work. 
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Strain/Plasmid Relevant Characteristics 
E. coli BL21(DE3) Star (DE3) = λDE3 lysogen 
E. coli BL21-CodonPlus(DE3) 
RIL 

(DE3) = λDE3 lysogen, (CamR) Extra codons for Arginine, 
Isoleucine and Leucine tRNA 

BL21 (DE3) pLysS (DE3) = λDE3 lysogen, (CamR) Stringent control 
M15[pREP4] (pREP4: KanR, lacl) Uses T5 promotor 
SG13009[pREP4] (pREP4: KanR, lacl) Uses T5 promotor 
pNCO113 E. coli expression vector 
pNCO113-AaPDOwt pNCO 113 containing the gene for Aquifex PDO wild type 
pNCO113-AaPDOnm pNCO 113 containing the gene for Aquifex PDO N-mutant 
pNCO113-AaPDOcm pNCO 113 containing the gene for Aquifex PDO C-mutant 
pNCO113-PfPDOnm pNCO 113 containing the gene for Pyrococcus PDO N-mutant 
pNCO113-PfPDOcm pNCO 113 containing the gene for Pyrococcus PDO C-mutant 
pET-46 Ek/LIC E. coli expression vector 
pET-46-AaPDOwt pET-46 Ek/LIC containing the gene for Aquifex PDO wild type 
pET-46-AaPDOnm pET-46 Ek/LIC containing the gene for Aquifex PDO N-mutant 
pET-46-AaPDOcm pET-46 Ek/LIC containing the gene for Aquifex PDO C-mutant 
pET-46-PfPDOwt pET-46 Ek/LIC containing the gene for Pyrococcus PDO wild type  
pET-46-PfPDOnm pET-46 Ek/LIC containing the gene for Pyrococcus PDO N-

mutant 
pET-46-PfPDOcm pET-46 Ek/LIC containing the gene for Pyrococcus PDO C-mutant 

Table 1. Relevant characteristics of different strains of E. coli and expression vectors used in 
this work. 

5.2 Protein expression 

Expression of pNCO-113 constructs 

Individual colonies were tested for expression in BL21(DE3) Star cells. 2mL LB cultures 

containing ampicillin [100µg/mL] were inoculated and allowed to grow overnight while 

shaking at 37°C. The overnight cultures were diluted 500 fold in fresh LB medium 

containing ampicillin [100µg/mL] and grown to OD600 ~ 0,7 in a 37°C shaker before 

inducing with 1mM (final concentration) isopropyl-beta-D-thiogalactopyranoside (IPTG, 

Sigma). Samples were collected and analyzed by SDS-PAGE gel electrophoresis (NOVEX 4-

12% Bis-Tris Mini Gel, Invitrogen) using the 1x NuPAGE MES buffer system and stained 

with Coomassie Brilliant Blue R 250 (0.25 g) in 40% MeOH, 7% HOAc. The constructs 

pNCO-113-AaPDOwt, pNCO-113-AaPDOnm and pNCO-113-PfPDOnm, had low protein 

expression in BL21(DE3) Star cells, while pNCO-113-AaPDOcm and pNCO-113-PfPDOcm 
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expression could not be detected. Repeated test expressions were performed with cells 

BL21(DE3) Star cells grown of different length of time and with induction at different cell 

densities, but the expression levels were consistently low and very irreproducible. 

The pNCO-113 constructs were then transformed into E. coli BL21-CodonPlus(DE3) RIL 

competent cells and pLYS cells (Stratagene), M15 and SG13009 cells (Qiagen). Test 

expressions were made using similar conditions as above, but there was no detectable, 

inducible expression in any of these cells.  

Primers for mutating Ala36 (GCT) to Cys (TGT) and Ser39 (TCT) to Cys (TGT) 

Forward: 

OLIGO 5’ GTGAGAAAGGACCACTGTCAATACTGTGACCAGCTAAAACAACTAG 3’ 
PfPDOnm    CACTCTTTCCTGGTGCGAGTTATGAGACTGGTCGATTTTGTTGATC    
 
Reverse: 

OLIGO 5’ CTAGTTGTTTTAGCTGGTCACAGTATTGACAGTGGTCCTTTCTCAC 3’ 
PfPDOnm    GATCAACAAAATCGACCAGTCTCATAACTCGCACCAGGAAACAGTC 
 
 
Primers for transferring AaPDO from pNCO-113 to pET-46 Ek/LIC vector 

Forward:  

OLIGO 5’ GACGACGACAAGATGCTTCTGAACCTGGATGTGAGAATGC 3’ 
AaPDO                 TACGAAGACTTGGACCTACACTCTTACGTT 
 
Reverse: 

OLIGO 5’ GAGGAGAAGCCCGGTCATCAAGCCTGTTCTTTTTCCCTCTTGAG 3’ 
AaPDO                        TCGGACAAGAAAAAGGGAGAACTCAAA 
 
Primers for transferring PfPDO from pNCO-113 to pET-46 Ek/LIC vector 

Forward:  

OLIGO 5’ GACGACGACAAGATGGGATTGATTAGTGACGCTGACAAGAAGGTAATTAAGG 3’ 
PfPDO                TACCCTAACTAATCACTGCGACTGTTCTTCCATTAATTCCTTC 
 

Reverse: 

OLIGO 5’ GAGGAGAAGCCCGGTCATCAGCTGAGAGCTGAGAGTAACTTC 3’ 
PfPDO                     AGTCGACTCTCGACTCTCATTGAAGAGA 
 

Figure 2. Primers for PCR cloning and mutation 
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Preparation of pET-46 constructs  

Primers for amplification of the AaPDOwt, AaPDOnm, AaPDOcm, PfPDOnm and PfPDOcm 

genes in the pNCO-113 constructs were designed according to the pET-46 Ek/LIC manual 

(Fig. 2). The LIC strategy (Ligation Independent Cloning; Novagen), is designed for rapid 

cloning of PCR amplified DNA without the use of restriction enzymes. Specific sequences 

are added to both ends of the gene as overhangs, which can only anneal in the right 

orientation in the vector. 

Expression of pET-46 constructs 

The pET-46 Ek/LIC vectors containing the PDO genes transformed into E. coli BL21(DE3) 

Star cells, as above. Single colonies were grown in LB medium (induction with 1 mM IPTG 

at OD600 = 1.0 for 4 hrs) and all expressed. Significant amounts of inducible protein with the 

desired molecular weight were obtained as assayed by SDS-PAGE. The strains were stored 

as glycerol stocks and used for 50mL over night cultures. The over night cultures were 

diluted 500 times and grown as 1L cultures (as above). The cells were induced at OD600 ~1.0 

and allowed to express over night (12-15 hrs). Cells were harvested by spinning at 7000 rpm 

in a Beckman JA-10 rotor for 20 minutes at 4°C. The cell pellets were resuspended in 50mM 

NaH2PO4, 300mM NaCl, 10mM imidazole, pH 8.0 (Binding buffer for Ni-NTA column), 

using 1/10 volume. 

Cell lysis 

The cells were lysed using either French press or by sonication without any noticeable 

difference in yield. When using the French press (Thermo), the cell suspension was passed 

through twice at 1500psi, using the high pressure setting, then centrifuged using a Beckman 

JA-17 rotor at 15000 rpm for 40minutes at 4°C to get rid of cell debris. When using 

sonication, hen egg lysozyme was added to a final concentration of 0.1mg/mL and the cells 

were allowed to incubate 30 min on ice prior to lysis by sonication Branson S-250 analog 

sonicator (Sonifier) using a 13mm step horn at maximum power, five-second on/off intervals 

for 2 minutes.  Cells debris was collected by centrifuging at 15000 rpm for 40 min at 4°C in a 

Beckman JA-17 rotor. 

Uniformly [13C / 15N]Cysteine labeling 

Appropriate cells were grown from the glycerol stocks of the E. coli BL21(DE3) Star cells 

containing PDO genes in pET-46 Ek/LIC vectors. Overnight cultures, dilution and growth to 
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OD600 ~1,0 was performed as above. The cells were centrifuged at 3000rpm for 20 min at 

20°C in autoclaved tubes using a Beckman JA-10 rotor. The pellet was resuspended in 1L 

sterile M9 minimal medium salt stock /L cell culture [8.5g Na2HPO42H2O, 3g KH2PO4, 0.5g 

NaCl, 1g NH4Cl] and then centrifuged at 3000rpm, 20 min, 20°C. The pellet was 

resuspended in fresh M9 minimal medium (250mL/L cell culture) containing 0.5mL 1M 

MgSO4, 0.025mLCaCl2 1M, 5mL glucose 20% and 100µg/mL ampicillin. Uniformly 

[13C/15N]Cysteine was added at a final concentration of 25 mg/L together with In addition, 

25mg/L of each of the amino acids Gln, Glu, Asp, Asn, Ser, Gly, Arg, Thr, Ala, Val, Met, Ile, 

Leu, Lys and 50mg/L of His, Pro, Phe, Trp, Tyr prior to sterile filtering. The cells were then 

incubated in the 37°C shaker for 1h before inducing with 1mM IPTG over night. The cells 

were harvested by centrifuging at 7000 rpm for 20 minutes at 4°C in a Beckman JA-10 rotor 

and resuspended in binding buffer (100 mL/L cell culture).  

5.3 Protein purification 

His-tag purification 

The cell lysis supernatant was collected and loaded onto a 5 mL Ni-NTA superflow cartridge 

(Qiagen) pre-equilibrated with binding buffer (50mM NaH2PO4, 300mM NaCl, 10mM 

imidazole pH 8.0), using an ÄKTA purifier (GE Health Care) using a sample pump at a flow 

rate of 2 mL/min. Column flowthrough was collected in 40 mL fractions. After loading of the 

sample, the column was washed at a flow rate of 2 mL/min with 2 column volumes of 

binding buffer followed by 2 column volumes of 50mM NaH2PO4, 300mM NaCl, 20mM 

imidazole pH 8.0 and eluted with a linear gradient from 20mM to 250mM imidazole in the 

same buffer over 20 column volumes. Fractions sizes of between 3 and 5 mL were collected. 

Aliquotes of fractions were analyzed for protein content by SDS-PAGE (NOVEX 4-12% 

Bis-Tris Mini Gel, Invitrogen) using the 1x NuPAGE MES buffer system. Fractions 

containing the protein of interest were pooled. 

HIC purification 

To the pooled fractions of the AaPDOs and the PfPDOnm, ammonium sulphate was added to 

a final concentration of 1M in preparation for purification by hydrophobic interaction 

chromatography. The protein solution was then loaded onto a 20 mL Source HIC Phe column 

(Pharmacia Biotech) connected to an ÄKTA purifier (GE Health Care) at a flow rate of 2.0 

mL/min, pre-equilibrated with 50 mM potassium phosphate buffer, pH, 7.0. After loading, 



 Characterization of two Protein Disulfide Oxidoreductases 
 Karin Fürtenbach 

 Page 16 

the column was washed with 2 column volumes of the equilibration buffer and bound protein 

eluted with a linear gradient to 0M (NH4)2SO4  in the same buffer over 20 column volumes. 

Anion exchange purification 

Following His-tag purification, fractions containing the Pf PDOwt and PfPDOcm protein (not 

run on the HIC column) were concentrated and dialyzed versus 20mM Tris, 1mM EDTA pH 

8.0 by ultra filtration in an Amicon Stirred Ultrafiltration Cell (Millipore) with membrane 

cutoff 3 (YM-3) or 10 (YM-10). Flowthrough was monitored by absorbance at 280 nm for 

indications of cell membrane leakage. The dialysate was then loaded onto a 10 mL Source Q 

anion-exchange column (GE Health Care) connected to an ÄKTA purifier (GE Health Care) 

pre-equilibrated with 20 mM Tris, pH 8.0 at a flow rate of 2 mL/min. The protein was eluted 

with a linear gradient from 20 mM Tris, pH 8.0 to 20 mM Tris, pH 8.0 containing 0.5M 

NaCl. 

Protein concentration determination 

Extinction coefficients for the different proteins were calculated by the method of Gill and 

von Hippel [18, 19] and presented in table 2. The proteins were concentrated and the buffer 

exchanged by ultrafiltration (as above). The protein concentration was determined by UV 

absorbance at 280nm and calculated by using Lambert Beer’s law. The concentrated protein 

was stored as 500µL aliquots in the -20°C freezer. 

Protein Extinction coefficient† 

oxidized 
Extinction coefficient† 

reduced mw (Da) 

AaPDOwt 21860 M-1cm-1 21620 M-1cm-1 27353.3 
AaPDOnm 21740 M-1cm-1 21620 M-1cm-1 27305.1 
AaPDOcm 21740 M-1cm-1 21620 M-1cm-1 27305.1 
PfPDOwt 16170 M-1cm-1 15930 M-1cm-1 27493.4 
PfPDOnm 16050 M-1cm-1 15930 M-1cm-1 27445.3 
PfPDOcm 16050 M-1cm-1 15930 M-1cm-1 27445.3 

Table 2. Extinction coefficients calculated according to the method of Gill & von Hippel[18-
20] 

5.4 Protein Structure and Chemical Analysis 

Coordinates of the three dimensional structures of PfPDO and AaPDO were obtained from 

the RCSB Protein Data Bank and had accession codes of 1A8L[12] and 2AYT[21], 

respectively. Structural analysis was performed using the programs RasMol (v. 2.7.3)[22] and 
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MolMol (v. 2K.2)[23]. Accessible surface area was calculated using the built-in routine in 

MolMol-2K.2.  

Circular Dichroism Spectroscopy 

All far-UV CD spectra were measured at 25°C using a 50 mM potassium phosphate, 50 µM 

EDTA buffer at pH 7.0 and a protein concentration of 14.5 µM. Concentrations were 

determined by absorbance spectroscopy as before. Data were collected in a 0.2 cm quartz 

cuvette (Hellma) between 260 and 190 nm every 1.0 nm using a bandwidth of 1.5 nm for 15 s.  

High performance liquid chromatography  

Of each PDO three samples was prepared; 30µM protein in 50 mM potassium phosphate 

buffer, pH, 7.0 to a total volume of 50µL. To one of each 5mM reduced DL-Dithiothreitol 

(SIGMA-ALDRICH) was added in order to reduce the cysteines. To another sample 5mM 

oxidized DL_Dithiothreitol (SIGMA-ALDRICH) was added to oxidize the cysteines, before 

incubating in room temperature 1hour. The samples were run on a HP ChemStation, series 

1100 HPLC, C8 column, 208 TP 54 (VYDAC) with detection at 214nm.  

 

6 Results & Discussion 

6.1 Cloning and transformation 

Analysis of codon usage 

The gene for AaPDO contains 2 AGA and 3 AGG arginine codons and 16 ATA isoleucine 

codons out of 230 triplets whereas the gene for PfPDO contains 8 AGA and 2 AGG arginine 

codons and 5 ATA isoleucine codons out of 227 triplets. The tRNA for these codons is in low 

abundance in BL21 cells (B-strain E. coli) and therefore is a potential problem for 

expression. For this reason, BL21-CodonPlus(DE3) RIL cells were also tested.  

Expression trials and optimization 

The pNCO-113 construct was first transformed into BL21(DE3) Star cells and small amounts 

of protein expression could be detected upon induction, but only very low amounts and very 

irreproducible in several independent expression tests. An example result is shown in Figure 

3. Furthermore compared with the control, it did not appear that bands of the appropriate size 
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were inducible. Since both PfPDO and AaPDO use codons that are rare in E. coli, the amount 

of tRNA produced might not be sufficient for protein expression. Therefore BL21 

CodonPlus(DE3) RIL cells, containing a plasmid with extra tRNA genes containing the rare 

codons for Arginine, Isoleucine and Leucine, was used. Surprisingly, no expression at all 

could be detected in these cells after induction, as assayed by coomassie blue stained SDS 

NUPAGE gels. Considering that there was no detectible expression in the other cell types 

tested (BL21 (DE3) pLysS, M15[pREP4] and SG13009[pREP4]), the first choice for further 

work was BL21(DE3) Star cells. When inducing at OD600 ~1.0 and allowing the cells to 

express over night, large amounts of protein was obtained for all 6 constructs. Test 

expressions of AaPDOwt pET-46 Ek/LIC construct were additionally made in E. coli BL21-

CodonPlus(DE3) RIL cells. These cells were found to express protein amounts comparable to 

BL21(DE3) Star cells. Visualized by SDS-PAGE in Figure 4.                                         

  

 

 

 

 

 

 

 

Figure 3. Coomassie stained gel showing low level expression using the pNCO-113 PDO 
constructs. A) Lane 1 AaPDO standard, 2 AaPDOwt non-induced, 3, 4, 5 AaPDOwt 
induced (3 different clones), 6 AaPDOnm non-induced, 7, 8, 9 AaPDOnm induced (3 
different clones), 10 AaPDOcm non-induced, 11, 12, 13 AaPDOcm (3 different clones). 
B) Lane 1 PfPDO standard, 2 PfPDOnm non-induced, 3, 4, 5 PfPDOnm (3 different 

clones), 6 PfPDOcm non-induced, 7,8,9 
PfPDOcm induced (3 different clones). 

Figure 4. Test expression of AaPDOwt pET-46 
construct. Lane 1, AaPDO protein standard. Lane 
2, 4, 6 BL21(DE3) Star cells uninduced. Lane 3, 
5, 7 induced. Lane 8, 10, 12 BL21-
CodonPlus(DE3) RIL cells uninduced. Lane 9, 
11, 13 induced. 

13 1 2 3 4 5 6 7 8 9 10 11 12 

13 1 2 3 4 5 6 7 8 9 10 11 12 

A 

1 2 3 4 5 6 7 8 9 

B 
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6.2 Protein purification 

His-tag purification 

6-His-containing N-terminal tagged proteins have high affinity for metal ions and can be 

purified on nickel-chelated columns. An advantage of the Ni-NTA superflow cartridge 

(Qiagen) is that the Ni2+ is coordinated by four functional groups which efficiently 

immobilises the Ni2+, preventing it from coming off the column, reducing loading efficiency 

and contaminating eluted protein with divalent metal ions. An increasing gradient of 

imidazole, which will compete for the Ni2+ with the histidine in the tag, elutes the protein 

(Fig. 5). Aliquots of selected fractions were analyzed using SDS-PAGE (Fig. 9A). 

 

Figure 5. Chromatogram from 
Ni-NTA superflow cartridge. 
Here showing AaPDOnm, 
but representative for all 
proteins. The peak at 200mL 
contains the PDO protein.  

Freeze test 

Freezing of protein samples is a 

common precaution taken when 

having to store protein solutions 

as it minimizes undesired 

reactions and bacterial growth. After the Ni-NTA column, the pooled fractions containing the 

PDO proteins could not be frozen due to the formation of a quantitative, insoluble precipitate. 

As cell pellets collected after induction had been successfully frozen and thawed without 

consequence, the precipitation upon thawing of pooled fractions from the Ni-NTA column 

could be due to the high concentrations of imidazole present. A test was devised to check for 

the solution stability of protein in the absence of imidazole using AaPDOwt. Two identical 

samples of purified protein were prepared at a concentration of 5.78 x 10-5 M in 50 mM 

potassium phosphate buffer pH 7.0. One sample was stored at 4 °C and the other frozen by 

storage at -20 °C for 1 week. After thawing and centrifugation, no precipitate was noticed and 

UV spectra were recorded for both samples (Fig. 6). The measured spectra overlay each other 

almost identically indicating a quantitative recovery of soluble protein after freezing in the 

absence of imidazole.  
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Figure 6. Analysis of the effect 
on the protein of freezing  
AaPDOwt. The UV spectra 
of the protein solution stored 
at 4 °C is essentially 
identical to the sample 
stored frozen and then 
thawed, showing that there 
is no difference between the 
two samples and that 
freezing can be used to store 
protein aliquots. 

HIC purification 

The hydrophobic interaction 

chromatography column (Source HIC Phe) is based on difference in hydrophobicity between 

the solutes in solution. In general, globular proteins are mostly hydrophilic on their surfaces 

and require special conditions for binding to this type of column. Reversible binding to a 

hydrophobic surface bound to the column gel matrix occurs through hydrophobic interactions 

and is enhanced by a high ionic strength buffer such as 1 M (NH4)2SO4. A decreasing salt 

gradient then decreases the hydrophobic interaction and elutes the protein. As demonstrated 

in the chromatogram in Figure 7, the AaPDOwt has a high affinity for the Source HIC Phe 

column and elutes in a sharp peak. The Source HIC Phe column was used for the AaPDO and 

the PfPDOnm proteins, but as the PfPDOnm bound so tightly and gave a low yield it was not 

used for PfPDOwt and PfPDOcm constructs. Aliquots of selected fractions were analyzed 

using SDS-PAGE (see Fig. 9A). 

Figure 7. Chromatogram from 
HIC column showing 
AaPDOwt, but 
representative for all 
AaPDOs.  The Source HIC 
was used for the AaPDOs 
and PfPDOnm as a 
purification step, but also to 
get rid of the imidazole after 
the Ni-NTA column. 
Absorbance is plotted in 
reference to the left scale 
and conductivity to the right.              
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Anion exchange purification 

As a second purification step for PfPDOwt and PfPDOcm proteins, a Source Q anion 

exchange column was used. In this technique, negatively charged proteins bind to the 

positively charged matrix of the column. The negative charge is achieved by using a buffer 

above the isoelectric point of the protein, here pH 8.0. By adding salt in a continuous 

gradient, anions will compete with interactions between the protein and the matrix, eluting 

the protein (Fig. 8). Aliquots of selected fractions were analyzed using SDS-PAGE.  

 

Figure 8. Chromatogram from 
Source Q anion exchange 
column. The Source Q was 
used for the PfPDOwt and 
PfPDOcm, here showing the 
c-mutant, but representative 
for both proteins. Absorbance 
is plotted in reference to the 
left scale and conductivity to 
the right. 

 

 

Protein concentration determination 

After concentration by ultrafiltration, high amounts of approximately 95% pure protein were 

obtained. Calculated values determined by UV absorbance after purification and 

concentration shown in table 3. Purity visualized by SDS-PAGE in Figure 9B. 

  

 

 

 

 

 

Table 3. Yield of protein from 1L cell culture in LB medium after the purification steps. 
Note that values are total protein concentration as determined by A280. 

Protein 
Ni-NTA 

(mg) 
HIC 
(mg) 

Source Q 
(mg) 

ultrafiltration 
(mg) 

AaPDOwt 125.0 110.6 na 98.3 
AaPDOnm 112.0 99.7 na 91.6 
AaPDOcm 37.2 30.3 na 28.1 
PfPDOwt 68.9 na 18.9 16.9 
PfPDOnm 135.3 75.6 na 70.1 
PfPDOcm 77.9 na 40.1 37.2 
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Figure 9. A. 4-12% Bis-Tris SDS-PAGE gel. Showing AaPDOwt from different steps of 
protein expression and purification. Lane 1. Protein standard. 2, uninduced. 3, induced. 
4, supernatant before Ni-NTA column 5, 6, 7, flow through fractions from Ni-NTA 
column. 8, small peak before gradient from Ni-NTA column. 9, 10, 11, 12, 13 Peak 
fractions from Ni-NTA column. 14, after Source HIC Phe column 
B. 4-12% Bis-Tris SDS-PAGE gel. Showing purified and concentrated protein of two 
concentrations. Lane 2, 4, 6, 8, 10,12; 35µM. Lane 3, 5, 7, 9, 11, 13; 8.75µM. Lane 1. 
Protein standard, 2-3 AaPDOwt, 4-5 AaPDOnm, 6-7AaPDOcm, 8-9 PfPDOwt, 10-12 
PfPDOnm, 12-13 PfPDOcm 

 

6.3 Protein Sequence, Structure and Chemical Analysis 

Circular Dichroism Spectroscopy 

Circular Dichroism (CD) spectroscopy is based on differential absorbance of left and right 

circularly polarized light and can be used to measure secondary protein structure. The two 

different types of light pass through a solution containing the protein. The peptide bonds 

absorb light of the different types to different extent. When the light exits the sample, the 

intensity of two types of light decrease differently depending on the absorbance; this results 

in elliptically polarized light. The difference in absorbance between the two types of light is 

measured. CD spectroscopy was used to confirm that the proteins were still folded after the 

purification steps and to eliminate the possibility that the mutations had caused any major 

structural changes in the protein. As shown in Figure 10, the proteins are still folded and the 

mutants resemble the wild type proteins in structure after purification and concentration. 

 

 

10 1 2 3 4 5 6 7 8 9 10 11 13 14 12 

260 kDa 
160 
110/80 
60 
50 
40 

30 
20 
15 

10 

3,5 

260 kDa 
160 
110/80 
60 
50 
40 

30 
20 
15 

10 

3,5 

1 2 3 4 5 6 7 8 9 10 11 13 14 12 

A B 



 Characterization of two Protein Disulfide Oxidoreductases 
 Karin Fürtenbach 

 Page 23 

 

Figure 10. CD spectrum of the AaPDOs. Wild type in red, n-mutant in light blue and c-
mutant in blue. CD spectrum of the PfPDOs. Wild type in red, n-mutant in light blue and 
c-mutant  

HPLC separation of oxidized and reduced species 

Reversed phase high performance liquid chromatography (RP-HPLC) is a method that can be 

used to separate reduced and oxidized proteins [24]. The redox state of the proteins as 

purified following overexpression is an initial indication of approximate redox potentials. 

Very oxidizing proteins (e.g., DsbA) are found to be reduced, whereas very reducing proteins 

(e.g., thioredoxin) are completely oxidized.  

Analysis of chromatograms of wild-type protein from Aa and Pf indicate that both domains 

are oxidized in the purified samples, suggesting reducing redox potentials. Both AaPDOnm 

and AaPDOcm are well separated; PfPDOnm can be forced to  

separate better, but PfPDOcm is separated poorly and it will be difficult to extract redox 

potential values from analysis of this data unless a better separation can be achieved. (see Fig. 

11). 
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Figure 11. HPLC chromatograms showing the well separated AaPDOs and the poorly 
separated PfPDOs 

 

 [13C / 15N]Cysteine labeling of PDO 

The [13C / 15N]Cysteine labeled protein grown in M9 minimal medium expressed 

significantly lower amounts of protein (approx. 10 mg/liter) compared to the unlabeled 

material grown in LB medium. After the Ni-NTA column it was concentrated in an attempt 

to leave out the second purification step, but was found to precipitate and had to be discarded. 

No labeled protein product that could be used for NMR determination of the pKa values was 

obtained. 
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Protein Sequence Analysis 

The amino acid sequences of AaPDO and PfPDO are 34% identical after optimal alignment 

using the CLUSTALW algorithm as shown in Figure 12. Important characteristics of the two 

proteins, which are also hallmarks of the Thiroredoxin Superfamily are the active site C-X-X-

C sequences and the cis-proline (highlighted in yellow). Upon comparison of the N-terminal 

and C-terminal domains of these proteins one also finds a significant homology (Figs. 13-14) 

where there is ~17% identity. It is important to point out that unlike the protein PDI which 

has four thioredoxin domains (of which 2 are active) and whose structures exist as beads on a 

string, the structure of the two domains contained in the PDO proteins is much more 

integrated. The AaPDO and PfPDO proteins behave more as a single structure – despite the 

identification of sequence similarity between the N- and C-terminal domains. Figure 15 

shows a sequence alignment between the PDO protein domains and selected thioredoxin 

superfamily members. Apart from the active site C-X-X-C sequence motif and the conserved 

cis-proline, there is little sequence similarity indicating that these proteins have diverged 

significantly (new specificities and activities), yet have retained the hallmark fold and 

disulfide redox activity. 

Active site accessibility 

The solvent accessible surface are of all atoms in the crystal structures of the proteins of 

PfPDO (PDBID = 1A8L), AaPDO (PDBID = 2AYT), PhPDO (PDBID=1J08), 

Saccharomyces cerevisiae PDI (PDBID = 2B5E), and E. coli DsbA (PDBID=1A2L) was 

calculated. The accessibility of the active site cysteine sulfur atoms are shown in Appendix I. 

The structures of all proteins but DsbA were of the oxidized form, with all cysteine residues 

in disulfide form. In general, the cysteine sulfur atoms, when in the reduced or thiol form are 

polar, are often found at the protein surface, and consequently have large surface 

accessibilities. In this form, they cannot approach each other closer than 4.8 Å when not 

interacting by hydrogen bond or ionic interactions [25]. When oxidized, the formation of a 

disulfide reduces the sulfur accessibility by approximately half [25]. Unlike the thiol, the 

disulfide is quite apolar and are usually buried by the fold of the protein. In disulfide bonds, 

the S-S separation is found on average to be 2.08 Å due to the formation of the covalent 

bond[25]. With a small allowance for atom positional uncertainty, a distance shorter than 2.4 

Å between the sulfurs can be used to identify disulfide bonds in protein structures. 
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        1       10        20        30        40        50 
AaPDO   -MLLNLDVRMQLKELAQKEFKEPVSIKLFSQAIGCESCQTAEELLKETVE 
PfPDO   MGLISDADKKVIKEEFFSKMVNPVKLIVFVRKDHCQYCDQLKQLVQELSE 
          *:.   :  :**   .:: :**.: :* :   *: *:  ::*::*  * 
 
                60        70        80        90       100 
AaPDO   VIGEAVGQDKIKLDIYSPFTHKEETEKYGVDRVPTIVIEGD-KDYGIRYI 
PfPDO   LT-DKLSYEIVDFDTPE---GKELAKRYRIDRAPATTITQDGKDFGVRYF 
        :  : :. : :.:*  .    ** :::* :**.*: .*  * **:*:**: 
 
                70        80        90       100       110 
AaPDO   GLPAGLEFTTLINGIFHVSQRKPQLSEKTLELLQVVDIPIEIWVFVTTSC 
PfPDO   GLPAGHEFAAFLEDIVDVSREETNLMDETKQAIRNIDQDVRILVFVTPTC 
        ***** **:::::.*..**:.:.:* ::* : :: :*  :.* ****.:* 
 
               120       130       140       150       160 
AaPDO   GYCPSAAVMAWDFALAN-----DYITSKVIDASENQDLAEQFQVVGVPKI 
PfPDO   PYCPLAVRMAHKFAIENTKAGKGKILGDMVEAIEYPEWADQYNVMAVPKI 
         *** *. ** .**: *     . * ..:::* *  : *:*::*:.**** 
 
               170       180       190       200        
AaPDO   VINKG---VAEFVGAQPENAFLGYIMAVYEKLKREKEQALE 
PfPDO   VIQVNGEDRVEFEGAYPEKMFLEKLLSALS----------- 
        **: .    .** ** **: **  :::. .                           
                            
 
Figure 12. AaPDO and PfPDO sequence alignment showing 34% sequence identity. Yellow 

highlighting indicates the active site cysteine resuidues and the position of the cis-
proline. 

 
          1       10        20        30        40        50 
PfPDO-N   MGLISDADKKVIKEEFFSKMVNPVKLIVFVRKDHCQYCDQLKQLVQELSE 
PfPDO-C   ETNLMDETKQAIRN-----IDQDVRILVFVTP-TCPYCPLAVRMAHKFAI 
             : *  *:.*::     : : *:::***    * **    ::.::::  
 
                  60        70        80        90       100 
PfPDO-N   LTDKLSYEIVD---FDTPEGKELAKRYRIDRAPATTITQDGKDFGVRYFG 
PfPDO-C   ENTKAGKGKILGDMVEAIEYPEWADQYNVMAVPKIVIQVNGEDR----VE 
           . * .   :    .:: *  * *.:*.:  .*  .*  :*:*     . 
 
                 110       120        
PfPDO-N   LPAGHEFAAFLEDIVDVSRE 
PfPDO-C   FEGAYPEKMFLEKLLSALS- 
          : ..:    ***.::..    
 
Figure 13. PfPDO -c and – n unit sequence alignment 
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          1       10        20        30        40        50 
AaPDO-N   MLLNLDVRMQLKELAQKEFKEPVSIKLFSQAIGCESCQTAEELLKETVEV 
AaPDO-C   ---KPQLSEKTLELLQ-VVDIPIEIWVFVTTS-CGYCPSAAVMAWD---- 
             : ::  :  ** *  .. *:.* :*  :  *  * :*  :  :     
 
                  60        70        80        90       100 
AaPDO-N   IGEAVGQDKIKLDIYSPFTHKEETEKYGVDRVPTIVIEGDKDYGIRYIGL 
AaPDO-C   --FALANDYITSKVIDASENQDLAEQFQVVGVPKIVINKG---VAEFVGA 
             *:.:* *. .: ..  ::: :*:: *  **.***: .     .::*  
 
                 110       120        
AaPDO-N   PAGLEFTTLINGIFHVSQR------- 
AaPDO-C   QPENAFLGYIMAVYEKLKREKEQALE 
           .   *   * .::.  :*  
 
Figure 14. AaPDO -c and -n unit sequence alignment 

Figure 15. Sequence alignment for PfPDOnm, PfPDOcm, E. coli Trx, yeast PDI, E. coli 
DsbA and E. coli Grx3. 
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Figure 16. Chemical structure of a disulfide between two 
cysteine residues showing the dihedral angle χ3 

 

With the exception of the N-unit active site of PhPDO, the N-

terminal cysteine sulfur of all -C-X-X-C- active site motifs is 

more exposed than the C-terminal cysteine sulfur (see 

Appendix I). It is thought this contributes to the reactivity of 

the N-terminal cysteine in disulfide reactions. In almost all 

cases, the C-terminal active site cysteine sulfur is completely 

buried rendering it unreactive in the first step of redox 

reactions. For glutaredoxin 3 it was shown that this C-terminal active site cysteine side chain 

thiol donates a hydrogen bond to the N-terminal cysteine sulfur. For this reason, the C-

terminal active site cysteine PDO mutants used in this study were constructed using serine. 

In the AaPDO structure 2YWM, the C-unit active site is in reduced form while the N-unit is 

oxidized in all molecules of the asymmetric unit. This could be an indication that the N-unit 

is reducing and the C-unit is oxidizing under the conditions used for the crystallization. A 

similar behavior is found in the yeast PDI (2B5E) domains 1 and 4. 

 

7 Conclusions & Perspectives 

The initial aim of this project was to determine the active site redox potentials and pKa values 

of the two structural units in PDOs from the hyperthermophiles Aquifex aeolicus and 

Pyrococcus furiosus. Based on the knowledge of the active sites and three-dimensional 

structures, knock out mutants were prepared to allow for individual study of the activities of 

the two units separately. Unfortunately the pNCO-113 constructs that were provided from the 

start expressed only very low amounts of protein in a very irreproducible manner. The genes 

were transferred to pET-46 Ek/LIC vectors, which, after optimization of growth conditions, 

resulted in large (>50 mg/L) amounts of protein when expressed in E. coli. The proteins were 

purified by column chromatography in two steps and concentrated. The final amount of 

purified and concentrated protein is ranging between 16.9 and 98.3mg from 1 liter cell 

cultures. Circular dichroism spectroscopy confirmed that the proteins were indeed folded and 

that the mutations had not resulted in large structural changes. Redox potential determination 

would depend on the separation and quantification of the reduced and oxidized species of the 

χ3 
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six proteins. Preliminary experiments demonstrate that separation was possible for most of 

the proteins using reversed-phase HPLC to allow redox potentials to be determined. 

Furthermore, the proteins were isolated and purified, naturally in their doubly oxidized forms. 

In order to allow for pKa determination using NMR studies [13C / 15N] cysteine-labeled 

protein was grown and purified by the first column step, but precipitated.  

Due to severe problems from the start to express any protein at all, the 20-week project ended 

with result of a stock of milligram quantities of the six highly-purified proteins. No redox 

potentials or pKa values could be determined within the timeframe and this goal was 

therefore not reached. In the future [13C / 15N]Cysteine labeled protein must be grown as at 

least 4 litre cultures and be processed through the same purification steps as the unlabeled 

protein in order get adequate amounts for NMR studies for determination of pKa values and 

to avoid precipitation. Supplementary HPLC tests must also be performed in order to 

determine redox potentials. Alternative methods for this could be protein-protein equilibrium 

or the use of redox buffers. It is still unclear if these proteins functions as monomers or 

dimers in vivo, further characterization will hopefully give the answer to that question. 
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8 Appendix 

Calculated sulfur-sulfur distance, disulfide dihedral and accessible area of the active 

site cysteine sulfur atoms in structures of PDO and other oxidoreductases 

Protein Residue χ3 dS-S (Å) Sγ Å2† % accessible 
PfPDO (1A8L)*      
 35 0.1/77.0 0.2 
 38 

47.09 2.02 
0.1/79.9 0.2 

 146 5.8/70.2 8.2 
 149 

79.84 2.02 
0/77.0 0 

AaPDO (2AYT)      
Molecule A‡ 34 2.0/70.9 2.8 
 37 

86.98 2.04 
0/77.0 0 

 148 2.0/70.6 2.8 
 151 

86.82 2.03 
0/77.8 0 

Molecule B‡ 34 2.5/70.6 3.6 
 37 

88.17 2.04 
0/76.1 0 

 148 3.5/70.6 5.0 
 151 

88.17 2.05 
0/76.4 0 

AaPDO (2YWM)      
Molecule A 34 20.6/67.6 30.5 
 37 

87.45 2.04 
38.1/76.1 50.1 

 148 12/71.2 16.8 
 151 

na 3.29 
0/76.5 0 

Molecule B 34 6.1/72.1 8.5 
 37 

85.04 2.04 
0/77.8 0 

 148 12/73 16.4 
 151 

na 3.62 
0/76.3 0 

Molecule C 34 4/71.4 5.6 
 37 

85.59 2.04 
0/77.6 0 

 148 12.8/71.4 17.9 
 151 

na 3.50 
0/76 0 

Molecule D 34 19.6/70.4 27.8 
 37 

86.76 2.03 
37.9/76 49.9 

 148 11.2/71.6 15.6 
 151 

na 3.39 
0/76 0 

ApPDO (2HLS)      
Molecule A 39 2.4/71.2 3.37 
 42 

88.2 2.03 
0/77.8 0 
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 150 1.3/71.1 18.3 
 153 

89.89 2.04 
0/76.3 0 

Molecule B 39 1.5/71.5 2.1 
 42 

89.47 2.03 
0/76.6 0 

 150 3/71.1 4.2 
 153 

87.18 2.04 
0/74.7 0 

PhPDO (1J08)      
Molecule A 35 0.5/74.0 0.7 
 38 

85.82 2.01 
2.0/76.1 2.6 

 146 5.9/71.7 8.2 
 149 

93.47 2.05 
0.0/75.0 0.0 

Molecule B 35 0.3/68.0 0.4 
 38 

-112.93 2.04 
10.4/66.6 15.6 

 146 7.5/72.6 10.4 
 149 

92.56 2.06 
0.0/75.9 0 

Molecule C 35 2.4/73.1 3.3 
 38 

92.61 2.03 
3.6/77.4 4.7 

 146 7.5/71.9 10.5 
 149 

90.26 2.05 
0.0/75.6 0 

Molecule D 35 0.1/72. 0.2 
 38 

89.69 2.04 
0.8/77.3 1.0 

 146 5.5/72.0 7.7 
 149 

91.18 2.05 
0.0/74.7 0 

Molecule E 35 1.6/72.0 2.3 
 38 

91.84 2.03 
1.5/76.8 2.0 

 146 7.8/71.6 10.9 
 149 

91.61 2.04 
0.0/78.6 0 

Molecule F 35 2.8/70.2 3.9 
 38 

89.88 2.04 
1.9/76.9 2.4 

 146 6.9/71.7 9.6 
 149 

91.06 2.05 
0.0/78.0 0 

Molecule G 35 2.1/72.1 3.0 
 38 

90.93 2.03 
0.6/77.0 0.8 

 146 6.0/73.2 8.2 
 149 

90.20 2.05 
0.0/77.9 0 

Molecule H 35 0.6/71.4 0.9 
 38 

89.27 2.03 
0.1/77.0 0.2 

 146 5.9/72.2 8.2 
 149 

91.00 2.04 
0.0/78.3 0 
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ScPDI       
           domain 1 61 7.4/69.7 10.6 
 64 

72.19 2.11 
0/74.6 0 

 61**   
 64** 

na 4.12 
  

            domain 4 406 12/70.1 18.4 
 409 

na 3.24 
0/77.4 0 

Ec DsbA      
Molecule 1 30 7.5/72.6 10.4 
 33 

na 3.51 
0/74.9 0 

Molecule 2 30 8.2/71.4 11.4 
 33 

na 3.43 
0/76 0 

 

† Calculated area for the atom in the structure / calculated area of the atom in an amino acid in 
the absence of protein. 
* The crystal structure of PfPDO (PDBID = 1A8L) 
‡ The crystal structure of AaPDO (PDBID = 2AYT) which has two molecules in the 
asymmetric unit. 

The crystal structure of AaPDO (PDBID = 2YWM) which has four molecules in the 
asymmetric unit. 

The crystal structure of ApPDO (PDBID = 2HLS) which has two molecules in the 
asymmetric unit. 

The crystal structure of PhPDO (PDBID=1J08) has 8 molecules in the asymmetric unit. 
The crystal structure of yeast PDI (PDBID = 2B5E) 

The crystal structure of E. coli DsbA (PDBID=1A2L) which has two molecules in the 
asymmetric unit. 

**alternative conformation occupancy 20% 
Values of the disulfide torsion angle (χ3) in three dimensional structures of PDO proteins.  
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