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Abstract 

Oxochlorates are compounds consisting of chlorine and oxygen and are in high concentrations 
toxic to mammals and the environment. They exist and can be formed naturally but most of the 
oxochlorates in the environment are a result of human activities, for example the paper 
industry. Bacteria capable of growth anaerobically with (per)chlorate as terminal electron 
acceptor in its respiratory chain are utilized to purify the waste water. One of those bacteria is 
Ideonella dechloratans, which uses chlorate reductase to reduce chlorate into chlorite and then 
chlorite dismutase to decompose chlorite into chlorine and molecular oxygen.  

Present work deals with detection and purification of c cytochromes in I. dechloratans that 
could have a role in electron transport during chlorate reduction. Earlier work has 
demonstrated the presence of two major periplasmic c cytochromes with apparent molecular 
weights around 6 and 13 kDa. These have been purified and characterized. The "6 kDa protein" 
was shown to be capable of donating electrons to chlorate reductase and terminal oxidase in 

vitro. The molecular weight as determined by mass spectrometry analysis was shown to be 9.4 
kDa. The "13 kDa protein" was shown to be unable to act as an electron donor directly to 
chlorate reductase in vitro. Attempts with mass spectrometry analysis has yet been 
unsuccessful.  

In this study, attempts were made to purify this 13 kDa cytochrome c from anaerobically 
cultivated I. dechloratans to investigate its properties with 2D electrophoresis and if possible, 
cut out a spot and analyze it with mass spectrometry.  

Some purification was achieved with cationic exchange chromatography, where about 10 other 
proteins were eluted at the same time as the 13 kDa cytochrome c. Further purification 
attempts had difficulties with the detection of the cytochrome c on SDS-PAGE. It is less likely, 
but still possible, that this was due to protein degradation or loss of the heme group. Fractions 
containing the 13 kDa cytochrome c were analyzed with 2D electrophoresis but the protein 
could not be detected on the gel. This is probably due to the protein having difficulties entering 
the IPG strip during the rehydration in the first dimension or difficulties transferring from the 
strip into the gel in the second dimension. Different changes, such as a low voltage applied over 
the strip during rehydration and increased carrier ampholyte concentration, were made to the 
protocol but did not help. Attempts to verify if the problem is in the first or second dimension 
were made but did not show anything. 
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Sammanfattning 

Oxoklorater är föreningar bestående av klor och syre och de är i höga halter giftiga för miljö och 
däggdjur. De finns och kan skapas naturligt men av det som finns i naturen har den största delen 
tillförts av människan genom utsläpp från t ex pappersbruk. För att rena avloppsvatten från 
(per)klorater används bakterier som kan leva anaerobt med (per)klorat som terminal 
elektronacceptor i respirationskedjan. En sådan bakterie är Ideonella dechloratans, som 
använder kloratreduktas för att reducera klorat till klorit och sedan kloritdismutas för att bryta 
ner klorit till klor och molekylärt syre.  

Nuvarande forskning fokuserar på att detektera och rena fram c cytokromer i I. dechloratans 
som kan medverka i elektrontransporten vid kloratreduktion. Tidigare studier har visat 
förekomsten av bland annat två periplasmiska c cytokromer med apparenta molekylvikter kring 
6 och 13 kDa. "6 kDa proteinet" har visats kunna donera elektroner till kloratreduktas och 
terminal oxidas in vitro. Molekylvikten bestämdes med masspektrometrianalys till 9,4 kDa. "13 
kDa proteinet" har visats inte kunna donera elektroner direkt till kloratreduktas in vitro. Försök 
att analysera proteinet med masspektrometri har hittills inte lyckats. 

I denna studie gjordes försök att rena fram 13 kDa c-cytokromet från anaerobt odlade I. 
dechloratans för att undersöka dess egenskaper med 2D-elektrofores och om möjligt skära ut en 
fläck och analysera med masspektrometri. 

Efter ett reningssteg med katjonbyteskromatografi erhölls viss rening där ett tiotal andra 
proteiner eluerades ut samtidigt som 13 kDa c-cytokromet. Vid efterföljande reningsförsök 
uppstod problem vid detektering av proteinet med SDS-PAGE. Det är mindre troligt, men 
fortfarande möjligt, att det berodde på degradering av proteinet eller att det tappat sin 
hemgrupp. Fraktioner innehållande 13 kDa c-cytokromet analyserades med 2D-elektrofores 
men proteinet kunde inte upptäckas på gelen. Troligtvis beror detta på att det antingen har 
problem att ta sig in i IPG-strippen i första dimensionen eller att det har svårt att ta sig från 
stripp till gel i andra dimensionen. Olika ändringar i utförandet såsom svag spänning över 
strippen under rehydrering och ökad bäraramfolytkoncentration hjälpte inte. Försök att ta reda 
på om problemet ligger i första eller andra dimensionen gjordes men visade inget. 
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Abbreviations 

2-DE  2 dimensional electrophoresis 
ADP  Adenosine diphosphate 
ATP  Adenosine triphosphate 
cIEX  Cationic exchange chromatography 
Cld  Chlorite dismutase 
Clr  Chlorate reductase 
CoQ  Oxidized coenzyme Q 
CoQH2  Reduced coenzyme Q  
cv  Column volume(s) 
cyt. c  Cytochrome c 
DTT  Dithiothreitol 
EDTA  Ethylene diamine tetra acetic acid 
FPLC  Fast protein liquid chromatography 
HIC  Hydrophobic interaction chromatography 
IEF  Isoelectric focusing 
IEX  Ion exchange chromatography 
IPG  Immobilized pH gradient 
LC  Liquid chromatography 
PAGE  Polyacrylamide gel electrophoresis 
Pi  Inorganic phosphate, HPO42- 
pI  Isoelectric point 
SDS  Sodium dodecyl sulphate 
TMBZ  Tetramethylbenzidine 
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Introduction 

Oxochlorates in the environment 

Chlorine and oxygen can create four different oxyanions; hypochlorite (ClO-), chlorite (ClO2-), 
chlorate (ClO3-) and perchlorate (ClO4-).  Hypochlorite and chlorite are highly reactive, while 
most salts from chlorate and perchlorate show high solubility in water but are chemically inert 
under ambient conditions [1]. 

One of Chiles natural resources are caliche ores, which are mined and refined to produce 
commercial fertilizer [2]. The same deposits have also shown to contain naturally occurring 
perchlorate anions. Other than Chile, there are few known natural sources of oxochlorates. 
Perchlorate can be generated through photochemical transformation from aqueous 
hypochlorite, chlorite and chlorate upon exposure to UV-radiation [1]. Simonaitis and Heicklen 
[3] suggested in 1975 a theory how (per)chlorates can be formed naturally in the stratosphere 
from chlorine and ozone. Many findings support this theory but it has not yet been proved [4]. 
Most of the oxochlorates in the environment has been introduced by human activities, for 
example bleach, fertilizers, disinfectants, rocket fuel and military explosives [5].  

In Sweden, the paper industry uses chlorine dioxide for bleaching pulp and during this process 
chlorate is formed as a byproduct. Perchlorate is toxic to mammals by disruption of the iodine 
uptake in the thyroid gland, especially in combination with thiocyanate and low iodine intake 
[6]. It has also been shown that oxochlorates have a toxic effect on marine organisms, especially 
the brown macro algae [7]. This means that chlorate in the waste from the paper industry needs 
to be removed. One way of doing this is to let the water pass through oxygen-free reservoirs 
containing chlorate reducing bacteria [8]. 

Prokaryotic respiration and periplasmic proteins 

All organisms are classified by three principles; source of carbon, source of energy and whether 
they use organic or inorganic compounds in biosynthetic reactions [9]. Heterotrophs get their 
carbon from organic compounds, while autotrophs get their carbon from CO2. Phototrophs 
receive their energy from light, while chemotrophs receive their energy from oxidation of 
chemical compound. Chemotrophs are further divided into organotrophs, that use organic 
compounds, and lithotrophs, which use inorganic compounds. Cyanobacteria are an example of 
photoautotrophs, while most bacteria and all nonphototrophic eukaryotes are 
chemoorganotrophs. 

Bacteria are prokaryotes, meaning that they lack intracellular membrane structures, for 
example a nuclear membrane. Bacteria are classified into aerobic bacteria, which need oxygen 
to survive, and anaerobic bacteria, which need an oxygen-free environment and can utilize e.g. 
nitrate or sulphate as the terminal electron acceptor in the respiratory chain. There are also 
microaerophilic bacteria, who can survive in an environment with very low oxygen 
concentration. Bacteria able to survive in both aerobic and anaerobic environments are called 
facultative anaerobic. The structural properties of bacterial cells are also objective for 
classification. This derives from their ability to retain Gram's stain, introduced by H. C. Gram in 
1882, and is related to their envelope structure. Gram-negative bacteria have an outer 
membrane and a thin peptidoglycan layer, while gram-positive bacteria have a thicker 
peptidoglycan layer but no outer membrane. Furthermore, bacteria can be classified by their 
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shape; coccus (spherical), bacillus (rod-shaped), coccobacillus (more rounded rods, like an 
American football), fusiform bacillus (elongated rods), vibrio (banana shaped rods), spirillum 
(spiral rods) or spirochete (an elongated, more dense spiral form) [10]. 

The space between the two membranes in gram-negative bacteria is called the periplasm and 
proteins secreted here are called periplasmic proteins [11]. By treating cultivated gram-
negative bacteria with lysozyme and EDTA in a sucrose solution, spheroplasts are formed. The 
fragile spheroplasts, which are given support by the sucrose buffer, can then be osmotic 
shocked to release the periplasmic components. In this way, fractions containing cytoplasmic, 
periplasmic and membrane components can be collected and investigated.  

All chemotrophs share a general model for respiration, where the terminal oxidation of 
chemical components in the respiratory chain generate an electrochemical gradient which is 
used for ATP synthesis [9]. In the mitochondrion of eukaryotes, reduced coenzymes like NADH 
and FADH2 is obtained from various catabolic processes within the cell, for example the citric 
acid cycle [12]. The flow of electrons from NADH and FADH2 is directed through various 
multiprotein complexes, named complex I-IV, and the electron movements between complexes 
are mediated by coenzyme Q (denoted CoQ in its oxidized form and CoQH2 in its reduced form) 
or cytochrome c. The energy released from passing electrons from NADH to oxygen is used by 
complex I, III and IV to pump protons (H+) against the electrochemical proton gradient from the 
matrix to the intramembrane space in the mitochondrion. Complex I and II reduce CoQ to 
CoQH2, which delivers protons and electrons to complex III. Cytochrome c mediates electron 
transport from complex III to complex IV which uses them to pump H+ and to reduce molecular 
oxygen to water. ATP is then generated from ADP and inorganic phosphate (Pi) through the 
activity of ATP synthase, driven by the flow of protons down the electrochemical proton 
gradient through the mitochondrial membrane. 

Cytochromes are proteins containing heme as a prosthetic group, which makes them absorb 
light in the visible range. They are divided into three classes, type a, b and c [9]. In their reduced 
state, Fe2+, they all show three absorbance peaks in the visible to UV range (see Figure 1) and 
where the most characteristic peak is located, denoted the alpha peak, differ between the 
different types; cytochromes a has its alpha peak around 600 nm, cytochromes b around 555-
565 nm and cytochromes c around 550-557 nm. The gamma peak, or Soret-band, is visible in 
both the reduced and oxidized spectra of cytochromes, but in a reduced state the Soret-band 
shifts a little to longer wavelengths, see Figure 1. The different types of cytochromes also differ 
in some other properties; in cytochromes type a and b, the heme is tightly, but not covalently, 
bound to the protein, while the heme group in cytochromes c is covalently bound to cysteine 
residues in the protein by thioether bonds. Respiratory cytochromes type a and b, and in some 
cases, c are integral membrane proteins, while most cytochromes c are soluble proteins 
associated with the surface of the membrane due to electrostatic interactions. No c-type 
cytochromes are found in the cytoplasm, with the only known exception being sulphur reducing 
bacteria [13]. Cytochrome c plays a major role in the respiratory chain, as previously explained. 
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Figure 1. Absorption spectra of cytochrome c (cyt. c) in its oxidized (dark grey) and reduced form 

(light grey). The alpha and beta peaks are labeled, and also the Soret-band. 

Bacteria shows a great variety of respiratory chains, many also have more than one type. For 
some bacteria, the respiratory chain resembles the respiration in the mitochondrion of 
eukaryotic cells. In bacteria, the complexes of the respiratory chain are located in the cellular 
membrane and protons are pumped from the cytoplasm to the periplasmic space (gram-
negative bacteria) or the outside of the cell (gram-positive bacteria). 

Some bacteria have the ability to grow anaerobically with inorganic compounds such as CO2, 
sulphate, nitrate or (per)chlorate as terminal electron acceptor in the respiratory chain. 
Denitrification is a respiratory process some bacteria can use when oxygen levels are low [14]. 
During this process, nitrate is reduced to dinitrogen step-wise by various enzymes. The reaction 
takes place over the cell membrane between the cytoplasm and the periplasm and an 
electrochemical gradient is built up from which ATP is generated in the same way as in aerobic 
respiration. In the cytoplasm, nitrate (NO3-) is reduced to nitrite (NO2-) by catalyzation of the 
membrane bound nitrate reductase. Nitrite is then transported across the cell membrane into 
the periplasm by NarK2, where nitrite is reduced to nitric oxide (NO) by periplasmic nitrite 
reductase. The integral protein nitric oxide reductase has its active site in the periplasm and it 
catalyzes the reduction of nitric oxide into nitrous oxide (N2O). Finally, nitrous oxide is reduced 
to dinitrogen (N2) by periplasmic nitrous oxide reductase. The various reductases in 
denitrification receive electrons for their reduction reactions by CoQH2 and cytochrome c, just 
like in aerobic respiration.   

In (per)chlorate-respiration, (per)chlorate is decomposed into molecular oxygen and chloride 
and the fact that it yields molecular oxygen makes it unique [15]. In bacteria able to reduce 
perchlorate, the reduction from perchlorate to chlorate and the subsequent reduction of 
chlorate to chlorite is catalyzed by the same enzyme; perchlorate reductase. In bacteria only 
able to reduce chlorate, the reduction from chlorate to chlorite is catalyzed by chlorate 
reductase. For both types of bacteria, chlorite is then decomposed into molecular oxygen and 
chloride by chlorite dismutase. The molecular oxygen is then turned into water by a terminal 



9 

 

oxidase, just like in aerobic respiration [16]. Many denitrifying bacteria are able to reduce 
chlorate, but reduction stops at chlorite which is toxic to the cell.  

Ideonella dechloratans 

Ideonella dechloratans is a gram-negative, mesophilic, facultative anaerobic bacteria in the 
shape of a straight or slightly curved rod [17]. Its metabolism is strictly respiratory and it can 
utilize oxygen, nitrate and chlorate as terminal electron acceptor, but the ability to use nitrate 
may be lost after several subcultivations on chlorate. I. dechloratans is not capable to reduce 
perchlorate. The chlorite dismutase in I. dechloratans was isolated by Stenklo et al. 2001 [18] 
and the gene encoding chlorite dismutase was cloned, characterized and expressed by 
Danielsson Thorell et al. in 2002 [19]. 

In the periplasm of anaerobically grown I. dechloratans, Smedja Bäcklund et al. [20] have 
identified five soluble low molecular weight c-type cytochromes with the estimated apparent 
molecular weights around 20, 13, 9, 8 and 6 kDa. Of these, the 13 kDa and 6 kDa proteins 
appeared to be most abundant. Reduction of the periplasmic extract showed that at least 45 % 
of the c-type cytochromes could be reoxidized by chlorate in the absence of oxygen, which 
suggests that at least one of the soluble c-type cytochromes can act as an electron donor to 
chlorate reductase. Spectral investigations of reduction and reoxidation of purified 6 kDa 
protein suggests that it can serve as an electron donor for chlorate reductase, whereas the 13 
kDa protein cannot (fig. 4 in [20]). Further investigations suggests that the 6 kDa protein also 
can serve as an electron donor to cytochrome c oxidase while some or all of the 8, 9 and 20 kDa 
proteins are capable of delivering electrons to cytochrome c oxidase. Results also suggest that at 
least one of the components is unable to act as an electron donor directly to chlorate reductase. 
The 6 kDa protein was later analyzed with mass spectrometry and shown by Smedja Bäcklund 
and Nilsson [21] to have a molecular mass of 9.4 kDa, even though it appears on SDS-PAGE to 
have a molecular mass of 6 kDa. It was denoted cytochrome c-Id1 and is a soluble, periplasmic 
protein. 

Bohlin et al. [22] have discovered a gene (Genbank ID: EU768872) encoding a protein with 
typical cytochrome c characteristics in the gene cluster for chlorate respiration in I. 
dechloratans. The predicted N-terminal sequence from the gene resembles a signal peptide 
directing export to the periplasm. After cleavage at the site predicted by SignalP, the product is a 
cytochrome c with a molecular weight of 9 kDa. It is most probably soluble, but the possibility of 
it being membrane-bound cannot be excluded. The predicted amino acid sequence does, 
however, not correspond to the tryptic peptide sequences of cytochrome c-Id1, or any other 
soluble periplasmic cytochromes isolated from I. dechloratans. Bohlin et al. [22] expressed the 
gene heterologously in Escherichia coli, without the predicted signal peptide. The recombinant 
protein was purified and heme was incorporated in vitro. The heme was retained in the protein 
after denaturation by SDS, suggesting it is covalently attached and verifying the classification of 
the protein as a c-type cytochrome. In an absorbance spectra, the alpha peak is situated around 
553 nm, which also supports this classification. Investigation of the reactivity between the 
reduced recombinant cytochrome c and chlorate reductase in presence of chlorate suggests that 
it does not serve as an immediate electron donor for chlorate reductase. Hellberg Lindqvist et al. 
[23] have shown that the gene is expressed as mRNA. However, it is expressed in the same 
mRNA strand as chlorate reductase, suggesting it is subjected to post-transcriptional regulation.  
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Based on these findings, Nilsson et al. [24] suggest a model for electron transport in anaerobic 
chlorate respiration in I. dechloratans, see Figure 2. The route for electron transfer in I. 

dechloratans is suggested to be more similar to the route associated with DMS dehydrogenase 
and selenate reductase than the route of electron transfer to (per)chlorate reductases in the 
Dechloromonas species. This finding is interesting, but it is consistent with the observation that 
chlorate reductase in I. dechloratans is closer related to DMS reductase and selenate reductase 
than to (per)chlorate reductase in Dechloromonas species. 

 

 

 

 

 

 

Figure 2. Proposed model by Nilsson et al. [24] of the electron transport in anaerobic chlorate 

respiration in I. dechloratans. Clr is chlorate reductase, Cld is chlorite dismutase. The protein 

labeled "c" is a cytochrome c not yet identified that serves as an electron donor to the terminal 

oxidase. 
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Protein purification 

Protein purification can be divided into a three phase purification strategy; capture, 
intermediate purification and polishing [25]. In the capture phase, the target product is isolated, 
concentrated and stabilized. Most of the impurities are then removed during the intermediate 
purification, while the objective for the finishing polishing phase is to achieve high purity by 
removing trace impurities and closely related substances. 

FPLC stands for fast protein liquid chromatography and is a specialized version of liquid 
chromatography (LC), optimized for separations of proteins. FPLC can separate proteins based 
on their different properties; charged or hydrophobic amino acid residues on the surface, 
molecular size or affinity to bind specific ligands [25]. When separating proteins based on 
charge, hydrophobicity or affinity the sample is injected onto the column using a mobile phase 
with such properties that the proteins adhere to the solid phase. The proteins are then eluted by 
gradually changing the properties of the mobile phase so that the proteins dissociate from the 
solid phase. The separation is given by the proteins different requirements on the mobile phase 
to make them dissociate from the solid phase. Proteins that dissociate easily are eluted out 
earlier than proteins that bind stronger to the solid phase. When separating proteins based on 
molecular size, the solid phase consists of gel spheres with pores of several precise diameters. 
Smaller proteins that fit in these pores have a several times bigger total volume to spread out 
into than bigger proteins that do not fit in the pores. This means that bigger proteins are eluted 
earlier than smaller proteins. 

Ion exchange chromatography, IEX, was introduced in the 1960s and is today one of the most 
frequently used purification techniques to separate proteins and other charged biomolecules 
[26]. With IEX, it is possible to separate proteins with only minor differences in charge, making 
it suitable for capture, intermediate purification and polishing. IEX separates proteins based on 
their net surface charge. Proteins are amphoteric molecules with both weak acid and basic 
groups that give the protein its net charge, which vary depending on the pH of the surrounding 
environment. Every protein has its own pH versus net charge ratio and at a certain pH, the 
positive and negative charges even out and the net charge is zero; this pH is called the proteins 
isoelectric point (pI). IEX utilizes this pH versus net charge ratio; reversible interactions 
between charged molecules and opposite charged IEX medium is controlled to promote binding 
or eluting of certain proteins to achieve separation. Proteins with zero net charge at a certain pH 
(its pI) will not interact with the charged IEX matrix and will therefore pass straight through. At 
a pH below its pI, a protein has a positive net charge and will bind to a negatively charged IEX 
medium (cation exchange) and at a pH over its pI it will have a negative net charge and bind to a 
positively charged IEX matrix (anion exchange). Other types of interactions may occur, like van 
der Waals and non-polar interactions, but their effects are very small. 

The IEX matrix consists of spherical particles substituted with ionic groups. The particles are 
often porous to achieve a higher interaction area. pH and ionic strength of the starting buffer is 
chosen so that the proteins of interest adhere to the charged IEX matrix while as many 
impurities as possible do not. To achieve a high resolution and to avoid destroying the column 
by protein precipitation, it is important that the sample is dialyzed against the starting buffer so 
it has the same pH and ionic strength as the column. When the sample is injected onto the 
column and unbound proteins have been washed out, the conditions are altered so the proteins 
dissociate from the IEX matrix and can be eluted. This is often done by increasing the ionic 
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strength but can also be done by changing pH. When the ionic strength increases, the salt ions 
(often Na+ or Cl-) compete with the bound proteins for the charged molecules on the IEX matrix 
and the bound proteins dissociate and start to be eluted. The stronger the net charge of the 
protein is, the higher ionic strength is needed for it to dissociate and be eluted. The proteins 
with the smallest net charge at the chosen pH are eluted first when the ionic strength is 
increased and the proteins with the strongest net charge at the chosen pH are eluted last. 
Proteins can be eluted in a purified, concentrated form by careful control of the ionic strength 
through various gradients. 

2D electrophoresis 

Two dimensional electrophoresis (2-DE) is a method for separating proteins in two dimensions 
[27]. Any 1D method can be combined to create a 2D map, but the combination mostly used is 
separating proteins based on their pI and molecular size through isoelectric focusing (IEF) in 
the first dimension and sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) in the second dimension. This method was used during the middle of the 20th century, 
but had poor resolution and in an attempt to separate proteins from fetal mouse liver, only 275 
proteins could be detected [28]. In 1975, O'Farrell [29] greatly increased the resolution by 
introducing chaotropes and detergents for protein solubilization and separation in both 
dimensions, resulting in the detection of more than 1100 different protein spots in E. coli lysates 
on a single 2D map. However, O'Farrell [29] quickly realized that the reproducibility of this 
method was limited due to variations between different synthesis batches of carrier ampholytes 
and instability of the pH gradient over the focusing time. Another obstacle to overcome was the 
loss of alkaline proteins because of the pH gradient not extending far beyond pH 7.5 [29]. In 
1982, a method of using immobilized pH gradients (IPGs) in the IEF was published as a result of 
a collaboration between three research groups [30]. Their method consists of a thin gel 
supported on a plastic film and the IPG in the gel is achieved by using acryl amide derivatives 
substituted with either an amino or carboxyl group. Since these acryl amide derivatives are co-
polymerized with the acryl amide matrix and through careful control of the amount of charged 
acryl amide derivatives in the gel casting, extremely stable pH gradients are produced. 

The principle of the first dimension in 2-DE, IEF, is built on proteins having different net charges 
at different pH [27]. When the sample is added to the strip with the pH gradient and a voltage is 
applied over the strip, the proteins will wander towards the end opposite of the proteins net 
charge. When the proteins reach their pI they will stop since their net charge then is zero and 
they are no longer affected by the electrical current. When commencing IEF, a weaker voltage in 
the range of 150-200 V is applied over the strip to maximize protein uptake in the IPG strip [31]. 
The voltage is then gradually increased up to 2000-8000 V, depending on protocol used, when 
the focusing takes place. 

The second dimension is a regular SDS-PAGE where the proteins are separated based on size 
[27]. SDS helps the proteins unfold and places itself along the polypeptide chain at a ratio of 
approximately 1.4 g SDS/g protein. In liquid, the sodium ion dissociates from the dodecyl 
sulphate which gives the molecule a negative charge and the total negative charge is relative to 
the size of the protein. This, however, only affects proteins with big differences in molecular 
weight. For proteins with similar molecular weight the difference in charge is neglectable. When 
a voltage is applied over the gel, the proteins will migrate through the gel towards the anode. 
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For bigger proteins, it is more difficult to wander through the polyacrylamide matrix of the gel 
and they will therefore wander a shorter distance than the smaller proteins. 

 There are two different ways to load the sample onto the IPG strip [32]. In passive in-gel 
rehydration, the sample is added to the rehydration buffer and the proteins begin to wander 
into the gel due to the osmotic flow of rehydration buffer into the gel on the strip. To aid the 
uptake of proteins, active in-gel rehydration can be used where a weak voltage is applied over 
the strip during the rehydration. Cup-loading is a technique where the strip is rehydrated in 
rehydration buffer only, without the sample [31]. Prior to IEF, a small plastic cup , like a small 
funnel, is placed onto the strip and the sample is added into the cup. When voltage is applied, 
the sample gets sucked into the strip due to the current. Depending on the equipment used, the 
cup can be placed anywhere on the strip; near the anode, cathode or in the middle of the gel. 
The best position of the cup depends on protocol and sample. 

Prior to SDS-PAGE, an equilibration step of the IPG strip is needed to obtain  good transfer of 
proteins from the strip into the gel [32]. This is because the focused proteins bind stronger to 
the fixed charged groups of the IPG gel matrix than to the mobile carrier ampholytes. The 
standard protocol developed by Görg et al. in 1987 [33] consists of incubating strips in a Tris-
HCl buffer with 2 % SDS, 1 % DTT (dithiothreitol), 6 M urea and 30 % glycerol for 10-15 
minutes, followed by incubation in the same buffer but with 4 % w/v iodoacetamide instead of 
DTT for another 10-15 minutes. Iodoacetamide helps minimize vertical point streaking in two 
ways. It alkylates free DTT and thereby prevents it from migrating through the gel, binding to 
dust particles and thereby causing point streaking. It also prevents vertical point streaking by 
alkylation of  the sulfhydroxyl groups of the proteins, preventing their potential reoxidation 
during the SDS-PAGE run.  

2-DE has limitations when it comes to analysis of proteins that are very acidic, alkaline, 
hydrophobic, low-abundant and/or of very high molecular weight [32]. These problems mainly 
consist of poor resolution due to streaking and proteins not entering the strip due to poor 
solubilization. For very acidic proteins, IPGs  from pH 2.5-5 can be generated using acryl amide 
derivative buffers with pKa 1.0. These can be run under standard conditions without 
disruptions from electroendosmotic flow etc. For very alkaline proteins, IPGs up to pH 12 can be 
generated and by modifying the standard protocol, highly reproducible 2-D patterns can be 
generated. There are however still problems. When using IPGs of pH 9-12, Görg et al. [34] 
noticed a strong water transport from the cathode to the anode. This resulted in loss of DTT, 
which is a weak acid and migrates out of the alkaline part of the gel. To suppress the reverse 
electroendosmotic flow which caused heavy streaking, they suggested using dimethyl acryl 
amide instead of acryl amide and adding isopropanol to the rehydration buffer. This gave better, 
but not good, results. They finally found that for very alkaline proteins, cup-loading at the anode 
was mandatory and the use of high voltages during the focusing phase yielded the best results 
[35]. Many membrane proteins have highly hydrophobic properties and are difficult to 
solubilize in the rehydration buffer. Therefore, cup-loading is better than in-gel rehydration for 
these proteins. Is has also been shown that these proteins, despite successful solubilization and 
focusing, may be lost on the 2D map due to difficulties eluting them from the strip onto the gel in 
the second dimension [36]. 
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Zuo et al. [37] have investigated and quantified the protein recoveries in 2-DE using IPGs in two 
different systems; Multiphor™ and IPGphor™, both provided by GE Healthcare. The main 
difference between these two are that the Multiphor™ system employs separate chambers for 
rehydration and IEF while the IPGphor™ system uses the same chamber for both rehydration 
and IEF. For the Multiphor™ system, more than 50 % of the sample was lost in in-gel 
rehydration, while less than 15-20 % of the sample was lost in in-gel rehydration on the 
IPGphor™ system. These results show that the low-voltage step in IEF is crucial for receiving a 
good and representative 2D map. They also proved that the use of carrier ampholytes in the 
sample buffer increased protein recovery. The effect of equilibration of strips prior to the 
second dimension was also investigated and found to be responsible for about 7-10 % of the 
protein loss. These losses were minimally effected by the wide range of experimental conditions 
tested. They came to the conclusion that the protein losses the first 1-2 minutes during 
equilibration was mainly due to proteins adsorbed onto the surface of the IPG strip, while losses 
after that was due to diffusion out of the gel. The presence of carrier ampholytes in the IPG strip 
helped retain the proteins during normal equilibration procedure.  

There are many ways to visualize proteins on SDS-PAGE gels, both general protein staining and 
specific staining. One method to detect proteins with heme-associated peroxidase activity is to 
stain SDS-PAGE gels using the procedure developed by Thomas et al. [38]. The principle is that 
enzymes with peroxidase activity, like proteins with covalent linked heme, can catalyze the 
reduction of hydrogen peroxide into water, utilizing 3'3'5'5'-tetramethylbenzidine as proton 
donor [39]. During this reaction, 3'3'5'5'-tetramethylbenzidine, which is colorless in solution, is 
oxidized into 3'3'5'5'-tetramethylbenzidine diimine which has a blue color. 

Objective 

The aim of this study is to purify a 13 kDa cytochrome c in the periplasm of anaerobically grown 
I. dechloratans and investigate and characterize it using 2D electrophoresis. If possible, a spot 
will be cut out from the gel and sent to sequence analysis with matrix-assisted laser 
desorption/ionization - time of flight (MALDI-TOF) mass spectrometry. 
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Materials and Methods 

Anaerobic cultivation of Ideonella dechloratans 

10 µl of freeze cultures of I. dechloratans were added to a 15 ml Falcon™ tube containing 
approximately 5 ml PC medium (see Appendix 1) and then incubated at 37 °C in a shaker 
incubator over night. The overnight cultures were then poured into a 100 ml Erlenmeyer flask 
containing 100 ml Anox medium (see Appendix 1, recipe from Malmqvist and Welander [40]) 
with 10 mM NaClO3. The flask was sealed with a rubber plug and incubated at 37 °C in a shaker 
incubator for 24 hours. The content of the Erlenmeyer flask was then poured into a 1 l bottle 
containing 1 l Anox medium with 10 mM NaClO3 and incubated at 37 °C in a shaker incubator 
for another 24 hours. 

Harvesting of periplasmic proteins 

The cells were harvested through centrifugation at 12 000 x g for 10 minutes. The supernatant 
was discarded and the pellet was suspended in 4.5 ml Shock Buffer (see Appendix 1) per gram 
pellet and then homogenized with a brush. After incubation at room temperature for 10 
minutes, the solution was centrifuged at 7 000 x g for 10 minutes. The supernatant was 
discarded and the pellet was suspended and homogenized in 0.5 mM ice-cold MgCl2. After 10 
minutes of incubation on ice, the solution was centrifuged at 13 000 x g for 20 minutes and the 
supernatant, containing the periplasmic proteins, was decanted and stored at -80 °C. 

Concentrating samples 

Two different methods were used to concentrate the sample depending on desired initial and 
final volume. 

For initial volumes up to 50-100 ml and final volumes around 5-10 ml the Amicon® Stirred Cell 
8050 (Millipore AB) with a molecular weight cut off at 3 kDa was used. The periplasmic protein 
solution was poured into the container and the lid was secured. The device was assembled and 
put onto a magnetic stirrer. N2 gas was used to give pressure and help the filtration. 
Concentration continued until the sample had reached desired volume. 

For initial volumes up to 2 ml and final volumes around 20-100 µl, the Amicon® Ultra 
Centrifugal Filters (Millipore AB) with Ultracel® 3K membrane (molecular weight cut off at 3 
kDa) was used. The filter was put into the filtrate collecting tube and the sample to be 
concentrated was poured onto the filter. The device was centrifuged at approximately 7500 x g 
for 20-40 minutes until desired volume remained over the filter. The collecting tube containing 
the filtrate was discarded and a sample collecting tube was put over the filter. The filter was 
turned upside down and centrifuged at approximately 1000 x g for 2 minutes. 

Protein concentration determination 

Determinations of protein concentrations were made using the microplate procedure in the kit 
Pierce® BCA Protein Assay (Thermo Scientific). A stock set of diluted BSA standard ranging from 
0-2000 µg/ml were prepared and used throughout the project. 

25 µl standard or sample was added to a well on a microplate. 200 µl working reagent (50 parts 
BCA Reagent A, 1 part BCA Reagent B) was added to each well. The plate was covered, shaken 
for 30 seconds and then incubated at 37 °C for 30 minutes. The plate was allowed to cool down 



16 

 

to room temperature and then the absorbance was read at 562 nm using a plate-reader (TECAN 
Infinite® M200 Pro). 

All samples and standards were analyzed in duplicates or triplicates and sometimes the samples 
were diluted with deionized water prior to the analysis since the system only can handle 
concentrations between 2-2000 µg/ml. In those cases, 25 µl of the diluted sample was added to 
a well. 

Protein purification 

Protein purification was made using the ÄKTApurifier-10 system (GE Healthcare). Two different 
cIEX columns were used; HiTrap™ SP FF 5 ml (GE Healthcare) and MonoS® FPLC® 1 ml 
(Pharmacia Biotech). For both columns, the absorbance at 280 nm and 410 nm were recorded 
in a chromatogram. Prior to all chromatography runs, the samples were dialyzed against the 
starting buffer at a ratio of 1:50 for 24 hours. After 12 hours, the dialyzing buffer was exchanged 
to fresh buffer. 

For the HiTrap™ SP FF 5 ml (GE Healthcare) column, the sample was injected at 1 ml/min, then 
the flow was increased to 2.5 ml/min and the column was washed with 5 column volumes (cv) 
starting buffer (50 mM NaAc pH 4.0). The proteins were eluted with 0-100 % eluting buffer (1 M 
NaCl in 50 mM NaAc pH 4.0) over 20 cv and then the column was washed with 5 cv eluting 
buffer. A flowthrough fraction during injection was collected at the same volume as the injected 
sample. Washing fractions were collected at 5 ml/fraction and during elution 1 ml fractions 
were collected. 

For the MonoS® FPLC® 1 ml (Pharmacia Biotech) column, the sample was injected with 0.1 
ml/min, then the flow was gradually increased to 0.8 ml/min and the column was washed with 
5 cv starting buffer. The proteins were eluted with 0-100 % eluting buffer over 20 cv at 0.8 
ml/min and then the column was washed with 5 cv eluting buffer. Different starting buffers 
were tried; 50 mM NaAc pH 4.0; 50 mM NaAc pH 4.5; 50 mM MES pH 5.0 and 50 mM MES pH 
6.0. The eluting buffer was always the same as the starting buffer, but with 1 M NaCl added. The 
flowthrough during injection was collected at the same volume as the injected sample. 
Flowthrough during washing steps were collected at 3 ml fractions and during elution 0.5 ml 
fractions were collected. 

Examination of the absorbance spectra 

To examine whether the fractions contained cytochrome c, an absorbance spectra of the 
oxidized form was recorded between 250-800 nm for each fraction. The sample was then 
reduced by adding a few granules of sodium dithionite and then the absorbance spectra 
between 250-800 nm was recorded.  

To determine if the fractions from the first purification step contained more than one 
cytochrome c, the spectra for the oxidized form was subtracted from the spectra for the reduced 
form.  The ΔAbs for each fraction at 551 nm was corrected against the base line and then the 
ΔΔAbs for each fraction was plotted in a diagram to see if there were any tendencies to show 
multiple peaks. 
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SDS-PAGE 

For SDS-PAGE, the Novex® XCell SureLock® Mini-Cell system (Invitrogen) and precast NuPAGE® 
4-12 % Bis-Tris Mini Gels (Invitrogen) was used. Gels with both 12 and 15 wells were used, 
depending on how many samples needed to be analyzed. The protein marker used was Novex® 
Sharp Pre-Stained Protein Standard (Invitrogen). 9 µl sample was added to 3 µl Novex® 
NuPAGE® LDS Sample Buffer 4x (Invitrogen) and the sample mixture and protein marker was 
heated to 70 °C for 10 minutes. 10 µl of the sample mixture/protein marker was added to each 
well and electrophoresis was run at 200 V for 35 minutes in 1x MES Running Buffer, diluted 
from NuPAGE® MES SDS Running Buffer 20x (Invitrogen). 

2D electrophoresis 

Prior to 2D electrophoresis, the sample was dialyzed against 5 mM phosphate buffer pH 7.0 for 
24 h with buffer change after 12 h to lower the salt concentration, which otherwise would 
interfere with the equipment. 

The first dimension, isoelectric focusing (IEF), was made using the ZOOM® IPGrunner™ System 
(Invitrogen). ZOOM® Strips 9-12 (Invitrogen) were rehydrated by passive in-gel rehydration in 
a ZOOM® IPGrunner™ Cassette with  210 µl mastermix added, containing 192 µl ZOOM® 2D 
Protein Solubilizer 1 (Invitrogen), 0.25-1 % (v/v) ZOOM® Carrier Ampholytes 9-11 (Invitrogen), 
trace amounts of Bromophenol blue, around 100 µg total protein and deionized water up to 210 
µl total volume. After adding the strips and sealing the wells the cassette was incubated at room 
temperature for 1 hour. After incubation, the electrode wicks were placed in their positions, 600 
µl deionized water was added to each wick and the apparatus was assembled with 600 ml 
deionized water in the outer chamber. The focusing of the IPG strips was made with 175 V for 
15 minutes, 175-2000 V over 45 minutes and then 2000 V for 1 hour. The IPG strips were stored 
at -80 °C if the second dimension was not carried out immediately. Some strips had an 
additional active in-gel rehydration step, carried out by applying 30 V for 30 minutes and 30-
175 V over 5 minutes before the focusing program. 

The second dimension, SDS-PAGE, was made using Novex® XCell SureLock® MiniCell system 
(Invitrogen) with precast NuPAGE® 4-12 % Bis-Tris Mini Gels (Invitrogen) with a marker well 
and an IPG well. Prior to electrophoresis, the IPG strip was incubated in a 15 ml Falcon tube, 
containing 1.5 ml Novex® NuPAGE® LDS Sample Buffer 4x (Invitrogen) and 4.5 ml deionized 
water on an orbital shaker for 15 -30 minutes. The IPG strip was then put in the IPG well on the 
NuPAGE®-gel and approximately 400 µl 0.5 % (w/v) agarose in 1x MES Running Buffer was 
poured over the strip to seal it in place. 10 µl Novex® Sharp Pre-Stained Protein Standard 
(Invitrogen) was added to the marker well and the electrophoresis was run at 200 V for 35-40 
minutes in 1x MES Running Buffer, diluted from NuPAGE® MES SDS Running Buffer 20x 
(Invitrogen). For some gels, electrophoresis was run at 50 V until the proteins had entered the 
gel and then the voltage was increased to 100 V until the front reached the bottom of the gel.  

Staining of SDS-PAGE gels 

Four different methods of staining SDS-PAGE gels were used; three general and one specific 
protein staining. General protein staining was made using Coomassie Brilliant Blue staining, 
SimplyBlue™ SafeStain (Invitrogen) or SYPRO® Ruby protein gel stain (Invitrogen) and specific 
protein staining for proteins containing covalent linked heme was made with 
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tetramethylbenzidine (TMBZ) staining according to the method developed by Thomas et al. 

[38]. 

Gels stained with Coomassie Brilliant Blue were washed 3 x 5 minutes with 100 ml deionized 
water. The gels were then incubated on an orbital shaker at room temperature in staining 
solution containing 0.1 % Coomassie R250 in 50:40:10 methanol, deionized water and glacial 
acetic acid for 15-30 minutes. After staining, the gels were destained on an orbital shaker at 
room temperature with destaining solution containing 45:45:10 methanol, deionized water and 
glacial acetic acid for 15 minutes. The old destaining solution was replaced with fresh destaining 
solution and small pieces of a sponge were added. The gels were then incubated on an orbital 
shaker at room temperature for a few hours to overnight until the background was clear.  

Gels stained with SimplyBlue™ SafeStain (Invitrogen) were washed 3 x 5 min with 100 ml 
deionized water and then incubated in 20 ml SimplyBlue™ SafeStain (Invitrogen) on an orbital 
shaker at room temperature for 1 hour. The gel was then destained with 100 ml deionized 
water on an orbital shaker at room temperature for 1 hour. The water was then replaced with 
100 ml fresh deionized water and 20 ml 20 % NaCl was added to the second destaining bath for 
maximum sensitivity. The gel was incubated in the second destaining bath on an orbital shaker 
at room temperature for 1 hour up to overnight. IPG strips were stained in the same way but 
with 10 ml deionized water in the washing step, 5 ml SimplyBlue™ SafeStain (Invitrogen) in the 
staining step and 10 ml deionized water with the addition of 2 ml 20 % NaCl in the destaining 
step. 

Gels stained with SYPRO® Ruby protein gel stain (Invitrogen) were washed in 100 ml fixation 
solution (50 % methanol, 7 % acetic acid) for 2 x 15 minutes on an orbital shaker. The fixation 
solution was discarded and 60 ml SYPRO® Ruby protein gel stain (Invitrogen) was added to the 
tray. The tray with the gel was heated in a microwave oven (Philips Whirlpool Space Cube M 
611) at full effect for 30 seconds and then put on an orbital shaker for 30 seconds. After another 
heating in the microwave oven at full effect for 30 seconds, gentle shaking on an orbital shaker 
for 5 minutes and heating at full effect for 30 seconds, the stain was allowed to set by gentle 
shaking on an orbital shaker for 23 minutes. The gel was then moved to a new container and 
washed in 100 ml washing solution (10 % methanol, 7 % acetic acid) for 30-60 minutes. 

For specific staining of proteins containing covalent linked heme the TMBZ-staining method 
developed by Thomas et al. [38] was used. After electrophoresis, the gel was put in a plastic tray 
with 21 ml 0.25 M NaAc. 15 mg 3’3’5’5’-tetramethylbenzidine (TMBZ) was dissolved in 10 ml 
methanol and 9 ml of the TMBZ-solution was poured into the tray. The tray was covered with 
foil and incubated at room temperature for 40-60 minutes. 92 µl 30 % H2O2 was added and after 
3-30 minutes bands appeared. IPG strips stained with TMBZ-staining were stained in the same 
way. 

All stained gels and IPG strips were photographed using ImageQuant400 (GE Healthcare). Gels 
stained with SYPRO® Ruby protein gel stain (Invitrogen) or TMBZ-staining were washed in 
deionized water 2 x 5 minutes prior to photographing. 
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Results and Discussion 

Protein purification 

Attempts were made to purify the 13 kDa cytochrome c that appeared in Celanders work [41].  

During all chromatography runs, absorbance at 280 nm and 410 nm was recorded. Amino acids 
with aromatic side chains absorbs light with a wavelength of 280 nm and since most proteins 
contain amino acids with an aromatic side chain, measuring absorbance at 280 nm is a good 
marker for proteins. Cytochrome c absorbs light with a wavelength around 400-420 nm, the 
Soret-band, which makes absorbance at 410 nm a good marker for heme containing proteins. 

Based on Celanders work [41], regular cation exchange chromatography (cIEX) with the 
HiTrap-column,  starting buffer 50 mM NaAc pH 4.0 and elution with 0-1 M NaCl over 20 column 
volumes (cv) was chosen to be a good first purification step. The chromatogram showed three 
distinct peaks with absorbance at 410 nm, eluted at 0.13 M, 0.19 M and 0.35 M NaCl with an 
additional broad peak absorbing at 410 nm in the flow through fractions, see Figure 3. SDS-
PAGE on fractions from these peaks showed that the peak absorbing at 410 nm and eluted at 
0.19 M NaCl has an apparent molecular weight of 6 kDa and was identified as cytochrome c-Id1 
(see Figure 4B) and the peak absorbing at 410 nm and eluted at 0.35 M NaCl was identified as 
the cytochrome c’-like protein (data not shown). The peak absorbing at 410 nm and eluted at 
0.13 M NaCl does not correlate to any bands on the specific heme-stained (TMBZ-stained) gel 
(see Figure 4B), which suggests that it does not contain any proteins with covalent linked heme.  

The TMBZ-stained gel showed that another cytochrome c with an apparent molecular weight of 
13 kDa was eluted immediately before cytochrome c-Id1 (see Figure 4B) but it does not 
correspond to any peaks absorbing at 410 nm resolved in the chromatogram (see Figure 3); the 
TMBZ-stained gel showed that the highest concentration of this cytochrome c was in a fraction 
(lane 4) which was situated in the valley between the first two peaks absorbing at 410 nm. The 
absorbance at 410 nm from this 13 kDa cytochrome c was probably concealed by the 
absorbance at 410 nm from cytochrome c-Id1 which was in a much higher concentration than 
the 13 kDa cytochrome c, as can be seen on the TMBZ-stained gel (see Figure 4B). During the 
chromatography, a brown protein band adhered to the column and could not be eluted with 0-1 
M NaCl. This was shown to not contain the 13 kDa cytochrome c, for details see Appendix 2. 
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Figure 3. Chromatogram from cation exchange chromatography, using buffer 50 mM NaAc pH 4.0 

and eluted with 0-1 M NaCl over 20 cv. The red line shows the absorbance at 410 nm, the blue line 

shows the absorbance at 280 nm and the light green line shows the relative concentration of the 

elution buffer. The numbered fractions correlate to the lanes in Figure 4. The peak with the 

highest absorbance at 410 nm eluted at 0.19 M NaCl was identified as cytochrome c-Id1 (cyt. c-Id1) 

and the peak with the second highest absorbance at 410 nm eluted at 0.35 M NaCl was identified 

as cytochrome c’ (cyt. c'). 

 

Figure 4. SDS-PAGE on fractions from the first purification step; cIEX 50 mM NaAc pH 4.0 eluted 

with 0-1 M NaCl over 20 cv. Gel A was stained with SimplyBlue™ SafeStain (Invitrogen) and gel B 

was stained with TMBZ-staining. Well 1 contains the molecular weight marker (sizes given in kDa 

to the left of the gel) and wells 2-15 correlates to fractions marked 2-15 in Figure 3, eluted 

between 0.15 and 0.30 M NaCl. The 13 kDa cytochrome c does not show as a well resolved band on 

the SimplyBlue-stained gel (gel A).  
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The absorbance spectra for fractions from regular cation IEX with the HiTrap-column at pH 4.0 
was examined in an attempt to see if the alpha band would reveal the presence of multiple c-
type cytochromes. 

A baseline was recorded for 50 mM NaAc pH 4.0 between 450-650 nm. A spectra for each 
fraction was recorded, first in its oxidized form and then in its reduced form. Reduction was 
made by adding a few grains of sodium dithionite. The oxidized spectra for each fraction was 
then subtracted from the reduced spectra, see Figure 5. ΔΔAbsRed-Ox for the alpha band was then 
calculated by subtracting the ΔAbsRed-Ox at 655 nm from the ΔAbsRed-Ox at 551 nm for each 
fraction, see Figure 6. This showed no signs of multiple peaks and therefore no signs of multiple 
c-type cytochromes eluted in different fractions. Just like in the chromatogram for the regular 
cIEX (see Figure 3), the alpha band from the unknown cytochrome c is probably concealed by 
the alpha band from cytochrome c-Id1, which is present in a much higher concentration, see 
Figure 4. 

No more attempts were made to examine the absorbance spectra of fractions from various 
purification steps. 

 

 

Figure 5. Reduced minus oxidized spectra for each fraction from regular cIEX with the HiTrap-

column, pH 4.0. The peak at 551 nm is the alpha-band.  
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Figure 6. Examination of the alpha band in fractions from regular cIEX with the HiTrap-column at 

pH 4.0 by subtracting the ΔAbsRed-Ox at 566 nm from the ΔAbsRed-Ox at 551 nm. There is no signs of 

multiple peaks and therefore no signs of multiple c-type cytochromes eluted in different fractions. 

 

 

All fractions eluted between 0.15-0.23 M NaCl (lanes 2-6 in Figure 4) were pooled, dialyzed and 
then a high resolution cIEX column, MonoS® FPLC® 1 ml (Pharmacia Biotech) with the same 
conditions as in regular cIEX (starting buffer 50 mM NaAc pH 4.0, eluted with 0-1 M NaCl over 
20 cv) was used to try to separate the 13 kDa cytochrome c from cytochrome c-Id1. At 410 nm, 
this resulted in two high peaks eluted at 0.18 M and 0.21 M NaCl, one small peak eluted at 0.25 
M NaCl and one very broad peak with heavy tailing eluted at 0.27 M NaCl, containing a small 
peak in its tail eluted at 0.44 M NaCl, see Figure 7.  
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Figure 7. High resolution cation IEX with MonoS-column, 50 mM NaAc pH 4.0, 0-1 M NaCl over 20 

cv. The red line shows absorbance at 410 nm, the blue line shows absorbance at 280 nm and the 

light green line shows relative concentration of elution buffer from 0-100 %. The fractions 

marked 4, 5 and 6 correlate to the lanes in Figure 8. For well 6, several fractions eluted between 

0.32 M and 0.47 M NaCl were pooled.  

 

Figure 8. SDS-PAGE on fractions from high resolution cation IEX with MonoS column, 50 mM NaAc 

pH 4.0, 0-1 M NaCl over 20 cv. Gel A was stained with SimplyBlue™ SafeStain (Invitrogen) and gel B 

was stained with TMBZ-staining. Well 1 contains the sample injected onto the column, well 2 

contains the pellet from the dialysis prior to the IEX, well 3 contains the flowthrough and washing 

fractions, well 4-5 contains fractions eluted at 0.18 M and 0.21 M NaCl, well 6 contains pooled 

fractions eluted between 0.32 M and 0.47 M NaCl and well 7 contains the molecular weight 

marker, sizes given in kDa to the right of the gel. 
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SDS-PAGE analysis on various fractions from the peaks absorbing at 410 nm from high 
resolution cIEX with the MonoS-column at pH 4.0 showed that the peaks eluted at 0.18 M and 
0.21 M NaCl both were proteins with apparent molecular weights of 10 kDa that did not contain 
covalent linked heme, see Figure 8 lanes 4-5. The gel also showed that fractions eluted between 
0.32 M and 0.47 M NaCl (see Figure 8 lane 6) was a protein with an apparent molecular weight 
of 6 kDa containing covalent linked heme; this was identified as cytochrome c-Id1. Lane 1 in 
Figure 8A contains the sample injected onto the column and shows four proteins with the 
apparent molecular weights 23, 18, 10 and 6 kDa. The 13 kDa cytochrome c did not show up on 
the gel; neither in the sample injected onto the column (see Figure 8B lane 1), nor in any of the 
peaks absorbing at 410 nm (Figure 8B lanes 2-6).The risk of it being lost during dialysis and 
subsequent centrifugation is small but not excludable. Protein degradation or loss of heme due 
to repeated freezing and thawing is another possibility that cannot be ruled out.  

Celanders work [41] confirms that the wide, tailing peak absorbing at 410 nm and starting to 
elute at 0.27 M NaCl (see Figure 7) is cytochrome c-Id1. He also showed that the small peak 
absorbing at 410 nm seen in the middle of the cytochrome c-Id1 tail (eluted at 0.44 M NaCl) was 
a cytochrome c with an apparent molecular weight around 13 kDa (unpublished results). In an 
attempt to receive a better purification and better resolution of cytochrome c-Id1, high 
resolution cIEX with the MonoS-column at different pH was tested. 

First, high resolution cIEX with the MonoS-column with starting buffer 50 mM MES pH 6.0 and 
elution with 0-1 M NaCl over 20 cv was tested. The sample was pooled fractions from regular 
cIEX at pH 4.0 eluted between 0.15 M and 0.23 M NaCl, not the same batch used for high 
resolution cIEX with the MonoS-column at pH 4.0. At 410 nm, the chromatogram showed one 
broad peak in the flowthrough and washing fractions and two high peaks eluted at 0.14 M and 
0.21 M NaCl, see Figure 9. SDS-PAGE analysis on the fractions obtained showed that the washing 
fractions contained several proteins with different molecular weight (see Figure 10A lanes 4-5), 
where two proteins with apparent molecular weights 6 and 13 kDa contained covalent linked 
heme (see Figure 10B lanes 4-5). The later was identified as the 13 kDa cytochrome c, which 
means that it did not adhere to the column at pH 6.0. Based on the principle of cIEX, this 
suggests that the surface net charge of the 13 kDa cytochrome c is neutral or negative at pH 6. 

All fractions eluted between 0.07 M and 0.22 M NaCl contained a cytochrome c with an apparent 
molecular weight of 6kDa, see Figure 10B lanes 4-11, but the highest concentration was found 
in lanes 8 and 9, which correspond to the peak absorbing at 410 nm and eluted at 0.14 M NaCl. 
This was identified as cytochrome c-Id1 and shows that at pH 6.0, it is not subjected to the 
excessive tailing seen at pH 4.0 (see Figure 7). 

In an attempt to get the 13 kDa cytochrome c to adhere to the MonoS-column and still avoid the 
heavy tailing of cytochrome c-Id1, high resolution cIEX with 50 mM NaAc pH 5.0 and pH 4.5 
were tested. Elution in both cases were made with 0-1 M NaCl over 20 cv. The samples were 
pooled fractions from the high resolution cIEX run at pH 6; fractions marked 4-9 in Figure 9. The 
sample was split in two equal parts; one for high resolution cIEX at pH 5.0 and one for high 
resolution cIEX at pH 4.5. Both samples were dialyzed against starting buffer prior to the 
chromatography run. 
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Figure 9. High resolution cation exchange chromatography with MonoS-column, 50 mM MES pH 

6.0, eluted with 0-1 M NaCl over 20 cv. The red line shows absorbance at 410 nm, the blue line 

shows absorbance at 280 nm and the light green line shows relative concentration of elution 

buffer from 0-100 %. The numbered fractions correlate to the lanes in Figure 10. 

 

Figure 10. SDS-PAGE on fractions from high resolution cIEX with MonoS pH 6.0, eluted with 0-1 M 

NaCl over 20 cv. Gel A was stained with SYPRO® Ruby protein gel stain (Invitrogen) and gel B was 

stained with TMBZ-staining. Well 1 contains the sample injected onto the column, well 2 contains 

the pellet after dialysis prior to the cIEX run. Well 3 contains the molecular weight marker, sizes 

are given in kDa to the left of the gels. Wells 4-5 contains washing fractions (marked 4 and 5 in 

Figure 9), wells 6-11 contains fractions eluted between 0.07 M and 0.22 M NaCl (marked 6-11 in 

Figure 9). 
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High resolution cIEX at pH 5.0 resulted in a very wide peak absorbing at 410 nm in the 
flowthrough, washing and first elution fractions, see Figure 11. At 410 nm, a thin, high peak 
eluted at 0.14 M NaCl was obtained, followed by a smaller peak eluted at 0.17 M NaCl subjected 
to some tailing. Again, SDS-PAGE analysis showed no sign of the 13 kDa cytochrome c in any of 
the fractions, nor in the sample injected onto the column, see Figure 13. Cytochrome c-Id1 was 
found in the last, smaller peak absorbing at 410 nm and eluted at 0.17 M NaCl in fraction 5, see 
Figure 11 and Figure 13B, lane 5. 

High resolution cIEX with pH 4.5 resulted in three distinct peaks with an absorbance at 410 nm 
eluted at 0.13 M, 0.18 M and 0.20 M NaCl, see Figure 12. The last peak was objected to some 
tailing. Also here, SDS-PAGE analysis of the fractions showed no sign of the 13 kDa cytochrome c 
in any fractions corresponding to peaks absorbing at 410 nm (see Figure 13B lane 9-12), nor in 
the sample injected onto the column, see Figure 13B lane 7. Cytochrome c-Id1 was found in the 
last peak absorbing at 410 nm eluted at 0.20 M, see Figure 12B lane 12. 

Due to the problems detecting the 13 kDa cytochrome c on SDS-PAGE gels in purification steps 
after the regular cIEX with the HiTrap-column at pH 4.0, it was decided that no further 
purification steps would be tested.  

 

 

Figure 11. High resolution cation exchange chromatography with the MonoS-column, 50 mM NaAc 

pH 5.0, eluted with 0-1 M NaCl over 20 cv. The red line shows absorbance at 410 nm, the blue line 

shows absorbance at 280 nm and the light green line shows relative concentration of the elution 

buffer from 0-100 %. The numbered fractions correlate to the lanes in Figure 13.  
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Figure 12. High resolution cation exchange chromatography with the MonoS-column, 50 mM NaAc 

pH 4.5, eluted with 0-1 M NaCl over 20 cv. The red line shows absorbance at 410 nm, the blue line 

shows absorbance at 280 nm and the light green line shows the relative concentration of elution 

buffer from 0-100 %. The numbered fractions correlate to the lanes in Figure 13.  

 

 

Figure 13. SDS-PAGE on interesting fractions from high resolution cIEX with MonoS-column pH 5.0 

and pH 4.5. Gel A was stained with SimplyBlue™ SafeStain (Invitrogen) and gel B was stained with 

TMBZ-staining. Lanes 1-5 contains samples from high resolution cIEX with MonoS-column at pH 

5.0 (see Figure 11) and lanes 7-12 contains samples from high resolution cIEX with MonoS-column 

at pH 4.5 (see Figure 12), the numbered fractions in Figure 11 and Figure 12 correlates to the 

lanes. Lane 1 and 7 contains sample injected onto the column from each chromatography run. 

Lane 6 contains the molecular weight marker, sizes are given to the left of the image. 
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2D electrophoresis 

Since problems arose with the SDS-PAGE analysis on purification steps after the regular cIEX 
with the HiTrap-column at pH 4.0, this was decided to be the only purification step prior to 2D 
electrophoresis. Fractions containing as much of the 13 kDa cytochrome c as possible, and at the 
same time as little cytochrome c-Id1 as possible (lanes 3 and 4 in Figure 4B) was pooled and 
dialyzed against 5 mM phosphate buffer pH 7.0 to lower the salt concentration, which otherwise 
would interfere with the 2D electrophoresis equipment. After dialysis, the sample was 
concentrated and the total protein concentration of the sample was determined.  

The first IEF was run according to the standard procedure in the manual [42]. The rehydration 
buffer contained 0.25 % ampholytes, approximately 60 µg protein and passive rehydration was 
carried out for 1 h at room temperature. Reducing agents like DTT was omitted in the 
rehydration buffer, due to it interfering with TMBZ-staining. IEF was carried out with 175 V for 
15 minutes, 175-2000 V over 45 minutes followed by 2000 V for 60 minutes. Prior to the second 
dimension, the IPG strips were equilibrated in 1x LDS sample buffer (Invitrogen) for 15 
minutes, again the reducing agent was omitted. Electrophoresis was run at 200 V for 40 minutes 
and the gels were stained with SimplyBlue™ and TMBZ-staining. 

The SimplyBlue-stained gel showed several spots with a pI between 9 and 10, see Figure 
14AThere was also a big smear in the alkaline region around pI 11-12. The front was very 
convex, suggesting too high voltage was applied during the second dimension. The TMBZ-
stained gel showed one big spot with an approximate pI of 10 and one very weak spot with an 
approximate pI of 9 or less, both spots with apparent molecular weights of 6 kDa (see Figure 
14B). The big spot with a pI of 10 was identified as cytochrome c-Id1. The weak spot could not 
be identified as the 13 kDa cytochrome c, based on its apparent molecular weight (around 6 
kDa). There is a possibility that it could be residual unfocused cytochrome c-Id1 due to omitted 
reducing agent in rehydration buffer. However, there was no sign of the 13 kDa cytochrome c on 
the 2D gel. 

 

Figure 14. 2D electrophoresis with 0.25 % ampholytes and passive rehydration at room 

temperature for 1 h. The sizes of the molecular weight marker are given at the left of the gels and 

the pH of the strips are shown at the top of the gels. Gel A was stained with SimplyBlue™ SafeStain 

(Invitrogen) and gel B was stained with TMBZ-staining. Approximately 60 µg total protein was 

added to the strip.  
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Görg et al. [32] states that DTT is especially important for good results with 2D electrophoresis 
in the alkaline range. The big smear around pI 11-12 on the gels is probably a result of omitting 
DTT in the IEF and the iodoacetamide step of equilibration, which otherwise would interfere 
with the TMBZ-staining. 

The spot from cytochrome c-Id1 showed some irregularity, see Figure 14B. To examine if this 
spot could be resolved into more than one spot, a new 2D electrophoresis run was carried out 
with a third of the amount of protein (approximately 20 µg) in the rehydration buffer. This run 
also contained 0.25 % ampholytes and passive rehydration was carried out at room 
temperature for 1 h. Actions were taken to improve protein uptake in the first and second 
dimension. Active rehydration can help protein uptake in the IPG strip [32]. First, passive 
rehydration was carried out as earlier and then active rehydration was carried out by applying 
30 V over the strips for 30 minutes prior to IEF, which followed the same protocol as earlier. A 
lower voltage during the sample entry phase in the second dimension can help the protein 
transfer from the strip to the gel [32], and therefore electrophoresis was carried out with 50 V 
for 40 minutes and then 100 V until the front had reached the bottom. The reason for not going 
higher than 100 V was to attempt to avoid the convex shaped front that was present on the 
previous gel, see Figure 14A. Prior to the second dimension, the strips were equilibrated in 1x 
LDS Sample Buffer for 30 minutes in hope that the longer equilibration time would result in 
decreased smearing in the alkaline region and better resolution of the cytochrome c-Id1 spot. 
After electrophoresis, the gels were stained with SimplyBlue™ and TMBZ-staining. The strips 
were also stained to see if any residual proteins could be found. 

On the SimplyBlue-stained gel, several spots could be seen (Figure 15A) with better resolution 
than on the previous gel (Figure 14A). Again, the TMBZ-stained gel only showed one spot with a 
pI around 10 and an apparent molecular weight of 6 kDa identified as cytochrome c-Id1 (see 
Figure 15B), there were no signs of the 13 kDa cytochrome c. The SimplyBlue-stained IPG strip 
(see Figure 16A) showed some residual proteins mostly in the acidic area around pH 9.5 but 
also closer to the alkaline region around pH 10-11. No sign of any heme containing protein 
could be seen on the TMBZ-stained IPG strip (see Figure 16B); the shadow at pH 9 was a white 
precipitate in the strip. This could mean that the 13 kDa cytochrome c did not enter the strip 
during the rehydration, but it could also be a result from bad TMBZ-staining. 

The TMBZ-staining of the gel (see Figure 15B) was weaker than expected, which was later 
shown to be due to degradation of the hydrogen peroxide used. Subsequent TMBZ-staining was 
made with fresh hydrogen peroxide. 
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Figure 15. 2D electrophoresis with 0.25 % ampholytes, passive rehydration at room temperature 

for 1 h, followed by active rehydration at 30 V for 30 minutes. Approximately 20 µg total protein 

was added to the strip. The sizes of the molecular weight marker are given at the left of the gels 

and the pH of the strips are shown at the top of the gels. Gel A was stained with SimplyBlue™ 

SafeStain (Invitrogen) and gel B was stained with TMBZ-staining.  

 

 

Figure 16. Stained IPG strips from 2D electrophoresis, after the second dimension. IEF was run 

with 0.25 % ampholytes and passive rehydration at room temperature for 1 h, followed by active 

rehydration at 30 V for 30 minutes. Approximately 20 µg total protein was added to the strip. Strip 

A was stained with SimplyBlue™ SafeStain (Invitrogen) and strip B was stained with TMBZ-

staining.  

 

 

In a last attempt to aid the protein uptake into the strip and see if the 13 kDa cytochrome c 
would appear upon staining of either the gel or strip, the ampholyte concentration was 
increased to 1 %. Approximately 50 µg protein was added to the rehydration buffer and both 
passive and active rehydration was carried out as earlier. Due to the increased ampholyte 
concentration, the focusing step of IEF at 2000 V was increased to 2 hours. The strips were 
equilibrated in 1x LDS sample buffer for 30 minutes and electrophoresis was carried out as 
earlier with 50 V in the sample entry phase and then increased to 100 V until the front reached 
the end of the gel. 
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Figure 17. 2D electrophoresis with 1.0 % ampholytes, passive rehydration at room temperature 

for 1 h, followed by active rehydration at 30 V for 30 minutes. Approximately 50 µg total protein 

was added to the strip. Gel A was stained with SimplyBlue™ SafeStain (Invitrogen) and gel B was 

stained with TMBZ-staining. The sizes of the molecular weight marker are given at the left of the 

gels and the pH of the strips are shown at the top of the gels.  

On the SimplyBlue-stained gel, the resolution of the proteins were increased, especially in the 
alkaline region (see Figure 17A). The TMBZ-stained gel showed two smeared spots with the 
same apparent molecular weights; 6 kDa (see Figure 17B). Both were identified as cytochrome 
c-Id1, which according to Smedja Bäcklund (unpublished results) for some reason sometimes 
shows up in 2D electrophoresis as two spots with a small difference in pI. The increased 
ampholyte concentration did help reducing the streaking in the alkaline end of the strips. 

The IPG strips were also dyed to see if any residual proteins could be observed, see Figure 18. 
The SimplyBlue™ stained strip (see Figure 18A) showed less residual proteins than the IPG 
strips focused with a lower ampholyte concentration (see Figure 16A), suggesting that the 
increased ampholyte concentration helps the protein transfer from the strip to the gel in the 
second dimension. The TMBZ-stained strip (see Figure 18B) showed no sign of any heme-
containing proteins, the shadows seen on the strip in the alkaline range and at the very end in 
the acidic range was a white precipitation in the gel. 

 

Figure 18. Stained IPG strips from 2D electrophoresis, after the second dimension. IEF was run 

with 1.0 % ampholytes and passive rehydration at room temperature for 1 h, followed by active 

rehydration at 30 V for 30 minutes. Approximately 50 µg total protein was added to the strip. Strip 

A was stained with stained with SimplyBlue™ SafeStain (Invitrogen) and strip B was stained with 

TMBZ-staining. The shadows seen on the TMBZ-stained strip (B) were white precipitations in the 

strip. 
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Because no signs of the 13 kDa cytochrome c was seen in any 2D electrophoresis attempt, 
suspicion began to arise that perhaps it had been lost during the sample preparation. To 
investigate this possibility, an SDS-PAGE analysis was made on samples taken from every step of 
the whole process from periplasmic preparation to the dialyzed and concentrated sample added 
to the rehydration buffer. The gel was stained with TMBZ-staining, see Figure 19. Lanes 1-8 
contains samples from all steps from periplasmic extract to sample added to the rehydration 
buffer for 2-DE in Figure 14 and Figure 15 and lanes 10-12 contains samples from periplasmic 
extract, pooled fractions after regular cIEX at pH 4.0 and sample applied onto the IPG strip in 
Figure 18 and Figure 20. As can be seen in lanes 7 and 12 (see Figure 19), the sample added to 
the IPG strips contained two proteins with covalently linked heme and apparent molecular 
weights of 6 and 13 kDa. These proteins were identified as cytochrome c-Id1 and the 13 kDa 
cytochrome c. Some leakage between the lanes appeared during sample application, but this 
does not affect the conclusions made. The gel showed that two proteins containing covalent 
linked heme with apparent molecular weights of 6 kDa and 13 kDa were present in all steps. 
The samples analyzed with SDS-PAGE were diluted differently, due to the amount sample 
available; no conclusions about differences in concentrations can be made from looking at the 
gel. 

 

 

Figure 19. SDS-PAGE on samples from all steps from purification to sample run on 2D 

electrophoresis. The gel was stained with TMBZ-staining. The sizes of the molecular weight 

marker are given at the right of the gel. The gel clearly shows that the sample added to the IPG 

strips contains both cytochrome c-Id1 and the 13 kDa cytochrome c (well 7 for strips in Figure 14 

and Figure 15, well 12 for strips in Figure 17). 
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To see if the TMBZ-staining of the IPG strips worked as intended, an IPG strip with 1 % 
ampholytes and 25 µg protein was stained after IEF, without being run in the second dimension. 
The cytochrome c-Id1 was then still in the strip and could be used as a positive control for the 
TMBZ-staining. The strip showed no sign of any heme-containing protein at all (see Figure 20), 
but the staining solution was turned slightly blue-green (data not shown), suggesting that the 
cytochrome c-Id1 diffused out of the strip into the staining solution. The shadow seen in the 
acidic end of the strip was a white precipitation in the strip. These results suggests that the 
TMBZ-staining of IPG strips does not work the way intended and it cannot be ruled out that the 
13 kDa cytochrome c was able to enter the strip during rehydration but not transferred from the 
strip to the gel in the sample entry phase of the electrophoresis.  

 

 

Figure 20. IEF strip loaded with 1 % ampholytes and 2g µg protein, stained with TMBZ-staining 

without being run in the second dimension to see if the TMBZ-staining of the strips worked. The 

shadow in the acidic end was a white precipitation in the gel. 

 

Conclusion  
The 13 kDa cytochrome c is difficult to purify since it often follows cytochrome c-Id1. This 
suggests that they share many properties regarding pI, or at least surface net charge in their 
native form. After the first regular cIEX at pH 4.0, no further purification steps worked, mainly 
due to the 13 kDa cytochrome c not showing up in SDS-PAGE analysis. The reason for this is 
unclear. There is a possibility of degradation or loss of heme over time by repeated freezing and 
thawing. All samples were stored at -20 °C between runs, except for periplasmic extract which 
was stored at -80 °C. When the samples were handled more than one time per day, they were 
kept on ice or at 4 °C in the mean time.  

The 13 kDa cytochrome c did not show up in 2D electrophoresis, even though it was shown to 
be present in the sample applied onto the IPG strips. If this is due to problems entering the strip 
in the first dimension or entering the gel in the second dimension is unclear. Increased 
ampholyte concentration did improve focusing in the first dimension, resolution in the second 
dimension and lowered the overall residual proteins in the IPG strips.  

An interesting result not related to this study is that even though Celander [41] had problems 
getting cytochrome c-Id1 to adhere to the column in regular cIEX with the HiTrap-column at pH 
6.0 (unpublished results), it was here found that in high resolution cIEX with the MonoS-column 
at pH 6.0, cytochrome c-Id1 adheres to the column and elutes well in a sharp peak absorbing at 
410 nm, even though it was visible in low concentration in all fractions analyzed on SDS-PAGE. 

This work also shows that it is highly unlikely that the 13 kDa cytochrome c is a product of the 
gene located downstream the gene for chlorate reductase. The product of that gene is a protein 
with a molecular weight around 9 kDa and there are no possible explanations why a protein 
would show a higher apparent molecular weight with SDS-PAGE analysis. 
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Further studies 

The 13 kDa cytochrome c is eluted well in high resolution cIEX with the MonoS-column at pH 
4.0, but much interference is present from the heavy tailing of cytochrome c-Id1. This could be a 
good purification step if preceded by removal of cytochrome c-Id. One way of removing 
cytochrome c-Id1 could be high resolution cIEX with the MonoS-column at pH 6.0, where 
cytochrome c-Id1 adhered to the column while the 13 kDa cytochrome c turned up in the 
flowthrough and washing fractions.  

Celanders work [41], shows that regular hydrophobic interaction chromatography does not 
separate the 13 kDa cytochrome c from cytochrome c-Id1. However, high resolution 
hydrophobic interaction chromatography has not been tested and could offer a possible 
purification step.  

Görg et al. [32] states that cup-loading at the anode is mandatory for separation of very alkaline 
proteins with 2D electrophoresis. This was not tested because it was not possible with the 
equipment available. Without having to buy new equipment, one version of anodic cup-loading 
could be tested where dots of agarose gel are soaked in the sample and then applied onto the 
IPG strip at the anode after rehydration. This may not be possible because the space between 
the electrode wick and the IEF core of the equipment might be too tight, but the possibility is 
worth looking into. 

Bohlin et al. [22] investigated the gene encoding a cytochrome c located in the gene cluster for 
chlorate respiration in I. dechloratans. They also expressed that gene in E. coli. The recombinant 
protein could be used to investigate how it behaves in 2D electrophoresis; if it enters the strip in 
the first dimension and the gel in the second dimension and if so, where it appears on the gel. If 
this recombinant protein is the same as the 13 kDa cytochrome c, they would show the same 
difficulties in 2D electrophoresis and if the 2-DE protocol is optimized for the recombinant 
protein, that protocol should also work for purified 13 kDa cytochrome c. 

Another, very different, way of investigating if the 13 kDa cytochrome c is the result of that gene 
is to do a knock-out experiment and purify the periplasm in the same way as unaltered I. 
dechloratans. If the protein still shows up on SDS-PAGE analysis, the 13 kDa cytochrome c is not 
the product of that gene. If it does not show up, there is a possibility of the unknown 
cytochrome c being a result of that gene. However, it must be verified that the bacteria is able to 
grow without this gene and some kind of control of successful knock-out is needed.  
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Appendix 1 

Recipes 

PC medium 
5 g Tryptone 
2.5 g Yeast extract 

Dissolve in deionized water, adjust pH to 7.0 with HCl. 
Adjust volume to 1 l and autoclave. 

Anox medium 
100 ml 10x Anox base 
2 ml 500x Mineral I 
100 µl 104x Mineral II 

Dissolve in deionized water, adjust pH to 7.0 and adjust volume to 1 l. 
Autoclave and add 10 ml of 1 M NaClO3. 

10x Anox base 
18 g NaAc 
2.31 g NH4Ac 
0.11 g CaCl2 x 2 H2O 
0.34 g KH2PO4 
0.25 g MgSO4 x 7 H2O 

Adjust volume to 1 l with deionized water and autoclave. 

500x Mineral I 
25 mM FeSO4 x 7 H2O 
25 mM MnSO4 x H2O 
2.5 mM NiCl2 x 6 H2O 
2.5 mM CoCl2 x 6 H2O 

104x Mineral II 
50 mM ZnSo4 x 7 H2O 
1 mM H3BO4 
1 mM Na2WO4 
1 mM Na2SeO4 
1 mM Na2MoO4 

Shock Buffer for preparation of periplasmic proteins 
20 % Sucrose 
1 mM EDTA 
0.3 M Tris-HCl 

Adjust pH to 8.1. 
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Appendix 2 

During the regular cIEX run on the HiTrap-column at pH 4.0, a brown protein band adhered to 
the column and could not be eluted with 0-1 M NaCl. Attempts were made to elute it with 50 
mM phosphate pH 7 1-2 M NaCl over 15 cv and then 20 mM 1,3-DAP (diaminopropane) pH 11, 
1-2 M NaCl over 15 cv. A few small peaks with absorbance at 410 nm were obtained but most of 
the brown protein was still attached to the column (data not shown). When the column was 
washed with 1 M NaOH, the protein was finally eluted. Fractions from these attempts to elute 
the brown protein were analyzed with SDS-PAGE (see Figure 21). The gel stained with 
SimplyBlue™ SafeStain (Invitrogen) showed that during the different elution attempts, several 
proteins of various molecular weights were eluted.  

The protein band with the lowest molecular weight in lanes 2 and 3 (sample injected onto the 
column and pellet after dialysis prior to the cIEX run) on the TMBZ-stained gel (see Figure 21B) 
was identified as cytochrome c-Id1 and the band with the second lowest molecular weight was 
identified as the 13 kDa cytochrome c. The marker is not visible on the TMBZ-stained gel 
because the gel was photographed one day after the staining, the colors of the pre-stained 
marker had significantly weakened over night (see Figure 21B lane 4). Some leakage between 
wells arose when the samples were added to the gel stained later stained with TMBZ-staining, 
see Figure 21B lanes 1-5. 

None of the eluted fractions contained the 13 kDa cytochrome c (see Figure 21B lanes 5-15), 
which means that it was not present among the proteins that still adhered to the column after 
elution with 0-1 M NaCl during the regular cIEX run at pH 4.0. 

 

Figure 21. Attempts to elute the unknown brown protein that adhered to the column during 

regular cIEX with the HiTrap-column at pH 4.0. Gel A was stained with SimplyBlue™ SafeStain 

(Invitrogen) and gel B was stained with TMBZ-staining. Well 1 contains flowthrough from protein 

concentration prior to cIEX, well 2 and 3 contains the supernatant and pellet from dialysis prior to 

cIEX, well 4 contains the molecular weight marker (sizes given to the left of the SimplyBlue-

stained gel, for the TMBZ-stained gel, the marker is not visible), well 5-6 contains washing 

fractions from cIEX, wells 7-8 contains fractions from elution at pH 7, wells 9-12 contains fractions 

from elution at pH 11 and wells 13-15 contains pooled fractions from column washing with 1 M 

NaOH. The colors in the photograph of gel A have been inverted for visibility. On gel B, the samples 

have leaked a little between the wells. 


