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I. BIOCATALYSIS 

Organic solvents, such as toluene and benzene, are widely used in the chemical industry 

for production of drugs, plastics, synthetic rubber, and dyes. These solvents are typically 

obtained from oil by refinement and synthesis. It has been estimated that 60 million tons 

of these two organic solvents are used annually by the chemical industry worldwide [1]. As 

a result of this extensive usage, a shift towards biological production of such solvents is 

driven by economical, political and environmental factors [2]. However, the production of 

chemicals by microorganisms or enzymes is limited as compared to traditional bulk 

chemical production. Therefore, more research is necessary to increase the number of 

specific enzymes or even complete organisms that have the desired production properties 

for the production of such chemicals. 

 

The production of chemicals and drugs by microorganisms or enzymes is generally 

referred to as biocatalysis. Within biocatalysis, a distinction is made between 

biotransformation and bioconversion, as illustrated in figure 1. Biotransformation entails 

the switch of a preformed substrate into a product of choice, and can be achieved by using 

isolated enzymes (figure 1A) and/or microbial cells that contain or produce these enzymes 

(figure 1B).  Examples of biotransformation are: the production of β-Lactams by the 

enzyme Candida antarctica lipase B [3] and the production of p-hydroxybenzoate from 

toluene by a genetically engineered strain of the bacterium Pseudomonas putida DOT-T1E 

[4]. Both types of biotransformation are rapidly gaining interest of industry and to date 

over 500 commercial products are made in this way [5;6].  However, besides some 

practical problems, such as enzyme stability and cofactor regeneration [7], 

biotransformation still relies on pre-formed substrates that are often derived from crude 

oil.  

 

Bioconversion is defined as the process of generating a chemical compound from organic 

matter by the action of microorganisms. For example, the tpl gene from Pantoea 

agglomerans,
 
encoding tyrosine phenol lyase, was introduced into Pseudomonas putida

 

S12 to enable phenol production from glucose (figure 1C ) [8]. Furthermore, P. putida S12 

was optimized by overexpressing the aroF-1 gene, which codes for the first enzyme in the 

tyrosine biosynthetic pathway. Overall, the advantage of bioconversion over 

biotransformation is that the substrate is often cheaper, the substrate is more accessible, 

and from an environmental viewpoint no chemical processing is necessary. However, the 

use of microorganisms in bioconversion is still challenging, because of the lack of well 

characterized biological pathways for the synthesis of many valuable compounds. 

Therefore, it is necessary to create novel, often unnatural metabolic routes for 

bioconversion processes that afford these yet inaccessible molecular targets. 
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Figure 1: The differences between enzymatic biotransformation, whole cell biotransformation and 

bioconversion. 

 

Design of a biocatalyst for bioconversion 

The key consideration in the search for a suitable biocatalysis process is the chemical 

structure of the desired target compound, for which a suitable microbial host strain needs 

to be selected. Generally the selection is based on economical reasoning, which includes 

the cost of production, supply, demand, and future growth potential. Noteworthy, the 

literature on bioconversion shows that production of most target compounds is sought 

within a small set of bioconversion ‘workhorses’, such as Escherichia coli, Saccharomyces 

cerevisiae, Aspergillus niger, and Lactococcus lactis [9-12].Apart from these easy to 

manipulate and widely used ‘workhorses’, other microorganisms that might be more 

suitable for producing the desired product should also be considered. Therefore, selection 

of candidate organisms and strains should be based on the following criteria: (1) the 

capability to produce a compound in a simple medium using cost-competitive carbon 

substrates, (2) the strain must be suitable for large-scale fermentation and downstream 

processes, and (3) the availability of genetic tools. Moreover, the extent of product 

toxicity to the host strain, and the existence of any product inhibition should be 

considered during the early stage of strain improvement [9].  
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Figure 2: Overall scheme for pathway creation. The creation process includes enzyme recruitment, 

reengineering of enzymes, production process, and pathway implementation by functional genomics 

techniques.  

 

Metabolic engineering 

The insertion of a new pathway into a bacterial strain, in the laboratory, must be preceded 

by a design process, as illustrated in Figure 2. The first step of pathway design is gathering 

knowledge on the enzymes and reactions of a potential pathway. Comprehensive protein 

and metabolism databases, such as BRENDA [13], KEGG [14], Metacyc [15], and Swissprot 

[16], provide information about the pool of characterized enzymes for recruitment. More 

importantly, these databases reveal chemical conversions known to be achievable by 

enzymes. Notably, multiple metabolic routes can be proposed for some compounds. 

Several important prerequisites have to be taken into account for finding an optimal 

pathway: (1) potential by-product formation, (2) potential competing pathways, (3) known 

limitations of the available pathways, (4) number of pathway steps, and (5) substrate 

specificity. Interestingly, several computational methods are currently available to assist in 

pathway design, like DESHARKY[17]. This particular program is driven by a Monte-Carlo 

type algorithm that estimates the transcriptomic and metabolic loads on cells expressing 

unnatural pathways and calculates the decrease in specific growth rate as a result of such 

additional production burden [17].  
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After establishing the most promising pathway, the metabolic route can be constructed by 

genetic modification. This is typically done by the introduction of a metabolic route 

through the introduction of genes, deletion of genes or a combination of both. This 

genetic modification requires the availability of a base strain, which fulfils the above 

described constraints. Determination of the performance of a design organism is 

important, since deletion or introduction of genes may often result in low production 

rates for the desired product. Reasons for limited production are commonly unforeseen 

regulatory and metabolic mechanisms, like cofactor imbalance and feedback inhibition. An 

increased production may be tailored by several approaches: (1) overexpression of cell 

exporter genes for the product [18;19] (2) knock-outs of cell importer genes for the 

product [18], and (3) knock-outs of genes of competing pathways [18;19].  

 

Evolutionary engineering 

Considering the complexity of interactions of metabolic and regulatory pathways that are 

responsible for the expression of most industrial phenotypes, evolutionary engineering is 

frequently the preferred strategy in comparison to metabolic engineering [20-23]. This 

methodology has the advantage that no prior knowledge of the molecular and regulatory 

nature of a given phenotype is required because evolutionary engineering follows nature’s 

‘engineering’ principle by variation and selection, and is based on random mutation and 

direct selection [23]. Furthermore, it encompasses recombination and continuous 

evaluation of large populations over many generations. Next, a combination of metabolic 

engineering with evolutionary engineering is a potentially successful strategy yielding 

desired phenotypes of industrially interesting strains [23-25].  

 

A demerit of optimising a production strain by means of metabolic engineering, 

evolutionary engineering or a combination of both, is the obscurity of the basis of the 

improved characteristics. To reveal the critical changes that determine the improved 

strain, system-wide analysis can be performed. Such analyses include sequence analysis of 

key genes (genomics), mapping the transcript levels of all genes (transcriptomics), 

measuring protein levels (proteomics), determining intracellular reaction rates (fluxomics), 

and evaluating the concentration and dynamics of small cellular molecules 

(metabolomics), these techniques will be discussed in the next paragraph.   
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II. GENOME WIDE APPROACHES FOR INVESTIGATION OF BIOCATALYSTS  

The consequence of genetic modification of a microorganism may result in unwanted 

changes in the cellular metabolism. Changes in the cellular metabolism can lead to 

changes in the rate of product formation, since bioconversion depends on cellular energy 

processes. Therefore, metabolic engineering is required for optimization a bioconversion 

process. This means amplification or deletion of target genes from an unproductive 

metabolic pathway [26-29]. For an understanding of the metabolic changes and their 

relation to cell physiology and cellular networks, analysis of genome-wide information is 

crucial. Therefore, several analytical approaches have emerged for routine application, 

both at the genome, transcriptome, proteome, metabolome, and fluxome levels [18;30-

33]. Notably, the name of these levels ends with ‘-ome’, in reference to ‘wholeness’ of 

biological components [9]. The analytical approaches to these levels of information are 

correspondingly termed genomics, transcriptomics, proteomics, metabolomics, and 

fluxomics, see Figure 3. In the next sections several of these “–omics” techniques are 

discussed in more detail. As proteomics is mainly used in this thesis, it is described most 

extensively.  

 

Genomics 

Although the first DNA sequences were already obtained in the early 1970s, it is only from 

the last decade that sequencing complete genomes and annotating their content became 

routine. Genomic information, which represents the whole genetic make-up of an 

organism, defines only the phenotypic space within an organism can operate. However, 

the availability of the genome sequences makes it easier to develop techniques to 

quantify other components of cells such as mRNA, and proteins. Moreover, genome 

annotation has opened up the possibility to design in silico metabolic pathways for 

bioconversion processes (in silico means performed on a computer or via computer 

simulation). Recently, Lee et al. were able to produce 52.4 g/litre of succinic acid in 

Mannheimia succiniciproducens through in silico genome-based metabolic engineering 

[34;35]. Unfortunately, this conceptual exploration of the genome is still hampered by 

poor or incorrect genome annotations, lack of knowledge on gene function, and 

translation. Therefore, comparative genome analysis in combination with other –omics 

techniques and physiological knowledge could contribute to the targeting and engineering 

of genes to create a desirable metabolic phenotype [35;36]. 

 

Transcriptomics 

Over the last two decades, transcriptomics has played a very important role in functional 

genomics and system biology. It is now almost a routine procedure to simultaneously 

measure the condition-dependent abundance of mRNA species of every ORF 
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Figure 3: The strategy of inverse metabolic engineering using different ‘-omics’ techniques. 

Important genes, proteins and metabolites from an exposed strain, may be identified through 

comparison with his corresponding wild-type. The identified genes and proteins can then be 

introduced into another strain or organism to achieve a similar phenotype. 

 

(Open Reading Frame) in the genome using microarrays. Transcriptomics is most often 

employed in target studies of genes that are thought to matter for a particular process. 

Noteworthy, in the development of a biocatalyst observed mRNA levels have been 

employed to direct knock-out or overexpression of genes [8;21]. For example, Sindelar et 

al. showed that overexpression of NCg10855 or of the amtA-ocd-soxA operon afforded a 

40% increase in lysine production [37]. Unfortunately, the application of transcriptomics is 

limited, because it can only give a rough estimate of gene expressions, since 

“downstream” translation is subject to many other processes. Firstly, transport of mRNA 

from the cell nucleus to the protein producing ribosomes is open to process regulation. 

Secondly, mRNA usually undergoes rapid degradation in the cell plasma. Thirdly, the 

efficiency of translation of mRNA to protein may vary dramatically in different 

environments, as translation is subject to secondary control mechanisms. Last, but not 

least, post-translational modification of the translated proteins is often an important 

factor in the production of functional proteins. Because of these ‘interferences’, mRNA 

abundance does not often correlate well with protein expression levels [38-41]. The 

discrepancy between mRNA and protein levels can thus be explained by processes 



 

 

15 

downstream of transcription [40]. In addition, one transcript can sometimes be translated 

in several proteins through processes such as alternative splicing or post-translational 

modification. Because of these innate discrepancies, the direct investigation of cellular 

functions at the transcription end product level of proteins, by proteomics, has become 

more important over the last few years.  

 

Proteomics 

The proteome is generally defined as the set of proteins expressed by a genome, cell, 

tissue or organisms during defined conditions and at a certain point in time [42]. Study of 

the proteome is known as “proteomics”, a contraction of ‘proteome’ and ‘genomics’ as 

first coined by Humphrey-Smith and co-workers [43;44]. Proteomics studies often 

encompass the analysis of thousands of proteins in one single sample, from a certain 

condition at a given point in time. The information gained from proteomics studies is 

essential to systems biology, because it directly samples at the level of molecules: 

proteins. The localizations, modifications, interactions, and functions of proteins can be 

determined through proteomics. Proteomics studies of bacteria generally do not require 

full knowledge of the genome of an organism. Usually the available sequence information 

of genomes of related strains stored in large databases allows protein identification. This 

makes proteomics the technique of choice for organisms that have been sequenced just 

partly or not at all. However, proteome analysis is more laborious, and thus more 

expensive, than transcriptomics. In addition, specific classes of proteins and proteins of 

low abundance may be absent or underrepresented in results from the employed 

analytical methods, mostly two-dimensional gel electrophoresis or LC-MS(/MS). For 

example, the relatively lipophilic membrane proteins have been proved to be 

underrepresented, by several proteomic studies, see reviews [45;46]. Nevertheless, 

several methods have been developed in the last twenty years for the proteome analysis 

of bacteria [47-49]. 

 

Proteomics methods 

MS is a key technology in most proteomics studies; typically matrix assisted laser 

desorption/ionisation (MALDI) or electrospray ionisation (ESI) are used as ionization 

techniques. Protein samples are digested enzymatically prior to MS analysis. The choice of 

enzyme used for digestion depends on the type of sample and the subsequent analytical 

methods but trypsin is used most often, since it is known to create well defined peptide 

fragments. Trypsin specifically cleaves C-terminal to lysine and arginine residues and after 

digestion the peptide fragments can be analyzed by MS to determine the protein identity. 

Despite continuous improvement of sensitivity, mass resolution, and tandem MS (MS/MS) 

capability of mass spectrometers for MALDI and ESI, typical proteomics samples are still 

too complex for analysis without any pre-fractionation. Several multidimensional 

separation methods have been developed for the fractionation of proteins and/or 
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peptides, both off-line and on-line in combination with LC-MS(/MS) or MALDI MS(/MS). 

Some selected methods suitable for bacterial proteomics are discussed in the next sub 

sections. 

 

1. Two-dimensional gel electrophoresis based proteomics 

Two dimensional gel electrophoresis (2D-PAGE) has long-time been the method of choice 

for protein separation in the investigation of bacteria. 2D-PAGE achieves a resolving 

capacity of more than 1000 proteins in a single gel, when performed with optimum pH 

gradient and a large gel size [50]. However, common 2D-PAGE is notorious for its poor 

performance in the separation of lipophilic proteins, like outer membrane proteins (OMP) 

and lipoproteins (LP). Still, over the last decades, 2D-PAGE has been applied successfully to 

the analysis of outer membrane proteins (OMP) and lipoproteins (LP) from bacteria [51-

58]. Notably, these proteins were first subjected to a sample clean-up for the isolation of 

membrane proteins from cytosolic proteins. Molloy et al. identified several OMP of E. coli 

after selective removal of cytoplasmic proteins by treatment with solubilizing reagents 

and centrifugation steps [55]. A typical membrane protein purification procedure prior to 

2D-PAGE comprises carbonate stripping and a high salt washing step [49]. In the first step 

membrane vesicles are converted into open sheets [59;60], to release cytosolic 

contaminants, and in the second step non-covalently interacting soluble proteins are 

removed by using ultracentrifugation. For Pseudomonas aeruginosa, this method led to 

identification of 189 proteins, amongst which 10 integral membrane proteins [61]. 

However, strongly hydrophobic proteins, like most cytoplasmic membrane proteins, 

remain entirely under-represented in 2D-PAGE despite such elaborate sample 

preparation. This poor representation can be explained by the formation of aggregates by 

cytoplasmic membrane proteins that will remain blurred during first dimension isoelectric 

focusing (IEF) and by a poor solubilization of cytoplasmic membrane proteins in sample 

buffer [59].  

 

Difference in gel electrophoresis  

Silver- or Coomassie blue stains are traditional gel electrophoresis protein visualization 

methods. Unfortunately, these staining techniques are not suited for protein 

quantification as they possess a limited linear dynamic range or lack sensitivity [62-66]. 

The advantage of two-dimensional differential gel electrophoresis (2D-DIGE) technology is 

that 2D separation and protein quantification with the use of fluorescent labels are 

combined. Fluorescent labeling in comparison to traditional protein visualization methods 

improves the dynamic range and increases sensitivity. Furthermore, DIGE overcomes 

some of the disadvantages of 2D gel electrophoresis, in particular gel-to-gel variation and 

poor reproducibility [67].  DIGE involves labeling of proteins with three different cyanine 

dyes (Cy2, Cy3, Cy5) prior to first dimension IEF, which allows running of up to three 

samples on the same 2D gel. In a typical experimental design, two dyes (Cy3 and Cy5) are 



 

 

17 

used for labeling of two different protein samples, and the third dye (Cy2) is used for the 

labeling of an internal standard sample. The internal standard is then used in every 2D gel 

run in a set of experiments, to support correction of experimental variation. Spot 

detection and matching algorithms have been developed for DIGE analysis, such as the 

programs PDQuest (Bio-Rad) and Decyder (GE Healthcare). These software programs 

provide a semi-automated data analysis workflow for spot selection of differentially 

expressed proteins after statistical analysis. The selected spots can be excised manually or 

semi-automatic from the gel, and after trypsin digestion identified by MALDI-TOF MS or 

LC-MS. Although the use of fluorescent labels is a marked improvement to common 2D-

PAGE and automatically spot picking or post-staining of the gel with ProteomIQ blue 

improves accuracy for spot excision, some technical limitations remain. For example, 

comparative quantification is still hampered when more than one protein is present in a 

single protein spot [68]. Therefore, extensive efforts are being made in the development 

of stable isotope labeling and metabolic labeling in combination with MS; these labeling 

techniques are described under quantitative proteomics in this chapter.  

 

2. SDS-PAGE in combination with LC-MS/MS 

Over the last decade, alternatives to 2D-PAGE have been developed for the analysis of 

proteins. Methods that combine one dimensional gel electrophoresis and liquid 

chromatography (LC) peptide separation have proved to be suitable for the analysis of 

hydrophobic membrane proteins [40;69]. In a typical experiment, proteins are first 

separated by their molecular weight, through gel electrophoresis. Next, separated protein 

bands or even the entire gel lane are sliced and each slice is subjected to in-gel trypsin 

digestion. Peptides can then extracted from the gel and subjected to MS(/MS) analysis. 

This approach is less laborious than 2D-PAGE or DIGE. In addition, proteins with an 

extreme pI value and a high molecular weight are better detectable, and sample buffers 

with SDS can be employed [69]. Unfortunately, identification of low (<10,000Da) and very 

high molecular weight proteins still remains a problem using a gel approach.  

 

3. Blue native gel electrophoresis 

Blue native gel electrophoresis (BN-PAGE) is a method that has been applied mostly to the 

study of protein complexes from plants and yeast [70;71], but also to the investigation of 

bacterial protein complexes of the outer membrane [72]. In BN-PAGE, detergent-

solubilized membrane proteins are separated under native conditions by a “charge shift” 

due to the binding of Coomassie blue G250 dye to proteins. BN-PAGE can separate non-

covalently bound protein complexes with higher resolution than column gel filtration or 

sucrose density gradient ultracentrifugation [73]. In a two-dimensional set-up, the 

molecular mass of the separated complex (first dimension, BN-PAGE) and the constituent 

subunit proteins of each separated complex (second dimension, SDS-PAGE) can be 

determined. Also, separation under native conditions allows enzyme activity 
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determination, in support of protein function studies [74]. Nowadays, the electrophoretic 

resolution of BN-PAGE methods is still poor, but improvements are under development, 

for example the separation of native membrane–protein complexes by liquid isoelectric 

focusing [75].  

 

4. Gel-free proteomics approaches 

Gel analysis cannot easily been brought on-line with MS analysis, for example LC-MS. 

Therefore, LC methods, such as ion exchange, size exclusion, affinity, and reversed phase, 

are nowadays more and more the standard for the separation of complex mixtures of 

peptides generated by in solution digestion of whole cell lysates [76]. The advantage of LC 

separation methods is that they can easily be connected to a mass spectrometer to create 

an on-line system. However, whole cell lysates of bacteria are too complex for one 

dimensional LC-MS(/MS). Quite often, two dimensional LC is used for the analysis of whole 

cell lysates. Using two dimensional LC, the peptides are first fractionated by an LC mode 

into 20-40 samples before injection in a LC-MS. Several LC modes can be applied in the 

first dimension to fractionate peptides, for example, fractionation based on 

hydrophobicity, charge state, hydrophilic interaction or phosphorylation state. It has been 

described that a low pH on a strong cation exchange (SCX) column can enrich for 

phosphorylated and N-acetylated peptides from other peptides [77]. Two-dimensional 

liquid chromatography has proven to be a powerful proteomics tool when SCX, separation 

on positive charges and hydrophobicity, is used in the first dimension and reversed phase 

(RP) liquid chromatography in the second dimension [78;79]. This nearly fully automated 

on-line method is widely known as “multidimensional protein identification technology” 

(MudPIT) [80;81].  

 

Quantitative proteomics 

To understand biological systems it is important to identify proteins that are altered in 

quantity and/or quality. Therefore, accurate quantitation has become an important 

subject in proteomics. Many different labeling strategies exist but stable isotope labeling 

in combination with MS techniques is nowadays the most dominant approach in 

quantitative proteomics. Stable isotope labels are non-radioactive and chemically 

equivalent, exhibiting a mass difference which can be detected by MS or MS/MS. This 

mass difference can be used as a marker to find related peptides while the intensity/area 

of the peaks is used for relative quantitation. During the last decade several labeling 

techniques have been developed and stable isotopes can be introduced in almost every 

step of sample handling depending on the type of sample, see figure 4.  The best position 

to introduce a label is before any sample processing and this can be accomplished via 

Stable Isotope Labeling with Amino acids in Cell culture (SILAC) [82]. Using SILAC cells are 

grown in normal and stable isotope labeled media and during several cell passages, stable 

isotopes are incorporated into proteins during synthesis. After digestion and mass 
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spectrometric analysis, changes in relative abundance can be determined from the ratio 

between the cells cultivated in normal media and the cells cultivated in stable isotope 

labeled media, since the label introduces a mass shift in the peptide [83-85]. Another way 

to incorporate stable isotopes is to grow cells on isotope enriched media that exclusively 

contains 
12

C/
13

C or 
14

N/
15

N [86;87]. The advantage of these kind of labeling techniques is 

that the two cell states are mixed after labeling and all other sample handlings are carried 

out simultaneously so that the influences of variations due to sample handling decreases. 

A more detailed discussion of MS quantification by stable isotope labeling and metabolic 

labeling is given in several reviews [83;88-91].  

 

 

 

 

Figure 4: Strategies for stable isotope labeling of proteins and peptides. (A) metabolic labeling e.g. 
14

N/
15

N, SILAC, (B) protein labeling, e.g. ICAT (C) peptide labeling, e.g. iTRAQ reagents, reductive 

amination with stable isotope dimethyl labeling. 



 

20 

For several types of samples, such as human tissue samples, and body fluids it is not 

possible to label in the growth media. Therefore, numerous other strategies for the 

incorporation of stable isotope labels have been described, for instance ICAT, iTRAQ, and 

reductive amination. Using isotope coded affinity tag (ICAT), cysteine residues of intact 

and reduced proteins are labeled with biotin tags that differ in isotope content [92]. After 

labeling the tagged proteins are digested and purified on an avidin column. Using avidin 

columns results in a reduced sample complexity, since only cysteine containing peptides 

are analyzed. Isotope Tags for Relative and Absolute Quantitation (iTRAQ) is based on the 

reaction of one of eight isobaric tags with N-termini and lysine residues of peptides 

[93;94]. The eight isobaric tags facilitate the relative comparison of eight different samples 

per analysis. These isobaric tags are indistinguishable in MS mode, but produce in the 

MS/MS mode for each peptide different receptor ions. Stable isotope dimethyl labeling, 

quantifies similar to iTRAQ at the peptide level. Primary amine groups, lysine and amino 

termini of peptides are labeled with formaldehyde through reductive amination [95]. This 

reaction introduces two methyl groups on the ε-amine group of lysine residues and on the 

N-terminus. The mass difference depends on the type of formaldehyde that is used; amino 

termini can be labeled with either light formaldehyde or heavy formaldehyde (deuterium). 

The advantage of using stable isotope dimethyl labeling is that the reaction is highly 

specific, and relatively cheap in comparison to other labeling techniques described in this 

paragraph. 

 

Metabolomics  

The analysis of the concentration and dynamics of small cellular molecules in biological 

samples is referred to as ‘metabolomics’ or ‘metabonomics’. Metabolomics concerns the 

plain analysis of metabolites, whereas metabonomics concerns the metabolic response to 

environmental stimuli or genetic perturbation [96]. Both with metabolomics and 

metabonomics it is possible to obtain an instant picture of the physiology of a cell through 

the chemical analysis of metabolites. In principle, the metabolome represents the output 

that results from the cellular integration of the transcriptome and the proteome [97]. As 

such, it provides a functional readout of the physiological state of a cell. Although the lack 

of a direct gene link and the bias in design make metabolites a less attractive target for 

biocatalysis pathway implementation, the general metabolic response of a cell is of 

interest. The metabolic response may contribute significantly to the understanding of a 

cell and its pathway engineering.    

 

Metabolite analyses are typically performed with gas chromatography-mass spectrometry 

(GC-MS), liquid chromatography-tandem MS (LC-MS/MS), and/or nuclear magnetic 

resonance spectrometry (NMR) [98]. NMR has been used for metabolite profiling of body 

fluids such as serum and urine. Target compound analysis by NMR is rapid, while the 

method is non-destructive and requires minimal sample preparation. However, the 
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sensitivity of NMR is still limited and several micrograms of analyte are required [99]. GC-

MS has been used for sensitive metabolite profiling in many matrices, for quantitation and 

also for metabolite structure elucidation. GC-MS may require substantial sample 

preparation prior to the actual analysis. The utility of GC-MS for metabolite analysis is 

quite limited: those non-volatile, thermolabile and/or highly polar compounds often 

require derivatization to more volatile compounds before analysis [100]. The use of LC-

MS/MS is relatively new to the field of metabolomics [101]. It has the advantage that 

derivatization can be omitted, while chemical structure determination and quantitation 

can be achieved, even for low-abundant metabolites. Recent technological developments 

in the field of LC-MS/MS will support identification and quantitation of hundreds of 

metabolites in one single sample [102;103]. 

 

Fluxomics 

The fluxome is generally defined as the collection of metabolite fluxes of all biochemical 

reactions that occur inside a cell [9]. Study of the fluxome provides information about 

pathway activity and leads to a better understanding of what occurs inside a cell at a 

certain point in time. Metabolomics describes the steady pool of metabolites whereas 

fluxomics describes their dynamic flux. Although these two appear to be interlinked, no 

direct quantitative flux data can be derived from the concentration of metabolites, 

because the flux is also determined by the kinetic properties and the amount of the 

corresponding enzymes inside a cell [104]. In general, the metabolic fluxes can be 

estimated from stoichiometric mass balance models and using appropriate objective 

mathematical functions [105]. Quite often, the estimation from such a model is strongly 

biased to suit the user-defined “objective” function. As that subjective function does often 

not reflect biological reality, large discrepancies between actual and estimated flux may 

arise. Therefore, experimental assessment of the fluxome, typically by isotopomer-based 

flux analysis, is desired [106]. In such studies, analyses of the fluxes are inferred from 
13

C 

data from either NMR or MS for instance. Blank et al. performed isotopomer-based flux 

analysis to show that biotransformation in E. coli was subject to a limitation of oxygenase 

activity by the rate of NADH regeneration [107], whereas no such limitation was observed 

for Pseudomonas species [108]. These results clearly demonstrated the interdependency 

within the metabolic network of a host organism, in a whole cell biocatalysts application. 

Overall, fluxomics is proven to be suitable for the design and optimization of whole-cell 

biotransformation processes [31;109;110]. Currently, the use of 
13

C tracers is limited to 50 

reactions of the central metabolism for practical reasons [111] and moreover 
13

C tracers 

are a very expensive option in chemostat cultures. For these reasons, fluxomics will not 

become the single dominant approach to biocatalyst design. However, a subsequent 

combination of flux analysis and genome analysis of E. coli and M. succiniciproducens was 

employed to achieve a more than sevenfold increase in succinic acid production [31;112]. 
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III. THE MODEL ORGANISM: PSEUDOMONAS PUTIDA 

Organic solvents, such as toluene, are toxic for microorganisms because the accumulation 

of organic solvent in the membrane disrupts the membrane structure [113]. Sikkema et al. 

reviewed the mechanisms of membrane toxicity for organic solvents [114]. Despite the 

general toxic effect of organic solvents, some microorganisms can tolerate high 

concentrations of organic solvent, such as toluene and benzene. Bacterial strains that 

have been reported to grow on under saturating concentrations of organic solvents mostly 

belong to the genus Pseudomonas (i.e. P. putida, P. aeruginosa, P. fluorescens, etc) [115].  

The ability of several P. putida strains to grow in a second phase of an organic solvent, 

allows biotransformation in a biphasic organic-aqueous fermentation system. This implies 

that water-insoluble substrates, such as steroids, can be dissolved to high concentrations 

in the organic phase, ensuring saturating substrate concentrations in the aqueous phase- 

and, thus, maximum biotransformation rates – throughout the process. Furthermore, 

several solvent tolerant P. putida strains can be used for the production of aromatics, 

which relates to their extreme tolerance, and their metabolic versatility with respect to 

aromatic compounds. Noteworthy, P. putida S12 appeared to be one of the prime hosts 

for bioconversion of aromatic compounds [8;116-120].  

 

The survival of different P. putida strains in organic solvents is based on their ability to 

induce or activate a broad range of different tolerance mechanisms [115;121-123]. One of 

the first responses of the bacterium to organic solvents is the isomerisation of membrane 

fatty acids from cis into trans. This isomerisation increases membrane ordering and 

decreases membrane fluidity [124-126]. Nevertheless, this mechanism alone is not 

sufficient to resist long-term toxic effects of organic solvents. Pinkart et al. and Ramos et 

al. showed that bacteria that were able to perform cis-trans isomerisation of membrane 

fatty acids, were still solvent sensitive in the presence of organic solvents [122;127]. 

Other, more long-term adaptation mechanisms to organic solvents include modification of 

the cell surface hydrophobicity at the level of lipopolysaccharides (LPS) resulting in 

repulsion of organic solvent molecules, the appearance of membrane embedded proteins, 

changes in degree of saturation of membrane lipids and the changes in phospholipid 

headgroup [114;115;121-123]. These membranes related changes contribute to solvent 

tolerance, yet the exceptional resistance of some solvent tolerant strains involve 

additional adaptation mechanisms.  

 

In 1996, Isken et al. have indicated that organic solvents may actively be removed from 

the membrane in P. putida S12 [128]. Kieboom et al. identified the efflux system SrpABC in 

P. putida S12 [129]. From this time on several efflux systems were identified in solvent 

tolerant bacteria such as the Ttg efflux systems of P. putida DOT-T1E [130-132].  

Noteworthy, a general characteristic of different P. putida strains is that the type of efflux 

pumps and the number of efflux systems correlates with the tolerance to organic solvents 
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[133]. On the basis of these characteristics it is possible to classify P. putida strains into 

three categories: (1) highly tolerant to organic solvents, (2) moderately tolerant to organic 

solvents, and (3) sensitive to organic solvents, see Table 1. 

 

Table 1: Homologous efflux pump genes of different P. putida strains. The symbol – means absence 

and + means presence of these genes in the genome. The percentages represent identity between P. 

putida DOT-T1E and the corresponding genes in other P. putida strains [134].  

Strain Toluene 

tolerance 

ttgB ttgE ttgH 

P. putida DOT-T1E High + + + 

P. putida S12 High + - +  (99.8% with srpB) 

P. putida F1 Moderate + + - 

P. putida KT2440 (pWW0) Sensitive + - - 

P. putida KT2440 Sensitive + - - 

P. putida PP0200 Sensitive + - - 

 

Table 1 shows that the presence of genes ttgGHI, or homologous genes, enable P. putida 

strains to survive high concentrations of organic solvents. This observation was partly 

confirmed by Kieboom et al., who showed that the transfer of the srpABC genes to P. 

putida PP0200 which is lacking such an efflux system makes this bacterium more tolerant 

to organic solvents [129]. However, even when the  srp genes were expressed in P. putida 

PP0200, this strain was not able to cope with the same concentration of organic solvents 

as P. putida S12 [129]. This indicates that solvent tolerance of P. putida S12 is brought 

about by a combination of cell mechanisms and not only by the active efflux mechanism. 

In the last decades, the use of -omic techniques facilitated the discovery of new 

mechanisms related to solvent tolerance. Part of these proteomic and transcriptomic 

studies have focused on the investigation of adaptation mechanisms of P. putida to 

toluene, see Table 2. These studies have generated a substantial amount of data that 

provide an important contribution to our understanding of organic solvent tolerance and 

in addition, new adaptation mechanisms where identified. As an example, Volkers et al. 

identified using transcriptomics and proteomics approaches a  Pseudomonas-specific gene 

which was involved in toluene tolerance of P. putida S12 [134].  
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Table 2: Short overview of proteomic and transcriptomic studies for P. putida adaptated to toluene.  

Technique   Strain Solvent Reference 

Genomics Transfer of genes P. putida PP0200 Toluene [129] 

 Knockout, trgI P. putida S12 Toluene [135] 

Transcriptomics KT2440 arrays P. putida KT2440(pWW0) Toluene, 

o-xylene 

[136] 

 KT2440 arrays P. putida S12 Toluene [135] 

 KT2440 arrays P. putida KT2440(pWW0) Toluene [137] 

Proteomics 2DE-DIGE P. putida KT2440 Toluene This thesis 

 2DE-DIGE P. putida S12 Toluene [138] 

 1DE  LC-MS/MS P. putida S12 Toluene This thesis 

 2DE P. putida DOT-T1E Toluene [139] 

 

2DE P. putida F1 Toluene, 

phenol 

[140] 

Fluxomics Fluxomics P. putida DOT-T1E Octanol, 

toluene 

[108] 

 

Fluxomics P. putida S12 Octanol, 

toluene 

[108] 

  Fluxomics P. putida KT2440(pWW0) Toluene [137] 
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OUTLINE OF THE THESIS 

The toxic effects of organic solvents are a major drawback for their application in 

biotechnology and for the production of fine chemicals by whole-cell bioconversion and 

biotransformation. However, through the isolation of some microbial strains, like P. putida 

S12, which tolerate high concentrations of organic solvents, several limitations of organic 

solvents in biotechnology can be overcome. Although P. putida S12 has been studied for a 

long time with different functional genomics techniques, the molecular mechanisms that 

underlie the principles of solvent tolerance are not fully understood. The objective of this 

Ph.D. study was to identify and to characterize the proteins of P. putida S12 and P. putida 

KT2440 involved in tolerance towards toluene. 

 

In Chapter II, a staining technique, namely ProteomIQ Blue, to determine protein 

expression levels after CyDye labeling is described. We show that ProteomIQ Blue post-

staining is almost as sensitive as staining with SYPRO Ruby or cyanine dyes alone. More 

than 90% of the protein spots that were stained with the fluorescent stains are still 

detectable with ProteomIQ Blue. In protein identification by mass spectrometry, 

ProteomIQ Blue post-stained spots provide high sensitivity and high protein sequence 

coverage of the peptide mass maps in both MALDI-TOF-MS and ESI-MS/MS analyses. 

 

In Chapter III, a proteomics study is presented in which the effect of toluene is 

investigated on the proteome of P. putida KT2440.  Difference in gel electrophoresis is 

used to determine differentially expressed proteins. Furthermore, it is shown that, 

prefractionation of membrane associated proteins leads to higher numbers of identified 

membrane proteins. Among the identified membrane proteins was TtgA, a protein of the 

RND efflux system TtgABC. 

 

In Chapter IV, the effect of toluene on the proteome of P. putida S12 is outlined. Instead 

of using conventional 2DE, 1DE in combination with stable isotope labeling and LC-MS/MS 

was used for protein identification. This method enabled the identification and 

quantification of several RND efflux proteins, and many more hydrophobic proteins. By far 

the most significant response observed, was the increased expression of the solvent efflux 

pump SrpABC, confirming its role in solvent tolerance. Next, also putative candidates 

without a clear function in solvent tolerance were identified, like PP1272 and PP1743. 

 

In the final chapter the proteomics results for P. putida S12 adaptated to toluene are 

discussed in relation to metabolic flux analysis and transcriptomics. We show that the 

results of these different -omics data led to a more complete insight into solvent tolerance 

for P. putida S12.  

 

 



 

26 

REFERENCES 

[1]  World petrochemical (WP) report on   

toluene and benzene.  2010 

[2]  Hatti-Kaul R, Tornvall U, Gustafsson L, 

Borjesson P. Industrial biotechnology 

for the production of bio-based 

chemicals--a cradle-to-grave 

perspective. Trends Biotechnol. 2007, 

25, 119-124 

[3]  Stead P, Mahmoudian M, Webb G, 

Noble D, Ip YT, Piga E, Rossi T, Roberts 

SM, Dawson MJ.    Efficient procedures 

for the large-scale preparation of 

(1S,2S)-trans-2-methoxycyclohexanol, 

a key chiral intermediate in the 

synthesis of tricyclic ß-lactam 

antibiotics. Tetrahedron Asymmetry 

1996, 7, 2247-2250.    

[4]  Ramos-Gonzalez MI, Godoy P, 

Alaminos M, Ben-Bassat A, Ramos JL. 

Physiological characterization of 

Pseudomonas putida DOT-T1E 

tolerance to p-hydroxybenzoate. Appl 

Environ Microbiol. 2001, 67, 4338-

4341 

[5]  Straathof AJ, Panke S, Schmid A. The 

production of fine chemicals by 

biotransformations. Curr Opin 

Biotechnol. 2002, 13, 548-556 

[6]  Johannes TW, Zhao H. Directed 

evolution of enzymes and biosynthetic 

pathways. Curr Opin Microbiol. 2006, 

9, 261-267 

[7]  Holland HL. Chapter 9: Biocatalysis: 

Handbook of green chemistry and 

technology. Blackwell Science Oxford 

2002, 188-205 

[8]  Wierckx NJ, Ballerstedt H, de Bont JA, 

Wery J. Engineering of solvent-

tolerant Pseudomonas putida S12 for 

bioproduction of phenol from glucose. 

Appl Environ Microbiol. 2005, 71, 

8221-8227 

[9]  Park JH, Lee SY, Kim TY, Kim HU. 

Application of systems biology for 

bioprocess development. Trends 

Biotechnol. 2008, 26, 404-412 

[10]  Morello E, Bermudez-Humaran LG, 

Llull D, Sole V, Miraglio N, Langella P, 

Poquet I. Lactococcus lactis, an 

efficient cell factory for recombinant 

protein production and secretion. J 

Mol Microbiol Biotechnol. 2008, 14, 

48-58 

[11]  Gasser B, Sauer M, Maurer M, 

Stadlmayr G, Mattanovich D. 

Transcriptomics-based identification 

of novel factors enhancing 

heterologous protein secretion in 

yeasts. Appl Environ Microbiol. 2007, 

73, 6499-6507 

[12]  Dashtban M, Schraft H, Qin W.  Fungal 

bioconversion of lignocellulosic 

residues; opportunities & 

perspectives. Int J Biol Sci. 2009, 5, 

578-595 

[13]  Schomburg I, Chang A, Ebeling C, 

Gremse M, Heldt C, Huhn G, 

Schomburg D. BRENDA, the enzyme 

database: updates and major new 

developments. Nucleic Acids Res. 

2004, 32, D431-D433 

[14]  Kanehisa M, Goto S, Hattori M, Aoki-

Kinoshita KF, Itoh M, Kawashima S, 

Katayama T, Araki M, Hirakawa M. 

From genomics to chemical genomics: 

new developments in KEGG. Nucleic 

Acids Res. 2006, 34, D354-D357 

[15]  Caspi R, Foerster H, Fulcher CA, 

Hopkinson R, Ingraham J, Kaipa P, 

Krummenacker M, Paley S, Pick J, 

Rhee SY, Tissier C, Zhang P, Karp PD. 

MetaCyc: a multiorganism database of 

metabolic pathways and enzymes. 

Nucleic Acids Res. 2006, 34, D511-

D516 

[16]  Wu CH, Apweiler R, Bairoch A, Natale 

DA, Barker WC, Boeckmann B, Ferro S, 

Gasteiger E, Huang H, Lopez R, 

Magrane M, Martin MJ, Mazumder R, 

O'Donovan C, Redaschi N, Suzek B. 

The Universal Protein Resource 

(UniProt): an expanding universe of 

protein information. Nucleic Acids Res. 

2006, 34, D187-D191 

[17]  Rodrigo G, Carrera J, Prather KJ, 

Jaramillo A. DESHARKY: automatic 

design of metabolic pathways for 

optimal cell growth. Bioinformatics 

2008, 24, 2554-2556 



 

 

27 

[18]  Lee KH, Park JH, Kim TY, Kim HU, Lee 

SY. Systems metabolic engineering of 

Escherichia coli for L-threonine 

production. Mol Syst Biol. 2007, 3, 149 

[19]  Park JH, Lee KH, Kim TY, Lee SY. 

Metabolic engineering of Escherichia 

coli for the production of L-valine 

based on transcriptome analysis and 

in silico gene knockout simulation. 

Proc Natl Acad Sci. USA 2007, 104, 

7797-7802 

[20]  Chatterjee R, Yuan L. Directed 

evolution of metabolic pathways. 

Trends Biotechnol. 2006, 24, 28-38 

[21]  Patnaik R. Engineering complex 

phenotypes in industrial strains. 

Biotechnol Prog. 2008, 24, 38-47 

[22]  Petri R, Schmidt-Dannert C. Dealing 

with complexity: evolutionary 

engineering and genome shuffling. 

Curr Opin Biotechnol. 2004, 15, 298-

304 

[23]  Sauer U. Evolutionary engineering of 

industrially important microbial 

phenotypes. Adv Biochem Eng 

Biotechnol. 2001, 73, 129-169 

[24]  Kuyper M, Winkler AA, van Dijken JP, 

Pronk JT Minimal metabolic 

engineering of Saccharomyces 

cerevisiae for efficient anaerobic 

xylose fermentation: a proof of 

principle. FEMS Yeast Res. 2004, 4, 

655-664 

[25]  Kuyper M, Hartog MM, Toirkens MJ, 

Almering MJ, Winkler AA, van Dijken 

JP, Pronk JT. Metabolic engineering of 

a xylose-isomerase-expressing 

Saccharomyces cerevisiae strain for 

rapid anaerobic xylose fermentation. 

FEMS Yeast Res. 2005, 5, 399-409 

[26]  Bailey JE. Toward a science of 

metabolic engineering. Science 1991, 

252, 1668-1675 

[27]  Stephanopoulos G. Metabolic 

engineering. Biotechnol Bioeng. 1998, 

58, 119-120 

[28]  Stephanopoulos G. Metabolic fluxes 

and metabolic engineering. Metab 

Eng. 1999, 1, 1-11 

[29]  Stephanopoulos G, Kelleher J. 

Biochemistry. How to make a superior 

cell. Science 2001, 292, 2024-2025 

[30]  Silberbach M, Schafer M, Huser AT, 

Kalinowski J, Puhler A, Kramer R, 

Burkovski A Adaptation of 

Corynebacterium glutamicum to 

ammonium limitation: a global 

analysis using transcriptome and 

proteome techniques. Appl Environ 

Microbiol. 2005, 71, 2391-2402 

[31]  Lee SJ, Lee DY, Kim TY, Kim BH, Lee J, 

Lee SY. Metabolic engineering of 

Escherichia coli for enhanced 

production of succinic acid, based on 

genome comparison and in silico gene 

knockout simulation. Appl Environ 

Microbiol. 2005, 71, 7880-7887 

[32]  Huser AT, Chassagnole C, Lindley ND, 

Merkamm M, Guyonvarch A, Elisakova 

V, Patek M, Kalinowski J, Brune I, 

Puhler A, Tauch A. Rational design of a 

Corynebacterium glutamicum 

pantothenate production strain and its 

characterization by metabolic flux 

analysis and genome-wide 

transcriptional profiling. Appl Environ 

Microbiol. 2005, 71, 3255-3268 

[33]  Bartek T, Makus P, Klein B, Lang S, 

Oldiges M. Influence of L-isoleucine 

and pantothenate auxotrophy for L-

valine formation in Corynebacterium 

glutamicum revisited by metabolome 

analyses. Bioprocess Biosyst Eng. 

2008, 31, 217-225 

[34]  Lee SY, Kim JM, Song H, Lee JW, Kim 

TY, Jang YS. From genome sequence to 

integrated bioprocess for succinic acid 

production by Mannheimia 

succiniciproducens. Appl Microbiol 

Biotechnol. 2008, 79, 11-22 

[35]  Lee SJ, Song H, Lee SY. Genome-based 

metabolic engineering of Mannheimia 

succiniciproducens for succinic acid 

production. Appl Environ Microbiol. 

2006, 72, 1939-1948 

[36]  Ohnishi J, Katahira R, Mitsuhashi S, 

Kakita S, Ikeda M. A novel gnd 

mutation leading to increased L-lysine 

production in Corynebacterium 



 

28 

glutamicum. FEMS Microbiol Lett. 

2005, 242, 265-274 

[37]  Sindelar G, Wendisch VF. Improving 

lysine production by Corynebacterium 

glutamicum through DNA microarray-

based identification of novel target 

genes. Appl Microbiol Biotechnol. 

2007, 76, 677-689 

[38]  Futcher B, Latter GI, Monardo P, 

McLaughlin CS, Garrels JI. A sampling 

of the yeast proteome. Mol Cell Biol. 

1999, 19, 7357-7368 

[39]  Griffin TJ, Gygi SP, Ideker T, Rist B, Eng 

J, Hood L, Aebersold R.  

Complementary profiling of gene 

expression at the transcriptome and 

proteome levels in Saccharomyces 

cerevisiae. Mol Cell Proteomics 2002, 

1, 323-333 

[40]  Kolkman A, Daran-Lapujade P, 

Fullaondo A, Olsthoorn MM, Pronk JT, 

Slijper M, Heck AJ. Proteome analysis 

of yeast response to various nutrient 

limitations. Mol Syst Biol. 2006, 2, 

2006 

[41]  Washburn MP, Koller A, Oshiro G, 

Ulaszek RR, Plouffe D, Deciu C, 

Winzeler E, Yates III JR. Protein 

pathway and complex clustering of 

correlated mRNA and protein 

expression analyses in Saccharomyces 

cerevisiae. Proc Natl Acad Sci. USA 

2003, 100, 3107-3112 

[42]  Wilkins MR, Pasquali C, Appel RD, Ou 

K, Golaz O, Sanchez JC, Yan JX, Gooley 

AA, Hughes G, Humphery-Smith I, 

Williams KL, Hochstrasser DF. From 

proteins to proteomes: large scale 

protein identification by two-

dimensional electrophoresis and 

amino acid analysis. Biotechnology 

1996, 14, 61-65 

[43]  Humphery-Smith I, Blackstock W.  

Proteome analysis: genomics via the 

output rather than the input code. J 

Protein Chem. 1997, 16, 537-544 

[44]  Wasinger VC, Cordwell SJ, Cerpa-

Poljak A, Yan JX, Gooley AA, Wilkins 

MR, Duncan MW, Harris R, Williams 

KL, Humphery-Smith I. Progress with 

gene-product mapping of the 

Mollicutes: Mycoplasma genitalium. 

Electrophoresis 1995, 16, 1090-1094 

[45]  Santoni V, Molloy M, Rabilloud T. 

Membrane proteins and proteomics: 

un amour impossible? Electrophoresis 

2000, 21, 1054-1070 

[46]  Rabilloud T. Membrane proteins and 

proteomics: love is possible, but so 

difficult. Electrophoresis 2009, 30 

Suppl 1, S174-S180 

[47]  Molloy MP, Herbert BR, Walsh BJ, 

Tyler MI, Traini M, Sanchez JC, 

Hochstrasser DF, Williams KL, Gooley 

AA. Extraction of membrane proteins 

by differential solubilization for 

separation using two-dimensional gel 

electrophoresis. Electrophoresis 1998, 

19, 837-844 

[48]  Molloy MP, Herbert BR, Williams KL, 

Gooley AA. Extraction of Escherichia 

coli proteins with organic solvents 

prior to two-dimensional 

electrophoresis. Electrophoresis 1999, 

20, 701-704 

[49]  Molloy MP. Isolation of bacterial cell 

membranes proteins using carbonate 

extraction. Methods Mol Biol. 2008, 

424, 397-401 

[50]  O'Farrell PH. High resolution two-

dimensional electrophoresis of 

proteins. J Biol Chem. 1975, 250, 4007-

4021 

[51]  Twine SM, Mykytczuk NC, Petit M, 

Tremblay TL, Lanthier P, Conlan JW, 

Kelly JF. Francisella tularensis 

proteome: low levels of ASB-14 

facilitate the visualization of 

membrane proteins in total protein 

extracts. J Proteome Res. 2005, 4, 

1848-1854 

[52]  Xu C, Wang S, Ren H, Lin X, Wu L, Peng 

X. Proteomic analysis on the 

expression of outer membrane 

proteins of Vibrio alginolyticus at 

different sodium concentrations. 

Proteomics 2005, 5, 3142-3152 

[53]  Sinha S, Kosalai K, Arora S, Namane A, 

Sharma P, Gaikwad AN, Brodin P, Cole 

ST. Immunogenic membrane-

associated proteins of Mycobacterium 



 

 

29 

tuberculosis revealed by proteomics. 

Microbiology 2005, 151, 2411-2419 

[54]  Rhomberg TA, Karlberg O, Mini T, 

Zimny-Arndt U, Wickenberg U, 

Rottgen M, Jungblut PR, Jeno P, 

Andersson SG, Dehio C. Proteomic 

analysis of the sarcosine-insoluble 

outer membrane fraction of the 

bacterial pathogen Bartonella 

henselae. Proteomics 2004, 4, 3021-

3033 

[55]  Ying T, Wang H, Li M, Wang J, Wang J, 

Shi Z, Feng E, Liu X, Su G, Wei K, Zhang 

X, Huang P, Huang L. 

Immunoproteomics of outer 

membrane proteins and extracellular 

proteins of Shigella flexneri 2a 2457T. 

Proteomics 2005, 5, 4777-4793 

[56]  Sanchez S, Arenas J, Abel A, Criado 

MT, Ferreiros CM. Analysis of outer 

membrane protein complexes and 

heat-modifiable proteins in Neisseria 

strains using two-dimensional 

diagonal electrophoresis. J Proteome 

Res. 2005, 4, 91-95 

[57]  Nally JE, Whitelegge JP, Aguilera R, 

Pereira MM, Blanco DR, Lovett MA. 

Purification and proteomic analysis of 

outer membrane vesicles from a 

clinical isolate of Leptospira 

interrogans serovar Copenhageni. 

Proteomics 2005, 5, 144-152 

[58]  Lai EM, Nair U, Phadke ND, & 

Maddock JR. Proteomic screening and 

identification of differentially 

distributed membrane proteins in 

Escherichia coli. Mol Microbiol. 2004, 

52, 1029-1044 

[59]  Hahne H, Wolff S, Hecker M, Becher D. 

From complementarity to 

comprehensiveness--targeting the 

membrane proteome of growing 

Bacillus subtilis by divergent 

approaches. Proteomics 2008, 8, 4123-

4136 

[60]  Fujiki Y, Hubbard AL, Fowler S, 

Lazarow PB. Isolation of intracellular 

membranes by means of sodium 

carbonate treatment: application to 

endoplasmic reticulum. J Cell Biol. 

1982, 93, 97-102 

[61]  Nouwens AS, Cordwell SJ, Larsen MR, 

Molloy MP, Gillings M, Willcox MD, 

Walsh BJ. Complementing genomics 

with proteomics: the membrane 

subproteome of Pseudomonas 

aeruginosa PAO1. Electrophoresis 

2000, 21, 3797-3809 

[62]  Fey SJ, Larsen PM. 2D or not 2D. Two-

dimensional gel electrophoresis. Curr 

Opin Chem Biol. 2001, 5, 26-33 

[63]  Gorg A, Obermaier C, Boguth G, 

Harder A, Scheibe B, Wildgruber R, 

Weiss W. The current state of two-

dimensional electrophoresis with 

immobilized pH gradients. 

Electrophoresis 2000, 21, 1037-1053 

[64]  Lilley KS, Razzaq A, Dupree P. Two-

dimensional gel electrophoresis: 

recent advances in sample 

preparation, detection and 

quantitation. Curr Opin Chem Biol. 

2002, 6, 46-50 

[65]  Rabilloud T. Two-dimensional gel 

electrophoresis in proteomics: old, old 

fashioned, but it still climbs up the 

mountains. Proteomics 2002, 2, 3-10 

[66]  Rabilloud T, Chevallet M, Luche S, 

Lelong C. Two-dimensional gel 

electrophoresis in proteomics: past, 

present and future. J Proteomics 2010 

[67]  Unlu M, Morgan ME, Minden JS. 

Difference gel electrophoresis: a single 

gel method for detecting changes in 

protein extracts. Electrophoresis 1997, 

18, 2071-2077 

[68]  Gygi SP, Rochon Y, Franza BR, 

Aebersold R. Correlation between 

protein and mRNA abundance in 

yeast. Mol Cell Biol. 1999, 19, 1720-30  

[69]  Cordwell SJ. Technologies for bacterial 

surface proteomics. Curr Opin 

Microbiol. 2006, 9, 320-329 

[70]  Eubel H, Braun HP, Millar AH. Blue-

native PAGE in plants: a tool in 

analysis of protein-protein 

interactions. Plant Methods 2005, 1, 

11 

[71]  Grandier-Vazeille X,  Guerin M. 

Separation by blue native and 

colorless native polyacrylamide gel 

electrophoresis of the oxidative 



 

30 

phosphorylation complexes of yeast 

mitochondria solubilized by different 

detergents: specific staining of the 

different complexes. Anal Biochem. 

1996, 242, 248-254 

[72]  Liang J, Niu Q, Xu X, Luo Y, Zhou X, 

Deng Z, Wang Z. Effective elimination 

of nucleic acids from bacterial protein 

samples for optimized blue native 

polyacrylamide gel electrophoresis. 

Electrophoresis 2009, 30, 2454-2459 

[73]  Kashino Y. Separation methods in the 

analysis of protein membrane 

complexes. J Chromatogr B Analyt 

Technol Biomed Life Sci. 2003, 797, 

191-216 

[74]  Reisinger V, Eichacker LA. How to 

analyze protein complexes by 2D blue 

native SDS-PAGE. Proteomics 2007, 7 

Suppl 1, 6-16 

[75]  D'Amici GM, Timperio AM, Zolla L. 

Coupling of native liquid phase 

isoelectrofocusing and blue native 

polyacrylamide gel electrophoresis: a 

potent tool for native membrane 

multiprotein complex separation. J 

Proteome Res. 2008, 7, 1326-1340 

[76]  Motoyama A, Yates III JR. 

Multidimensional LC separations in 

shotgun proteomics. Anal Chem. 2008, 

80, 7187-7193 

[77]  Gauci S, Helbig AO, Slijper M, 

Krijgsveld J, Heck AJ, Mohammed S. 

Lys-N and trypsin cover 

complementary parts of the 

phosphoproteome in a refined SCX-

based approach. Anal Chem. 2009, 81, 

4493-4501 

[78]  Wang N, Xie C, Young JB, Li L. Off-line 

two-dimensional liquid 

chromatography with maximized 

sample loading to reversed-phase 

liquid chromatography-electrospray 

ionization tandem mass spectrometry 

for shotgun proteome analysis. Anal 

Chem. 2009, 81, 1049-1060 

[79]  Kang D, Nam H, Kim YS, Moon MH. 

Dual-purpose sample trap for on-line 

strong cation-exchange 

chromatography/reversed-phase 

liquid chromatography/tandem mass 

spectrometry for shotgun proteomics. 

Application to the human Jurkat T-cell 

proteome. J Chromatogr A 2005, 1070, 

193-200 

[80]  Delahunty CM, Yates III JR.  MudPIT: 

multidimensional protein 

identification technology. 

Biotechniques 2007, 43, 563, 565, 567 

[81]  Chen EI, Hewel J, Felding-Habermann 

B, Yates III JR. Large scale protein 

profiling by combination of protein 

fractionation and multidimensional 

protein identification technology 

(MudPIT). Mol Cell Proteomics 2006, 5, 

53-56 

[82]  Ong SE, Blagoev B, Kratchmarova I, 

Kristensen DB, Steen H, Pandey A, 

Mann M. Stable isotope labeling by 

amino acids in cell culture, SILAC, as a 

simple and accurate approach to 

expression proteomics. Mol Cell 

Proteomics 2002, 1, 376-386 

[83]  Ong SE, Mann M. Mass spectrometry-

based proteomics turns quantitative. 

Nat Chem Biol. 2005, 1, 252-262 

[84]  Ong SE, Mann M Identifying and 

quantifying sites of protein 

methylation by heavy methyl SILAC. 

Curr Protoc Protein Sci. 2006, Chapter 

14, Unit. 

[85]  Ong SE, Mann M. Stable isotope 

labeling by amino acids in cell culture 

for quantitative proteomics. Methods 

Mol Biol. 2007, 359, 37-52 

[86]  Oda Y, Huang K, Cross FR, Cowburn D, 

Chait BT. Accurate quantitation of 

protein expression and site-specific 

phosphorylation. Proc Natl Acad Sci. 

USA 1999, 96, 6591-6596 

[87]  Conrads TP, Alving K, Veenstra TD, 

Belov ME, Anderson GA, Anderson DJ, 

Lipton MS, Pasa-Tolic L, Udseth HR, 

Chrisler WB, Thrall BD, Smith RD. 

Quantitative analysis of bacterial and 

mammalian proteomes using a 

combination of cysteine affinity tags 

and 15N-metabolic labeling. Anal 

Chem. 2001, 73, 2132-2139 

[88]  Julka S, Regnier F. Quantification in 

proteomics through stable isotope 



 

 

31 

coding: a review. J Proteome Res. 

2004, 3, 350-363 

[89]  Pan S, Aebersold R. Quantitative 

proteomics by stable isotope labeling 

and mass spectrometry. Methods Mol 

Biol. 2007, 367, 209-218 

[90]  Heck AJ, Krijgsveld J. Mass 

spectrometry-based quantitative 

proteomics. Expert Rev Proteomics 

2004, 1, 317-326 

[91]  Boersema PJ, Raijmakers R, Lemeer S, 

Mohammed S, Heck AJ. Multiplex 

peptide stable isotope dimethyl 

labeling for quantitative proteomics. 

Nat Protoc. 2009, 4, 484-494 

[92]  Gygi SP, Rist B, Griffin TJ, Eng J, 

Aebersold R Proteome analysis of low-

abundance proteins using 

multidimensional chromatography 

and isotope-coded affinity tags. J 

Proteome Res. 2002, 1, 47-54 

[93]  Wiese S, Reidegeld KA, Meyer HE, 

Warscheid B. Protein labeling by 

iTRAQ: a new tool for quantitative 

mass spectrometry in proteome 

research. Proteomics 2007, 7, 340-350 

[94]  Tao WA, Aebersold R Advances in 

quantitative proteomics via stable 

isotope tagging and mass 

spectrometry. Curr Opin Biotechnol. 

2003, 14, 110-118 

[95]  Hsu JL, Huang SY, Chow NH, Chen SH. 

Stable-isotope dimethyl labeling for 

quantitative proteomics. Anal Chem. 

2003, 75, 6843-6852 

[96]  Joyce AR, Palsson BO. The model 

organism as a system: integrating 

'omics' data sets. Nat Rev Mol Cell 

Biol. 2006, 7, 198-210 

[97]  Nielsen J, Oliver S. The next wave in 

metabolome analysis. Trends 

Biotechnol. 2005, 23, 544-546 

[98]  Fiehn O, Kind T. Metabolite profiling in 

blood plasma. Methods Mol Biol 2007, 

358, 3-17 

[99]  Beckonert O, Keun HC, Ebbels TM, 

Bundy J, Holmes E, Lindon JC, 

Nicholson JK. Metabolic profiling, 

metabolomic and metabonomic 

procedures for NMR spectroscopy of 

urine, plasma, serum and tissue 

extracts. Nat Protoc. 2007, 2, 2692-

2703 

[100]  Ramautar R, Somsen GW, de Jong GJ. 

CE-MS in metabolomics. 

Electrophoresis 2009, 30, 276-291 

[101]  Wilson ID, Plumb R, Granger J, Major 

H, Williams R, Lenz EM. HPLC-MS-

based methods for the study of 

metabonomics. J Chromatogr B Analyt 

Technol Biomed Life Sci. 2005, 817, 67-

76 

[102]  Edwards JL, Chisolm CN, Shackman JG, 

Kennedy RT. Negative mode 

sheathless capillary electrophoresis 

electrospray ionization-mass 

spectrometry for metabolite analysis 

of prokaryotes. J Chromatogr A 2006, 

1106, 80-88 

[103]  van der Werf MJ, Overkamp KM, 

Muilwijk B, Koek MM, van der Werff-

van der Vat BJ, Jellema RH, Coulier L, 

Hankemeier T. Comprehensive 

analysis of the metabolome of 

Pseudomonas putida S12 grown on 

different carbon sources. Mol Biosyst. 

2008, 4, 315-327 

[104]  Wendisch VF, Bott M, Kalinowski J, 

Oldiges M, Wiechert W. Emerging 

Corynebacterium glutamicum systems 

biology. J Biotechnol. 2006, 124, 74-92 

[105]  Price ND, Reed JL, Palsson BO. 

Genome-scale models of microbial 

cells: evaluating the consequences of 

constraints. Na. Rev Microbiol. 2004, 

2, 886-897 

[106]  Sauer U. Metabolic networks in 

motion: 13C-based flux analysis. Mol. 

Syst. Biol. 2006, 2, 62 

[107]  Blank LM, Ebert BE, Buhler B, Schmid 

A. Metabolic capacity estimation of 

Escherichia coli as a platform for redox 

biocatalysis: constraint-based 

modeling and experimental 

verification. Biotechnol Bioeng. 2008, 

100, 1050-1065 

[108]  Blank LM, Ionidis G, Ebert BE, Buhler 

B, Schmid A. Metabolic response of 

Pseudomonas putida during redox 

biocatalysis in the presence of a 

second octanol phase. FEBS J. 2008, 

275, 5173-5190 



 

32 

[109]  Wierckx N, Ruijssenaars HJ, de Winde 

JH, Schmid A, Blank LM. Metabolic flux 

analysis of a phenol producing mutant 

of Pseudomonas putida S12: 

verification and complementation of 

hypotheses derived from 

transcriptomics. J Biotechnol. 2009, 

143, 124-129 

[110]  Blank LM, Kuepfer L, Sauer U. Large-

scale 13C-flux analysis reveals 

mechanistic principles of metabolic 

network robustness to null mutations 

in yeast. Genome Biol. 2005, 6, R49 

[111]  Petranovic D, Vemuri GN. Impact of 

yeast systems biology on industrial 

biotechnology. J Biotechnol. 2009, 

144, 204-211 

[112]  Hong SH, Kim JS, Lee SY, In YH, Choi 

SS, Rih JK, Kim CH, Jeong H, Hur CG, 

Kim JJ. The genome sequence of the 

capnophilic rumen bacterium 

Mannheimia succiniciproducens. Nat 

Biotechnol. 2004, 22, 1275-1281 

[113]  Sikkema J, de Bont JA, Poolman B 

Interactions of cyclic hydrocarbons 

with biological membranes. J Biol 

Chem. 1994, 269, 8022-8028 

[114]  Sikkema J, de Bont JA, Poolman B. 

Mechanisms of membrane toxicity of 

hydrocarbons. Microbiol Rev. 1995, 

59, 201-222 

[115]  Heipieper HJ, Neumann G, Cornelissen 

S, Meinhardt F. Solvent-tolerant 

bacteria for biotransformations in 

two-phase fermentation systems. Appl 

Microbiol Biotechnol. 2007, 74, 961-

973 

[116]  Meijnen JP, Verhoef S, Briedjlal AA, de 

Winde JH, Ruijssenaars HJ. Improved 

p-hydroxybenzoate production by 

engineered Pseudomonas putida S12 

by using a mixed-substrate feeding 

strategy. Appl Microbiol Biotechnol. 

2011 

[117]  Nijkamp K, van LN, de Bont JA,  Wery 

J. The solvent-tolerant Pseudomonas 

putida S12 as host for the production 

of cinnamic acid from glucose. Appl 

Microbiol Biotechnol. 2005, 69, 170-

177 

[118]  Nijkamp K, Westerhof RG, Ballerstedt 

H, de Bont JA, Wery J. Optimization of 

the solvent-tolerant Pseudomonas 

putida S12 as host for the production 

of p-coumarate from glucose. Appl 

Microbiol Biotechnol. 2007, 74, 617-

624 

[119]  Verhoef S, Wierckx N, Westerhof RG, 

de Winde JH, Ruijssenaars HJ. 

Bioproduction of p-hydroxystyrene 

from glucose by the solvent-tolerant 

bacterium Pseudomonas putida S12 in 

a two-phase water-decanol 

fermentation. Appl Environ Microbiol. 

2009, 75, 931-936 

[120]  Verhoef S, Ruijssenaars HJ, de Bont JA, 

Wery J. Bioproduction of p-

hydroxybenzoate from renewable 

feedstock by solvent-tolerant 

Pseudomonas putida S12. J Biotechnol. 

2007, 132, 49-56 

[121]  Isken S, de Bont JA. Bacteria tolerant 

to organic solvents. Extremophiles 

1998, 2, 229-238 

[122]  Ramos JL, Duque E, Rodriguez-Herva 

JJ, Godoy P, Haidour A, Reyes F, 

Fernandez-Barrero A. Mechanisms for 

solvent tolerance in bacteria. J Biol 

Chem. 1997, 272, 3887-3890 

[123]  Ramos JL, Duque E, Gallegos MT, 

Godoy P, Ramos-Gonzalez MI, Rojas A, 

Teran W, Segura A. Mechanisms of 

solvent tolerance in gram-negative 

bacteria. Annu Rev Microbiol. 2002, 

56, 743-768 

[124]  Heipieper HJ, Diefenbach R,  Keweloh 

H. Conversion of cis unsaturated fatty 

acids to trans, a possible mechanism 

for the protection of phenol-degrading 

Pseudomonas putida P8 from 

substrate toxicity. Appl Environ 

Microbiol. 1992, 58, 1847-1852 

[125]  Loffeld B, Keweloh H. Cis/trans 

isomerization of unsaturated fatty 

acids as possible control mechanism of 

membrane fluidity in Pseudomonas 

putida P8. Lipids 1996, 31, 811-815 

[126]  Weber FJ, Isken S, de Bont JA.  

Cis/trans isomerization of fatty acids 

as a defence mechanism of 

Pseudomonas putida strains to toxic 



 

 

33 

concentrations of toluene. 

Microbiology 1994, 140 ( Pt 8), 2013-

2017 

[127]  Pinkart HC, Wolfram JW, Rogers R, 

White DC. Cell Envelope Changes in 

Solvent-Tolerant and Solvent-Sensitive 

Pseudomonas putida Strains following 

Exposure to o-Xylene. Appl Environ 

Microbiol. 1996, 62, 1129-1132 

[128]  Isken S, de Bont JA. Active efflux of 

toluene in a solvent-resistant 

bacterium. J Bacteriol. 1996, 178, 

6056-6058 

[129]  Kieboom J, Dennis JJ, de Bont JA, 

Zylstra GJ. Identification and 

molecular characterization of an efflux 

pump involved in Pseudomonas putida 

S12 solvent tolerance. J Biol Chem. 

1998, 273, 85-91 

[130]  Ramos JL, Duque E, Godoy P, Segura A. 

Efflux pumps involved in toluene 

tolerance in Pseudomonas putida 

DOT-T1E. J Bacteriol. 1998, 180, 3323-

3329 

[131]  Rojas A, Duque E, Mosqueda G, 

Golden G, Hurtado A, Ramos JL, 

Segura A. Three efflux pumps are 

required to provide efficient tolerance 

to toluene in Pseudomonas putida 

DOT-T1E. J Bacteriol. 2001, 183, 3967-

3973 

[132]  Mosqueda G, Ramos JL.  A set of genes 

encoding a second toluene efflux 

system in Pseudomonas putida DOT-

T1E is linked to the tod genes for 

toluene metabolism. J Bacteriol. 2000, 

182, 937-943 

[133]  Fukumori F, Hirayama H, Takami H, 

Inoue A, Horikoshi K. Isolation and 

transposon mutagenesis of a 

Pseudomonas putida KT2442 toluene-

resistant variant: involvement of an 

efflux system in solvent resistance. 

Extremophiles 1998, 2, 395-400 

 

 

 

 

 

 

 

[134]  Segura A, Rojas A, Hurtado A, Huertas 

MJ, Ramos JL. Comparative genomic 

analysis of solvent extrusion pumps in 

Pseudomonas strains exhibiting 

different degrees of solvent tolerance. 

Extremophiles 2003, 5, 371-6 

[135] Volkers RJ, Ballerstedt H, Ruijssenaars 

H, de Bont JA, de Winde JH, Wery J. 

TrgI, toluene repressed gene I, a novel 

gene involved in toluene-tolerance in 

Pseudomonas putida S12. 

Extremophiles 2009, 13, 283-297 

[136]  Dominguez-Cuevas P, Gonzalez-Pastor 

JE, Marques S, Ramos JL, de Lorenzo V. 

Transcriptional tradeoff between 

metabolic and stress-response 

programs in Pseudomonas putida 

KT2440 cells exposed to toluene. J Biol 

Chem. 2006, 281, 11981-11991 

[137]  del Castillo T, Ramos JL. Simultaneous 

catabolite repression between glucose 

and toluene metabolism in 

Pseudomonas putida is channeled 

through different signaling pathways. J 

Bacteriol. 2007, 189, 6602-6610 

[138]  Volkers RJ, de Jong AL, Hulst AG, van 

Baar BL, de Bont JA, Wery J. 

Chemostat-based proteomic analysis 

of toluene-affected Pseudomonas 

putida S12. Environ Microbiol. 2006, 8, 

1674-1679 

[139]  Segura A, Godoy P, van DP, Hurtado A, 

Arroyo N, Santacruz S, Ramos JL. 

Proteomic analysis reveals the 

participation of energy- and stress-

related proteins in the response of 

Pseudomonas putida DOT-T1E to 

toluene. J Bacteriol. 2005, 187, 5937-

5945 

[140]  Reardon KF, Kim KH. Two-dimensional 

electrophoresis analysis of protein 

production during growth of 

Pseudomonas putida F1 on toluene, 

phenol, and their mixture. 

Electrophoresis 2002, 23, 2233-2241 

 



 

34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Chapter II 

 

ProteomIQ Blue, a potent post-stain for the visualization and 

subsequent mass spectrometry based identification of 

fluorescent stained proteins on 2D-gels 
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ABSTRACT  

Manual spot excision for protein identification from fluorescent stained two-dimensional 

(2-D) gels is hard to accomplish. Here we explore the use of ProteomIQ Blue as a post-

stain method for the visualization of fluorescent stained/labeled proteins. We show that 

ProteomIQ Blue post-staining is almost as sensitive as staining with SYPRO Ruby or 

cyanine dyes alone. More than 90% of the protein spots that are stained with the 

fluorescent stains are still detectable with ProteomIQ Blue. In protein identification by 

mass spectrometry, ProteomIQ Blue post-stained spots provide high sensitivity and high 

protein sequence coverage of the peptide mass maps in both MALDI-TOF MS and ESI-

MS/MS analyses. In conclusion, post-staining of fluorescent stained gels with ProteomIQ 

Blue provides a facile and a powerful method to achieve quantitative protein analysis as 

well as protein identification in the same semi-analytical gel without requiring 

sophisticated/expensive robotic equipment. 
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INTRODUCTION 

Detection of proteins after two-dimensional (2-D) gel electrophoresis can be achieved by 

various protein staining methods. Roughly, protein stains can be divided into two groups: 

the conventional visible stains, like silver and Coomassie Blue, and the fluorescent stains, 

such as SYPRO Ruby (SR), cyanine dyes (Cy2, Cy3, Cy5; CyDyes) and ProQ glyco- or 

phosphoprotein stains. Although silver staining offers sensitive protein detection, it is 

unsuitable for quantitative purposes, compromises mass spectrometric identification and 

is relatively labour-intensive [1]. These drawbacks do not apply to Coomassie Blue stains, 

but their main shortcoming is lack of sensitivity [1]. The relatively new fluorescent stains 

combine the best qualities of silver and Coomassie stains and show a broad dynamic 

range, high sensitivity, differential staining for multiple samples on a single gel, good 

compatibility with mass spectrometry (MS) and ease of use [1-7]. Accordingly, fluorescent 

dyes are preferably used for quantitative proteome analysis [3,6]. For subsequent protein 

identification of spots of interest by MS, spots have to be excised from the gel. This can 

either be done by an expensive automatic robotic device enabling fluorescent spot 

detection and excision or manually. However, manual spot excision from fluorescent 

stained gels for protein identification is hard to do, since spots are not visible on the gel 

with the naked eye [8, 9]. To date, several approaches have been introduced to perform 

manual excision of fluorescently-stained spots from an analytical gel: (i) aligning the gel 

with a printed scan image, (ii) placing the gel on a UV box (not possible with CyDyes), (iii) 

post-staining of the gel with silver or (iv) running separate preparative gels for staining 

with Coomassie Blue. However, all these procedures do not reproduce the quality and 

sensitivity of fluorescent staining. Ideally, quantitative protein analysis and subsequent 

protein identification of spots of interest should be performed from the same gel. When 

no robotic equipment is available and manual spot picking has to be performed, post-

staining of the gel is needed by a visible dye that detects the same spots as the fluorescent 

stain, ideally with an equal sensitivity. Moreover, it is important that the dye shows a good 

compatibility with MS. 

 

Here we describe the use of ProteomIQ Blue as a post-stain after the fluorescent dyes SR 

and CyDyes to enable manual spot picking. We show that by using the ProteomIQ Blue 

post-stain we achieve highly reliable mass spectrometric protein identifications of spots 

from (semi-) analytical gels. ProteomIQ Blue gel stain is a reformulation of the colloidal 

Coomassie Blue stain originally described by Neuhoff et al. [10] with the improvement 

that it is at least twice as sensitive as other Coomassie stains [11]. Moreover, ProteomIQ 

Blue is only two times less sensitive than SR and its sensitivity is increased when gels are 

sequentially stained with SR and ProteomIQ Blue [11]. The applicability of ProteomIQ Blue 

as a visible post-staining of gels that were previously stained with fluorescent dyes has 

been assessed. Firstly, it was investigated whether post-staining with ProteomIQ Blue is 

sensitive enough to detect spots in a relatively low protein concentration typical for  
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(semi-) analytical gel (150 μg protein per gel). For comparison of sensitivity, post-staining 

was also done with an MS-compatible silver stain [12]. In addition, it was examined 

whether post-staining covers the same spots observed with the fluorescent stains. 

Secondly, post-staining of spots with ProteomIQ Blue or silver was compared with regard 

to performance of these dyes in peptide mass fingerprinting by means of MALDI-TOF MS. 

It is concluded that protein identification of spots in (semi-)analytical gels stained with 

either SR or CyDyes is greatly facilitated by post-staining of gels with ProteomIQ Blue. This 

staining allows simple manual spot picking as well as an excellent compatibility with mass 

spectrometric analysis. 

 

EXPERIMENTAL SECTION 

Materials. ProteomIQ Blue colloidal Coomassie Brilliant Blue stain was obtained from 

Proteome Systems (Woburn, MA, USA). SYPRO Ruby, RC/DC protein assay and 

acryl/bisacrylamide were acquired from Bio-Rad (Veenendaal, The Netherlands). All other 

equipment and reagents were purchased from GE Healthcare (Freiburg, Germany) unless 

indicated otherwise.  

 

Protein extraction. Pseudomonas putida S12 cells were kindly provided by TNO-Quality of 

Life, Business Unit Bioconversion, Apeldoorn, The Netherlands. P. putida S12 protein 

extracts were prepared for analysis with 2-D gel electrophoresis using an SDS extraction 

protocol for E.coli [13]. In brief, cells were resuspended in an SDS buffer (0.2% SDS, 0.028 

M Tris-HCl, 0.022 M Tris-base and 0.2M DTT) and boiled for 10 min at 100ºC. 

DNase/RNase mix (200 U/ml DNAse, 0.25mg/ml RNAse, 0.476 M Tris-HCl, 0.024 M Tris-

base, 0.05 M MgCl2) was added and the sample was placed on ice, for 10 min. Then, the 

sample (0.5 ml) was treated with 0.5 ml methanol and 0.125 ml chloroform and mixed for 

30 min at 1800 rpm. The protein precipitate was collected by centrifugation at 20800 × g 

for 10 min. The pellet was washed with 1 ml methanol and again centrifuged at 20800 × g 

for 10 min. Finally, the protein pellet was solubilized in rehydration buffer (7.0 M urea, 2 

M thiourea, 1% (w/v) ASB, 1.2% Destreak and 1% carrier ampholites). Protein 

concentrations were determined with the RC/DC assay. The protein samples were stored 

in aliquots at -80ºC. 

 

Labeling of proteins with CyDyes. Protein samples were prepared and labeled according 

to the manufacturer’s protocol. In brief, cell lysates were labeled with N-hydroxy 

succinimidyl ester-derivates of the cyanine dyes Cy2 and Cy3. For 2-D gels, 150 µg proteins 

were minimally labeled with 400 pmoles of CyDye DIGE Fluor minimal dyes freshly 

dissolved in 99.8% N,N-dimethylformamide (Sigma). Labeling reactions were performed 

on ice in the dark, for 30 min. The reaction was quenched by the addition of 1.0 µL of a 10 

mM L-lysine solution (Merck) and left on ice for 10 min. 
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2-D Gels. Before sample addition to the strip, the sample was sonicated on ice (4 x 5 s), 

mixed at 35ºC for 30 min and centrifuged for 20 min at 20800 × g. For the first dimension, 

an amount of 150 µg protein was loaded on a 24 cm Immobiline Dry-Strip pH 3-10 NL or  

pH 4-7  in 450 µL rehydration buffer. Strips were rehydrated overnight in a rehydration 

tray. Isoelectric focusing was carried out using an IPGphor for a total of 60-65 kVh, with 

the current limit to 50µA per strip, at 20ºC. Prior to the second dimension, the IPG strips 

were incubated for 15 min in equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% 

(v/v) glycerol, 2% (w/v) SDS) containing 1% (w/v) DTT, followed by 15 min incubation in 

equilibration buffer containing 2.5% (w/v) iodoacetamide instead of DTT. Second 

dimension electrophoresis was performed on lab-cast 12.5% polyacrylamide gels in a 

DALTsix
TM

 electrophoresis unit. The IPG strips were placed on the top of 12.5% 

polyacrylamide gels and sealed with a solution of 1% (w/v) agarose, with a trace of 

bromophenol blue. Gels were run at 5 W per gel for 15 min, followed by 17 W per gel, 

until the bromophenol blue had migrated to the bottom of the gel. 

 

Staining of Gels. Before staining of gels with SR the gels were fixed for 30 min in 

MeOH/acetic acid (10%/7% in Milli-Q). Staining with SR was performed overnight in the 

dark followed by a 30 min fixation in MeOH/acetic acid (10%/7% in Milli-Q). SR was used 

diluted 1:2 as recommended by Krieg et al. [14]. Before post-staining of the SR gels with 

ProteomIQ Blue or silver, the gels were fixed again. For ProteomIQ Blue staining, gels were 

fixed for 60 min in MeOH/acetic acid (25%/10% in Milli-Q) and for silver staining gels were 

fixed overnight in ethanol/acetic acid (40%/10% in Milli-Q). For silver staining, the gels 

were stained according to the Plus One silver staining kit (GE Healthcare) which is based 

on the MS -compatible silver stain by Yan et al. [12]. Staining with ProteomIQ Blue was 

performed according to the instruction manual (Table 1). DIGE gels were fixed for 60 min 

in MeOH/ acetic acid (25%/10% in Milli-Q) before post-staining with ProteomIQ Blue (step 

5-7 of table 1). Coomassie staining was done according to a conventional protocol. The 

gels were stained overnight in 45% methanol, 10% acetic acid, 0.2% Coomassie Blue G-250 

and destained in 45% methanol and 10% acetic acid.  

 

Table 1: The staining protocol for ProteomIQ Blue as post-stain. 

Step Solution Time 

1. Fix MeOH/acetic acid 30 min 

2. SYPRO Ruby SYPRO Ruby diluted (1:2) Overnight 

3. Fix MeOH/acetic acid 30 min 

4. Wash
a
 Milli-Q (scanning gels) 60 min 

5. Fix MeOH/acetic acid 60 min 

6. Wash Milli-Q 1 min 

7. ProteomIQ Blue ProteomIQ Blue Overnight 
a)

 Before scanning 60 min rinsing in Milli-Q-quality water to enhance specificity and contrast was 

optimal. 
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Image acquisition and analysis. Proteins labeled with CyDyes or SR were scanned with a 

Molecular Imager FX (100 µm resolution, middle sensitivity, Cy2: 488 nm laser and SR/Cy3: 

532 nm laser) and processed with Quantity-One 4.4.0 software (Bio-Rad). The silver, 

Coomassie Blue and ProteomIQ Blue stained gels were scanned using an ImageScanner. 

Image analysis was performed using PDQuest software version 7.3.1 (Bio-Rad). Spots were 

detected with the spot detection wizard, which includes background subtraction. Images 

were automatically overlaid with the saved set of detection parameters and a match set 

was created. PDQuest identified matched and unmatched spots from the gels. All matched 

and unmatched spots were checked manually. 

 

In-Gel Digestion and MS analysis. Protein spots were excised and in-gel digested with 

trypsin, using the protocol described by Havlis et al. [15]. In brief, gel pieces were washed 

with water for 5-10 min and dehydrated in 100% acetonitrile for 20 min. Acetonitrile was 

aspirated, and gel pieces were dried in a vacuum centrifuge and rehydrated for 60 min in a 

1.5 µM solution of modified trypsin (Promega) in 50 mM NH4HCO3 buffer at room 

temperature. The digestion was carried out in the same trypsin solution for 30 min at 58 

ºC. The reaction was stopped by adding 1µL formic acid and the samples were dried in a 

vacuum centrifuge. The digested proteins were redissolved in 20 µL of 5% (v/v) formic acid 

and 10 µL of this solution was applied to a ZipTip µ-C18 column (Millipore). The ZipTip 

column was washed with 10 µL of 0.1% (v/v) aqueous TFA, before the peptides were 

eluted. Elution from the ZipTip column onto the MALDI-target was achieved using 1 µL of 

a saturated solution of cyano-4-hydroxycinnamic acid in 50% acetonitrile and 0.1% (v/v) 

trifluoroacetic acid (TFA). Peptides were analyzed using a Biflex III instrument (Bruker 

Daltonics), using delayed extraction and reflectron mode with positive ion detection. The 

mass scale was calibrated with the trypsin autodigestion product of known [M+H]
+

 mass, 

2211.1 Da, and the keratin 9 fragment [M+H]
+
, 2705.2 Da. Proteins were identified using 

MASCOT software [16] and peptide map searches were performed against the NCBI non-

redundant database with search limitation ‘bacteria’. Micro-liquid chromatography 

electrospray tandem mass spectrometry (μLC-ESI MS/MS) was done as described in 

Volkers et al. [17] 

 

RESULTS AND DISCUSSION 

Staining sensitivity. The usefulness of ProteomIQ Blue as post-stain following SR or 

CyDyes depends strongly on the capability of this dye to stain the same spots as SR and 

CyDyes do on a (semi-)analytical gel. Therefore, 1-D minigels were used to investigate 

whether post-staining with ProteomIQ Blue is sensitive enough to visualize the same low 

abundant spots that are detected with SR staining. Moreover, post-staining following SR 

was also performed with Coomassie Blue G-250 to compare the sensitivities of the two 

Coomassie-based stains. A BSA stock solution of 1.5 mg/ml MilliQ water was prepared.  
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Figure 1: Comparison of the limit of detection using five different staining techniques. BSA was 

loaded onto five gels as follows: lanes 1 to 9: 15, 10, 5, 2.5, 1, 0.5, 0.25, 0.1, 0.05 μg. Arrows indicate 

the limit of detection for BSA with each stain. 

 

After serial dilution with sample buffer individual slots of minigels were loaded with BSA 

ranging from 0.05 to 1.5 μg. As expected, the sensitivity of SR is superior over the two 

Coomassie stains (Fig 1 A-C). The detection limits for ProteomIQ Blue and Coomassie Blue 

G-250 are 5 and 50 times higher than for SR, respectively. Similar detection limits were 

observed when the Coomassie stains are used as post-stain following SR (Fig. 1 D-E). These 

results show that ProteomIQ Blue might be very well suitable to visualize most of the 

spots on 2-D gels that are detected by SR staining. Probably, spots with a very low 

abundance will not be detected.  

 

Subsequently, the performance of ProteomIQ Blue as a post-stain following SR was 

investigated on 2-D gels. Since silver staining is a visible stain that offers sensitivity 

comparable to the fluorescent stains, post-staining was also performed with silver. 

Therefore, two parallel gels were run, each loaded with a semi-analytical load of 150 µg 

protein of total lysate of P. putida. Following electrophoresis, both gels were stained with 

SR and, subsequently, one gel was post-stained with ProteomIQ Blue and the other was 

post-stained with an MS-compatible silver stain (Figs. 2 and 3). The experiments were 

performed in triplicate. In Fig. 2, gel A shows the pattern of protein spots that is seen after 

SR staining and gel B shows the same gel after post-staining with ProteomIQ Blue. In a 

representative area of the gel (rectangle regions in Fig. 2A and 2B) image analysis was 

performed by means of PDQuest software. It was found that in this area of the SR image 

205 spots were present, while 185 spots were detected in the same area of the ProteomIQ 
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Blue post-stained gel. All 185 spots seen in the ProteomeIQ Blue post-stained gel matched 

with spots in the SR-stained gel. The 20 spots that did not become visible with ProteomIQ 

Blue post-staining appeared to have a low abundance after SR staining. This implies that 

~90% of the spots detected by SR on a (semi-)analytical gel can be made visible by 

ProteomIQ Blue post-staining (Table 2). Also, in other experiments with ProteomIQ Blue as 

post stain after SR staining, the replicate gels showed that 5-10% of the SR-stained spots 

were not seen with ProteomIQ Blue (data not shown). In Fig. 3 a gel is shown, which was 

stained first by SR (gel A) and then post-stained with silver in an MS-compatible protocol 

(gel B). With PDQuest analysis it was found that in the selected area (rectangles in Fig. 3A 

and 3B), 234 spots were detected by SR staining, while 229 spots were detected in the gel 

with silver post-staining. Of those, 219 spots were observed in both images (Table 2). 

Notably, ten spots were only stained by silver and not by SR. This means that 93% of SR-

stained spots were detected by the silver stain. CyDyes are a series of fluorescent dyes 

typically employed in differential in gel electrophoresis (DIGE), a technique that is 

successfully applied in comparative quantitative proteomics studies [8,17,18]. Like with 

SR, manual spot excision from gels stained with CyDyes is hampered by the invisibility of 

the spots with the naked eye. Moreover, blind spot excision for mass spectrometry is 

hampered by the fact that the CyDye-labeled proteins can be significantly shifted away 

from the relative position of unlabeled proteins [8, 19].  To investigate the suitability of 

ProteomIQ Blue as post-stain for facilitation of manual spot picking from CyDye-stained 

gels, two parallel DIGE gels were run containing 150 µg of a 1:1 mixture of proteins from a 

membrane (Cy3 = red) and a cytosol (Cy2 =green) fraction of P. putida S12. In Fig. 4, image 

A shows the proteins detected in the gel with the CyDyes, whereas image B shows the 

protein pattern of the same gel after post-staining with ProteomIQ Blue. Protein patterns 

were analyzed by PDQuest, in a selected area of the gel (rectangle regions in Fig. 4). Of the 

201 spots seen with CyDye staining 198 were also detected by ProteomIQ post-staining 

(Table 2), corresponding to a match rate of 98%.  

 

 

 

Table 2: Effect of post-staining on fluorescent stained gels. 

Figure Fluorescent 

stain 

Found 

spots 

Post-stain Found 

spots 

Matched 

spots 

Unmatched 

spots 

Match 

rate % 

1 Sypro Ruby 205 ProteomIQ 

Blue 

185 185 20 90 

2 Sypro Ruby 234 Silver 229 219 15 93 

3 CyDyes 201 ProteomIQ 

Blue 

206 198 3 98 
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Figure 2: Detection of P. putida S12 proteins using SYPRO Ruby and ProteomIQ Blue staining on the 

same gel. (A) Detection of proteins in 2-D gel analysis of P. putida S12 stained with SYPRO Ruby dye. 

(B) Same gel post-stained with ProteomIQ Blue to visualize proteins for spot excision. The 

rectangular regions were used for PDQuest analysis (see text and Table 2).  

 

Protein identification. We investigated the compatibility of ProteomIQ Blue stain for 

peptide mass fingerprinting by MALDI-TOF MS and sequence analysis by electrospray 

ionization (ESI)-MS/MS. The influence for both ionization methods is tested because 

MALDI is relative tolerant for salts and contaminations, whereas ESI is much more 

sensitive to such interferences [12]. For this purpose, 20 protein spots which were well 

visible with the naked eye were manually excised from an SR/ProteomIQ Blue stained gel 

(Fig. 1B). After trypsin digestion, aliquots of the digest supernatant were applied to the 

MALDI target for identification. The results of protein identification of these 20 spots, as  
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Figure 3: Detection of P. putida S12 proteins using SYPRO Ruby and silver staining on the same gel. 

(A) Detection of proteins in 2-D gel analysis of P. putida S12 stained with SYPRO Ruby dye. (B) Same 

gel post-stained with silver to visualize proteins for spot excision. The rectangular regions were used 

for PDQuest analysis (see text and Table 2). 
 

given in Table 3, revealed that 15 out of 20 spots were confidently identified by their 

MALDI MS peptide map. These spots correspond to 13 different proteins, with 2 proteins  
appearing in more than one spot on the 2-D gel. With the 5 remaining spots, database 

searching of the peptide masses did not lead to protein identification, although the MALDI 

spectra were of good quality. Probably, protein identification is hampered by the absence 

of a full genome sequence of the P. putida S12 strain. Despite a close relationship with P. 

putida KT2440, for which the complete sequenced and annotated genome is available, 

certain proteins of P. putida S12 may yield unknown peptide mass fingerprints that do not 

lead to a protein match.  
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Figure 4: Detection of P. putida S12 proteins using CyDyes and ProteomIQ Blue staining on the same 

gel. (A) Detection of proteins in 2-D gel analysis of P. putida S12 stained with CyDyes. (B) Same gel 

post-stained with ProteomIQ Blue to visualize proteins for spot excision. The rectangular regions 

were used for PDQuest analysis (see text and Table 2). 

 

Therefore, for 2 of these spots, the remainder of the sample was extracted, desalted, and 

analyzed by tandem mass spectrometry. Using the peptide fragmentation data the 

proteins present in these spots could now easily be identified, and both spots turned out 

to be porin D. Therefore, we conclude that post-staining with ProteomIQ Blue of SR-

labeled protein spots does not interfere with protein identification. Subsequently, to be 

sure that post-staining with ProteomIQ Blue does not interfere with protein identification 

of CyDye-labeled protein spots, another 20 random spots were also excised from the 

CyDye-labeled gel. These results (not shown) revealed that 18 proteins were confidently 

identified by their MALDI MS peptide map, providing thus similar results as with the SR 

labeled gels. To compare the performance of ProteomIQ Blue and silver stain with regard 



 

46 

to protein identification, silver post-stained spots were also subjected to MS analysis. The 

same spots excised from the ProteomIQ Blue gel (Fig. 2B) were also selected on the silver 

post-stained gel (Fig. 3B). The modified silver stain is claimed to be compatible with 

subsequent mass spectrometry analysis [12]. However, only 5 of the 20 silver post-stained 

spots provided adequate peptide maps for protein identification by MALDI MS peptide 

mapping (Table 3). This is in sharp contrast to the 15 nearly complete positive hits that 

were obtained with ProteomIQ Blue post-stained spots. As is evident from Table 3, all 

ProteomIQ Blue post-stained samples gave superior scores for peptide recovery, as 

compared to the silver post-stained spots. The high quality of the peptide mass spectra of 

ProteomIQ Blue stained spots contributes to the excellent results for protein 

identification. Spectra from silver stained spots showed poor signal intensity, probably 

because silver staining procedures require reactive compounds like glutaraldehyde or 

formaldehyde [6]. As a representative example, the spectra obtained for one spot, 

aconitate hydratase 2, taken either from the silver-stained or from the ProteomIQ Blue-

stained gel, are shown in Fig. 5.  

 

 

Figure 5: Comparison of MALDI-TOF MS spectra of the in-gel tryptic digest of the protein in spot 8 

(Table 3), separated by 2-D SDS-PAGE and then post-stained with either ProteomIQ Blue (top) or 

silver (bottom). The protein could only in the top spectrum be unambiguously identified as 

aconitate hydratase 2. 
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CONCLUSION 

For visualization of fluorescent-stained or –labeled spots in 2-D gels, ProteomIQ Blue as 

well as silver can be used for post-staining. Both ProteomIQ Blue and silver dyes yield a 

high match rate with the fluorescent spots and comparable post-staining sensitivity and 

dynamic range. However, for purposes of protein identification by mass spectrometry, 

ProteomIQ Blue is by far superior to the used MS-compatible silver stain. Additionally, the 

sample treatment required for ProteomIQ Blue is much less elaborated than with silver. 

Therefore, we conclude that ProteomIQ Blue performs very well as a simple and fast post-

staining method that enables manual spot excision and gives excellent protein 

identification with MALDI-TOF MS. By using the here presented staining protocol, 

quantitative protein analysis, as well as protein identification of spots of interest, can be 

carried out from the same (semi-) analytical gel in a highly efficient way. This method is 

particularly valuable when no expensive robotic spot picker that is able to detect and 

excise fluorescent spots is available. 
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ABSTRACT 

Bacteria have different mechanisms to withstand chemical aggression brought about by 

the exposure to organic solvents. The phenotypic adaptations that allow bacteria to 

survive in the presence of organic solvents are expected to be reflected in their proteome, 

most notably in the outer cellular structure. Difference in gel electrophoresis (DIGE) 

combined with mass spectrometry was used to study the response to toluene exposure of 

the moderately organic solvent tolerant Pseudomonas putida KT2440. Analysis of the total 

cell lysate showed 45 protein spots to be significantly up-regulated and 47 proteins spots 

to be down-regulated in steady-state toluene adapted chemostat cultures. In the total 

cellular lysate only 13 differentially expressed outer membrane proteins could be 

detected. A significant improvement could be obtained by preparing a membrane 

enriched fraction using a sodium carbonate prefractionation that resulted in the detection 

and identification of more differentially expressed membrane proteins. From the 97 

identified proteins in the membrane enriched fraction, only 12 proteins were also 

observed in the total cell lysate analysis. Among the toluene responsive differentially 

expressed membrane proteins were many cell surface proteins such as TolC, OprF, OprG, 

and OprH.  
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INTRODUCTION 

The metabolic versatility of Pseudomonas putida KT2440 and its capability to adapt to 

(toxic) organic solvents makes this bacterium useful for various purposes such as 

detoxification, degradation of toxic compounds and biotransformation [1-3]. The 

adaptation to organic solvents is an interesting phenomenon, since organic solvents are 

lethal to most bacteria. The outer cell structure is the barrier between the cytoplasm and 

the outside environment. Therefore, most mechanisms that enable bacteria to counter-

balance the toxic effects of organic solvents obviously exert their effect at the level of the 

outer cell structure [for reviews: see 3-6]. Changes in number and type of bacterial outer 

membrane components such as lipopolysaccharides (LPS) or porins will result in repulsion 

of organic solvent molecules [7-12]. Changes in phospholipid content and composition and 

cis-to-trans isomerization of unsaturated membrane fatty acids provide a more rigid 

membrane structure that counteracts the destabilizing effect of the solvent [12-17]. In 

addition to the above described mechanisms, solvent efflux pumps that actively extrude 

organic solvent molecules from the cell are crucial to provide high solvent tolerance [18-

22]. Such organic solvent efflux pumps generally belong to the resistance-nodulation-cell 

division family (RND) and are composed of three proteins that together span the inner and 

outer membrane.  

 

The role of a number of individual solvent tolerance mechanisms has been well studied. 

Still, new mechanisms may be uncovered and insight into their mutual interplay may be 

obtained through techniques that allow the study of cellular responses at a global level 

such as proteome and transcriptome analyses. In recent years many proteomic and 

transcriptomic studies have attempted to shed light onto solvent tolerance mechanisms 

from P. putida [23-32]. On the proteome level, P. putida strains have been studied with 

regard to the effects of phenol, toluene, chlorophenoxy herbicides and tetracycline stress 

[24-30]. These studies have generated a substantial amount of data that provide an 

important contribution to our understanding of organic solvent tolerance. However, in 

none of these studies solvent efflux pumps could be identified despite their well-

established role in solvent tolerance. This observation suggests that the employed protein 

isolation protocols result in an underrepresentation of membrane proteins. As the 

responses to solvent exposure are mainly expected to reflect in the membrane proteome, 

adaptated methods for protein isolation are probably required to obtain a representative 

picture.  

 

In this study, the proteomic response of P. putida KT2440 to toluene is investigated using 

differential-in-gel-electrophoresis (DIGE). This technique has been successful in previous 

comparative quantitative proteomics studies [33, 34]. Moreover, a targeted sodium 
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carbonate treatment was applied to the samples to enrich specifically for membrane 

proteins. This enrichment resulted in the identification of many more differentially 

expressed membrane proteins compared to the total lysate analyses and many of these 

proteins have been suggested to play a role in solvent tolerance.  

 

EXPERIMENTAL 

Materials. ProteomIQ Blue colloidal Coomassie Brilliant Blue stain was obtained from 

Proteome Systems (Woburn, MA, USA). SYPRO Ruby, RC/DC protein assay and 

acryl/bisacrylamide were acquired from Bio-Rad (Veenendaal, The Netherlands). All other 

equipment and reagents were purchased from GE Healthcare (Diegem, Belgium) unless 

indicated otherwise. 

 

Strain and growth conditions. Wild-type P. putida KT2440 was grown at 30 ºC in two-liter 

chemostats (BioFloIIc, New Brunswick Scientific) with a working volume of one liter. 

Continuous culturing was carried out in duplicate in the presence and in the absence of 

toluene with a defined carbon- or nitrogen limited minimal medium [35]. For carbon 

limited culturing the minimal medium contained 10 mM glucose and 30 mM NH4Cl and for 

nitrogen limited culturing the medium contained 44 mM glucose and 4 mM NH4Cl. The pH 

was measured continuously and kept constant at 6.8 by automatic addition of 1M HCl or 

1M NaOH. The dilution rate was kept at 0.2 h
-1

, oxygen was supplied at 5 l/h and stirring 

speed was regulated by dissolved oxygen tension (DO), which was kept constant at 15%. 

Chemostats were inoculated with a 50-ml mid-logarithmic growth phase culture. As solid 

medium, Luria-Bertani broth (LB) [36] was used with 1.5 % (w/v) agar. Samples for 

proteome analysis and determination of glucose, (keto-)gluconate and ammonium were 

drawn at steady state, which was reached after 5 volume changes. Cultures were first 

grown and sampled in the absence of toluene. After sampling, toluene was continuously 

added to the culture with a KD Scientific syringe pump (Applikon) to final concentrations 

of 1 or 2 mM. After steady state had been re-established, samples were drawn for analysis 

of the culture under toluene adapted conditions. 

 

Determination of biomass yield. Biomass concentration was determined by measuring 

the optical density (OD) at 600 nm. Cell dry weight (CDW) was calculated from OD600 by 

the following conversion factor: 1 OD600 unit represents a cell dry weight (CDW) 

concentration of 0.46 g/l. For calculation of protein content, the assumption was made 

that 60 % of CDW consisted of protein. Biomass yield was expressed as amount of cellular 

protein produced per amount of glucose consumed (g/g). Glucose, gluconate and keto-

gluconate and ammonium concentrations were determined as described by Nijkamp et al. 

[37]. 
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Preparation of protein samples: total cell lysates. P. putida KT2440 protein extracts were 

prepared for analysis with 2-D gel electrophoresis using an SDS extraction protocol for E. 

coli [38]. In brief, cells were resuspended in an SDS buffer (0.2 % SDS, 0.028 M Tris-HCl, 

0.022 M Tris-base and 0.2 M DTT, pH 8.0) and boiled for 10 min at 100 ºC. After cooling on 

ice 1/10 (v/v) DNase/RNase mix (1mg/ml DNAse, 0.25mg/ml RNAse, 0.476 M Tris-HCl, 

0.024 M Tris-base, 0.05 M MgCl2) was added. Subsequently, the protein fraction in the 

sample was precipitated with 0.5 ml methanol and 0.125 ml chloroform and mixed for 30 

min at 600 rpm (Eppendorf, thermomixer). The precipitate was collected by centrifugation 

at 20 800 × g for 10 min. The pellet was washed with 1 ml of methanol and re-centrifuged 

at 20 800 × g for 10 min. Finally, the protein pellet was solubilized in rehydration buffer 

(9.5 M urea, 4% (w/v) CHAPS, 25 mM DTT, pH 8.5) by sonification (4 × 5 sec). Protein 

concentrations were determined with the RC/DC protein-assay (Bio-Rad) according to the 

manufacturer’s instructions. The protein samples were stored in 100 µl aliquots at -80 ºC.  

 

Preparation of proteins samples: membrane protein extracts. Membrane proteins were 

extracted as described by Phadke et al. [39] with slight modifications. In brief, cells were 

resuspended in an SDS buffer (0.2% SDS, 0.028 M Tris-HCl, 0.022 M Tris-base and 0.2 M 

DTT, pH 8.0) containing 1/10 (v/v) DNAse/RNAse mix (1mg/ml DNAse, 0.25 mg/ml RNAse, 

0.476 M Tris-HCl, 0.024 M Tris-base, 0.05 M MgCl2). After 10 min the sample was 

sonicated on ice (4 x 5 s) and centrifuged for 1 min at 2500 ×g. The supernatant was 

collected and diluted with ice-cold 0.1 M sodium carbonate (pH 11) and slowly stirred on 

ice for 1 h. Carbonate treated samples were centrifuged at 100 000 × g, for 1 h at 4 ºC 

using a Beckman ultracentrifuge (Mijdrecht, The Netherlands). The pellet (containing the 

membrane-associated protein fraction) was washed twice with 50 mM Trizma-base pH 

8.9, ultracentrifuged at 100 000 ×g for 10 min and solubilized by sonification in 

rehydration buffer (9.5 M urea, 4 % (w/v) CHAPS, 25mM DTT, pH 8.5) for 2D gel 

electrophoresis. The proteins from the ‘sodiumcarbonate’ supernatant were precipitated 

with chloroform/methanol and washed with methanol as described for total cell lysate 

protein preparation. Solubilization occurred through sonification (4 x 5 sec) in rehydration 

buffer (9.5 M urea, 4 % (w/v) CHAPS, 25mM DTT, pH 8.5). Protein concentrations were 

determined with the RC/DC protein-assay. The protein samples were stored in 100 μl 

aliquots at -80 ºC. 

 

Labeling of proteins with CyDyes. Protein samples were prepared and labeled according 

to the manufacturer’s protocol. In brief, 75 μg of extracted protein was labeled with 400 

pmol N-hydroxy succinimidyl ester-derivates of the cyanine minimal dyes Cy2, Cy3 or Cy5 

which were freshly dissolved in 99.8% N,N-dimethylformamide (Sigma).  Labeling 

reactions were performed on ice in the dark, for 30 min. The reaction was quenched by 

the addition of 1.0 µL of a 10 mM L-lysine solution (Merck) and left on ice for 10 min. 
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2-D Gels. For the first dimension electrophoresis, 75 μg aliquots of Cy2, Cy3 and Cy5-

labeled proteins were mixed and loaded on a 24 cm Immobiline Dry-Strip pH 4-7  in 450 µL 

rehydration buffer (9.5 M urea, 4 % (w/v) CHAPS, 1 % Destreak (GE Healthcare), pH 8.5). 

Strips were rehydrated overnight in a rehydration tray. Isoelectric focusing was carried out 

using an IPGphor (GE Healthcare) for a total of 60-67 kVh, with the current set to 50 µA 

per strip, at 20 ºC. Prior to the second dimension, the IPG strips were incubated for 15 min 

in equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS) 

containing 1% (w/v) DTT, followed by 15 min incubation in equilibration buffer containing 

2.5 % (w/v) iodoacetamide instead of DTT. Second dimension electrophoresis was 

performed on lab-cast 12.5 % polyacrylamide gels in a DALTsix
TM

 electrophoresis unit. The 

IPG strips were placed on the top of 12.5 % polyacrylamide gels and sealed with a solution 

of 1% (w/v) agarose, with a trace of bromophenol blue. Gels were run at 1 W per gel for 

60 min, followed by 2 W per gel, until the bromophenol blue had migrated to the bottom 

of the gel.  

 

Post-staining of the gels. Staining with ProteomIQ Blue was performed according to Wijte 

et al. [40]. DIGE gels were fixed for 60 min in MeOH / acetic acid (25 %/10 % in Milli-Q) 

prior to post-staining with ProteomIQ Blue. 

 

Image acquisition and analysis. DIGE gels with CyDye-labeled proteins were scanned with 

a Molecular Imager FX (100 µm resolution, middle sensitivity, Cy2: 488 nm laser, Cy3: 532 

nm laser and Cy5: 635 nm laser) and converted with Quantity-One 4.4.0 software (Bio-

Rad) to tiff file format. Image analysis was performed using Decyder software version 6.5 

(GE Healthcare). After cropping and filtering, images were subjected to automated 

Difference in-gel analysis (DIA) and Biological Variation Analysis (BVA). For all experiments 

the paired Student’s t-test was used. To analyze differences in protein levels, the Decyder 

6.5 software was used, and a p value of less than or equal to 0.05 was considered 

statistically significant. In addition, False Discovery Rate (FDR) correction was performed. 

 

In-Gel Digestion and MS analysis. Protein spots were excised and digested in-gel with 

trypsin, using the protocol of Havlis et al. [41]. In brief, gel fragments were washed with 

water for 5-10 min and dehydrated in 100% acetonitrile for 20 min. Acetonitrile was 

aspirated, and gel fragments were dried in a vacuum centrifuge and rehydrated for 60 min 

in a 1.5 µM solution of modified trypsin (Promega) in 50 mM NH4HCO3 buffer at room 

temperature. Subsequently, the solution was incubated at 58 ºC for 30 min. The reaction 

was stopped by adding 1µL of formic acid. The protein fragments were extracted by 

adding 50 µL of 0.1 % (v/v) trifluoroacetic acid (TFA) in 50 % acetonitrile. The extracts were 

pooled and dried in a vacuum centrifuge. The protein digests were dissolved in 20 µL of 5 

% (v/v) formic acid and 10 µL of this solution was applied to a ZipTip µ-C18 column 

(Millipore). The ZipTip column was washed with 10 µL of 0.1 % (v/v) aqueous TFA, before 
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the peptides were eluted. Protein fragments were eluted from the ZipTip column onto the 

MALDI-target by applying 1 µL of a saturated solution of cyano-4-hydroxycinnamic acid in 

50 % acetonitrile and 0.1 % (v/v) trifluoroacetic acid (TFA). Peptides were were first 

subjected to MALDI MS using a Biflex III instrument (Bruker Daltonics), using delayed 

extraction and reflectron mode with positive ion detection. The mass scale was calibrated 

with the trypsin autodigestion product of known [M+H]
+

 mass, 2211.1 Da, and the keratin 

9 fragment [M+H]
+
, 2705.2 Da. In those cases where MALDI MS did not produce reliable 

results, samples were subjected to µLC-ESI MS/MS, to obtain amino acid sequence 

information from observed digest peptides. µLC-ESI tandem mass spectrometric analyses 

of the total cell lysate were conducted on a Q-TOF hybrid instrument equipped 

(Micromass, Altrincham, UK) with a standard Z-spray electrospray interface (Micromass) 

and an Alliance, type 2690 liquid chromatograph (Waters, Milford, MA, USA). The 

chromatographic hardware consisted of a pre-column splitter (type Accurate; LC Packings, 

Amsterdam, The Netherlands), a six-port valve (Valco, Schenkon, Switzerland) with a 10 or 

50 μl injection loop mounted and a PepMap C18 (LC Packings) or Vydac C18 column (both 

15 cm x 300 μm I.D., 3 μm particles). A gradient of eluents A (H2O with 0.2% (v/v) formic 

acid) and B (acetonitrile with 0.2% (v/v) formic acid) was used to achieve separation. The 

flow delivered by the liquid chromatograph was split pre-column to allow a flow of 

approximately 6 μl/min through the column and into the electrospray MS interface. 

MS/MS product ion spectra were recorded using a cone voltage between 25 and 40 V and 

a collision energy between 30 and 35 eV, with argon as the collision gas (at an indicated 

pressure of 10
-4

 mBar). Mass spectra in TOF MS and MS/MS mode were in a mass range of 

50-1600 m/z with a resolution of 8000 full width at half maximum height.  

 

LC mass spectrometric analyses of the membrane enriched fraction were carried out on a 

nanoLC-LTQ-FTICR-MS (Thermo, San Jose, CA). An Agilent 1200 series LC system was 

equipped with a 20mm Aqua C18 (Phenomenex, Torrance, CA) trapping column (packed 

inhouse, i.d., 100 μm; resin, 5 μm) and a 200 mm ReproSil-Pur C18-AQ (Dr. Maisch GmbH, 

Ammerbuch, Germany) analytical column (packed in-house, i.d., 50 μm; resin, 3 μm). 

Trapping was performed at 5 μL/min for 10 min, and elution was achieved with a gradient 

of 10–38% B in 35 min, 38–100% B in 3 min, 100% B for 2 min. The flow rate was passively 

split from 0.45 mL/min to 100 nL/min as described previously [42]. Nanospray was 

achieved using a distally coated fused silica emitter (New Objective, Cambridge, MA) (o.d., 

360 μm; i.d., 20 μm, tip i.d. 10 μm) biased to 1.7 kV. In the case of the LTQ-FTICR, the mass 

spectrometer was operated in the data dependent mode to automatically switch between 

MS and MS/MS. Survey full scan MS spectra were acquired from m/z 150 to m/z 1500 in 

the FT analyzer with a resolution of R = 100 000 at m/z 400 after accumulation to a target 

value of 1 000 000 in the linear ion trap. The two most intense ions at a threshold of above 

500 were fragmented in the linear ion trap using collisionally induced dissociation at a 

target value of 10 000.  
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Data analysis. Spectra of the LTQ-FTICR were processed with Bioworks 3.3.1 (Thermo, 

Bremen, Germany) and the subsequent data analysis for MALDI-TOF, µLC-ESI MS/MS and 

LTQ-FTICR was carried out using an inhouse-licensed Mascot search engine (version 2.1.0, 

Matrix Science, U.K.). The MALDI TOF-MS, µLC-ESI MS/MS and LTQ-FTICR data were 

searched against the Swissprot database (search limitation: Bacteria) and P. putida KT2440 

database (NCBI access no. NC_002947), with carbamidomethyl cysteine as a fixed 

modification and oxidized methionines as variable modification. Trypsin was specified as 

the proteolytic enzyme, and up to two missed cleavages were allowed for MALDI-TOF MS, 

µLC-ESI MS/MS and LTQ-FTICR. For MALDI-TOF MS the mass tolerance of the precursor 

ion was set to 120 ppm. When the MASCOT probability based match factor for MALDI-TOF 

was larger than >53, no further MS experiments were done. For µLC-ESI MS/MS the mass 

tolerance of the precursor ion was set to 100 ppm, and that of fragment ions was set to 

2.0 Da. Next, for the LTQ-FTICR MS/MS the mass tolerance of the precursor ion was set to 

5 ppm, and that of the fragment ions was set to 0.6 Da. The following criteria were used 

for protein identification with µLC-ESI MS/MS or LTQ-FTICR MS/MS: all proteins in the set 

have a minimal Mascot score of >80 per protein, and at least 3 confident and unique 

peptide identifications per protein had to be detected. Furthermore, the identified protein 

had a theoretical MW and pI similar to the experimental one found in the 2-D gels. Using 

these stringent identification criteria allowed the identification of a single unique protein 

from most 2-D gel spots. However, in some cases the separation power of the 2-D gel was 

exceeded and more than one protein was identified in a single spot. In cases where both 

proteins showed similar abundance, both where considered as differentially expressed. 

However, when proteins showed both up- and down-regulation in the presence of toluene 

the abundance of the co-eluting proteins was neglected, and the observed regulation was 

attributed to the most abundant protein. For functional profiling of the identified proteins, 

the website http://www.pseudomonas.com/searchBoolean.jsp with the selected genome 

Pseudomonas putida KT2440 was used.  

 

RESULTS 

Toluene tolerance and effect of toluene on biomass yield of P. putida KT2440 

To investigate the effect of organic solvent on the proteome profile, P. putida KT2440 was 

cultivated in chemostats in the presence and absence of toluene. Since nutrient limitation 

has been shown to have a large impact on global gene transcription [32,43], chemostat 

cultures were performed both under carbon or nitrogen limitation. Cells were cultivated 

from low toluene concentrations to higher concentrations in small steps of about 0.5 mM. 

In this way growth of P. putida KT2440 could be obtained at toluene concentrations up to 

2.0 mM under N-limitation. Above this concentration no more growth was observed, 

while cultivating under C-limitation the strain tolerated 2.5 mM toluene. For both C- and 

N-limitation conditions, the glucose and ammonium consumption was monitored at 

steady state level, in the absence and presence of 1 mM and 2 mM toluene (table 1). The 
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residual glucose concentration was (next to) zero in the carbon limited cultures (table 1), 

but some residual 2-ketogluconate was observed in the presence of toluene. In the 

nitrogen limited cultures, all nitrogen was consumed irrespective of the presence of 

toluene (table 1). From these data the biomass yield was calculated which showed a 

decrease of 27-36% in the presence of 2 mM toluene under both limitation conditions 

compared to the cultures from which toluene was absent. 

 

 

 
 

 

Figure 1A: 2D-DIGE comparison of total cell lysates from P. putida KT2440 grown under carbon 

limitation in the absence (Cy3, green) and presence of 2 mM toluene (Cy5, red). 1B: Comparison of 

P. putida KT2440 grown under carbon limitation in the absence (Cy3, green) and  presence of 2 mM 

toluene (Cy5, red) for the total amount of OprH in the total cell lysate and the membrane enriched 

fraction. Arrows indicate OprH.   
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Effect of toluene on the proteome of P. putida KT2440; total cell lysate analysis 

For studying the proteomic response of P. putida KT2440 to toluene four different 

conditions were compared: presence or absence of 2 mM toluene under carbon or 

nitrogen limitation. To enable a proper statistical analysis, six gels were used, so that every 

chemostat condition was represented in three gels. For each of the 6 gels, a Cy2 labeled 

mixture of all protein samples was used as the internal standard minimizing the gel-to-gel 

variation in the six gels [44]. Biological variation analysis (BVA) revealed that a total of 

approximately 626 to 820 protein spots could be matched under all four conditions, from 

which 92 spots were found to be significantly (p < 0.05) differentially expressed when 

toluene free conditions were compared with 2 mM toluene, irrespective of the nutrient 

limitation. Of the 92 differentially expressed spots, 45 spots were up-regulated and 47 

spots were down-regulated upon toluene exposure. All 92 differentially expressed protein 

spots were excised from a post-stained DIGE gel (figure 1) and the proteins in these spots 

were identified by MALDI or when identification was hampered LC MS/MS peptide mass 

spectrometry was used. The criteria used to accept identifications were a combination of 

MASCOT score (MALDI >53 and for LC-MS >80), a minimum of 3 matching peptides and a 

consistent pI and  molecular weight of the identified protein with the location in the 2-D 

gel. Applying these thresholds for identification a total of 96 proteins could be confidently 

identified from 91 protein spots, illustrating that in several cases more than one protein 

was identified in a single spot. This phenomenon is well known for 2-D gel separation 

strategies where the separation power is exceeded by the complexity of the sample, and is 

in line with similar reported studies [45,46]. In general, when two proteins were identified 

in one gelspot, complying with our stringent identification criteria, we considered both 

proteins as differentially expressed when no distinction could be made in protein 

abundance based on the number of peptides identified, preventing the increase of false 

negatives. Supplementary table 1A (page 119) shows the identified proteins from the 

selected 2D gel spots. Proteins with an up-regulation between 1.3 and 2 are marked as “+” 

and proteins with an up-regulation of 2 or more are marked as “++”. Similarly, proteins 

between -1.3 and -2 were marked as “–“ and proteins with a down regulation of -2 or 

more are marked as “-- “. Overall, the 96 proteins from the 91 identified protein spots 

selected spots from the gels corresponded to 63 proteins and 33 isoforms or post-

translationally modified forms of these proteins, see table 2. Of these 33 modified protein 

spots, 10 were observed only when cells were grown in the presence of toluene while the 

other 23 were also detected under toluene-free conditions. 
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Table 1: Cell dry weight (CDW), amount of glucose consumed, and yield of P. putida KT2440 during 

continuous culturing in N-limited- and C-limited mineral medium, in the absence and presence of     

1 mM or 2 mM toluene. Values are the means of two independent chemostats; maximum deviation 

from the mean was less than 5%. 

    

  N-limitation C-limitation 

 0mM  1mM  2mM  0mM  1mM  2mM 

  Toluene Toluene Toluene Toluene Toluene Toluene 

CDW (g · l-1) 0.56 0.56 0.56 0.65 0.6 0.47 

Residual Glucose (mM) 36.6 34 34 0 0 0 

Yield (g protein · g-1 glucose) 0.28 0.18 0.18 0.22 0.2 0.16 

Gluconate accumulated (mM) 0.87 0 0.02 0 0 0 

Keto-gluconate accumulated (mM) 6.61 0 0 0 0.03 0.06 

Residual Ammonia (mM) 0 0 0 23.4 24.1 26.3 

 

 

OprH(++) was for example detected in a single spot in the absence of toluene whereas it 

appeared in two separate spots in the presence of 2 mM toluene. Other differentially 

expressed identified outer membrane proteins or proteins with a relation to the cell 

envelope were; OprF(--), porin D(-), porin B(--), putative porin PP0883(++), LpxC(+), KdsA-

2(+) and VacJ(+). Next, in figure 3A the locations of the identified proteins from the total 

cell lysate are given. Furthermore, proteins are part of a larger protein complex and do not 

often function on their own. We examined in our data if there were proteins complexes of 

the ABC transport family differentially expressed.  In general, an ABC transport system 

consists of three or four proteins: the ATP-binding subunit, one or two permeases or 

porins, and a periplasmic binding protein. We identified six differentially expressed 

periplasmic binding proteins that belong to the family of ABC transporters. One of these 

six differentially expressed ATP-binding cassette proteins was identified as sugar ABC 

transporter PP1015(--). Interestingly, differentially expressed protein Porin B PP1019(--) 

corresponds to this sugar ABC transporter PP1015 (--), figure 2. Furthermore, two other 

differentially expressed periplasmic binding proteins identified as periplasmic ABC 

transporter PP0882(++) and periplasmic ABC transporter PP0885(++) showed the same 

expression profile as their corresponding putative porin PP0883(++). 
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Figure 2: Glucose catabolism and outer membrane response in toluene-adapted P. putida KT2440. 

At the top are the events that occur in the outer membrane. Proteins, which are detected and 

identified by MS, are color coded in green, red en black. Proteins indicated in red are up-regulated in 

the presence of toluene, while proteins in green are down regulated. Proteins indicated in black did 

not change significantly in the presence of toluene and proteins indicated in grey were not 

observed. 
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Effect of toluene on the proteome of P. putida KT2440; analysis of the membrane 

protein enriched fraction 

The outer cell structure is important as the barrier that prevents solvent entry and the cell 

membrane is the target site for solvent toxicity. Therefore, it was expected that a 

relatively large number of proteins associated with these cellular structures would be 

differentially expressed under toluene stress. Unfortunately, in the proteome analysis of 

the whole cell lysate only 13 of the 96 identified differentially expressed proteins could be 

linked to outer cell structures. Therefore, in order to enrich for membrane proteins we 

adapted a fractionation procedure using high pH treatment with sodium carbonate which 

leads to dissociation of peripheral proteins from the membrane and results in an 

increased solubility of membrane proteins in the rehydration buffer [47,48]. To globally 

illustrate we included in the suppl. data the effect of this pre-fractionation method, the 1-

D electrophoresis profiles of the membrane protein enriched fraction, the remaining 

protein in the supernatant after removal of the membrane enriched protein fraction and 

the total cell lysate (see suppl. data  figure S1, page 118). Clearly very different protein 

profiles were found in these different fractions. 2D DIGE analysis of the membrane protein 

enriched fraction was carried out to investigate the membrane proteome in more detail. 

The total number of detected proteins spots (300) was far smaller than in the total cell 

lysate analysis (1050). This showed that membrane enrichment resulted in a simplified 2D 

PAGE pattern (data not shown). Of these 300 protein spots a total of 260 protein spots 

could be matched under all four conditions, from which 56 spots were significantly 

(p<0.05) differentially expressed in response to toluene exposure, irrespective of the 

nutrient limitation. From these 56 spots, 37 were up-regulated during toluene exposure 

and 19 spots were down-regulated. The differentially expressed spots were excised from 

the gel and analysed by MALDI and/or LC-MS/MS. For protein identification the same 

thresholds described in the total cell lysate analysis were applied. Mass spectrometry 

analysis showed that 16 of the 56 differentially expressed spots contained more that 1 

protein. Altogether, 97 proteins were identified from 56 protein spots (see supplementary 

table 1B, page 122).  

 

Table 2: Overview of the identified proteins in total cell lysate and membrane enriched fraction. 

  Number 

of protein 

spots 

Number of 

protein spots 

identified 

Identified 

proteins 

Unique 

proteins per 

analysis 

Overlapping 

proteins 

Unique 

proteins 

Total cell 

lysate 92 91 96 63 12 51 

Membrane 

enrichment 

fraction 56 55 97 48 12 36 

Total 148 146 193 111   87 + 12 
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Figure 3: Origin of differentially expressed proteins under toluene cultivation for (A) total cell lysate 

and (B) membrane enriched fraction. 

 

This indicates that also for the membrane enriched fraction the separation power of 2-DE 

was exceeded. One of the major effects of the identification of multiple proteins in a 

single gelspot was that for the proteins: putative porin PP0883, TolC, OprB and OprQ both 

up- and down-regulation was observed in the presence of toluene. For example, TolC was 

identified in 6 gelspots in the membrane enriched fraction. In 3 protein spots TolC was 

observed as a unique protein and showed an up-regulated expression, in 2 gelspots TolC 

was the most abundant protein and still showed an up-regulated expression and finally in 

1 gelspot TolC was identified as the lesser abundant protein and was down-regulated. 

Noteworthy, the contradiction between up or down regulation of TolC was the result of 

the identification of TolC as co-migrated protein and therefore we neglected this 

expression. Next, for OprB, OprQ and putative porin PP0883, also observed in multiple 

spots, we again determined their relative abundances and neglected their expression 

when they were determined to be co-migrating proteins. From the 56 differentially 

expressed spots, 13 spots were only observed when cells were exposed to 2 mM toluene. 

Interestingly, the up-regulation of OprH(++) was now detected in eight different spots in 

the presence of toluene (figure 1B), showing a more complete overview of its different 

isoforms. Moreover, the up-regulation of OprH turned out to be even more substantial 

than was concluded based on the total cell lysate analysis. Other up-regulated proteins 

that were detected in several isoforms were the outer membrane proteins; outer 

membrane efflux protein PP4923(+), OprG(++) putative porin PP0883(+) and TolC(+). The 

latter has been reported to be involved in solvent export in E. coli [49]. Next, DIGE-MS 
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analysis of the membrane fraction also allowed the identification of a number of highly 

differentially expressed outer membrane proteins such as OprL(++) and OprG(++). These 

proteins remained undetected in the total cell lysate analysis. Noteworthy, also TtgA a 

protein of the solvent and antibiotic efflux pump TtgABC could be identified. Overall, the 

relatively high number of differentially expressed membrane associated proteins (45 of 

the 97 proteins) showed that the sodium carbonate treatment resulted in a membrane 

protein enriched fraction (see figure 3B). Although several of the identified proteins in the 

membrane enriched fraction were related to the cell envelope, as expected, there was 

also a significant amount of proteins identified with a function related to energy 

metabolism. The energy related proteins fumarate hydratase(+), SucC(+) and Qor-1(++) 

were found as differentially expressed. The identification of proteins with a role in energy 

production was not unique for the membrane enriched fraction.  

 

Protein classification
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Figure 4: Responses of the P. putida KT2440 to toluene represented per functional category. Every 

bar, indicates the number of unique proteins, differentially expressed in response to toluene. Black 

bars, up-regulated in the presence of toluene, gray bars indicate down-regulated in the presence of 

toluene, white bar indicate up/down-regulated in the presence of toluene. 

 

In the total cell lysate we identified six differentially expressed proteins from the TCA cycle 

(figure 2). The identified proteins from the TCA cycle were all + or ++ differentially 

expressed under toluene stress. Furthermore, DIGE analysis showed that from our 

membrane enrichment approach 12 proteins were overlapping with the total cell lysate 

analysis (table 2). Most of these 12 unique proteins showed a comparable expression in 

the total cell lysate and the membrane fraction, for example VacJ (+) showed in both DIGE 

analyses as up-regulation in the presence of toluene. Nevertheless, 1 protein showed a 
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different expression profile, IlvN was down-regulated in the membrane enriched fraction 

and up-regulated in the total cell lysate. The discrepancy between these two results can 

be related to the fact that the separation power of 2D SDS-PAGE was exceeded. Since, 

IlvN, in the membrane enriched fraction was identified together with RpsE a ribosomal 

protein in one protein spot. Therefore, IlvN was defined as not differentially up- or down 

regulated in the presence of toluene. Figure 4, shows that the classification of all the 148 

differentially expressed protein spots by their cellular function revealed 99 individual 

proteins which were classified in 9 different functional categories, e.g. cell envelope, lipid 

metabolism, energy metabolism, protein synthesis and transcription. The largest groups of 

differentially expressed proteins were proteins associated to the cell envelope (15 

proteins), proteins associated with energy metabolism (15 proteins) and proteins with an 

unknown or other function (28 proteins). 

 

DISCUSSION 

Organic solvents largely exert their toxic effects by accumulating in the cell membrane. 

Solvent tolerance mechanisms either prevent the solvent from accumulating in the cell 

membrane or attempt to ameliorate the toxic effect. In either case, toluene-induced 

effects on the proteome are expected to occur mostly in the outer cell structures and 

specifically in the outer and inner membrane. Here, we examined protein analysis of P. 

putida KT2440 in the presence and absence of toluene by Difference In Gel 

Electrophoresis (DIGE). Proteins of the outer membrane were enriched in our analysis 

using sodium carbonate fractionation and ultracentrifuge separation. We explored 

successfully whether this well-described simple membrane protein enrichment method 

could be adapted to analyze membrane proteins and especially proteins of efflux systems 

in P. putida KT2440, in the absence and presence of 2 mM toluene in the medium. DIGE 

analysis showed that from our membrane enrichment approach 12 proteins were 

overlapping with the total cell lysate analysis. However, an enrichment of outer 

membrane proteins was observed in the membrane enriched fraction (figure 3B). Below, 

we discuss in some detail the outcome of our proteome analysis in relation to solvent 

tolerance, focussing on proteins with a known relation to solvent tolerance. 

Outer membrane changes. Repulsion of solvents from the cell can be considered as the 

first mechanism of response [3]. The repulsion of organic solvents on the outer membrane 

is mainly brought by outer membrane proteins, lipids and LPS changes. The loss of outer 

membrane proteins such as OprF from P. aeruginosa and OprL from P. putida DOT-T1E has 

been shown to have an effect on solvent sensitivity of the organism [7- 9]. In our analysis 

both proteins were found to be differentially expressed in agreement with the proposed 

role of the proteins OprF(--) and OprL(++). OprH (++) has been suggested to play a role in 

membrane stabilization during adaptation to toluene [24,50] and was found to be the 

protein that was up-regulated to the highest degree in P. putida KT2440 in the presence of 
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toluene. In earlier research on Pseudomonas aeruginosa it was found that H1 (= OprH) 

plays a role in resistance to polymyxin B, gentamicin and EDTA under Mg
2+

-deficiency 

[50,51]. It has been proposed that OprH(++) has a similar function in membrane 

stabilization as Mg
2+

. Like the magnesium ions, OprH(++) can bind to the negative charged 

sites of LPS and form cross-bridges with these LPS molecules. These cross-bridges in 

between LPS molecules and OprH(++) might possibly explain why OprH(++) is detected in 

multiple spots on our 2D gels. Also the putative lipoprotein OprG was differentially 

expressed in the presence of toluene(++). Its function in solvent tolerance is unknown, but 

the differential expression can be explained by the observation that OprG(++) and 

OprH(++) are often co-expressed [52].  

 

LPS is a major component of the outer membrane of Gram-negative bacteria, and 

generally contributes to structural integrity of the bacteria and protects the bacteria from 

chemical attacks [3]. It was found that modifications of the LPS composition through 

organic solvents results in a further increase of the impermeability of the outer cell 

membrane [53,54]. Lipid A, the membrane anchor of LPS, seems to be essential for cell 

impermeability since bacterial strains with a defective lipid A biosynthesis are remarkably 

hypersensitive to antibiotics [55]. The identification of LpxC(+) and Kdsa-2(+), which are 

both involved in the biosynthesis of lipid A, suggest that P. putida KT2440 also resists 

chemical aggression by a change in the cell permeability.  

 

Active transport of organic solvents from the membrane through efflux systems. The 

tolerance of bacteria towards organic solvents cannot be explained exclusively by the 

mechanisms related to the outer cellular structure. It was found that protein efflux pumps 

separate exceptional solvent resistant bacteria from solvent sensitive bacteria [18-22]. 

Solvent efflux pumps extrude organic solvents that have accumulated in the cell 

membrane. P. putida strains lacking a dedicated solvent efflux system cannot tolerate high 

concentrations of organic solvents, illustrating the importance of solvent efflux pumps 

[56]. P. putida KT2440 can be classified as moderately sensitive to toluene despite the 

presence of TtgABC (PP1384 to PP1387), a multidrug efflux system that extrudes toluene 

in P. putida DOT-T1E [22]. Its role in toluene tolerance is inconclusive as different reports 

are contradicting each other on the subject of TtgABC induction by toluene [23,57]. We 

showed that TtgA(+) was up-regulated at the protein level in toluene-adapted cells. This 

observation suggests the efflux pump TtgABC is at least partly responsible for toluene 

tolerance in P. putida KT2440, and confirms the transcriptomics results of Dominguez-

Cuevas et al. [23]. Further analysis of our proteomic data revealed that more proteins with 

an efflux function were differentially expressed: agglutination protein (also called TolC) (+) 

and an outer membrane efflux protein PP4923(+). Both proteins TolC(+) and PP4923(+) 

showed homology to TolC of the ArcAB-TolC efflux system from Escherichia coli, which is 

involved in multiple antibiotic resistance and increases resistance against organic solvents 
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[49]. We propose that TolC(+) and PP4923(+) have a similar function in P. putida KT2440 as 

TolC in E. coli. Recent P. putida KT2440 studies underline this hypothesis, TolC was found 

differentially expressed under phenol stress and PP4923 was induced through 

chlorophenoxy herbicides [26,27]. Together our results implicate that several efflux 

proteins are important for toluene tolerance of P. putida KT2440. 

 

Energy status of the cell. Efflux pumps require energy for functioning and also the 

accumulation of solvents in the membrane will dissipate energy by an uncoupling effect 

[32,56,58]. This was reflected in a negative effect on the cell yield and growth rate in the 

presence of toluene. The yield was decreased by 27-36% in both N-limited and C-limited 

conditions. Previously, Isken et al. found a comparable decrease of the cell yield for P. 

putida JK1 in the presence of toluene in C-limited medium [56]. Several cellular responses 

may compensate for the energy loss brought about by solvent stress and the solvent 

stress response [24,25]. For example, the expression of ABC transporters and their 

correlated porins may be lowered.  ABC transporters are involved in the export of a wide 

variety of substances, like proteins, polysaccharides, antibiotics, and growth inhibitors 

which may be of less importance under toluene-stressed condition. Hence, the repression 

of these transport mechanisms may be explained as energy saving [24]. We found that an 

ABC transporter involved in sugar transport PP1015(--), which forms a complex with porin 

B(--), an outer membrane protein involved in the uptake of sugars, were both down 

regulated in the presence of toluene [59]. The down regulation of these two proteins 

suggests that more glucose is taken up as gluconate and ketogluconate, which is 

energetically more favorable [60]. However, Segura et al. found in the presence of toluene 

in P. putida DOT-T1E up regulation of the sugar transport protein PP1015 [25]. The 

discrepancy between the findings of Segura et al. [25] and this study regarding to PP1015 

may be explained by the different cultivation conditions. We used steady-state chemostat 

cultures of toluene-adapted cells instead of batch cultures that were exposed to a toluene 

shock. In agreement with the down regulation of proteins related to the glucose transport, 

several proteins of the tricarboxylic acid cycle (TCA); SucC(+), SucD(+), fumarate 

hydratase(+), KgdB(+), AceA(+), Icd(+) and LpdG(+), were up-regulated in toluene-adapted 

cells. The up-regulation of TCA cycle proteins and Eda(+) a protein which encoding an 

pathway (Entner-Doudoroff) for glucose is expected to be a compensatory response to the 

extra energy requirement [24,32,61]. The differential expression of proteins related to 

energy generation and consumption has been observed in other solvent tolerance studies. 

Earlier proteomics studies about solvent tolerance of P. putida strains to organic solvents 

showed also the induction of several TCA cycle proteins [24,25,30].  
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CONCLUSION 

In this proteomics study the importance of the outer membrane in solvent tolerance is 

shown by membrane protein enrichment in combination with differential in gel 

electrophoresis and mass spectrometry. The data presented here provides new insights in 

the biological role of proteins related to the outer membrane, efflux systems, as well as 

other cellular responses brought about by toluene. Based on these detailed insights we 

conclude that for P. putida KT2440 solvent tolerance is not related to one mechanism but 

rather a combination of mechanisms; with the most important being solvent efflux 

transport, outer cellular changes and energy production and conversion.  
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ABSTRACT 

To enhance target production from biocatalysts it is necessary to thoroughly understand 

the molecular mechanisms involved in production, degradation and, importantly, 

adaptation to the required environment. One such bacterium with high potential for bio-

catalysis is the solvent tolerant bacteria Pseudomonas putida S12, which, amongst others, 

is able to degrade organic solvents. For bioconversion of organic solvents to become a 

successful industrial process, the understanding of the molecular response upon solvent 

tolerance is essential. Here we performed a quantitative analysis of the P. putida S12 

proteome at different stages of adaptation to toluene. Using a stable isotope 

dimethylation labeling approach we monitored the differential expression of 528 proteins, 

including often hard-to-detect membrane associate proteins, such as multiple RND-family 

transporters and ABC transporters of nutrients. Our quantitative proteomics approach 

revealed the remarkable ability of P. putida S12 to severely change its protein expression 

profile upon toluene exposure. This proteome response entails a significant increase in 

energy metabolism and expression of the solvent efflux pump SrpABC, confirming its role 

in solvent tolerance. Other proteins strongly up-regulated in the presence of toluene 

include the multidrug efflux membrane protein PP1272 and the cation/acetate symporter 

ActP, and may form interesting alternative targets for improving solvent tolerance. 
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INTRODUCTION 

Bio-catalysis is a powerful tool for the production of high value compounds such as fine 

chemicals and pharmaceuticals [1-5]. Compound synthesis through the use of biological 

pathways presents several advantages over chemical synthesis. The intrinsic versatility 

and robustness of metabolic pathways removes the necessity to purify chemical 

intermediates prior to the next reaction step and allows the use of inexpensive starting 

materials. Moreover, most enzymes used in metabolic pathways are able to produce 

significant reaction rate enhancements, while operating at room temperature under 

neutral aqueous conditions [6-8]. Although most biological synthesis is performed in a 

laboratory environment, living systems like bacteria can serve as excellent hosts for the 

production of therapeutic and chemical compounds [9-11]. Engineering biological systems 

is far from trivial and necessitates extensive comprehension of the enormous complexity 

and versatility of these systems [2,12,13].  

 

One highly explored bacteria strain which has shown to be extremely versatile and has 

played a pioneering role in bio-catalysis is Pseudomonas putida [14.15]. P. putida strains 

are known to catabolize several natural products as well as industrial compounds and 

have already been implemented in large-scale industrial processes, such as the 

biodegradation of acrylonitrile to acrylate [14-16]. As a result of the bio-catalytic potential 

of this bacterium, there is great interest in unraveling the underlying molecular machinery 

of its versatile biological mechanisms [15]. One such mechanism is the intrinsic resistance 

of several P. putida strains to organic solvents [17-18]. This robustness is achieved by a 

complex biological interplay at the molecular level and understanding this interplay is 

essential for future use of P. putida in biodegradation of organic solvents (such as 

toluene). 

 

Exposure to organic solvents is lethal for most bacteria caused by an increased membrane 

fluidity resulting in the loss of ions, ATP, proteins and eventually death. The tolerance of 

several P. putida strains to organic solvents is related to their ability to induce a variety of 

defense mechanisms that change the cell envelope [19,20]. Observed defense 

mechanisms include changes in the lipopolysacharide (LPS) composition and membrane-

embedded proteins [21,22], phospholipid headgroup turnover [17], and the isomerization 

of the cis double bond geometry of unsaturated fatty acids into trans geometry [23,24]. 

These mechanisms are important for solvent tolerance, but exceptional resistance 

towards organic solvents of some P. putida strains can only be reached through active 

removal of organic solvent by solvent efflux pumps [25-27]. Moreover, it has been shown 

that the degree of tolerance to organic solvents in P. putida strains correlates with the 

number and type of efflux pumps that they express [28].  The solvent resistant strain P. 

putida S12 carries multiple types of efflux pumps, from which the efflux pump TtgABC is 

constitutively expressed while the efflux pump SrpABC is expressed upon contact with 
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organic solvents [26]. Interestingly, TtgABC has never been shown to play a role in solvent 

tolerance in P. putida S12 whereas for the P. putida strain DOT-T1E, TtgABC does extrude 

organic solvents [28]. Therefore, a first step towards elucidation of the critical 

mechanisms for solvent tolerance in P. putida S12 is the identification of efflux proteins 

during different stages of solvent adaptation.  

 

The mechanisms of solvent tolerance in several P. putida strains have been studied by 

monitoring gene transcription patterns during various adaptation stages and genes crucial 

for solvent tolerance have been identified [29,30]. However, mRNA abundance does not 

necessarily correlate well with protein expression levels, which can be partly explained by 

differences in protein turnover and a time-lag between mRNA and protein synthesis 

[31,32]. Therefore, screens at the proteome level are needed for studying the molecular 

mechanisms related to solvent tolerance. Although, several of such proteomics studies 

have appeared recently, using P. putida strains [33-35], none of these succeeded in the 

identification of cytoplasmic membrane proteins and in particular proteins of solvent 

efflux pumps, which are thought to be essential in solvent tolerance.  

 

Here we combine 1D-SDS-PAGE protein separation, tryptic digestion, stable isotope 

dimethyl peptide labeling and LC-MS/MS to perform a more in-depth quantitative analysis 

of the P. putida S12 proteome at different stages of solvent adaptation. We differentially 

monitored the P. putida S12 proteome in the absence of toluene (WT), and in the 

presence of 3mM and 5mM toluene. Our approach led to the quantification of over 500 

proteins, many of which are involved in energy metabolism. Proteins belonging to the 

solvent efflux pump SrpABC showed a very significant up-regulation in response to the 

presence of 3mM and 5mM toluene and are thus interesting targets for bioengineering 

approaches to improve solvent tolerance. 

 

EXPERIMENTAL 

Strain and growth conditions. P. putida S12 was continuously cultured in chemostats in 

mineral glucose medium in the presence and absence of 3mM and 5mM toluene as earlier 

described by Volkers et al. [30,35] and Isken et al. [36]. Biological duplicates of wild-type P. 

putida S12 were grown at 30ºC in two-liter chemostats (BioFloIIc, New Brunswick 

Scientific) with a working volume of one liter. Chemostats were inoculated with a 50ml 

mid-logarithmic growth phase culture. As solid medium, Luria-Bertani broth (LB) was used 

with 1.5% (w/v) agar. Continuous culturing was carried out in the presence and in the 

absence of toluene with a defined carbon limited minimal medium. Carbon limited 

culturing was performed in duplicate and the minimal medium contained 10mM glucose 

and 30mM NH4Cl. The pH was measured continuously and kept constant at 6.8 by 

automatic addition of 1M HCl or 1M NaOH. The dilution rate was kept at 0.2h
-1

, oxygen 

was supplied at 5l/h and stirring speed was regulated by dissolved oxygen tension (DO), 
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which was kept constant at 15%. Cultures were first grown to steady-state conditions and 

sampled in the absence of toluene. After sampling, toluene was continuously added to the 

culture with a KD Scientific syringe pump (Applikon) to final concentrations of 3mM or 

5mM. After steady state had been re-established, samples were drawn for analysis of the 

culture under toluene adapted conditions. In all cases steady-state levels were reached 

after 5 volume changes, taking 30 hrs, at which point samples for proteome analysis and 

determination of glucose and ammonium were drawn. Biomass concentration was 

determined by measuring the optical density (OD) at 600nm. Cell dry weight (CDW) was 

calculated from OD600 by the following conversion factor: 1 OD600 unit represents a cell dry 

weight (CDW) concentration of 0.46g/l. For calculation of protein content, the assumption 

was made that 60% of CDW consisted of protein. Biomass yield was expressed as amount 

of cellular protein produced per amount of glucose consumed (g/g). Glucose and 

ammonium concentrations were determined as described by Nijkamp et al. [37]. 

 

Protein preparation. P. putida S12 protein extracts were prepared for analysis with 1-D 

gel electrophoresis using an SDS extraction protocol for E. coli [38]. In brief, cells were 

resuspended in an SDS buffer (0.2% SDS, 0.028M Tris-HCl, 0.022M Tris-base and 0.2M 

DTT, pH 8.0) and boiled for 10min at 100ºC. After cooling on ice 1/10 (v/v) DNase/RNase 

mix (1mg/ml DNAse, 0.25mg/ml RNAse, 0.476M Tris-HCl, 0.024M Tris-base, 0.05M MgCl2) 

was added. Subsequently, the protein fraction in the sample was precipitated with 0.5ml 

methanol and 0.125ml chloroform and mixed for 30min at 600rpm (Eppendorf, 

thermomixer). The precipitate was collected by centrifugation at 20 800g for 10min. The 

pellet was washed with 1ml of methanol and re-centrifuged at 20 800g for 10min. Finally, 

the protein pellet was solubilized in rehydration buffer (9.5M urea, 4% (w/v) CHAPS, 

25mM DTT, pH 8.5) by sonification (4 × 5sec). Protein concentrations were determined 

with the RC/DC protein-assay (Bio-Rad) according to the manufacturer’s instructions.  

 

Protein separation and in-gel tryptic digestion. For each condition of both chemostats 

100ug protein was mixed with 20uL sample buffer (0.5 M Tris, pH 6.8 , 33% (v/v) 10% SDS, 

17% (v/v) glycerol, 8% (v/v) β-mercaptoethanol, 8% (v/v)  and 0.1% Bromophenol blue). 

Proteins were incubated for 10 min with sample buffer at 60°C. SDS-PAGE electrophoresis 

was carried out on a homemade 10% SDS-PAGE gel in a Hoeffer 600 system (GE 

Healthcare) at 15 mA/gel until the bromophenol blue had migrated to the bottom of the 

gel, after which proteins were visualized using ProteomIQ Blue (Tyriandiagnostics, 

Australia) (see supplementary figure S1, page 125). Each gel lane from the SDS-PAGE gel 

was divided into 20 slices and each slice was cut into small (approximately 1 mm
3
) pieces. 

The gel pieces were washed, in-gel reduced with 45mM dithiothreitol (50°C, 15min), 

alkylated with 100mM iodoacetamide (dark, RT, 15min) and digested by adding trypsin at 

a concentration of 10 ng/μl (overnight at 37°C) as described by Wilm et al.[39]. 
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Dimethyl stable isotope labeling. Stable isotope labeling by reductive amination of the 

tryptic peptides was achieved as described previously [40]. In short, tryptic digests were 

dried in vacuo and resuspended in 20μL of triethylammonium bicarbonate (100mM). 

Subsequently, 7μL formaldehyde-H2 (573µmol) was added and vortexed, followed by the 

addition of freshly prepared sodium cyanoborohydride. Subsequently the samples were 

mixed for 60min at RT. To consume the excess of formaldehyde, 16uL of ammonia 

solution was added after which 5% formic acid was added to acidify the solution. For the 

heavy labeling, formaldehyde-D2 (573µmol) was used. The light and heavy dimethyl-

labeled samples were mixed in a 1:1 ratio. 

 

LC-MS/MS. LC-MS/MS was performed with a nanoLC coupled to either an LTQ-Orbitrap or 

LTQ-FTICR (Thermo Scientific, Bremen, Germany). An Agilent 1200 series LC system was 

equipped with a 20mm Aqua C18 (Phenomenex, Torrance, CA) trapping column (packed 

inhouse, i.d., 100μm; resin, 5μm) and a 200mm ReproSil-Pur C18-AQ (Dr. Maisch GmbH, 

Ammerbuch, Germany) analytical column (packed in-house, i.d., 50μm; resin, 3μm). 

Trapping was performed at 5μL/min for 10 min, and elution was achieved with a gradient 

of 10–38% B in 35min, 38–100% B in 3min, 100% B for 2min. The flow rate was passively 

split from 0.45mL/min to 100nL/min. Nanospray was achieved using a distally coated 

fused silica emitter (New Objective, Cambridge, MA) (o.d., 360μm; i.d., 20μm, tip i.d. 

10μm) biased to 1.7kV. The mass spectrometer was operated in the data dependent mode 

to automatically switch between MS and MS/MS. Survey full scan MS spectra were 

acquired from m/z 350 to m/z 1500 with a resolution of R = 60 000 (Orbitrap) or R = 100 

000 (FTICR) at m/z 400 after accumulation to a target value of 500 000 in the linear ion 

trap. The two most intense ions at a threshold of above 500 were fragmented in the linear 

ion trap using collisionally induced dissociation at a target value of 10 000. 

 

Data analysis. Spectra were processed with Bioworks 3.3.1 (Thermo, Bremen, Germany) 

and the subsequent data analysis was carried out using an in-house-licensed Mascot 

search engine (version 2.1.0, Matrix Science, U.K.). The MS data was searched against the 

Swissprot database with search limitation ‘bacteria’ and, in a separate search, the P. 

putida KT2400 database. Carbamidomethylation of the cysteines was set as fixed 

modification and protein N-acetylation, oxidized methionines and ’light’ and ‘heavy’ 

methylation of peptide N-termini and lysine residues were set as variable modifications. 

Trypsin was specified as the proteolytic enzyme and up to two missed cleavages were 

allowed. The mass tolerance of the precursor ion was set to 15 ppm and that of fragment 

ions was set to 0.9 Da. Protein identifications were accepted when at least in one of the 

two conditions (“WT/3mM” and “3mM/5mM”) two unique peptides had a mascot score ≥ 

26. Quantification was performed using MSQuant [41]. Briefly, peptide ratios between the 

monoisotopic peaks of light and heavy forms of the peptide were calculated and averaged 

over consecutive MS cycles for the duration of their respective LC-MS peaks in the total 
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ion chromatogram using only MS scans. Heavy and light labeled peptides were found to 

largely co-elute as described previously [40]. All identified peptides that were differentially 

expressed were manually validated (i.e. peak integration and MS isotopic distribution), 

which lead to the removal of ~3% of initially assigned peptides. 

 

RESULTS  

To investigate the molecular mechanisms involved in the response of P. putida S12 upon 

exposure to the organic solvent toluene we monitored quantitatively, changes in the  

proteome of wild-type P. putida S12 (i.e. grown without organic solvent exposure) versus 

in the presence of 3mM and 5mM toluene, respectively. Biological duplicates of P. putida 

S12 were cultivated in chemostat cultures limited for carbon (i.e. glucose) to limit the 

growth variation. Toluene was continuously added to the culture to final concentrations of 

3mM or 5mM. The glucose consumption was monitored at steady state level, and the 

biomass yield in the presence of 3mM toluene was equal to the biomass yield in the 

presence of 5mM toluene, a ~50% decrease in comparison to WT (see supplementary 

table S2, page 125) meaning that the glucose consumption per CDW increased. P. putida 

S12 cells were harvested and proteins were extracted so that 100 μg protein extracts of 

the WT, 3mM and 5mM toluene exposed P. putida S12 cells were subsequently separated 

by 1D SDS-PAGE. The 1D gel lane of each condition was cut into 20 slices and each slice 

was digested in-gel using trypsin.  

 

To be able to quantitatively monitor the proteomic changes from WT to 3mM and 5mM 

toluene exposure, we followed the protocol schematically depicted in Figure 1. After 

tryptic digestion of the cellular lysates, the resulting peptides from both WT and 5mM 

toluene exposure were isotopically labeled with normal formaldehyde, ‘light’, whereas the 

peptides resulting from the 3mM toluene exposed P. putida S12 cells were labeled with 

deuterated formaldehyde, ‘heavy’ [40]. Next, we mixed the light labeled WT peptides with 

the heavy labeled 3mM peptides and, in a second experiment, the heavy labeled 3mM 

peptides with the light labeled 5mM peptides, in a 1:1 ratio and analyzed both peptide 

mixtures by LC-MS/MS using an LTQ-Orbitrap (or LTQ-FTICR). This experimental setup 

allows us to monitor the changes in protein expression of P. putida S12 upon exposure to 

toluene through “sub-lethal” conditions (3mM) to “lethal” conditions (5mM). The peptide 

tandem MS spectra were searched against the Swissprot and the P. putida KT2440 (NCBI 

access no. NC_002947) databases using MASCOT. In total we identified 600 proteins, with 

496 identified proteins found under all conditions, whereas 89 proteins were exclusively 

found when WT was compared with 3mM, and 15 exclusively found when 3mM was 

compared with 5mM. Most of the identified proteins showed similarity with proteins from 

the sequenced strain P. putida KT2440. However, 7 proteins were exclusively identified 

when searching the Swissprot database including proteins of the efflux pump SrpABC, 

which are known to be specific proteins of the P. putida S12 strain [26].  
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Figure 1: Schematic overview of the quantitative proteomics approach utilizing stable isotope 

dimethyl labeling. 
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Figure 2: Expression profiles of all quantified P. putida S12 proteins (A-B). Log
2
 ratios of (A) 528 

quantified proteins in WT versus 3mM toluene and (B) 493 quantified proteins in 3mM versus 5mM 

toluene, plotted by increasing ratio. The error bars show the SD of peptide ratios per protein in a 

single experiment. Up-regulated protein expression patterns upon exposure to toluene (C). (1) 

Proteins not differentially up-regulated in the presence of 3mM toluene but differentially up-

regulated in the presence of 5mM toluene. (2) Proteins differentially up-regulated in the presence of 

3mM toluene and differentially down-regulated in the presence of 5mM toluene, (3) Proteins 

differentially up-regulated in the presence of 3mM toluene and unchanged in the presence of 5mM 

toluene. (4) Proteins differentially up-regulated in the presence of 3mM and 5mM toluene. 



 

 

86 

Quantification of the identified proteins was achieved using the open source platform 

MSQuant [41] whereby the quantification results were manually verified. For 

quantification we used at least in one of the two conditions a minimum of two peptides 

(Mascot score >20) per protein, resulting in the quantification of 493 proteins in both 

conditions and 35 proteins that were unique for WT compared to 3mM. The 35 unique 

proteins for WT compared to 3mM were included for further analyses since all 35 proteins 

were down regulated in the presence of toluene and therefore potentially of interest in 

the present study. The total list of the 528 quantified proteins can be found in 

supplementary tables S3 and S4, including the number of peptides used for quantification 

and standard deviations for both the quantification (i.e. peptide ratios per protein) and 

the biological duplicates.  

 

A global overview of the relative changes in the proteome of P. putida S12 upon exposure 

to toluene is given in Figure 2A and 2B. Proteins that showed an increase or decrease in 

expression level of >2.0 fold or <0.5 fold in both analyses were considered as differently 

expressed, (see supplementary table S3). Ratios between 0.5 - 2.0 fold were not 

considered to be changed. Interestingly, in general the protein ratios profile of all proteins 

in the dataset in which we compared WT to 3mM toluene, termed “sub-lethal” stage, was 

much more distributed around a ratio of 1 (figure 2A) when compared to the dataset 

comparing 3mM versus 5mM toluene, called “lethal” stage. The lethal stage shows 

regulation of almost half of the quantified proteins (figure 2B). In total, 132 proteins were 

differentially expressed in the presence of 3mM toluene compared to WT, from which 79 

proteins were found to be down-regulated (15%) and 53 proteins up-regulated (10%). In 

the presence of 5mM toluene a total of 247 proteins were differentially expressed, 135 

proteins were down-regulated (27%) and 112 proteins were up-regulated (23%).  

 

To interrogate the quantitative proteome dataset in relation to the response mechanisms 

of P. putida S12 upon exposure to toluene, we primarily focused on proteins that were 

differentially up-regulated (2.0 fold or more increase). The expression profiles of these up-

regulated proteins were clustered as shown in Figure 2C. The highest number of proteins, 

i.e. 100, showed no differential up-regulation in the presence of 3mM toluene but major 

differential up-regulation in the presence of 5mM toluene (Figure2C, category 1). From 

these, more than 25 proteins have a function related to energy metabolism such as the 

TCA cycle, ATP protein motive force and glycolysis. Furthermore, also several chaperones 

belonging to the RpoH family, like GroEL and DnaK, where differentially expressed in the 

presence of 5mM toluene.  
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The remaining up-regulated proteins, all showing up regulation in the presence of 3mM 

toluene, can be roughly separated in three different profiles. However, 16 of these 

proteins become down regulated at 5mM toluene (Figure2C, category 2), the expression 

of 25 proteins does not change between 3 and 5mM toluene (Figure2C, category 3) and 12 

proteins are even further up-regulated (Figure2C, category 4) in the presence of 5mM 

toluene. The biological function of the 16 proteins that show an increase in expression at 

3mM followed by a decrease at 5mM, and the 25 proteins that show an increase in 

expression at 3mM followed by no change towards 5mM toluene are mostly related to 

protein synthesis (several ribosomal proteins) and the biosynthesis of the peptidoglycan 

cell wall. Most interestingly are the 12 proteins that become already up-regulated at 3mM 

toluene, and even more at 5mM toluene (Figure2C, category 4). Most of the identified 

proteins belonging to this group can directly be linked to solvent tolerance mechanisms, 

like the efflux pump SrpABC, the cell envelope protein OprH and the energy related 

proteins, CyoA, CyoB, and AceA. Noteworthy, most of the energy related proteins that 

were identified in the group of 53 proteins do not function on their own but are part of a 

larger protein complex, for example CyoA, and NuoCD. CyoA is part of the cytochrome o 

ubiquinol oxidase complex and NuoCD is part of the NADH dehydrogenase complex. 

Examining whether other subunits were differentially expressed for the cytochrome o 

ubiquinol oxidase complex showed that CyoB and CyoA have a similar change in 

expression level at 3mM and 5mM toluene adapted conditions, while in case for the NADH 

dehydrogenase complex only four subunits of the seven identified subunits were 

differentially expressed under 3mM or 5mM toluene adapted conditions. Some of the 

remaining proteins in category 4 (Figure 2C) have currently no clear function in solvent 

tolerance, like ActP and decarboxylase family protein PP3662, but could be putative 

candidates involved in solvent tolerance.  

 

DISCUSSION 

We used stable isotope dimethyl labeling of peptides resulting from proteolytic digests of 

P. putida S12 cells to monitor changes in the proteome upon response to the presence of 

different concentrations of toluene (3mM and 5mM), resulting in the quantification of 

differential expression of over 500 proteins. We clustered the expression profiles of these 

proteins in four different categories: (1) not differentially up-regulated upon exposure to 

3mM toluene, but up-regulated in the presence of 5mM toluene. This category included 

many chaperones and proteins involved in energy metabolism; (2) differentially up-

regulated under 3mM toluene exposures and down regulated or (3) not further 

differentially regulated in between 3mM and 5mM toluene exposure. These categories 

included many ribosomal proteins and proteins involved in peptidoglycan biosynthesis; (4) 

up-regulated upon exposure to 3mM toluene and even further up-regulated upon 5mM 

toluene exposure. This category we expect to contain the most interesting proteins, as 

evidenced by the fact that it contains many proteins involved in efflux systems and energy 
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metabolism, two processes regulated upon toluene exposure. Especially these results will 

therefore be discussed in detail below. 

 

Energy metabolism. The efficiency of biotransformation is in part determined by the 

efficiency of the metabolic network, which controls the overall productivity under 

bioconversion conditions through energy production, enzyme synthesis and cofactor 

regeneration. In this study we found a decrease in cell dry weight (approximately 50%) of 

P. putida S12 cells upon toluene exposure, in line with earlier reports [35,36], while the 

total amount of glucose consumption remained the same as in the WT cells (see 

supplementary table S2, page 125). This observation indicates an increase in energy 

consumption and indeed in our proteomics dataset we observed a large number of 

proteins related to energy metabolism to be regulated upon toluene exposure. It is well 

established that bacteria of the genus Pseudomonas metabolize glucose exclusively by the 

Entner-Doudoroff (ED) pathway [42], in which 6-phosphogluconate is the key 

intermediate. Next in the ED pathway, 6-phosphogluconate is converted into 2-keto-3-

deoxy-6-phosphogluconate. This product is in turn split into pyruvate and glyceraldehyde-

3-phosphate by EDA, which yields central metabolism compounds [42].  Therefore, we 

examined the most relevant protein changes for proteins related to the Entner-Doudoroff 

pathway and the TCA cycle in more detail, as summarized and illustrated in figure 3. Our 

network model was based on the genetic inventory of the solvent-sensitive P. putida 

strain KT2440. Based on genetic evidence present in the integrated microbial genomes 

database (http://img.jgi.doe.gov/cgi-bin/pub/main.cgi) for central carbon metabolism, 

this network can be considered conserved among different P. putida strains. 

 

The glucose metabolism involves entry of sugar into the periplasmic space, a process that 

takes place through the porin OprB (PP1019) in the outer membrane. Glucose can then be 

internalized into the cytoplasm via the ABC system (PP1015-PP1018) for subsequent 

conversion to 6-phosphate-gluconate. Alternatively, glucose in the periplasmic space can 

be oxidized to gluconate, by glucose dehydrogenase (Gcd), and 2-ketogluconate, which 

are then transported to the cytoplasm for conversion into 6-phosphate-gluconate [42]. 

We found that OprB and the ABC system were down regulated (>3 and >4 fold 

respectively) in the presence of toluene, while Gcd expression remained unchanged. The 

down regulation of the OprB – ABC system can be explained as a defense mechanism 

against toluene intrusion. However, the total amount of glucose consumed by P. putida 

S12 cells under toluene exposure remained the same as for WT cells, which is 

contradicting the down regulation of the carbohydrate specific porin OprB. As described 

by Wylie et al. [43], the glucose uptake in the absence of OprB is determined by the 
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Figure 3: Scheme of the central carbon metabolism in P. putida S12 cells adapted to toluene. 

Proteins, which are detected and identified by MS, are color coded in green, red en black. Proteins 

indicated in red are up-regulated in the presence of toluene, while proteins in green are down 

regulated. Proteins indicated in black did not change significantly in the presence of toluene and 

proteins indicated in grey were not observed. 
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diffusion rate across the outer membrane in Pseudomonas species, which is low under WT 

conditions. However, under toluene exposure the fluidity of the outer membrane is 

increased, resulting in increased uptake of toluene and potentially of small molecules like 

glucose by the cell. Proteins associated with the storage of sugars, like GlgX and GlgP, 

were down regulated (>2 fold) in the presence of toluene, whereas proteins involved in 

the conversion of glucose, glucokinase (Glk) and glucose-6-phosphate 1-dehydrogenase 

(Zwf-1), were up-regulated (>3 fold), indicating increased production of 6-

phosphogluconate, the key intermediate of the ED pathway [42]. Conversely, 

gluconeogenesis appears to be suppressed upon toluene exposure as is evidenced by the 

down regulation (>2 fold) of Fbp, converting fructose 1,6-biphosphate to fructose 6-

phosphate, and Pgi2 (>6 fold), which converts fructose-6-phosphate into glucose-6-

phosphate and vice versa. These observations are indicative for an increased rate of 

glucose consumption and decreased metabolic generation and storage of glucose under 

solvent stress. Following increased production of 6-phosphogluconate, several proteins of 

the ED pathway, which converts 6-phosphogluconate into pyruvate, were up-regulated 

(average >3 fold, figure 3). The hereby produced pyruvate is converted to acetyl-CoA, 

which is the primary substrate of the TCA cycle. Interestingly, we also observed a 

significant increase in expression of the cation/acetate symporter ActP (>10 fold, Suppl. 

data S3). ActP transports acetate into the cell [44] which is then used for the acetylation of 

coenzyme A (CoA) by the enzyme acetyl-CoA synthetase (AcsA), which was up-regulated 

>5 fold. This increase in expression of ActP under toluene exposure markedly differs from 

the down regulation of the porin OprB and potentially shows that symporter facilitated 

ion transport does not lead to increased toluene intrusion. Moreover, the up-regulation of 

acetate uptake and conversion to acetyl-CoA suggests an increased activation of the TCA 

cycle by alternative means to glucose conversion. Downstream of the production of 

acetyl-CoA we observed several proteins of the TCA cycle up-regulated in the presence of 

toluene, like Mqo-1, SdhD and SucD, as well as several NADH dehydrogenase subunits and 

ATP synthase subunits. The up-regulation of so many proteins involved in energy 

production shows that P. putida S12 has the remarkable ability to compensate for the high 

energy demands, due to toluene exposure, by increasing its energy metabolism, in line 

with previous fluxomics and transcriptomics results [30,45]. 

 

Cell membrane and transport systems. The proteome response of the P. putida S12 to 

toluene exposure, especially at the lethal stage of 5mM toluene, results in changed 

expression of almost half of the observed proteins (Figure 2B). This proteome response of 

P. putida S12 entails an increased production of energy and leads to the expression of 

several membrane proteins with specific roles in solvent tolerance. Upon toluene 

exposure the fluidity of the P. putida S12 outer membrane severely increases as the 

divalent cations that cross-bridge adjacent LPS molecules are displaced [46], causing 
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increased membrane permeability and therefore increased intrusion of toluene into the 

cell. It is known from previous studies in P. aeruginosa [46,47] that this bacterium 

expresses the outer membrane protein OprH, as a response to the increased permeability, 

which (partially) replaces the lost divalent cations and stabilizes the outer membrane. In 

the current study OprH shows a >10 fold increase in expression (Suppl. data S3) and it has 

been previously suggested that OprH has a similar function in stabilizing the outer 

membrane in P. putida S12 [35], resulting in decreased uptake of toluene. However, 

expression of OprH alone is not sufficient to explain the exceptional solvent tolerance of P. 

putida S12. Under severe solvent exposure, proteins of efflux systems play an important 

role through active removal of the organic solvent from the cell [48]. P. putida strains 

lacking solvent efflux systems show very poor solvent tolerance [28]. Figure 4A shows a 

schematic representation of the different transporter systems in P. putida S12 detected in 

this study. Upon toluene exposure most transporter systems become down regulated 

except the efflux pumps SrpABC and PP1272. The most prominent up-regulations 

observed are for proteins of the SrpABC efflux system (>15 fold, Figure 4B-C), which can 

be directly linked to the solvent tolerance of P. putida S12. Noteworthy, in the subset of 

528 proteins, the efflux pump SrpABC and the multidrug efflux membrane protein PP1272 

were the only RND-family transporters that were up-regulated, see Figure 4B. The up-

regulation of PP1272 in the presence of toluene is interesting, because this observation 

suggest that P. putida S12 has more efflux systems for organic solvent transport than 

previously known. Recent research at the transcript level confirmed this observation [30]. 

Conversely, other efflux systems, notably the TtgABC efflux system, and several nutrient 

ABC transporters showed a down regulation under high toluene concentrations (Figure 

4B). A possible explanation for the high amount of down-regulated transport proteins is 

that the number of possibilities for toluene to enter the cell may decrease. However, the 

down regulation of transporters can also be explained as energy saving, since toluene 

adaptation is a highly energy demanding process through the presence of such proton 

motive force-driven efflux system [17,30] , as is apparent from the observed increase in 

energy production in this study.  
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Figure 4: Protein expression changes in the cell envelope upon exposure to toluene. (A) All transport 

systems are down regulated (green arrow) except two efflux pump systems and a sodium solute 

transporter (red arrow). (B) Expression profile of all observed efflux pump systems (secretion 

pathway IV), showing severe up regulation of the efflux pump SrpABC and PP1272. (C) Indentified 

peptides of SrpB and SrpC, respectively, show increased expression from WT (light) through 3mM 

(heavy) to 5mM (light) of the SrpABC efflux pump.  
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CONCLUSION 

The characterization of the P. putida S12 proteome upon exposure to the organic solvent 

toluene revealed a well coordinated response, with an interplay between decreased 

permeability of the cell envelope and increased efflux pump activity. For the bacteria to be 

able to orchestrate this interplay several radical adaptations are required, as highlighted 

here. The main changes observed in the proteome relate to an increase in energy 

production through the Entner-Doudoroff pathway, while many energy demanding 

mechanisms are down regulated. Furthermore, expression of the cation/acetate 

symporter ActP and the enzyme AcsA revealed an increased production of acetyl-CoA 

through acetate uptake and conversion. This complete readjustment of the expressed 

proteome of P. putida S12 allows the expression and action of the SrpABC solvent efflux  

pump system, and putatively some other efflux pumps, giving the bacteria their 

exceptional solvent tolerance. This knowledge may be helpful for efforts in bioengineering 

to optimize solvent tolerance in other strains of P. putida or even other bacteria. 
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ABSTRACT 

The integration of various ‘omics’ datasets instead of using the information generated 

from an individual ‘omic’-platform, may substantially increase the ability to answer 

fundamental biological questions. As an example, when constructing these integrative 

data, the information lacking in transcriptomics studies may be replenished (filled up) by 

the knowledge acquired in proteomics studies. In addition, the confidence of the 

generated dataset will increase due to the complementary and corroborative information 

provided by different approaches. However, to construct these integrative dataset, the 

fluxome, transcriptome and proteome data need to display a positive correlation. Here, 

we show that the proteomics data of P. putida S12 adaptated to toluene positively 

correlates with most of the data generated by fluxomics and transcriptomics. The 

adaptation of P. putida S12 to toluene implies the alteration of efflux systems, the outer 

membrane, the cytoplasmic membrane, and general stress proteins. We investigated 

these solvent tolerance mechanisms by combining transcriptome and proteome data. In 

addition, we have considered the involvement of hypothetical candidates expressed at 

mRNA and protein level in relation to solvent tolerance and we combined fluxome, 

transcriptome and the proteome data to investigate changes in the central carbon 

metabolism for P. putida S12. 
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INTRODUCTION 

Pseudomonas putida is a rod-shaped, flagellated, Gram-negative bacterium that is 

predominantly found in soil, and water [1]. Numerous strains of P. putida have been 

described, among which strain S12. This strain exhibits a highly flexible metabolism and an 

exceptionally high tolerance to organic solvents [2-5]. Due to its high tolerance to organic 

solvents and flexible metabolism, this organism has potential advantages in remediation 

of polluted waste streams or biocatalytic applications such as the production of aromatic 

compounds.  

 

The potential of P. putida S12 as a host for bio-based chemicals production has been 

demonstrated in a number of studies [6-10]. Lab-scale processes have been developed for 

the production of t-cinnamate, p-coumarate, phenol, p-hydroxybenzoate, and p-

hydroxystyrene [6-10]. Additionally, P. putida S12 has been employed for 

biotransformation processes such as regio- and stereoselective hydroxylation of 

testosterone and the oxidation of 5-hydroxymethylfurfural to 2,5-furan-dicarboxylic acid 

[11;12]. In view of the biocatalytic potential of this bacterium, there is increased interest 

in unravelling the molecular machinery underlying the exceptional properties of this 

microorganism.  

 

Several researchers have attempted to shed light onto solvent tolerance mechanisms of P. 

putida S12 using physiological, biochemical and genetic approaches [13-27]. The results of 

these studies have revealed various mechanisms of solvent tolerance, such as active 

solvent efflux, changes in number and type of membrane proteins, alterations in 

lipopolysaccharides, changes in phospholipids and fatty acid composition, and general 

stress response mechanisms. These studies have generated a substantial amount of data 

improving our understanding of organic solvent tolerance mechanism of P. putida S12 (see 

reviews:[3-5;21;28;29]). Nevertheless, new studies involving fluxomics, proteomics, and 

transcriptomics have been recently performed aiming at providing new insights in solvent 

tolerance and the detection of additional mechanisms [2;30-33].  

 

Proteomic studies have revealed numerous proteins that were differentially expressed 

upon solvent exposure, being presumably associated with solvent tolerance in P. putida 

S12. The expression of stress proteins, enzymes associated with energy metabolism and 

fatty acid biosynthesis, and SrpABC were shown to be altered in the presence of toluene 

[31;33]. Transcriptomics analyses have revealed differential expression of genes related to 

solvent tolerance, such as trgI, and srpABC [32]. Study of the fluxome has led to a better 

understanding of the metabolic pathway activities in P. putida, in response to solvent 

exposure [2;34]. Although these studies have deepened our understanding of the 

mechanisms involved in solvent tolerance, every individual technique has specific 

limitations. mRNA levels do not always correlate with protein expression, whereas 
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fluxomics only provides information about the metabolic status of a cell, and not about 

the protein or mRNA levels. Therefore, the integration of different datasets may broaden 

our understanding with regard to the mechanisms involved in solvent tolerance of P. 

putida S12.  

 

The goal of the current research is to investigate the adaptation of P. putida S12 to 

toluene by integrating available transcriptomics, proteomics and fluxomics data. First, we 

examined at the transcriptome and proteome level the differential expression of active 

efflux systems, outer membrane changes, cytoplasmic membrane changes, and general 

stress proteins. In addition, we have considered the involvement of differentially 

expressed hypothetical candidates, genes and/or proteins in relation to solvent tolerance, 

and we combined fluxome, transcriptome and proteome data to investigate changes in 

the central carbon metabolism for P. putida S12.  

 
Table 1: Culture conditions and employed technologies in the multi ’omics’  study of P. putida S12 

  

Used technique Number of measured Cultivation conditions 

chemical species 

Transcriptomics, 

Volkers et al. [32] 

DNA microarray 5350 Chemostat, nitrogen 

and carbon limited 

Proteomics,  

Wijte et al. [33] 

1D-SDS-PAGE, 

LC-MS/MS 

528 Chemostat, carbon 

limited 

Fluxomics,  

Blank et al. [2] 

GC-MS 32 reactions, 27 metabolites Flasks 

 

MULTI ‘OMICS’ ANALYSIS OF P. putida S12 

The performed multi ‘omics’ analysis for P. putida S12 included transcriptomics data from 

Volkers et al. and unpublished proteomics data obtained from the same chemostat 

cultures [32;33]. In addition, the fluxomics data from Blank et al. [2] were included. The 

transcriptome analysis was performed with custom high-density microarrays based on the 

genome of P. putida KT2440, which shows 81.8% similarity on the gene level with P. 

putida S12. In addition, probe sets based on known sequence of P. putida S12 and related 

strains were present on the custom microarrays [32;35]. Samples for transcriptome and 

proteome analysis were drawn from steady-state nitrogen or carbon limited chemostat 

cultures, both in the absence of toluene, and in the presence of 3mM and 5mM toluene. 

Genes that showed an increase of >1.334 fold or <0.667 fold were considered as 

differentially expressed. The proteome analysis was carried out with 1D-SDS-PAGE protein 

separation, tryptic digestion, stable isotope dimethyl peptide labeling and LC-MS/MS to 

perform a in-depth quantitative analysis [33]. Proteins that showed an increase or 

decrease in expression level of >2.0 fold or <0.50 fold were considered as differently 

expressed. The flux analysis study was performed on logarithmically growing batch 

cultures of P. putida S12 using 
13

C-labeled glucose as a substrate. Mass distributions of 
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proteinogenic amino acids of cultured cells were measured by GC-MS, based on which the 

metabolic fluxes were calculated [2]. Samples were drawn prior to and after addition of 

toluene to a final concentration of 10 % (v⁄v). Controls were carried out to differentiate 

between the impact of organic solvent, plasmid and protein expression on metabolism. 

Table 1 summarizes the ‘omics’ technologies and cultivation conditions for P. putida S12 

utilized in this study.  We analyzed the data focusing on solvent tolerance mechanisms 

such as active efflux systems, outer membrane changes, cytoplasmic membrane changes, 

general stress response, as well as putative hypothetical genes involved in toluene 

tolerance. To evaluate differences between transcriptomics and proteomics, we used        

0 mM versus 3 mM toluene, and 0 mM versus 5 mM toluene (see suppl. data S1 for an 

overview of all data, page 126). The proteome data of P. putida S12 adaptated to toluene 

were compared to the corresponding transcript levels from Volkers et al., and the protein 

expression ratio was plotted against the mRNA levels (see fig. 1, and suppl. data S2, page 

134) [32]. 

 

 

Figure 1: Scatter plots of protein expression versus mRNA expression. The log2 transformed ratios of 

protein expression are plotted against the log2 transformed mRNA expression ratios measured by 

micro array. The plotted line indicates data points showing perfect correlation between mRNA and 

protein abundance. For both scatter plots a Spearman rank correlation coefficient was calculated, 

the Spearman rank correlation coefficient for 3mM toluene was 0.76 for n = 77, conversely, the 

Spearman rank correlation coefficient for 5mM was even better, sr  = 0.87 for n = 64. 
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This comparison showed a positive correlation between the proteome and transcriptome 

ratios under 3mM and 5mM toluene. Probably, the use of chemostats in the present 

studies was responsible for the good correlation between mRNA levels and protein 

expression. In addition, we selected the genes, proteins, and fluxes that make up the bulk 

of reactions of the central carbon metabolism of P. putida S12, including glucose 

metabolism, and sugar storage, and the tricarboxylic acid cycle (see figure 2). This target 

was chosen because these pathways play a crucial role in energy generation. To scales the 

data to the same deviations between the various ‘omics’ experiments for central carbon 

metabolism, we used flux ratios for fluxomics instead of mmol/g/h (see suppl. data S1, 

page 126).  

 

MULTI ‘OMICS’ ANALYSIS FOR MECHANISMS OF SOLVENT TOLERANCE 

P. putida S12 can cope with organic solvents using a variety of mechanisms that work in a 

synergistic manner. The main adaptation mechanisms to solvent stress and their 

expression at protein, mRNA, and fluxome are discussed below.  

 

Active solvent efflux. Active efflux systems are crucial for exceptional solvent tolerance. 

These systems collect solvent molecules from the cytoplasmic membrane and actively 

extrude them to the extracellular environment. P. putida strains that lack solvent efflux 

systems show very poor solvent tolerance [36;37]. In toluene-exposed P. putida S12, the 

genes and proteins encoding the major solvent efflux system SrpABC were up-regulated. 

In addition to the efflux pump SrpABC, also RND efflux protein PP1272 was differentially 

expressed at the protein and mRNA level. The up-regulation of PP1272 in the presence of 

toluene suggests that P. putida S12 may have additional efflux systems for organic solvent 

transport. Recent research at the transcript level showed that PP1272 is involved in  p-

hydroxybenzoate  export in P. putida S12 [38]. Conversely, other efflux systems, such as 

the TtgABC efflux system, and several nutrient ABC transporters were down-regulated at 

the proteome and transcriptome level in the presence of toluene. The high number of 

down-regulated transport proteins suggests that this response may be part of the solvent-

adaptation mechanism, by reducing the possibilities for toluene to enter the cell. On the 

other hand, the down-regulation of transporters may be interpreted as an energy saving 

process to help compensate the high energy demand brought about by toluene stress.   

 

Outer membrane changes. The outer membrane is considered to be a highly porous 

shield that forms a link between the extracellular environment and the periplasmic and 

cytoplasmic compartments of bacteria [39]. The embedded proteins/porines fulfill a 

number of tasks that are crucial to the bacterial cell, such as solute and protein 

translocation, cell stability, as well as signal transduction. Next, the lipopolysaccharide 

(LPS) bilayer of the outer membrane serve as a permeability barrier to prevent the entry 

of lipophilic compounds [40]. Therefore, changes at the level of the outer membrane as a 
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response to the presence of organic solvents will be described here at the level of LPS and 

membrane proteins. 

 

LPS is a major constituent of the outer membrane of Gram-negative bacteria. In P. putida 

S12 LPS is composed of a lipid A moiety conjugated to a core oligosaccharide [41]. The 

hydrophobicity of lipid A, together with the strong lateral interactions between LPS 

molecules, contributes to the effectiveness of the outer membrane (OM) barrier [42]. The 

solvent tolerant strain P. putida Idaho changed its LPS composition when grown in the 

presence of o-xylene [19]. Unfortunately, no changes at mRNA and protein level were 

observed. Glycomics analysis may be a good alternative and contribute to the detection of 

LPS changes. Therefore, we investigate at proteome and transcriptome level if proteins 

from the peptidoglycan synthesis were differentially expressed. Proteome analysis 

indicated several proteins involved in peptidoglycan biosynthesis such as DacA, GlmU, 

GlmS, GlmM have been differentially up-regulated in response to toluene while other 

proteins, MurA, MurC, MurE, and MurF were not differentially expressed. At 

transcriptome level PP4897 and mltB involved in the biosynthesis and degradation of 

peptidoglycans were differentially up-regulated. Overall, the high amount of detected 

proteins related to the biosynthesis of the peptidoglycan suggests that upon treatment 

with organic solvents a partial replacement of the peptidoglycan in P. putida S12 takes 

place.  

 

Since solvent molecules can pass the outer membrane through porins, mutants lacking 

porins should be more tolerant to toxic effects of organic solvents [3;26]. Analysis of 

transcriptome and proteome data of toluene exposed P. putida S12 revealed a positive 

correlation between both data sets for the OmpA proteins (PP1121 and PP1122). Next, at 

protein level it was found that OprF, and several porins from the OprD superfamily (OprQ, 

OprD, PP1419 and PP0046), were also down-regulated. The function of OmpA proteins in 

solvent tolerance in P. putida S12 is unknown, but P. aeruginosa lacking OprF, OprF is a 

OmpA related protein, result in toluene tolerance [18]. It has been suggested that for P. 

aeruginosa organic solvents normally should enter the cell by passing through the OprF 

porin. Therefore, the high number of down-regulated porins may imply that the cell is 

preventing the rapid influx of organic solvent. However, porins are quite often bifunctional 

which means that they are not only serving for diffusion but they are also required for 

maintaining the structural integrity. Hence, the up-regulation of OprL and OprH at 

proteome level is probably related to membrane stability. Rodriguez-Herva et al. showed 

that mutants of P. putida DOT-T1E lacking the porin oprL became sensitive to sodium 

dodecyl sulphate (SDS) , deoxycholate, and EDTA [23;24], while earlier research on P. 

aeruginosa was shown that H1 (= OprH) plays a role in resistance to polymyxin B, 

gentamicin and EDTA under Mg
2+

-deficiency [43;44]. It has been proposed that OprH has a 

similar function in membrane stabilization as Mg
2+

 [31]. Like the magnesium ions, OprH 
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can bind to the negatively charged sites of LPS and form cross-bridges with these LPS 

molecules. Noteworthy, only a limited number of the differentially expressed membrane 

proteins at protein level were also differentially expressed at the mRNA level. In addition, 

several genes associated with flagella, which are also located at the outer membrane, 

were found to be differentially expressed at the mRNA level whereas only a few flagellar 

proteins were detected. Thus, the role of flagella in solvent tolerance remains elusive 

[29;45-47] 

 

Cytoplasmic membrane changes. Several researchers have observed changes at the level 

of cytoplasmic membrane in reaction to organic solvents. These changes at the level of the 

cytoplasmic membrane that have been reported as solvent tolerant mechanisms are: 

degree of saturation of membrane lipids [19;25], composition of membrane lipid 

headgroups [20;21;26], and cis into trans isomerization of unsaturated membrane lipids 

[15;25].  

 

The ordering, density, and packing of the membrane is improved with increasing trans–cis 

ratio of the constituent membrane lipids and, consequently, the membrane fluidity is 

decreased [5]. The enzyme responsible for this isomerization, the cis–trans isomerase 

(Cti), is a constitutively expressed periplasmic polypeptide and does not require energy or 

co-factors [48-50]. Cti, or its encoding gene, was not detected among the differentially 

expressed genes or at protein level during solvent exposure, which agrees with its 

constitutive expression profile and chemostat cultures. Noteworthy, cis–trans 

isomerisation alone does not provide an adequate protection against organic solvents. In 

fact, there are bacterial strains able to perform such isomerization, but they are still 

solvent sensitive [19;21]. Hence, the cis-trans isomerization of unsaturated fatty acids is 

probably more related to a general stress response.  Since, isomerization of unsaturated 

fatty acids has also been reported as a reaction to starvation, temperatures changes, 

heavy metals, antibiotics, and excess salinity [51-55]. 

 

Apart from fatty acid composition, the headgroups of lipids alter during solvent 

adaptation.  In solvent-tolerant P. putida strains, the relative amount of 

diphosphatidylglycerol (cardiolipin) increases during adaptation to the solvent toluene 

[25;29]. P. putida Idaho was shown to adapt differently the amount of 

phosphatidylethanolamine increases in this solvent-tolerant strain [20]. Analysis of 

phospholipid biosynthesis for this strain showed a higher basal rate of phospholipid 

synthesis than for the solvent sensitive P. putida MW1200. These results suggest that P. 

putida Idaho has a greater ability than the solvent-sensitive P. putida MW1200 to repair 

damaged membranes through efficient turnover and increased phospholipid biosynthesis 

[20]. In the presence of toluene, changes in phospholipid and fatty acid metabolism were 

observed at protein level. Proteins involved in fatty acid and phospholipid metabolism, 
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particularly FadA, FadB, FadH, PP4379, acetyl-CoA carboxylase and MaeB were up-

regulated in the presence of toluene. However, the corresponding genes of these proteins 

were not observed in the transcriptome analysis. The extensive changes observed in the 

expression level of enzymes involved in fatty acid metabolism are in agreement with the 

membrane composition changes required to alter membrane fluidity. 

  

General stress response. Diverse protective mechanisms for the survival in various 

extreme environments have been described, including the presence of a large stress 

response system, such as heat shock proteins. Evidence for the induction of these stress 

response systems were found with proteome analyses, Volkers et al. found that P. putida 

S12 induce RpoH family stress-related proteins, such as GroEL in the presence of toluene 

[31]. Additional research on proteomics of other solvent tolerant strains led to similar 

results [30;56;57]. In our proteomics study also proteins belonging to the RpoH family 

were highly up-regulated in toluene exposed P. putida S12. The strongest induction at 

protein level was observed for HslU (PP5001), followed by HtpG, DnaK and GroEL. The 

induction of these chaperones reflects the occurrence of protein misfolding in the 

cytoplasm and constitutes a signal in toluene sensing [58]. By contrast, only a few genes 

encoding stress proteins, were observed in toluene exposed P. putida S12 at transcript 

level. This observation is in line with earlier suggestions that control of the expression of 

RpoH family proteins takes place at the post-translational level [59;60].  

 

Changes in hypothetical genes and proteins of unknown function in solvent tolerance. 

Several individual solvent tolerance mechanisms have been rather well studied. Still, new 

mechanisms may be uncovered, and insight into their mutual interplay may be obtained 

through the system-wide study of cellular responses to solvents, such as proteome and 

transcriptome analyses. By employing both transcriptomics and proteomics, Volkers et al. 

recently identified a new gene that is involved in solvent tolerance of P. putida S12 [32]. 

This gene, trgI (PP3611), as well as its encoded hypothetical protein, was strongly down-

regulated in the presence of toluene. The reduced survival of a trgI overexpression mutant 

confirmed the importance of down-regulation of this gene for solvent tolerance. Despite 

their unknown function, more hypothetical candidates appeared to be part of the solvent 

tolerance mechanisms of P. putida S12 adaptated to toluene (such as trgl) and therefore 

they should not be neglected. Several hypothetical candidates were shown to be 

differentially expressed at protein and/or mRNA level, and in the next paragraph a 

subselection will be highlighted (see suppl.data S1 for hypothetical proteins, page 130).  

 

The expression of LysM (PP0258), peptidoglycan-binding LysM (PP1993), and PP4704 is 

discussed in relation to outer membrane changes. LysM (PP0258) and peptidoglycan-

binding LysM (PP1993) were found to be down-regulated in the presence of toluene (see 

suppl. data S1, page 130). The function of LysM, a peptidoglycan-binding protein, in 
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solvent tolerance is still unknown but LysM was found to be differentially expressed under 

a variety of stress conditions and may provide protection against an osmotic shock [61]. 

Presumably, LysM proteins are playing a role in solvent tolerance of P. putida S12. PP4704 

was shown to be down-regulated in the presence of toluene both at the mRNA and 

protein level. Although the function of PP4704 is unknown, it shows homology to AsmA 

family proteins. AsmA plays a potential role in the assembly of OprF, a trimeric outer 

membrane protein [39]. Thus, based on this preliminary annotation, a role of PP4707 in 

outer membrane protein assembly cannot be excluded.  

 

At the level of the cytoplasmic membrane the up-regulation of PP5353 at transcript level 

and the identification of PP5353 at protein level should be considered. PP5353 contains a 

Tim44-like domain, which presumably interacts with phospholipids in the membrane and 

may have a transport function [62]. In addition, the up-regulation of hypothetical protein 

PP1742 and acetate permease/sodium solute transporter PP1743 (ActP) at mRNA and 

protein level indicates that the operon PP1742-PP1743 is highly affected by toluene. ActP 

transports acetate into the cell [63] which is then used for the acetylation of coenzyme A 

(CoA) by the enzyme acetyl-CoA synthetase (AcsA). Noteworthy, AcsA was shown to up-

regulated at mRNA and protein level. The up-regulation of acetate uptake and its 

conversion to acetyl-CoA suggests activation of the TCA cycle, and of the fatty acid 

metabolism. Remarkably, relatively more hypothetical proteins were differentially 

expressed at the transcript level compared to the proteome. 

 

Energy status of the cell. A successful bioconversion process requires a biocatalyst 

characterized by a significant degree of stability and high growth yields (in order to 

guarantee high production rates). Therefore, a detailed characterization of the growth 

behavior (growth rates and yields) and cellular energetic of the cells when grown in the 

presence of a solvent are essential. Several researchers have noticed a decrease in cell dry 

weight of P. putida S12 upon toluene exposure [2;31-33;64], whereas the total amount of 

glucose consumption remained the same as in the control cells under carbon limitation. 

The reductions in growth parameters indicates a higher energy consumption of P. putida 

S12 upon toluene exposure [64]. In order to investigate in detail the changes induced in P. 

putida S12 upon toluene exposure, we designed an operational central carbon metabolic 

network using the metabolic flux data generated by Blank et al., the mRNA data of Volkers 

et al., and our protein data (see fig. 2A) [2;32;33]. We employed a network model based 

on the genetic inventory of the solvent-sensitive P. putida strain KT2440. Genetic evidence 

from the integrated microbial genomes database (http://img.jgi.doe.gov/cgi-

bin/pub/main.cgi) related to central carbon metabolism suggests that this network might 

be conserved among different P. putida strains.  
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Glucose metabolism. Glucose enters the periplasmic space via a porin, OprB, in the outer 

membrane. From there, glucose can be transported into the cytoplasm via glucose ABC 

transporter GtsABCD (encoded by PP1015-PP1018), after which it is phosphorylated to 

glucose-6-phosphate (G6P) and oxidized to 6-phosphogluconate (6PG) [34;65;66]. 

Alternatively, glucose can be oxidized in the periplasmic space to gluconate and 2-

ketogluconate, which are subsequently transported to the cytoplasm and converted into 

6PG [66].  Fig. 2A shows an overview of the responses of the glucose metabolism of P. 

putida S12 to toluene, as established with different ‘omics’ techniques. At the proteome a 

down-regulation of the glucose ABC transporter (PP1015-PP1018), which forms a complex 

with porin B (PP1019), was observed in the presence of toluene. The down-regulation of 

OprB is an indication for the energy consumption of  P. putida S12 during glucose uptake. 

At the same time, the glucono- and 2-ketogluconate-kinases and –transporters were up-

regulated at gene and/or protein level. The metabolic flux analysis and the proteome 

analysis showed an up-regulation of the Entner–Doudoroff pathway, and the pentose 

phosphate pathway showed little catabolic activity as expected in Pseudomonades [2;66]. 

Furthermore, it should be noted that fluxomics data demonstrated that the ED pathway 

did not operate alone, as some of the carbon converted to the triose-phosphate pool was 

circulated back to glucose-6-phosphate by the joint activities of the fructose-1,6-

bisphosphatase and the phosoglucoisomerase [2]. Obviously, such effects are not 

visualized by proteome (or transcriptome) analyses, underlining the added benefit of 

performing flux analysis. Despite major changes at the protein level and fluxome level, no 

clear changes at the mRNA levels were found for the ED pathway in response to toluene 

[32]. However, both at proteome and transcript level, proteins and genes involved in sugar 

storage such as GlgA, GlgB, GlgP, MalQ, and GlgX were down-regulated. Overall, all these 

observations at different ‘omics’ levels are indicative of an increased rate of sugar 

consumption and decreased sugar storage under solvent stress, see figure 2.   

 

Respiratory chain and TCA cycle. Fluxome analysis demonstrated that 64% of the pyruvate 

was funneled into the tricarboxylic acid cycle (TCA) that was highly active, after 

decarboxylation to acetyl-CoA. The remaining pyruvate (36%) was carboxylated to 

oxaloacetate to replenish TCA cycle intermediates. In toluene adapted P. putida S12, the 

TCA cycle intermediates increased by two- to four fold at fluxome level [2]. The proteome 

analysis showed a strong up-regulation of TCA-cycle proteins in the presence of toluene: 

malate quinone oxidoreductase (Mqo-1), isocitrate dehydrogenase NADP-dependent (Icd), 

succinyl-CoA synthetase beta subunit (SucC). By contrast only a few genes encoding TCA 

cycle enzymes were changed at the mRNA level. The fumC2 gene was found to be down-

regulated in toluene adapted P. putida S12, this is in agreement with the down-regulation 

of FumC2 at the protein level. The remarkable ability of P. putida S12 to compensate for 

high energy demands by boosting its energy metabolism was not only reflected in the up-

regulation of TCA cycle proteins. In addition, NADH dehydrogenase subunits, and 
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cytochrome o ubiquinol oxidase were found to be differentially expressed both at the 

proteome and the transcriptome level. These proteins are likely involved in the 

compensating mechanism for the energy demand brought by toluene stress. Remarkably, 

for the NADH dehydrogenase complex, at the proteome level the subunits NuoB, NuoCD, 

NuoF, NuoG, and NuoN of this protein complex were shown to be differentialy expressed 

whereas at mRNA only nuoL, nuoK, and nuoM were differentially expressed.  

 

CONCLUSION  

The combination of different ‘omics’ techniques to investigated solvent tolerance of P. 

putida S12 to toluene showed that integration
 
of knowledge at different levels in the 

cascade from genes to
 
proteins and further to metabolic fluxes at a genomic scale

 
is a 

powerful tool for providing new insights into solvent tolerance in P. putida S12. The 

characterization of P. putida S12 at different ‘omics’ levels upon exposure to the organic 

solvent toluene revealed a well coordinated response for the known mechanisms for 

solvent tolerance and the energy status of the cell. Furthermore, we have considered the 

involvement of hypothetical candidates expressed at mRNA and protein level in relation to 

solvent tolerance. Some of the these hypothetical candidates, such as PP5353 and LysM 

proteins are forming targets in order to improve solvent tolerance of P. putida S12. 

Notably, the proteomics data of P. putida S12 adaptated to toluene was highly 

complementary with the fluxomics and transcriptomics data, whereas the transcriptomics 

data was more divergent in comparison to the fluxomics data.  

 

CHALLENGES IN FUNCTIONAL GENOMICS 

As in any new and developing technology, functional genomics has to overcome obstacles 

that hampered its widespread utility and commercial success in the area of industrial 

biotechnology. Limitations of experimental techniques, correlation between data 

generated by different techniques, and interpretation of the data are only few of the 

bridges to be crossed in the near future. One of the major limitations of the experimental 

techniques is the inability to measure subtle changes in transcription, protein levels, 

metabolite levels and flux levels. In addition, the data generated by different techniques is 

difficult to compare, since the mRNA level provides no information about the post-

transcriptional mechanisms, such as glycosylation and phosphorylation. The data 

interpretation of the different ‘omics’ techniques is still in his early days. The current 

available bioinformatics and mathematics tools are not designed to be used by non-expert 

and the supporting documentation is relatively unclear. The continuous development of 

mathematical models and bioinformatics algorithms, the results of the combined high 

throughput experimental techniques to map detailed changes are expected to bring 

functional genomics to a new level. 
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SUPPLEMENTARY MATERIALS 

Table S1: page 126, Table S2: page 134 
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SUPPLEMENTARY FIGURES AND TABLES OF CHAPTER III  

Figure S1: 1D-SDS-PAGE protein profiles of P. putida KT2440 proteome fractions using a 

total amount of 100 μg protein for each sample was loaded on a 10% gel, after 

electrophoresis the gel was stained with Sypro Ruby [62]. Lane 1: membrane protein 

enriched fraction, lane 2: supernatant with retained soluble proteins, lane 3: 

unfractionated total cell lysate. 
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Supplementary table 1A: Total cell lysate. 
Spot Locus 

Tag
a
 

Gene 

name 

gi number MW pI Expres-

sion
b
 

Ratio
c
 FDR

d
 Function 

1 PP1185 oprH 26987920 21545 6.3 ++ 11.8 0.033 cell envelope 

2 PP4116 aceA 26990810 48888 5.4 ++ 7.9 0.033 energy 

3 PP0883  26987619 50257 6.1 ++ 7.7 0.033 cell envelope 

4 PP4679 ilvN 26991363 17774 5.9 ++ 6.6 0.068 aminoacid 

5 PP4870  26991550 16189 6.4 ++ 6.5 0.033 energy 

6 PP1235  26987970 17274 5.9 ++ 6.4 0.092 stress 

7 PP1084  26987820 21730 5.1 ++ 4.2 0.092 stress 

8 PP4038  26990740 46976 5.3 ++ 4.2 0.033 other 

9 PP3587  26990298 17569 5 ++ 4.2 0.033 stress 

10 PP0885  26987621 60556 6.6 ++ 3.5 0.078 transport 

11 PP1360 groES 26988094 10217 5.4 ++ 3.4 0.033 stress 

12 PP1185 oprH 26987920 21545 6.3 ++ 3.4 0.033 cell envelope 

13 PP1953  26988680 28665 5.4 ++ 3.4 0.15 lipid 

 PP1024 eda 26987760 25273 5.6    energy 

14 PP0885  26987621 60556 6.6 ++ 3.3 0.033 transport 

 PP0882 dppA 26987618 60974 6.8 ++   transport 

15 PP1893 fadE 26988623 89595 6.4 ++ 3.2 0.058 other 

16 PP4116 aceA 26990810 48888 5.4 ++ 3.1 0.11 energy 

17 PP1360 groES 26988094 10217 5.4 ++ 2.9 0.033 stress 

18 PP4730 fur 26991413 15190 5.4 ++ 2.6 0.037 other 

19      ++ 2.6 0.033 not identified 

20 PP0885  26987621 60556 6.6 ++ 2.5 0.041 transport 

21 PP0885  26987621 60556 6.6 ++ 2.5 0.037 transport 

22 PP0885  26987621 60556 6.6 ++ 2.3 0.14 transport 

23 PP4011 icd 26990716 45781 5.5 ++ 2.2 0.092 energy 

24 PP4187 lpdG 26990879 50109 5.9 + 2.2 0.049 energy 

25 PP4728 grpE 26991411 20518 4.9 + 2.0 0.073 stress 

26 PP4187 lpdG 26990879 50109 5.9 + 2 0.033 energy 

27 PP3587  26990298 17569 5.0 + 1.9 0.065 stress 

28 PP0282  26987024 27965 5.5 + 1.9 0.14 transport 

29 PP1084  26987820 21887 5.1 + 1.8 0.14 stress 

30 PP2163 vacJ 26988887 26159 5.4 + 1.8 0.12 cell envelope 

 PP5291 pyrE 26991967 23179 5.7 +   other 

31 PP2370  26989094 19076 5.1 + 1.7 0.062 other 

32 PP4185 sucD 26990877 30491 5.9 + 1.6 0.078 energy 

33 PP4187 lpdG 26990879 50109 5.9 + 1.6 0.056 energy 

34 PP4179 htpG 26990871 71567 5.2 + 1.5 0.064 stress 

35 PP1807 kdsA-2 26988537 30469 5.8 + 1.5 0.11 cell envelope 

36 PP2217 fadB1x 26988941 27878 5.4 + 1.5 0.033 other 

37 PP4545  26991229 42585 5.6 + 1.5 0.12 lipid 
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Spot Locus 

Tag
a
 

Gene 

name 

gi number MW pI Expres-

sion
b
 

Ratio
c
 FDR

d
 Function 

38 PP4186 sucC 26990878 41499 5.8 + 1.5 0.14 energy 

39 PP1024 eda 26987760 25273 5.6 + 1.5 0.078 energy 

40 PP4722 greA 26991405 17564 4.9 + 1.5 0.15 transcription 

41 PP0931 gatA 39931528 51714 5.9 + 1.5 0.033 protein 

synthesis 

42 PP4869 nadE 26991549 29426 5.5 + 1.5 0.039 other 

43 PP5303  26991979 13499 5.2 + 1.4 0.15 transcription 

44 PP1009 gap-1 26987745 36057 6.5 + 1.3 0.11 energy 

45 PP4187 lpdG 26990879 50109 5.9 + 1.3 0.092 energy 

46 PP1206 oprD 26987941 46092 4.8 - -1.3 0.12 cell envelope 

47 PP4963 pgk 26991641 40151 5.2 - -1.3 0.13 other 

48 PP4867  26991547 40417 5.9 - -1.6 0.048 transport 

49 PP0893  26987629 21286 5.4 - -1.6 0.092 other 

50 PP0843 iscU 26987579 13856 5.41 - -1.6 0.060 energy 

51 PP3783  26990488 35030 5.6 - -1.6 0.079 other 

52 PP1206 oprD 26987941 46092 4.8 - -1.7 0.092 cell envelope 

53 PP1001 arcA 26987737 46775 5.6 - -1.7 0.11 aminoacid 

54 PP1343 lpxC 26988077 33248 5.0 - -1.8 0.15 cell envelope 

55 PP4693  26991377 17349 5.6 - -1.8 0.11 transcription 

56 PP0452 tuf-2 37999654 43793 5.2 - -1.8 0.13 protein 

synthesis 

57 PP1206 oprD 26987941 46092 4.8 - -1.9 0.056 cell envelope 

58 PP0188  26986932 40532 5.02 - -1.9 0.15 other 

59 PP1019 oprB-1 26987755 49730 5.7 -- -2.1 0.092 cell envelope 

60 PP5395  26992070 31717 5.5 -- -2.1 0.064 other 

61 PP4867  26991547 40417 5.9 -- -2.2 0.11 transport 

62 PP1082 bfr 26987818 18074 4.7 -- -2.2 0.14 transport 

63 PP3089  26989808 19453 5.42 -- -2.2 0.033 other 

64 PP0786  26987522 33841 5.2 -- -2.2 0.041 stress 

65 PP1015  26987751 45534 5.9 -- -2.2 0.12 transport 

66 PP1297 aapJ 26988032 36630 5.8 -- -2.3 0.033 transport 

67 PP0765  26987501 68123 5.2 -- -2.4 0.033 other 

68 PP2089 oprF 26988814 37217 4.7 -- -2.5 0.15 cell envelope 

69 PP2089 oprF 26988814 37217 4.7 -- -2.5 0.04 cell envelope 

70 PP2089 oprF 26988814 37217 4.7 -- -2.6 0.070 cell envelope 

71 PP5395  26992070 31717 5.5 -- -2.7 0.037 other 

72 PP5395  26992070 31717 5.5 -- -2.7 0.073 other 

73 PP3778 proC-1 26990483 27868 5.8 -- -2.9 0.050 aminoacid 

 PP0721  26987457 23285 6.0 --   protein 

synthesis 

74 PP4867  26991547 40417 5.9 -- -2.9 0.065 transport 

75 PP3778 proC-1 26990483 27868 5.8 -- -3.1 0.12 aminoacid 
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Spot Locus 

Tag
a
 

Gene 

name 

gi number MW pI Expres-

sion
b
 

Ratio
c
 FDR

d
 Function 

76 PP2089 oprF 26988814 37217 4.7 -- -3.2 0.033 cell envelope 

77 PP4867  26991547 40417 5.9 -- -3.2 0.092 transport 

78 PP0479 rpoA 26987220 36721 4.9 -- -3.3 0.12 transcription 

79 PP4867  26991547 40417 5.9 -- -3.4 0.048 transport 

80 PP1297 aapJ 26988032 36630 5.8 -- -3.4 0.033 transport 

81 PP4867  26991547 40417 5.9 -- -3.8 0.056 transport 

82 PP2089 oprF 26988814 37217 4.7 -- -3.9 0.064 cell envelope 

83 PP0711  26987447 23126 5.4 -- -3.9 0.039 other 

 PP1995 trpF 26988720 21886 5.5 --   other 

84 PP0446 rplL 26987187 12592 4.7 -- -4.0 0.033 protein 

synthesis 

85 PP2089 oprF 26988814 37217 4.7 -- -4.1 0.065 cell envelope 

86 PP1297 aapJ 26988032 36630 5.8 -- -4.1 0.075 transport 

87 PP1015  26987751 45534 5.9 -- -4.1 0.033 transport 

88 PP0765  26987501 68123 5.2 -- -4.2 0.13 other 

89 PP3778 proC-1 26990483 27868 5.8 -- -5.2 0.13 aminoacid 

90 PP4977 metF 26991654 33187 5.9 -- -5.3 0.041 aminoacid 

91 PP0258  26987000 15616 5.4 -- -6.1 0.12 other 

92 PP2568  26989288 14914 5.12 -- -9.6 0.033 other 

 

a
Locus tag based on genome of P. putida KT2440 

b
Expression, proteins with an up-regulation between 1.3 and 2 are marked as “+” and 

proteins with an up-regulation of 2 or more are marked as “++”. Similarly, proteins between 

-1.3 and -2 were marked as “–“ and proteins with a down regulation of -2 or more are 

marked as “-- “.  
c
Ratio of expression in 2 mM toluene versus the absence of toluene, a positive value 

indicates up-regulation in the presence of toluene, while a negativ value indicates down 

regulation of the protein in the presence of toluene.  
d
Student's t-test, False discovery rate corrected (P<0.05) 

*) identified as co-migrated protein, expression is neglected for further analysis 
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Supplementary table 1B: Membrane enriched fraction. 
Spot Locus 

Tag
a
 

Gene 

name 

gi number MW pI Expres-

sion
b
 

Ratio
c
 FDR

d
 Function 

1 PP1185 oprH 26987920 21545 6.3 ++ 12.1 0.0057 cell envelope 

2 PP1185 oprH 26987920 21545 6.3 ++ 11.8 0.0057 cell envelope 

3 PP1185 oprH 26987920 21545 6.3 ++ 11.6 0.0086 cell envelope 

4 PP1185 oprH 26987920 21545 6.3 ++ 8.5 0.01 cell envelope 

5 PP0072 qor-1 26986817 34224 7.7 ++ 6.5 0.13 energy 

 PP4998 pyrB 26991675 36344 6.6    other 

6 PP5206  26991882 34523 9.1 ++ 6.5 0.12 transport 

 PP1261  26987996 34788 6.9    other 

 PP1009 gap-1 26987745 36057 6.5    energy 

7 PP1185 oprH 26987920 21545 6.3 ++ 5.1 0.02 cell envelope 

 PP1223 oprL 26987958 17833 5.2    cell envelope 

8 PP0504 oprG 26987243 24197 6.3 ++ 4.6 0.097 cell envelope 

9 PP1185 oprH 26987920 21545 6.3 ++ 4.5 0.018 cell envelope 

10 PP0504 oprG 26987243 24197 6.3 ++ 4.2 0.14 cell envelope 

11 PP1185 oprH 26987920 21545 6.3 ++ 4.1 0.021 cell envelope 

12 PP0504 oprG 26987243 24197 6.3 ++ 4.0 0.14 cell envelope 

13 PP0883  26987619 50256 6.1 ++ 3.6 0.019 cell envelope 

14 PP1185 oprH 26987920 21545 6.3 ++ 3.2 0.086 cell envelope 

15 PP0883  26987619 50256 6.1 ++ 3.2 0.086 cell envelope 

16 PP0883  26987619 50256 6.1 ++ 2.7 0.15 cell envelope 

17 PP1223 oprL 26987958 17833 5.2 ++ 2.6 0.096 cell envelope 

18 PP0517 ribH 26987255 16420 5.4 ++ 2.2 0.098 other 

19 PP4519 tolC 26991204 50394 5.5 + 1.8 0.095 cell envelope 

 PP4923  26991601 52637 5.4    cell envelope 

 PP4473  26991159 44605 5.3    other 

* PP1019 oprB-1 26987755 49646 5.7    cell envelope 

* PP0268 oprQ 26987010 47787 5.8    cell envelope 

 PP4037  26990739 48815 5.4    aminoacid 

20 PP4519 tolC 26991204 50394 5.5 + 1.8 0.034 cell envelope 

* PP1019 oprB-1 26987755 49646 5.7    cell envelope 

21 PP4519 tolC 26991204 50394 5.5 + 1.7 0.036 cell envelope 

22 PP4519 tolC 26991204 50394 5.5 + 1.7 0.036 cell envelope 

23 PP2163 vacJ 26988887 26062 5.4 + 1.7 0.15 cell envelope 

24 PP2163 vacJ 26988887 26062 5.4 + 1.6 0.15 cell envelope 

25 PP2163 vacJ 26988887 26062 5.4 + 1.5 0.084 cell envelope 

26 PP0897  26987633 54767 5.1 + 1.5 0.054 energy 

 PP0417 trpE 26987158 54406 5.1    aminoacid 

 PP5415 atpA 26992090 55352 5.4    energy 

 PP1361 groEL 26988095 56743 5.0    stress 

 PP1032 guaA 26987768 58205 5.3    other 
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Spot Locus 

Tag
a
 

Gene 

name 

gi number MW pI Expres-

sion
b
 

Ratio
c
 FDR

d
 Function 

 PP5063 betB 26991739 52986 5.1    energy 

* PP1019 oprB-1 26987755 49646 5.7    cell envelope 

 PP4373 fleQ 26991062 55551 5.5    other 

 PP3099  26989818 56072 5.1    other 

27 PP4923  26991601 52637 5.4 + 1.5 0.038 cell envelope 

28 PP1430 algY 26988163 52617 6.2 + 1.4 0.15 stress 

 PP4923  26991601 52637 5.4    cell envelope 

 PP4038  26990740 46093 5.3    other 

29 PP0897  26987633 54767 5.1 + 1.4 0.045 energy 

30 PP0897  26987633 54767 5.1 + 1.4 0.019 energy 

 PP0417 trpE 26987158 54406 5.1    aminoacid 

31 PP4923  26991601 52637 5.4 + 1.4 0.039 cell envelope 

* PP1019 oprB-1 26987755 49646 5.7    cell envelope 

 PP4473  26991159 44605 5.3    other 

 PP4188 kgdB 26990880 42435 5.3    energy 

 PP1088 argG 26987824 45164 5.3    aminoacid 

32 PP4186 sucC 26990878 41239 5.8 + 1.4 0.058 energy 

 PP4960 fda 26991638 38453 5.5    transport 

 PP4545  26991229 42326 5.6    fattyacid 

33 PP4186 sucC 26990878 41239 5.8 + 1.4 0.042 energy 

34 PP4186 sucC 26990878 41239 5.8 + 1.4 0.041 energy 

 PP1972 tyrB-1 26988698 43290 5.7    other 

 PP1018  26987754 41895 6.3    transport 

 PP0883  26987619 50256 6.1    cell envelope 

35 PP1019 oprB-1 26987755 49646 5.7 + 1.4 0.05 cell envelope 

 PP0964 murA 26987700 44973 5.4    cell envelope 

* PP0268 oprQ 26987010 47787 5.8    cell envelope 

 PP4999  26991676 44116 5.4    other 

 PP4186 sucC 26990878 41239 5.8    energy 

 PP0234 oprE 26986977 48317 5.4    cell envelope 

36 PP4519 tolC 26991204 50394 5.5 + 1.4 0.024 cell envelope 

37 PP1386 ttgA 26988120 41250 6.0 + 1.3 0.05 transport 

38 PP0268 oprQ 26987010 47787 5.8 - -1.4 0.062 cell envelope 

 PP1019 oprB-1 26987755 49646 5.7    cell envelope 

 PP0883  26987619 50256 6.1    cell envelope 

 PP1916 fabF 26988645 43153 5.6    fattyacid 

39 PP4678 ilvC 26991362 36370 5.5 - -1.4 0.072 aminoacid 

40 PP4678 ilvC 26991362 36370 5.5 - -1.4 0.018 aminoacid 

41 PP4678 ilvC 26991362 36370 5.5 - -1.4 0.045 aminoacid 

42 PP4678 ilvC 26991362 36370 5.5 - -1.4 0.042 aminoacid 

43 PP1206 oprD 26987941 46092 4.8 - -1.5 0.152 cell envelope 
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Spot Locus 

Tag
a
 

Gene 

name 

gi number MW pI Expres-

sion
b
 

Ratio
c
 FDR

d
 Function 

44 PP1206 oprD 26987941 46092 4.8 - -1.7 0.033 cell envelope 

45      - -1.7 0.063 not identified 

46 PP1019 oprB-1 26987755 49646 5.7 - -2.0 0.072 cell envelope 

* PP4519 tolC 26991204 50394 5.5    cell envelope 

47 PP4679 ilvN 26991363 17784 5.9 - -2.0 0.13 aminoacid 

 PP0471 rpsE 26987212 17666 10    protein 

synthesis 

48 PP0460 rpsC 26987201 25725 10.

1 

-- -2.1 0.1 protein 

synthesis 

 PP4190 sdhB 26990882 26000 7.4    energy 

 PP0227  26986970 28756 7.7    other 

49 PP2089 oprF 26988814 37012 4.7 -- -2.8 0.1 cell envelope 

50 PP2089 oprF 26988814 37012 4.7 -- -2.9 0.05 cell envelope 

51 PP2089 oprF 26988814 37012 4.7 -- -2.9 0.09 cell envelope 

52 PP1019 oprB-1 26987755 49646 5.7 -- -3.3 0.062 cell envelope 

53 PP3778 proC-1 26990483 27715 5.8 -- -3.8 0.04 aminoacid 

54 PP3778 proC-1 26990483 27715 5.8 -- -3.9 0.042 aminoacid 

55 PP3778 proC-1 26990483 27715 5.8 -- -4 0.051 aminoacid 

56 PP3778 proC-1 26990483 27715 5.8 -- -4.1 0.037 aminoacid 

 

a
Locus tag based on genome of P. putida KT2440 

b
Expression, proteins with an up-regulation between 1.3 and 2 are marked as “+” and proteins 

with an up-regulation of 2 or more are marked as “++”. Similarly, proteins between -1.3 and    

-2 were marked as “–“ and proteins with a down regulation of -2 or more are marked as  “-- “.  
c
Ratio of expression in 2 mM toluene versus the absence of toluene, a positive value indicates 

up-regulation in the presence of toluene, while a negativ value indicates down regulation of 

the protein in the presence of toluene.  
d
Student's t-test, False discovery rate corrected (P<0.05) 

*) identified as co-migrated protein, expression is neglected for further analysis 
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SUPPLEMENTARY FIGURES AND TABLES OF CHAPTER IV 

Supplementary figure S1: Protein extracts for all conditions (WT, 3mM, and 5mM toluene) 

from chemostat 1 and 2 were separated by SDS-PAGE. The gel lane of each condition was 

cut into 20 slices and each slice was digested in-gel with trypsin. 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary table S2: Cell dry weight (CDW), amount of glucose consumed, gluconate 

and keto-gluconate produced and yield of P. putida S12 during continuous culturing in C-

limited mineral medium, in the absence and presence of 3mM and 5mM toluene. Values 

are the means of two independent experiments. 

   WT 3mM toluene 5mM toluene 

CDW ( g 
. 
l 

-1
)  0.73 0.35 0.33 

Glucose consumed ( g 
. 
l 

-1
) 1.6 1.6 1.6 

Yield ( g protein 
. 
g 

-1
 glucose) 0.28 0.13 0.12 

Gluconate produced ( g 
. 
l 

-1
 ) 0 0 0 

Keto-gluconate produced ( g 
. 
l 

-1
 ) 0 0 0 

 

Space constraints prevent the printing of the supplementary data S3 and S4, but Suppl.  

table S3 and S4: are available at http://pubs.acs.org/doi/suppl/10.1021/pr100401n 
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SUPPLEMENTARY FIGURES AND TABLES OF CHAPTER V 

Supplementary table S1: transcriptomics versus proteomics versus fluxomics.  

      Transcriptomics
a
 Proteomics

b
 Fluxomics

c
 

Function Locus 

Tag 

Gene 

name 

3 mM 

/WT 

5 mM   

/WT 

3 mM 

/WT 

5mM 

/3mM 

5 mM 

/WT
d
 

WT 10% 

v/v 

Toluene 

/WT
e
 

NADH PP4120 nuoB   2.4 1.0 2.4    

 PP4121 nuoCD   3.1 1.4 3.5    

 PP4123 nuoF   1.5 3.1 3.6    

 PP4124 nuoG   1.4 2.0 2.3    

 PP4126 nuoI   0.7 1.3 0.9    

 PP4128 nuoK 2.0 2.1       

 PP4129 nuoL 1.6 1.9 1.0 1.7 1.7    

 PP4130 nuoM 1.9 1.8       

 PP4131 nuoN   1.6 1.8 2.4    

Cyo complex PP0812 cyoA 2.0 2.1 2.7 5.8 7.5    

 PP0813 cyoB 2.1 2.2 2.9 3.0 4.9    

 PP0814 cyoC 2.0 1.9       

 PP0815 cyoD 1.9 2.1       

 PP0816 cyoE 2.1 2.3       

Glucose  PP1015    0.7 0.2 0.1 

6.5 15.9 2.4 metabolism PP1016    0.9 0.4 0.4 

 PP1018    0.9 0.9 0.8 

 PP1019 oprB-1   1.1 0.3 0.4    

 PP1011 glk   1.0 3.6 3.5 6.5 15.9 2.4 

 PP1022 zwf-1   1.2 2.0 2.2 
0.6 0.7 1.2 

 PP1023 pgl   0.7 0.5 0.4 

 PP1024 eda   1.8 1.6 2.4 
7 20.6 2.9 

 PP1010 edd   2.3 1.5 2.7 

 PP1009 gap-1   0.8 3.8 3.6 

4.7 9.9 2.1  PP4963 pgk   0.3 3.8 1.3 

 PP4701 pgi2   1.2 0.2 0.2 0.4 -4.9 0.1 

 PP1612 eno   0.7 4.3 4.0 3.7 9.1 2.5 

 PP1362 pykA   1.4 3.2 3.6 4.4 9.9 2.3 

 PP4960 fda   0.7 0.6 0.5 1.1 5.3 4.8 

 PP1505 ppc   1.2 0.6 0.7 1.1 1.1 1.0 
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   Transcriptomics
a
 Proteomics

b
 Fluxomics

c
 

Function Locus 

Tag 

Gene 

name 

3 mM 

/WT 

5 mM   

/WT 

3 mM 

/WT 

5mM 

/3mM 

5 mM 

/WT
d
 

WT 10% 

v/v 

Toluene 

/WT
e
 

Glucose  PP0338 aceF   0.7 1.5 1.0 

6.9 26.4 3.8 metabolism PP0339 aceE   1.0 1.1 1.2 

 PP4187 lpdG   0.7 3.1 2.7 

 PP4194 gltA   1.6 3.2 3.8 

5.6 25.3 4.5 

 PP2112 acnA 0.6 0.5 0.7 0.7 0.5 

 PP2339 acnB   1.3 1.4 1.7 

 PP2336    1.3 0.8 1.1 

 PP4011 icd   0.9 2.2 2.1 

 PP4012    1.1 3.3 3.4 

 PP0751 mqo-1   2.3 1.9 3.2 

5.1 11.4 2.2  PP2925 mqo-3 0.61 0.46 0.5 0.4 0.2 

 PP5085 maeB   0.9 5.6 5.4 2.6 10.7 4.1 

 PP5346 oadA   2.3 0.7 1.6 5.4 13.3 2.5 

 PP0356 glcB   2.2 1.1 2.2 
5.6 25.3 4.5 

 PP4116 aceA   1.5 2.9 3.4 

 PP4187 lpdG   0.7 3.1 2.7 

4.8 24.6 5.1 

 PP4188 kgdB   0.9 3.1 3.0 

 PP4185 sucD   0.8 0.7 0.6 

 PP4186 sucC   0.8 6.0 5.7 

 PP4190 sdhB   1.0 0.6 0.6 

 PP4191 sdhA   1.3 1.7 2.0 

 PP4192 sdhD   1.0 4.0 3.9 

 PP1755 fumC-2 0.6 0.5 0.4 0.8 0.3 

 PP0897    1.5 2.9 3.4 

 PP0253 pckA      1.1 1.1 1 

 PP3416 gnuK 0.4 0.3 1.3 1.8 2.1    

 PP3377 kguK 4.6 6.6       

 PP3378  4.0 5.7       

 PP3417 gntP 2.3 3.5       

 PP1444 gcd   1.1 1.7 1.8    

 PP4487 acsA 2.8 3.5 4.7 1.2 4.9    

ATP PP5412 atpC   0.5 - -    

           

           



 

 

128 

           

   Transcriptomics
a
 Proteomics

b
 Fluxomics

c
 

Function Locus 

Tag 

Gene 

name 

3 mM 

/WT 

5 mM   

/WT 

3 mM 

/WT 

5mM 

/3mM 

5 mM 

/WT
d
 

WT 10% 

v/v 

Toluene 

/WT
e
 

ATP PP5415 atpA   1.6 2.2 2.9    

 PP5417 atpF   1.6 1.7 2.2    

 PP5413 atpD   1.2 2.3 2.5    

 PP5414 atpG   0.8 4.1 3.9    

Sugar PP4050 glgA 0.5 0.4 0.6 0.6 0.3    

storage PP4051  0.4 0.3 0.8 0.3 0.3    

 PP4052 malQ 0.4 0.3 0.4 0.4 0.1    

 PP4053  0.5 0.4 0.7 0.3 0.2    

 PP4054  0.5 0.4       

 PP4055 glgX 0.5 0.4 1.4 0.4 0.5    

 PP4058 glgB 0.5 0.4 0.6 0.7 0.4    

 PP5041 glgP 0.6 0.4 1.1 0.4 0.4    

Efflux/ srpA srpA 13.4 13.6 10.6 6.7 16.3    

Transport srpC srpC 10.8 11.0 9.2 6.3 14.4    

 srpB srpB 10.4 10.8 10.5 5.3 14.8    

 PP1272  2.0 1.6 1.4 2.1 2.5    

 PP1272  2.4 2.8       

 PP1384 ttgC   0.4 0.4 0.2    

 PP1385 ttgB 0.2 0.2       

 PP1386 ttgA 0.5 0.5 0.9 1.2 1.1    

 PP1386  0.5 0.5       

 PP1386  0.5 0.4       

 PP0803  0.7 0.6 0.2      

 PP0804  0.4 0.4 0.2      

 PP0805  0.3 0.3 0.2      

 PP5173  0.3 0.3       

 PP5174  0.5 0.5 0.4 0.5 0.2    

 PP5175    0.6 1.1 0.3    

 PP1416  0.5 0.4       

 PP1417  0.5 0.4       

 PP1418  0.4 0.3 0.8 0.4 0.3    

 PP1743 actP 6.6 8.4 5.3 8.3 12.6    

Membrane  PP1121  0.5 0.3 0.9 0.1 0.1    

 PP1122  0.6 0.4 0.6 0.7 0.4    



 

 

129 

           

   Transcriptomics
a
 Proteomics

b
 Fluxomics

c
 

Function Locus 

Tag 

Gene 

name 

3 mM 

/WT 

5 mM   

/WT 

3 mM 

/WT 

5mM 

/3mM 

5 mM 

/WT
d
 

WT 10% 

v/v 

Toluene 

/WT
e
 

Membrane PP2322 oprI   1.2 0.4 0.5    

 PP1223 oprL   0.4 0.9 0.3    

 PP0806  0.3 0.3 0.1      

 PP0570  0.6 0.6 0.6 0.9 0.6    

 PP2089 oprF   0.6 0.4 0.2    

 PP1185 oprH1   2.9 8.3 10.2    

 PP0268 oprQ   0.7 1.3 0.9    

 PP0046    1.4 0.3 0.5    

 PP0234 oprE   2.4 1.2 2.6    

 PP0883  0.4 0.3       

 PP1206 oprD   1.9 0.5 0.9    

 PP1419  0.4 0.3 0.5 0.4 0.2    

Cell envelope PP0258 LysM 0.7 0.5 0.9 0.5 0.4    

 PP3140  0.6 0.5 0.3 - -    

 PP3141  0.6 0.5       

 PP1332 murE   1.0 1.5 1.5    

 PP1333 murF   0.9 1.0 1    

 PP1335 murD   0.8 0.2 0.2    

 PP1338 murC   1.0 0.7 0.7    

 PP0964 murA   0.7 0.9 0.6    

 PP4803 dacA   0.7 5.3 5.0    

 PP5409 glmS   4.5 0.2 1.1    

 PP5411 glmU   0.7 3.1 2.8    

 PP4716 glmM   2.1 0.6 1.3    

 PP4805 mltB 2.1 2.0       

 PP4897  1.6 1.9       

Flagellar PP4352 flhB 1.5 1.4       

 PP4354 fliQ 1.8 2.0       

 PP4356 fliO 2.2 1.9       

 PP4361 fliK 0.7 0.5       

 PP4367 fliH 1.5 1.3       

 PP4368 fliG 2.0 1.9       

 PSPA7_4279   1.0 1.2 1.2    

 PP4381 flgK   0.5      
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   Transcriptomics
a
 Proteomics

b
 Fluxomics

c
 

Function Locus 

Tag 

Gene 

name 

3 mM 

/WT 

5 mM   

/WT 

3 mM 

/WT 

5mM 

/3mM 

5 mM 

/WT
d
 

WT 10% 

v/v 

Toluene 

/WT
e
 

RpoH/σ
32

 

family  

PP1361 groEL   1.4 2.5 2.9 

   

 
PP4727 dnaK   0.6 3.7 2.9 

   

 
PP4726 dnaJ   0.9 2.3 2.1 

   

 
PP5001 hslU   1.7 5.6 6.3 

   

Stress PP0625 clpB   0.8 2.8 2.6    

 PP1871 htpX 1.7 2.3 
   

   

 PP4179 htpG   3.0 3.0 5.0    

 PP0846 hscA   2.8 0.8 2.2    

 PP2361 csuC 0.4 0.3 0.4 0.4 0.1    

 PP4010 cspD 0.3 0.4       

 PP4521  0.5 0.3 0.4 0.6 0.2    

 PP2111 aer-2   2.4 0.2 0.5    

Hypothetical PP0053  0.6 0.5       

 PP0108  0.5 0.6       

 PP0147  0.6 0.6       

 PP0150  1.7 2.1       

 PP0151  1.9 2.6       

 PP0153  4.1 9.8       

 PP0285  1.6 2.1       

 PP0309  0.5 0.3       

 PP0319  2.2 2.8       

 PP0679  0.6 0.5 0.6 1.0 0.6    

 PP0765  0.7 0.5 0.7 0.2 0.1    

 PP0766  0.5 0.5 0.7 1.0 0.7    

 PP0855  1.3 1.5       

 PP0905  0.6 0.5       

 PP0908  1.3 2.0       

 PP1020  1.6 1.4       

 PP1165  0.5 0.5       

 PP1207  2.2 2.6       

 PP1230  0.6 0.7 1.4 0.9 1.3    

 PP1246  0.5 0.5       

 PP1247  0.2 0.1       
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   Transcriptomics
a
 Proteomics

b
 Fluxomics

c
 

Function Locus 

Tag 

Gene 

name 

3 mM 

/WT 

5 mM   

/WT 

3 mM 

/WT 

5mM 

/3mM 

5 mM 

/WT
d
 

WT 10% 

v/v 

Toluene 

/WT
e
 

Hypothetical PP1531  1.8 2.6       

 PP1487  2.4 2.9       

 PP1385 ttgB 0.2 0.2       

 PP1503  0.6 0.6       

 PP1511  0.6 0.5       

 PP1659  0.1 0.1 0.1 - -    

 PP1660  0.1 0.1       

 PP1704  0.6 0.5       

 PP1742  4.3 6.7 2.5 1.8 3.3    

 PP1762  0.4 0.3       

 PP1825  1.6 1.7       

 PP1993    0.8 0.2 0.1    

 PP2005  0.4 0.5       

 PP2320    1.0 1.1 1.1    

 PP2321  1.2 1.9       

 PP2340  1.6 1.9       

 PP2526  0.7 0.6       

 PP2550    0.8 1.2 1.0    

 PP2856  0.7 0.5       

 PP2874  0.6 0.6       

 PP2941  0.5 0.4       

 PP3111  0.5 0.5       

 PP3188  0.7 0.3       

 PP3214  0.4 0.3       

 PP3397  0.5 0.4       

 PP3418  2.5 4.9       

 PP3451  0.7 0.7       

 PP3460  0.5 0.4       

 PP3461  0.6 0.3       

 PP3462  0.4 0.2       

 PP3610  0.4 0.4       

 PP3611 trgI 0.4 0.3 0.3 0.1 0.0    

 PP4362  0.5 0.4       

 PP4555  0.4 0.3       
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a
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b
 Fluxomics

c
 

Function Locus 

Tag 

Gene 

name 

3 mM 

/WT 

5 mM   

/WT 

3 mM 

/WT 

5mM 

/3mM 

5 mM 

/WT
d
 

WT 10% 

v/v 

Toluene 

/WT
e
 

Hypothetical PP4577  2.0 1.5       

 PP4556  0.7 0.7       

 PP4704  0.6 0.6 0.7 0.7 0.5    

 PP5236  0.5 0.6       

 PP5353  2.1 2.3 1.4 1.4 1.8    

Fatty acid PP2008 fadH   5.0 0.3 1.7    

 PP2136 fadB   0.7 2.0 1.5    

 PP2137 fadA   0.5 13.0 11.8    

 PP2213 fadDx   1.2 0.3 0.3    

 PP4550 fadD2   0.8 0.8 0.7    

 PP4545 Fabh2   1.4 0.4 0.6    

 PP0558 accC-1   0.7 1.5 1.0    

 PP1607 accA   1.1 2.0 2.1    

 PP4067    2.7 0.6 1.5    

 PP4379    0.7 3.9 3.5    

 PP4175 fabB   1.0 2.5 2.5    

 PP1913 fabD   0.5 - -    

Aminoacid PP0999 arc 0.4 0.3 0.3 0.5 0.1    

 PP1000 argI 0.3 0.2 0.3 0.3 0.1    

 PP1001 arcA 0.4 0.3 0.3 0.7 0.2    

 PP1002 arcD 0.2 0.1 0.8 0.4 0.3    

Nucleotide PP4997 pyrR 1.7 2.0 1.6 2.2 2.8    

 PP4998 pyrB 1.7 1.8 0.4 5.4 4.0    

Other PP5341  0.5 0.4 0.6 0.8 0.5    

 PP5007  0.6 0.5 0.8 0.5 0.4    

 PP4881  2.0 2.6 1.4 1.9 2.3    

 PP4959  0.1 0.1 0.3      

 PP4780  0.6 0.5 0.6 0.6 0.0    

 PP4482  1.3 1.9 1.5 1.8     

 PP4363  0.4 0.3 0.7 0.5 0.3    

 PP3954  0.4 0.3 0.4      

 PP3668  0.5 0.4 0.5 0.3 0.2    

 PP3638  0.5 0.4 0.3      

 PP2942  0.4 0.3 0.2 0.3 0.1    



 

 

133 

           

   Transcriptomics
a
 Proteomics

b
 Fluxomics

c
 

Function Locus 

Tag 

Gene 

name 

3 mM 

/WT 

5 mM   

/WT 

3 mM 

/WT 

5mM 

/3mM 

5 mM 

/WT
d
 

WT 10% 

v/v 

Toluene 

/WT
e
 

Other PP2943  0.6 0.6 0.4      

 PP2265 folD-2 1.3 1.4 0.7 0.4 0.3    

 PP2264  0.5 0.4 0.5 0.4 0.2    

 PP2195  0.5 0.4 0.3      

 PP1391  1.1 1.7 1.4 1.8 2.2    

 PP1261  1.9 1.8 1.2 1.3 1.5    

 PP1086 pyrC 2.1 2.9 0.9 2.1 2.0    

 PP0732 hemA 1.4 1.6 1.3 1.8 2.1    

 PP0684 flkB-1 1.4 2.0 0.5 2.1 1.7    

 PP0675 gdhA 2.0 5.0 1.4 4.0 4.4    

 PP0294  0.7 0.4 0.9 0.1 0.1    

 PP1661  0.1 0.1 0.6 0.1 0.1    
 

 

a
SUPPLEMENTARY MATERIAL, Volkers, RJM et al. TRGI, TOLUENE REPRESSED GENE I, a 

novel gene involved in toluene-tolerance in Pseudomonas putida S12, Extremophiles 2009 

13, 283-297. Genes that showed an increase of >1.334 fold or <0.667 fold were considered 

as differentially expressed. 
b
SUPPLEMENTARY MATERIAL (table S3) Wijte et al. Probing the Proteome Response to 

Toluene Exposure in the Solvent Tolerant Pseudomonas putida S12, Journal of proteome 

research 2011, 10, 394-403. Proteins that showed an increase or decrease in expression 

level of >2.0 fold or <0.50 fold were considered as differently expressed. 
c
SUPPLEMENTARY MATERIAL  Blank et al. Metabolic response of Pseudomonas putida 

during redox biocatalysis in the presence of a second octanol phase. FEBS Journal 2008, 

275, 5173-5190 
d
To evaluate differences between proteomics versus transcriptomics, we converted 3mM-

5mM to 5mM/no toluene  
e
To evaluate differences between proteomics/transcriptomics/fluxomics, we calculated 

the ratio toluene/ no toluene 
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Supplementary table S2: Proteomics versus transcriptomics. 

  Proteomics
a
 Transcriptomics

b
 

Locus 

Tag 

Gene 

name 

Ratio 

3 mM / WT 

Ratio 

5 mM / WT
c
 

Ratio 

3 mM / WT 

Ratio 

5 mM / WT 

PP0258  0.9 0.4 0.7 0.5 

PP0285  0.9 1.5 1.6 2.1 

PP0294  0.9 0.1 0.7 0.4 

PP0675 gdhA 1.4 4.4 2.0 5.0 

PP0679  0.6 0.6 0.6 0.5 

PP0684 flkB-1 0.5 1.7 1.4 2.0 

PP0732 hemA 1.3 2.1 1.4 1.6 

PP0765  0.7 0.1 0.7 0.5 

PP0766  0.7 0.8 0.5 0.5 

PP0803  0.2  0.7 0.6 

PP0804  0.2  0.4 0.4 

PP0805  0.2  0.3 0.3 

PP0806  0.1  0.3 0.3 

PP0812 cyoA 2.7 7.5 2.0 2.1 

PP0813 cyoB 2.9 4.9 2.1 2.2 

PP0998  0.7 1.0 0.7 0.7 

PP0999 arcC 0.3 0.1 0.4 0.3 

PP1000 argI 0.3 0.1 0.3 0.2 

PP1001 arcA 0.3 0.2 0.4 0.3 

PP1002 arcD 0.8 0.3 0.2 0.1 

PP1086 pyrC 0.9 2.0 2.1 2.9 

PP1121  0.9 0.1 0.5 0.3 

PP1122  0.6 0.4 0.6 0.4 

PP1230  1.4 1.3 0.6 0.7 

PP1261  1.2 1.5 1.9 1.8 

PP1272  1.4 2.5 2.0 1.6 

PP1386  0.4 0.2 0.5 0.5 

PP1391  1.4 2.2 1.1 1.7 

PP1418  0.8 0.3 0.4 0.3 

PP1419  0.5 0.2 0.4 0.3 

PP1659  0.1  0.1 0.1 

PP1661  0.6 0.1 0.1 0.1 

PP1742  2.5 3.3 4.3 6.7 

PP1743  5.3 12.6 6.6 8.4 

PP1755 fumC-II 0.4 0.3 0.6 0.5 

PP2112 acnA 0.7 0.5 0.6 0.5 

PP2195  0.3  0.5 0.4 

PP2264  0.5 0.2 0.5 0.4 

PP2265 folD-2 0.7 0.3 1.3 1.4 

PP2361 csuC 0.4 0.1 0.4 0.3 
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  Proteomics
a
 Transcriptomics

b
 

Locus 

Tag 

Gene 

name 

Ratio 

3 mM / WT 

Ratio 

5 mM / WT
c
 

Ratio 

3 mM / WT 

Ratio 

5 mM / WT 

PP2925 mqo-3 0.5 0.2 0.6 0.5 

PP2942  0.2 0.1 0.4 0.3 

PP2943  0.4  0.6 0.6 

PP3135  0.3  0.4 0.3 

PP3140  0.3  0.6 0.5 

PP3416 gnuK 1.3 2.1 2.6 4.2 

PP3611  0.3 0.0 0.4 0.3 

PP3638  0.3  0.5 0.4 

PP3668  0.5 0.2 0.5 0.4 

PP3954  0.4  0.4 0.3 

PP4012  1.1 3.4 2.2 2.6 

PP4050 glgA 0.6 0.3 0.5 0.4 

PP4051  0.8 0.3 0.4 0.3 

PP4052 malQ 0.4 0.1 0.4 0.3 

PP4053  0.7 0.2 0.5 0.4 

PP4055 glgX 1.4 0.5 0.5 0.4 

PP4058 glgB 0.6 0.4 0.6 0.4 

PP4129 nuoL 1.0 1.7 1.6 1.9 

PP4363  0.7 0.3 0.4 0.3 

PP4482  1.5 2.3 1.3 1.9 

PP4487 acsA 4.7 4.9 2.8 3.5 

PP4521  0.4 0.2 0.5 0.3 

PP4704  0.7 0.5 0.6 0.6 

PP4780  0.6 0.0 0.6 0.5 

PP4881  1.4 2.3 2.0 2.6 

PP4959  0.3  0.1 0.1 

PP4997 pyrR 1.6 2.8 1.7 2.0 

PP4998 pyrB 0.4 4.0 1.7 1.8 

PP5007  0.8 0.4 0.6 0.5 

PP5041 glgP 1.1 0.4 0.6 0.4 

PP5174  0.4 0.2 0.5 0.5 

PP5341  0.6 0.5 0.5 0.4 

PP5353  1.4 1.8 2.1 2.3 

srpA_at srpA 10.6 16.3 13.4 13.6 

srpB_at srpB 10.5 14.8 10.4 10.8 

srpC_at srpC 9.2 14.4 10.8 11.0 
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a
 SUPPLEMENTARY MATERIAL (table S3) Wijte et al. Probing the Proteome Response to 

Toluene Exposure in the Solvent Tolerant Pseudomonas putida S12, Journal of proteome 

research 2011, 10, 394-403. Proteins that showed an increase or decrease in expression 

level of >2.0 fold or <0.50 fold were considered as differently expressed. 
b 

SUPPLEMENTARY MATERIAL, Volkers, RJM et al. TRGI, TOLUENE REPRESSED GENE I, a 

novel gene involved in toluene-tolerance in Pseudomonas putida S12, Extremophiles 2009 

13, 283-297. Genes that showed an increase of >1.334 fold or <0.667 fold were considered 

as differentially expressed.  
c
To evaluate differences between proteomics versus transcriptomics, we converted 3mM-

5mM to 5mM/no toluene 
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SAMENVATTING 

Bacteriën, voornamelijk bekend als bron van ziektes en infecties, spelen een belangrijke 

rol in de natuur. Zonder bacteriën zouden wij niet kunnen bestaan. Bacteriën in ons 

lichaam zijn betrokken bij het verteren van voedel tot stoffen die door het lichaam kunnen 

worden opgenomen. Daarnaast worden bacteriën in de industrie ingezet om afval af te 

breken of om organische oplosmiddelen te produceren. Wanneer er gebruikt wordt 

gemaakt van bacteriën voor de productie van organische oplosmiddelen wordt dit 

aangeduid als bioconversie. Het voordeel van bioconversie ten opzichte van de chemische 

manier (fossiele brandstoffen) van oplosmiddelen produceren is dat er veelal minder 

bijproducten ontstaan en dat het minder milieuvervuilend is. Het nadeel van bioconversie 

is dat er eerst goede bacteriën geselecteerd of gemaakt moeten worden.  

 

In het verleden is er veelvuldig onderzoek gedaan naar de toepasbaarheid van bacteriën 

voor de productie van organische oplosmiddelen. Het begrijpen van de biologie van de 

bacterie bevordert de optimalisatie van de productieprocessen. Er kan op verschillende 

niveaus in de bacterie gekeken worden: op DNA-niveau (genomics), op mRNA-niveau 

(transcriptomics), op eiwitniveau (proteomics), en op metabolietniveau (fluxomics en 

metabolomics), zie hoofdstuk I.  

 

Het uiteindelijke doel, zoals beschreven in dit proefschrift, was het bestuderen van de 

moleculaire mechanismen in Pseudomonas putida, blootgesteld aan tolueen op 

eiwitniveau. Het bestuderen van deze bacteriën is van groot belang omdat deze bacteriën 

gebruikt kunnen worden in de productie van chemicaliën (bioconversie, biotransformatie) 

en in de reiniging van zwaar verontreinigde afvalstromen (bioremediatie). Om in detail te 

bestuderen welke eiwitten in P. putida een rol spelen bij de tolerantie voor tolueen is er 

gebruik gemaakt van verschillende proteomics technieken en verschillende stammen van 

P. putida, namelijk P. putida KT2440 en P. putida S12.  

 

Specifieke microbiële eigenschappen van een bacterie kunnen aangetoond worden door 

de eiwitten van een bacterie (het proteoom) te analyseren. Voor de identificatie van 

eiwitten wordt meestal gebruik gemaakt van 2D-gelelektroforese of 

vloeistofchromatogafie (LC) in combinatie met massaspectrometrie (MS). Met 2D-

gelelektroforese worden eiwitten op iso-elektrisch punt en molecuulmassa gescheiden. Na 

het scheiden worden de eiwitten zichtbaar gemaakt in de gel zodat het eiwit uit de gel 

gehaald kan worden. Vervolgens worden de eiwitten met een massaspectrometer 

geïdentificeerd. Specifieke gelkleuring, zoals fluorescentiekleuring, zilverkleuring, en 

Coomassiekleuring worden gebruikt om de eiwitten zichtbaar te maken. Daarnaast is het 

mogelijk om de eiwitten eerst te labelen met een fluorescentietag voordat ze gescheiden 

worden. Fluorescentiekleuring en fluorescentietags bevorderen de kwantificatie van 

eiwitten. Door een eiwit te kwantificeren is het makkelijker om verschillende 
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kweekcondities van P. putida met elkaar te vergelijken. Een nadeel van 

fluorescentiekleuring of fluorescentietags is dat de eiwitten in de gel niet zichtbaar zijn 

met het blote oog. Om het uitsnijden en hierdoor de identificatie van eiwitten mogelijk te 

maken is ProteomIQ Blue als een alternatieve nakleuringstechniek gebruikt voor eiwitten 

die fluorescent gelabeld of gekleurd zijn, zie hoofdstuk 2. Uit de analyse bleek dat met 

ProteomIQ Blue als nakleuringstechniek, meer dan 90% van de fluorescent gelabelde of 

gekleurde eiwitten zichtbaar zijn. Tevens werden er meer eiwitten geïdentificeerd door 

het gebruik van ProteomIQ Blue in vergelijking met zilverkleuring.  

 

P. putida KT2440 is een gram negatieve bacterie die niet in staat is om te groeien in hoge 

concentraties organisch oplosmiddel. Om te achterhalen wat er voor zorgt dat P. putida 

KT2440 kan overleven in lage concentraties organische oplosmiddel, is er in hoofdstuk III 

gekeken naar cytoplasmatische - en membraaneiwitten van P. putida KT2440 tijdens 

adaptatie aan 2mM tolueen. Voor de analyse zijn chemostaatculturen van P. putida 

KT2440 blootgesteld aan tolueen en gelimiteerd voor stikstof of koolstof. Het voordeel 

van chemostaatculturen is dat het een reproduceerbare methode is voor het groeien van 

cellen onder omstandigheden waarin slechts één voedingsstof de groei limiteert, terwijl 

alle andere parameters in de chemostaatcultuur constant worden gehouden. Na het 

kweken werden de eiwitten van P. putida KT2440 geïsoleerd en gelabeld met 

fluorescentietags (CyDyes). Vervolgens werden de eiwitmonsters van verschillende 

kweekcondities gemengd en gescheiden met behulp van 2D-gelelektroforese. De 

expressieniveaus van de eiwitten zijn bepaald aan de hand van de spotintensiteit. Eiwitten 

die een verhoogde of een verlaagde expressie vertoonden werden geïdentificeerd met 

massaspectrometrie. Uit ons onderzoek bleek dat eiwitten afkomstig van de 

buitenmembraan en van het centraal koolstofmetabolisme differentieel tot expressie 

kwamen wanneer P. putida KT2440 blootgesteld werd aan tolueen.  

 

P. putida S12 is een gram negatieve bacterie die in staat is te groeien in hoge 

concentraties organisch oplosmiddel (bijv. tolueen en benzeen). Het kunnen groeien in 

hoge concentraties oplosmiddel is een unieke eigenschap omdat kleine concentraties 

organische oplosmiddelen voor de meeste bacteriën dodelijk zijn. Om te achterhalen wat 

er voor zorgt dat P. putida S12 tolerant is voor tolueen is  in hoofdstuk IV gekeken naar 

het proteoom tijdens adaptatie aan 3mM- en 5mM tolueen. Door het proteoom van P. 

putida S12, blootgesteld aan 3mM - en 5mM tolueen, te vergelijken met “wild type” P. 

putida S12, kon aangetoond worden welke eiwitten differentieel tot expressie komen. In 

totaal werden er meer dan 600 eiwitten geïdentificeerd en 528 eiwitten gekwantificeerd. 

De differentieel gereguleerde eiwitten zijn naar aanleiding van hun biologische functie 

gegroepeerd. Hieruit blijkt dat actief transport en de buitenmembraan een belangrijke rol 

spelen bij tolerantie voor tolueen in P. putida S12. Tevens kwamen eiwitten van het 

centraal koolstofmetabolisme verhoogd tot expressie in aanwezigheid van tolueen. Deze 
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bevinding suggereert dat P. putida S12 in staat is om extra energie te genereren tijdens 

blootstelling aan tolueen door eiwitten uit centraal koolstofmetabolisme hoger tot 

expressie te laten komen. 

 

De veranderingen die gepaard gaan met de adaptatie van P. putida S12 aan tolueen zijn 

niet alleen op proteoom(eiwit) -, ook op transcriptoom(mRNA) - en op fluxoom(metabole 

flux) niveau onderzocht. In hoofdstuk V zijn de resultaten van deze verschillende ‘–omics’ 

technieken met elkaar vergeleken. Hieruit blijkt dat verschillende mechanismen 

gerelateerd aan de tolerantie voor oplosmiddelen in P. putida S12 aangetoond kunnen 

worden. Eiwitten betrokken bij het actief transport van tolueen (bijv. de eiwitpomp 

SrpABC) is zowel op eiwitniveau als op mRNA niveau aantoonbaar. Opmerkelijk was dat de 

meeste andere transportmechanismen zowel op eiwitniveau als op mRNA niveau lager tot 

expressie kwamen in de aanwezigheid van tolueen. Daarnaast was het in alle ‘–omics’ 

technieken zichtbaar dat eiwitten gerelateerd aan energieproductie verhoogd tot 

expressie kwamen in de aanwezigheid van tolueen. Ondanks de positieve correlatie tussen 

mRNA en eiwitniveaus waren er ook grote verschillen waarneembaar. Bijvoorbeeld, 

eiwitten gerelateerd aan vetzuurbiosynthese en stress waren verhoogd op 

proteoomniveau, maar deze verhoging was niet waarneembaar op transcriptoomniveau.  

 

Het werk beschreven in dit proefschrift toont aan dat P. putida gebruik maakt van 

verschillende mechanismen om te kunnen overleven in tolueen en daarbij spelen actief 

transport en energiemetabolisme een belangrijke rol.  
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NAWOORD 

 

Vandaag ben ik gaan lopen 

Maak me klein bij elk geluid 

Ben veel banger dan ik was, 

Toen ik nog stil stond 

Mag zo wezen 

Maar ik kom eindelijk, ik kom eindelijk vooruit 

     Acda en de Munnik 

 

Iedereen moet lopen om ergens te komen maar in het gezelschap van een aantal mensen 
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bewonderenswaardig. Han, jouw bemoedigende woorden en de interesse die je toonde in 
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Een bijzonder woord van dank gaat uit naar de promovendi, de post-docs, de analisten 

van TNO Kwaliteit van Leven, het Kluyver Centre (TU Delft) en naar de afdeling 
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