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ABSTRACT 

Proteomic Analysis of Cellulose Metabolism in Clostridium thermocellum 

Euan Burton 

 The cytoplasmic and membrane proteomes of the cellulolytic bacterium 

Clostridium thermocellum grown on either cellulose or cellobiose were quantitatively 

compared using a metabolic 
15

N isotope labelling method in conjunction with nanoLC-

ESI-MS/MS. In total 1255 proteins were identified in the study and 95 of those were able 

to have their relative abundance per cell compared in at least one cellular compartment in 

response to the substrates provided. Three cellulosome anchoring proteins, OlpB, Orf2P, 

and SdbA, were all found to be more abundant in cellulose grown cells. Cellodextrin 

transport complex B, appearing to be the major cellodextrin transporter in the organism, 

did not demonstrate any difference in abundance on either substrate. Cellodextrin 

transport complex A, putatively a strict cellotriose transporter, demonstrated increased 

abundance in cellobiose grown cells. This study reveals that cells grown on cellulose 

increase their abundance of phospoenolpyruvate carboxykinase while decreasing the 

abundance of pyruvate kinase, suggesting that the organism diverts carbon flow into a 

transhydrogenase malate cycle that can increase the production of the biosynthetic 

intermediates NADPH and GTP. Glutamate dehydrogenase and copper amine oxidase 

proteins were also found to have increased abundance in cellulose grown cells, 

suggesting that the assimilation of ammonia is up-regulated during growth on the 

substrate. The up-regulation of enzymes leading to increased production of biosynthetic 

intermediates and the assimilation of ammonia reveal how the organism produces the 

substrates necessary to increase the production of cellulosomes required for the 

hydrolysis of crystalline cellulose.  
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1. Objectives 

The aim of this study was to better understand how Clostridium thermocellum 

alternatively modulates its proteome in response to growth on either Avicel (a 

microcrystalline cellulose model substrate) or on cellobiose. The proteins of the cell were 

interrogated in two ways. First, a broad study of the composition of the cytoplasmic and 

membrane cellular fractions during growth on either substrate was investigated by 

nanoLC-ESI-MS/MS peptide sequencing. Second, a quantitative method was employed 

that would allow the measurement of changes in expression of proteins found in both the 

cytoplasmic and membrane fractions of cells grown on either substrate. This quantitative 

assessment was accomplished using a metabolic isotope-labelling strategy in conjunction 

with nanoLC-ESI-MS/MS. By comparing the proteomes of Avicel-grown and cellobiose-

grown C. thermocellum cells, we expected to identify several hundred proteins utilized by 

the organism, and to uncover patterns in protein expression that improve our 

understanding of anaerobic cellulose metabolism. The soluble fraction of the cells were 

expected to provide clues of the intracellular catabolism taking place during growth on 

cellulose, while the membrane fraction was expected to possess information about the 

transporters utilized to internalize oligosaccharides hydrolyzed from cellulose and the 

protein machinery involved in the secretion of cellulase enzymes and cellulosomes.  

2. Introduction 

 Global biofuel production contributed 1.5% of worldwide transport fuel 

consumption in 2008, a more than 400% increase compared to the production volumes 

from 2000 [1]. The dramatic increase in the growth of this industry in the last decade has 
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been a result of ambitious support policies from governments such as Canada, the U.S 

and the E.U. [2]. Many other emerging economies (e.g. Brazil, China, Thailand, 

Indonesia, and India) have also implemented policies supportive of biofuel production 

[2]. The intentions of such policies include; reducing the carbon footprint of global 

energy consumption, increasing domestic energy production, and invigorating rural 

economies with new markets for their crops. Virtually all biofuel produced today can be 

described as "first-generation" in that they are produced from the fermentation of sugars 

that are not derived from lignocellulose. First generation biofuels are produced from 

crops such as corn, wheat, sugar beet and sugar cane [3]. While 1
st
 generation biofuels 

may prove to be economically sustainable (depending upon the relative cost of oil and 

context of supportive policy), heavy criticism has recently been drawn upon them 

regarding both their social and environmental impacts, with the potential exception of 

ethanol from Brazilian sugarcane [4]. Increases in the commodity price of agricultural 

products has initiated worldwide debate as to whether 1
st
 generation biofuels can be 

produced without endangering food production. Estimates of the effect of biofuels on the 

increased cost of food prices range from 0-75%, with most literature agreeing on a 15-

25% range [2]. Also debated are the net CO2 reductions of 1
st
 generation biofuels relative 

to conventional fossil fuels, as it has been shown that some biofuels have very low net 

lifecycle benefits [1]. Persuasive arguments have been put forward arguing that the actual 

carbon footprint of current biofuels is actually much worse than that of fossil fuels after a 

correct budgeting of direct and indirect land use changes are accounted for, depending 

upon the biofuel feedstock and the type of land use transition [5-6]. The effects of these 

land use changes are also thought to negatively affect biodiversity due to accelerating 
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deforestation, in addition to increasing competition for scarce water in some regions of 

the world. In light of these difficulties, efforts are underway to create a new generation of 

biofuel production technologies that improve yield, environmental sustainability, and 

originate from non-edible biomass material.   

 

2.1. Second generation biofuels 

 In response to the limitations of 1
st
 generation biofuels, 2

nd
 generation biofuels are 

being developed which allow for the conversion of lignocellulose from plant biomass into 

fuels such as ethanol, butanol and hydrogen. Minimizing the land use appropriated for 

biofuel production is of utmost importance to the environmental and social sustainability 

of its use. Low cost agricultural and forestry wastes, wood processing wastes and the 

organic component of municipal solid wastes can all be used as lignocellulosic feedstocks 

without the need of any additional arable land [2]. Furthermore up to 1 billion hectares of 

marginal and degraded lands unsuitable for food production could be utilized for the 

production of selected perennial energy crops, such as switchgrass and miscanthus [3]. It 

has been estimated that by up to 25% of the world's primary energy resources could be 

supplied by biomass by 2050 using available farm, forest and urban residues and by 

growing perennial energy crops on marginal land [3]. The primary barrier to the 

commercialization of 2
nd

 generation biofuels into the global economy, and the social and 

environmental sustainability such commercialization would bring, is the absence of low 

cost technology to overcome the recalcitrance of lignocellulose.  
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2.2. Consolidated bioprocessing of cellulosic biomass 

Lignocellulose is the major component of plant biomass and is composed of the 

carbohydrate polymers cellulose and hemicellulose, which are tightly bound to the 

chemically complex, non carbohydrate polymer, lignin. Due to the complexity of the 

chemical structure of the lignocellulosic biomass feedstock, and the crystalline structure 

of the cellulose within it, multiple substrate processing steps need to be achieved to 

obtain the final biofuel product (e.g. ethanol). The first step in converting biomass to 

ethanol is pre-treatment, involving cleaning and breakdown of the structure of the 

lignocellulosic materials. A combination of physical and chemical (e.g. acid hydrolysis) 

processes are typically applied, which allow a crude separation of the biomass into its 

cellulose, hemicellulose and lignin components [7].  Some hemicellulose can be 

converted into its component sugars in this step, and the lignin is removed and can be 

burned as fuel onsite in place of fossil fuels, to offset the energy and carbon costs of the 

process [4]. The pre-treatment of the biomass renders the remaining polysaccharide 

portions more amenable to subsequent enzymatic hydrolysis. After pre-treatment the 

remaining cellulose and hemicelluloses from the feedstock is hydrolysed into fermentable 

sugars in the major saccharification step. In process designs where saccharification and 

fermentation of the biomass occur separately, it is referred to as separate hydrolysis and 

fermentation (SHF). An important process modification made for the enzymatic 

hydrolysis of biomass was the introduction of simultaneous saccharification and 

fermentation (SSF) which allows saccharification and fermentation of the biomass to 

occur in the same vessel. The processing configuration can be further improved to 

include the co-fermentation of multiple sugar substrates including pentoses present in 
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hemicellulose in a process termed simultaneous saccharification and co-fermentation 

(SSCF). In the SSCF process, cellulose, cellulase enzymes and co-fermenting microbes 

are combined, reducing the required number of vessels and their associated costs. 

Cocktails of cellulolytic enzymes are available commercially and their costs have 

reduced more than 30-fold in recent years [8].  Despite this dramatic reduction in cost, 

enzymatic hydrolysis of pre-treated cellulose and the cost of making such cellulase 

enzymes is second only to the pre-treatment itself in terms of cost-barriers to the 

commercialization of 2
nd

 generation biofuels [9]. In other words, the three most 

expensive processing operations are for overcoming the natural resistance of plants to the 

biological breakdown of sugars.  

It is because of these costs that researchers are now looking at the possibility of a 

consolidated bioprocessing (CBP) approach that could produce all required enzymes 

within the reactor vessel, allowing a single microbe or microbial community to both 

produce the enzymes necessary to break down cellulose to sugars and to ferment all the 

available sugars into a biofuel, such as ethanol. Consolidated bioprocessing merges four 

biologically mediated transformations, allowing them to take place within the same 

reactor: cellulase and hemicellulase production;  hydrolysis of pretreated biomass into 

sugars; the fermentation of hexose sugars; and the fermentation of pentose sugars [10]. 

CBP is seen as the next paradigm of biomass conversion technology and has great 

potential for improving the efficiency of the bioconversion process and reduction of its 

cost [11]. Research is underway to better understand which microbes are capable of the 

transformations necessary for CBP and how these organisms and their adaptations can be 

applied to commercialization of second generation biofuels using biotechnology. 
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2.3. Clostridium thermocellum  

 One microorganism that has received substantial consideration for 

implementation in CBP is Clostridium thermocellum, a gram-positive, anaerobic, 

thermophilic bacterium with an optimum growth temperature of 60°C. C. thermocellum 

is widespread in nature as its habitat is organic plant material in decomposition [12]. 

Investigators have found strains in municipal/agricultural wastes [6], sewage digestion 

sludge [13], soil [14], cotton bales [15], river mud [16], and hot springs [17]. It is able to 

use cellulose as a sole carbon source, and is capable of diverse product fermentation, 

producing various amounts of acetate, ethanol, formate, lactate, H2 and CO2, under 

different growth conditions [21]. The genome of C. thermocellum has been sequenced by 

the Joint Genome Institute (JGI).  The high growth temperature of the organism is an 

attractive feature for a potential CBP industrial strain as it would reduce the cooling costs 

necessary during the bioconversion process, and would also make the process less 

susceptible to contamination from other microorganisms. Furthermore, the higher 

temperature also makes ethanol removal and recovery more economical than it is for 

other industrial organisms grown at lower temperatures. The thermophilic nature of C. 

thermocellum also results in enzymes from the organism being very robust. Anaerobiosis 

is
 
an advantage for large-scale culture as one of the most expensive steps in industrial

 

fermentations is that of supplying sufficient oxygen transfer,
 
e.g., for cellulase production 

[21].  

 C. thermocellum has attracted research interest due mainly to its cellulolytic and 

ethanologenic abilities. The organism's capability of directly converting cellulosic 

substrates, such as dilute acid pre-treated hardwood, into ethanol offers a way forward 
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towards the commercial realization of 2
nd

 generation biofuels [20]. C. thermocellum 

posses the enzymatic activities necessary to degrade hemicellulose, though it does not 

grow on the pentose sugars released from this substrate. Already work is being done to 

find a hemicellulolytic thermophilic partner, such as a genetically modified strain of  

Thermoanaerobaterium saccharolyticum, to cooperate within a stable co-culture capable 

of fermenting all solubilised sugars from cellulose into fuel [22]. The ethanol yield of C. 

thermocellum could theoretically be improved by eliminating competing pathways of 

acetate and lactate production using recently developed genetic tools [23-25].  Cellulose 

degradation in Clostridium thermocellum is accomplished by a large extracellular 

cellulase system called the cellulosome [26]. The cellulosome of Clostridium 

thermocellum has been extensively studied and has become a paradigm for our 

understanding of extracellular, complex-mediated cellulose hydrolysis [21, 27-30]. 

 

2.3.1. Cellulosome mediated cellulose hydrolysis 

The cellulosome of Clostridium thermocellum, first described by Lamed in 1983 

[26], is composed of multiple enzymatic subunits bound tightly to a large non-catalytic 

scaffoldin protein (CipA), via type I dockerin-cohesin protein domain interactions. Type I 

dockerin domains present on the cellulosomal enzymes allow membership to the complex 

by docking with extreme affinity to nine modularly organized type I cohesion modules 

found on the scaffoldin core [30].  The scafoldin protein is cell associated by virtue of a 

second class of cohesion-type II  domains on the scaffoldin protein with strict specificity 

for a second class of type II dockerin domains found on anchoring proteins attached to 

the cell [27]. The genome of C. thermocellum encodes five proteins with Type II 
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cohesins. Four posses S-layer homology domains (SdbA, OlpB, Orf2p and Cthe0735) for 

cell-surface anchoring of type II dockerin bearing CipA, and the other (Cthe_0736) is 

without an SLH domain. Some of these CipA anchoring proteins posses more than one 

type II cohesin domain, and can thus potentially anchor more than one cellulosome to the 

cell surface. The cellulosome complex is targeted to the cellulose substrate by means of a 

cellulose binding domain (CBD) found on the scaffoldin protein in addition to specific 

cellulosomal enzymes that themselves contain a CBD (Figure 1) [31]. On the cell surface, 

cellulosomes appear as polycellulosomal aggregates which mediate the attachment of 

cells to cellulose fibres [32].  

Cellulosomes allow a highly efficient method of cellulose hydrolysis compared to 

the secretion of non-complexed cellulase enzymes as seen in aerobic cellulolytic fungi 

such as T. reesei. Multiple layers of synergistic improvement are afforded to dockerin 

containing cellulase and hemicellulase enzymes as they cooperate to degrade complex 

lignocellulose substrates within a broad cellulose-enzyme-microbe complex (CEM) [18]. 

This is accomplished by the targeting of diverse cellulolytic activities in close proximity 

to their substrates and each other, maximizing the synergistic effect of those activities at 

the cellulose-enzyme interface. Also, by keeping cells nearby the source of released 

sugars, the CEM complex optimizes active transport of extracellular hydrolytic end 

products into the cell [33]. These soluble oligosaccharide end-products, cellodextrins 

ranging from two to seven ɓ-1,4 linked glucose monomers, are also known to have 

inhibitory properties on the cellulolytic enzymes generating them [18, 34-35], thus active 

internalization of the soluble cellodextrin end-products of cellulose hydrolysis serves the 

activity of the cellulosome 
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Figure 1. A schematic model of a C. thermocellum cellulosome and the cellulose-

enzyme-microbe (CEM) interaction. The scaffoldin protein, CipA, is shown, bound to the 

bacterial surface by an anchoring protein via a single type II cohesin-dockerin interaction. 

The scaffoldin protein contains a cellulose binding domain (CBD), interlinked with nine 

cohesion domains by way of inter-domain linkers. Various dockerin-domain containing 

cellulosomal enzymes bind the scaffoldin protein, mediated by the high affinity type I 

cohesin-dockerin interaction. Some cellulosomal enzymes posses their own CBD. 
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2.3.2. Internalization and catabolism of soluble cellodextrins 

 Transport of cellodextrins by C. thermocellum into the cell occurs via ATP 

binding cassette (ABC) oligosaccharide transporters and is ATP dependent [36]. ABC 

transporters are multi-component systems composed of two membrane spanning domains 

(MSD) that forms the channel required for transport, and two nucleotide binding domains 

(NBD) responsible for hydrolysing ATP and initiating the conformational change 

allowing active transport. These four domains can each be encoded by a separate 

polypeptide, or domains may be fused together in any number of ways into multi-domain 

polypeptides [37-38]. Auxiliary substrate binding proteins (SBP) have been recruited into 

many ABC transporters for the purpose of presenting the substrate to the channel outside 

of the cell [39-40].   Five sugar ABC transporters have been identified in C. 

thermocellum based on the published genome sequence, and their substrate affinities have 

been inferred based on in vitro microcalorimetric titration studies of their corresponding 

heterologously expressed SBP sequences [21]. It was found that four of the SBPs (CbpA, 

CbpB, CbpC, and CbpD) possess specific substrate affinities for cellodextrins  and the 

other possesses affinity for laminaribose (Lbp) [41].  These five SBPs are encoded by 

genes found in operons that also encode the remaining domains necessary for the 

complete functioning of an ABC transporter (Figure 2), with the exception of the operon 

containing gene cbpB, which is missing a gene that would encode a NBD, and so it must 

be encoded elsewhere in the genome for this ABC transporter to function.  

 Once inside the cell, cellodextrins undergo phosphorolytic cleavage [42-46] 

allowing for the energy in the ɓ 1-4 glycosidic bonds to be conserved in the form of a 

glucose-1-phosphate product. This product can then be isomerised to glucose-6- 
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Figure 2. Genetic organization of five putative sugar ABC transporters in C. 

thermocellum (Sugar ABC transport complexes A-E). Figure reproduced from [41]. cbp 

encodes cellodextrin-binding protein, lbp encodes laminaribiose-binding protein, msd 

encodes membrane-spanning doamin protein, nbd encodes nucleotide-binding domain 

protien, pgm encodes phosphoglycerate mutase, hp encodes a hypothetical protein, and 

rsam encodes radical S-adenosylmethionine. Gene numbers, as annotated in the C. 

thermocellum genome database (version NC_009012.1), of component genes within the 

operon are provided at the far right of the figure. The letters P and Ý symbolize potential 

promoters and rho-independent terminators, respectively. 
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phosphate by the action of phosphoglucomutase (EC 5.4.2.2).  Phosphorolytic cleavage is 

catalyzed by cellobiose phosphorylase (CbP) (EC 2.4.1.20) and cellodextrin 

phosphorylase (CdP) (EC 2.4.1.49) according to the following reactions: 

Eq. 1     
PGGPG

CbP

i 12 +Ú+  

Eq. 2     
PGGPG n

CdP

in 11+Ú+ -  

where Gn denotes a cellodextrin oligomer of length n, Pi denotes inorganic phosphate, 

and G1P denotes glucose-1-phosphate. 

 Phosphorolytic metabolism is superior to typical hydrolytic metabolism in the 

context of feeding glucose to the Embden-Meyerhof pathway, since the cellular ATP 

pool is invested in the phosphorylation of only a single glucose molecule per cellodextrin 

to glucose-6-phophate. Thus it is expected that C. thermocellum could produce greater 

net ATP per glucose molecule from the consumption of longer chain cellodextrins 

because of net savings of ATP/glucose in active transport, and the reduced investment of 

ATP/glucose for the phosphorylation of glucose to glucose-1-phosphate. It has been 

demonstrated that cellodextrins of an average length of n=4 are internalized in C. 

thermocellum, and that the energetic benefits of efficient transport and phosphorolytic 

cleavage of cellodextrins outweigh the increased energetic costs of cellulosome synthesis 

when the organism is grown on cellulose as compared with cellobiose [47]. Rates of 

phosphorolytic cleavage of cellodextrins in cells of C. thermocellum grown on Avicel are 

20 fold higher than rates of hydrolysis [43]. 
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 Understanding how C. thermocellum modifies its metabolism in response to the 

availability of an insoluble cellulose substrate will offer insights into the specific proteins 

necessary for cellulose hydrolysis and transport in this organism, and how cellulose 

derived sugars are converted into energy and fermentative end-products. Such extensive 

analysis of cellular proteins and pathways is now possible in biological research using 

mass spectrometry. 

 

2.4. Quantitative proteomics using mass spectrometry 

 Mass spectrometry (MS) is an important developing method for large-scale 

determination of gene and cellular function directly at the protein level. Shotgun MS 

methodologies have been developed for the study of whole proteomes or sub-proteome 

fractions [48-50]. While many pioneering studies demonstrated the usefulness of MS to 

create valuable inventories of protein content of subcellular structures and organelles 

[51], MS approaches are emerging as powerful methods assessing quantitative 

differences in protein abundance between cells or subcellular fractions by comparing the 

proteomes in two or more physiological states. For example, comparative proteomic 

analysis of E.coli grown on alternative carbon sources has been investigated revealing 

several enzymes and binding proteins related to lactose metabolism [52]. MS analysis in 

conjunction with 2D-PAGE of E. coli proteomes differentiated by growth on either 

glucose or oleic acid demonstrated 52 proteins with altered expression during growth on 

the long chain fatty acid as sole carbon source [53]. Quantitative MS analysis of S. 

cerevisiae in response to the stressor furfural revealed 107 differentially expressed 

proteins including those involved in glucose fermentation, the tricarboxylic acid cycle, 
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stress response, and sulphur amino acid biosynthesis [54]. Quantitative proteomics has 

also led to the discovery of signaling pathways involving insulin and an insulin-like 

growth factor modulating longevity in C. elegans [55], and of protein substrates for 

protein kinases involved in DNA repair in response to radioactivity in human cell lines 

[56]. 

Recent studies have begun to apply MS based proteomics to the identification of 

proteins involved in C. thermocellum physiology including; the identification of ethanol-

adapted cellular proteins demonstrating gel-spot density profile changes on denaturing 

SDS-PAGE gels [57], and the identification of cellulosomal proteins purified by 2D-

PAGE [58]. Quantitative comparisons of C. thermocellum  have been restricted to the 

profiling of cellulosomal proteins, with the relative changes in composition of 

cellulosomes being examined when grown on Avicel compared to cellobiose [59], and 

later examining the effects of growth on Avicel with added hemicellulose or  pre-treated 

switchgrass on cellulosome composition [60]. 

2.4.1 Peptide sequencing by tandem mass spectrometry 

In the shotgun proteomics MS/MS approach, a protein mixture is cleaved into 

smaller peptide fragments, typically enzymatically using trypsin. The peptide mixture is 

then resolved using high performance liquid chromatography (HLPC) before elution and 

ionization from a micro-capillary tip to which a voltage is applied. In this process of 

electrospray ionization (ESI), gas phase peptide ions are non-destructively generated prior to 

entering the mass spectrometer through an ion transfer tube. In ion trap MS such as the 

Thermo LTQ used in this study, ions entering the MS are focused into the linear ion trap, 

a region where combined electric and magnetic fields capture ions within a confined 
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region under vacuum. Peptide ions within the trap are surveyed in the initial MS event by 

the electron multiplier, and a selected ion species of interest is held within the trap while 

the remaining ions are ejected. The isolated parent ion can then be fragmented by 

collision with helium dampening gas. In the second MS event the fragment ion spectrum 

is detected, from which the amino acid sequence of the parent ion can be deduced. Thus 

peptides are sequenced by a tandem of MS events. All the spectra are recorded digitally 

allowing the sequence information gleaned from MS/MS fragmentation to be matched to 

theoretical peptides from a protein sequence database cleaved in silico with the same 

cleavage method used experimentally (e.g. trypsin) [61]. The success of an assignment of 

a peptide MS/MS spectrum to a theoretical peptide in the database can be scored using 

the SEQUEST algorithm. This cross-correlation score (XC) evaluates the number of 

fragment ions observed in an MS/MS spectrum, and compares it to what should be 

observed theoretically. The relative intensities of the fragments also contribute to the 

score [62]. Such algorithms enable consistent application of stringency conditions to 

MS/MS spectra, allowing the removal of low confidence peptide and protein 

identifications. 

 

2.4.2 Relative quantitation using isotope labelled internal standards 

 The intensity of an observed peptide during an MS experiment is a function not 

only of its abundance, but also the ionization potential of the peptide, based upon its 

specific chemical structure, in addition to co-eluting ions causing background and ion 

suppression effects. For this reason the intensities of observed peptides do not correlate 

well to their general abundance in the biological sample. An isotopically labelled peptide 
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would, however, co-elute with its non-labelled pair and thus be affected by the same 

matrix effects, and would itself have the same ionization potential as its chemically 

identical heavier twin. Any difference in intensity of the pair (having discernible m/z 

ratios) would thus be a consequence of the relative abundance of the two species. This 

fact provides the basis for metabolic labelling strategies aimed to uncover fractional 

differences in the abundance of proteins from two biological samples (Figure 3). The 

relative intensity of a labelled and unlabelled peptide pair are surveyed multiple times as 

they co-elute from the column, allowing the construction of ion-current curves for each 

peptide of the pair. The area under these curves are proportional to the ion's abundance 

allowing the calculation of the relative abundance of the sample and reference peptides 

(Figure 4) [63]. Software, such as RelEx [64], is available for the calculation of such 

peptide ion-current ratios. RelEx is also able to score the overlap of a peptide pair's ion-

current curves using a least-squares regression to evaluate the confidence of the 

quantitative assessment. The use of isotopically labelled internal standards has the 

additional benefit, if added prior to the extraction procedure, of controlling for losses 

during sample preparation, handling and injection. The use of internal standards has 

become a standard method in quantitative proteomics. 
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Figure 3.  
15

N
 
Metabolic labelling strategy used for determining the fractional change in 

protein abundance between two biological samples, reproduced from [65]. Cells grown 

under condition 1 and 2 are mixed separately with reference cells enriched in 
15

N 

containing media. After protein extraction and enzymatic digestion, measurements of a 

peptide's intensity relative to a 
15

N reference peptide can be calculated. The ratio of these 

intensities relative to the reference provides the actual fractional change of the peptide 

across both samples. 
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Figure 4. RelEx software display for calculating the relative abundance of 
15

N labelled 

and unlabelled peptides [64]. (A) Display of the isotope distributions of unlabelled and 

labelled peptides acquired from mass spectra. (B) Overlapping extracted ion 

chromatogram (XIC) constructed from the signals of a co-eluting peptide isotope pair 

over time. (C) Graphical display of the correlation factor measuring the overlap of the 

XICs. (D) Results of calculations on the co-eluting XICs including the relative abundance 

of the peptide isotope pair calculated as the ratio of the areas under each curve. 
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3. Materials and Methods 

The general strategy for investigating the global cellular response of the proteome 

of C. thermocellum to growth on crystalline cellulose was as follows.  C. thermocellum 

was grown in liquid batch culture with either Avicel or cellobiose as the source of carbon. 

For the purpose of simply identifying proteins present in either of these conditions, these 

samples were harvested without the inclusion of metabolically labelled reference cells. In 

separate experiments aimed at discovering the relative abundance of different proteins 

under the carbon source experimental conditions, each of these sample cultures was 

mixed with a metabolically labelled 
15

N reference culture (
15

NH4Cl) grown on Avicel as 

sole carbon source. The cells were harvested and their proteins divided into soluble or 

membrane cellular fractions separated by SDS-PAGE. The gel resolved proteomes were 

enzymatically digested and the resulting peptides were analysed by nanoLC-ESI-MS/MS. 

The resulting spectral information was used to identify proteins found in the samples 

using the SEQUEST algorithm and the most up-to-date C. thermocellum protein 

sequence database. 
15

N labelled peptides from the reference culture served as internal 

standards allowing for the quantitative analysis of protein relative abundance between the 

two samples, using RelEx software.   

3.1. Growth media for C. thermocellum 

Liquid growth media for C. thermocellum was prepared as described in [59]. The 

media is based on ATCC medium 1191 and is prepared as a composite of three distinct 

solutions: a buffer solution, a vitamin solution, and a mineral solution.  

The composition of the buffer solution is provided in Table 1. Sodium hydroxide 

was added after all other components were completely dissolved. Ninety-five mL of the 
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buffer solution was dispensed into Bellco Glass anaerobic culture bottles. Where Avicel 

PH101 was to be used as a carbon source, 0.20 g was added to each bottle (0.20% wt/vol 

final Avicel concentration). The solutions were sparged in the bottles with nitrogen for 5 

min, corked with a rubber stopper, and sealed with an aluminum cap using a handheld 

crimper. The sealed bottles were sterilized by autoclaving on liquid cycle for 15 min. The 

vitamin solution was made by combining the ingredients listed in Table 2. Ten mL 

aliquots of the vitamin solution were frozen at -20°C for future use. The ingredients of 

the mineral solution are provided in Table 3, the nitriloacetic acid was dissolved first by 

suspending in 500 mL of distilled water and titrating to pH 6.5 with 2 N KOH. Stock 

mineral solution was filter-sterilized into a sterile bottle and left at room temperature for 

storage.    

Before being added to the buffer solution, 1 mL of the vitamin solution and 10 

mL of the mineral solutions was mixed and brought up to a final volume of 100 mL. 

Vitamin-mineral mixtures to be used for samples using cellobiose (Sigma-Aldrich) as a 

carbon source had 4.0 g of the disaccharide dissolved in the final volume (4.0% wt/vol 

final concentration). The mixtures were them sparged with nitrogen for 5 min. At the end 

of this time, still under continuous nitrogen sparging, the solution was drawn into a 60-

mL syringe via a stainless steel cannula. The cannula was then removed and replaced 

with a 0.2 um filter and syringe needle. The degassed solution within the syringe was 

then sterilized by passing it through the filter into an anaerobic culture bottle already 

degassed, stoppered, and autoclaved. Five mL of this final vitamin mineral mixture was 

added to 95 mL of the sparged and autoclaved buffer solution. For samples containing 

cellobiose, the final concentration is 0.20% (wt/vol).  
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3.2. Growth conditions and 
15

N metabolic labelling. 

The effect of carbon source on the proteome of C. thermocellum was examined by 

comparing the relative abundances of proteins discovered in cells grown on either 

cellulose or cellobiose. Batch cultures of the microbe were grown aerobically at 58°C in 

100 mL of full ATCC 1191 medium. Cultures were provided 0.20% (wt/vol) of either 

Avicel or cellobiose. In addition to these two experimental sample types to be directly 

compared, an 
15

N labelled reference sample was grown in minimal ATCC media. This 

reference sample is different from the experimental Avicel sample in that 99% 
15

N-

enriched NH4Cl (Cambridge Isotope Laboratories) was used as the nitrogen source and 

pyridoxal HCL was used in place of pyridoxine HCL. Unlabelled Avicel grown cells 

were inoculated at 5% (vol/vol) into labelled reference media, and a total of three such 

passes of 
15

N enrichment were preformed before inoculation of the reference batch 

utilized in experiments (estimated enrichment of 
15

N 98.9%). Cultures were harvested in 

stationary phase (70h for Avicel, 35h for cellobiose).  
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Table 1. Buffer solution ingredients, per L, for ATCC 1191 liquid growth medium 

 Full medium Minimal medium 

KH2PO4 1.58 g 1.58 g 

Na2HPO4·12H2O 4.42 g 4.42 g 
14

NH4Cl 0.53 g  
15

NH4Cl  0.53 g 

MgCl2·6H2O 0.19 g 0.19 g 

L-cysteine HCL 0.53 g 0.53 g 

Yeast extract 2.11 g  

Resazurin (0.1% wt/vol) 1.05 mL 1.05 mL 

NaOH (10N) 842 µL 842 µL 
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Table 2. Vitamin solution ingredients, per L, for ATCC 1191 liquid growth medium 

 Full medium Minimal medium 

Biotin 40 mg 40 mg 

p-Aminobenzoic acid 100 mg 100 mg 

Folic acid 40 mg 40 mg 

Pantothenic acid calcium salt 100 mg 100 mg 

Nictinic acid 100 mg 100 mg 

Vitamin B12 2 mg 2 mg 

Thiamine HCl 10 mg 10 mg 

Pyridoxine HCL 200 mg  

Pyridoxal HCl  200 mg 

Thioctic acid 100 mg 100 mg 

Riboflavin 10 mg 10 mg 
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Table 3.  Mineral solution ingredients, per L, for ATCC 1191 liquid growth medium 

Nitrilotriacetic acid 1.5 g 

MgSO4·7H2O 3 g 

MnSO4·H2O 500 mg 

NaCl 1 g 

FeSO4·7H2O 100 mg 

Co(NO3)2·6H2O 100 mg 

CaCl2 (anhydrous) 100 mg 

ZnSO4·7H2O 100 mg 

CuSO4·5H2O 10 mg 

AlK(SO4)2 (anhydrous)  10 mg 

Boric Acid 10 mg 

Na2MoO4·2H2O 10 mg 

Na2SeO3 (anhydrous) 1 mg 
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3.3. Enrichment of soluble and membrane proteome fractions 

 Cultures were washed three times in 50 mM Tris buffer (Sigma-Aldrich), pH 8.5, 

by centrifuging at 12 000 g for 10 minutes at 4°C. The cell pellet was then resuspended in 

10 ml lysis buffer (50 mM Tris buffer pH 8.5, 10 mm DTT, 625 units Benzonase (Sigma-

Aldrich), 1x EDTA free protease inhibitor cocktail (Roche). For quantitative experiments 

one half of the suspended cells of each sample were sonicated on ice using a Sonic 

Dismembrator model 500 (Fisher Scientific) for 2 minutes by twelve 10 second pulses 

followed by 10 seconds for cooling after each pulse. After lysis the cells were spun down 

at 16 000 g for 20 minutes at 4°C, and the protein concentration of the supernatant was 

calculated using the coomassie (Bradford) protein assay. This measurement of protein 

concentration was used as the basis to equalize the number of cells mixed in the 

experiment. Equal cellular amounts of unbroken 
14

N Avicel and 
14

N cellobiose cell 

samples were then mixed with unbroken 
15

N reference cells at a 1:1 protein ratio. The 

two samples, mixed with the reference, were sonicated as above, spun down at 16 000 G 

for 20 minutes at 4°C, and the supernatants were centrifuged at 200 000 g for 1 hour at 

4°C. The resulting supernatant represents the soluble fraction. The membrane pellet was 

resuspended in 50 mM Tris pH 8.5 and centrifuged at 200 000 g for 1 hour 3 times to 

wash the membrane fraction from contaminating soluble fraction protein. The final 

membrane pellet was stored at -80°C before SDS-PAGE analysis. For non-quantitative 

experiments aimed at identifying a maximum number of proteins in each sample, cells 

were not mixed with 
15

N reference cells, but were fractionated, harvested, and washed in 

the same way.  
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3.4 SDS-PAGE separation and in gel digestion of protein fractions.  

 Quantitative soluble protein fraction data presented in this thesis are compiled 

from two separate batch culture replicate experiments. Quantitative membrane fraction 

data was compiled from a single batch culture experiment.  

 Protein fractions were resolved by 10-20% Tris-HCl SDS-PAGE gradient gel 

(BIO-RAD). The soluble fraction samples were loaded at a total of 60 µg per lane after 

boiling in 1x SDS sample buffer (2% SDS, 80 mM Tris pH 6.8, 10% glycerol, 0.002% 

bromphenol blue, 5% ɓ-mercaptoethanol) for 10 min. In order to prevent membrane 

protein precipitation and the resulting smearing during SDS-PAGE, the membrane 

fractions were loaded at 30 µg per lane after incubating with 1x SDS sample buffer at 

37°C for 30 min followed by water-bath sonication for 10 min. After staining the gels 

with Bio-Safe Coomassie (BIO-RAD) the sample lanes were excised and divided into 20 

gel bands. The protein in each gel band was reduced and alkylated in order to prevent 

cysteine thiols from forming oxidized disulfide bonds. Protein from the soluble and 

membrane fraction samples were digested in-gel with trypsin TPCK (Sigma-Aldrich) as 

described in appendix A. The resulting peptide mixtures were extracted from the gel 

pieces using excess buffer, dried, and then reconstituted in 35 µL of 2% (vol/vol) 

acetonitrile (ACN), 1% (vol/vol) formic acid (FA).      

3.5. NanoLC-ESI-MS/MS analysis of gel separated samples 

 A microcapillary column (New Objective; 75um inner diameter, 30 um tip 

diameter) was packed 10 cm in length with C18 resin (Magic, 5 um particle size, 300 A 

pore size) suspended in acetonitrile under pressure using helium in a "packing bomb" as 

previously described [66]. The microcolumn was positioned in-line with a Finnigan 
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microautosampler and a Finnigan Surveyor MS pump directly in front of an LTQ linear 

ion-trap mass spectrometer (ThermoElectron). Ten µl of each peptide mixture were 

loaded individually, on-line, using the autosampler. Each peptide mixture corresponding 

to a specific gel band was analysed twice by MS (2x10ul) so that identifications from 

both runs could be pooled together. After being loaded by the autosampler, the samples 

are cleaned of impurities using a C18 trap (180µm x 2.5 cm) packed with the same 

material used for the microcolumn by the loading solvent mixture composed of 93% 

solvent A, and 7% solvent B (solvent A, 1% (vol/vol) formic acid in H20; solvent B, 1% 

(vol/vol) formic acid in ACN). The peptides were then eluted to the C18 microcolumn 

and resolved using a 90-min method in which the ACN gradient rose from 7%-40% of 

solvent B over 42 min, then from 40%-65% solvent B over 9 min, rising next to 75% 

solvent B over 4 min, before equilibrating back to 7% solvent B to prepare for the next 

sample. The LTQ was equipped with an ESI nanosource and operated in positive ion 

mode with a voltage of 1.1-1.4 kV applied at the liquid junction at the base of the C18 

microcolumn. Detection and sequencing of the peptide ions was initiated by full MS 

survey scans on ions within a 400-1400 m/z window, followed by 8 tandem MS data 

dependent scans. In this way the 8 most abundant ions from each survey scan were 

sequenced using pulsed-Q dissociation ion fragmentation. In order to free time for the 

detector to spend searching for less abundant peptides, ions that triggered a data 

dependant scan more than once within 30 s were placed on an exclusion list for three 

minutes. 
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3.6. Protein database spectral alignment and stringency conditions 

 The resulting spectra were searched against the 2009/05/07 release of the C. 

thermocellum genome using SEQUEST from BioWorks 3.3 (Thermo Electron). The 

genome is available at the National center for Biotechnology (NCBI) website courtesy of 

the U.S. Department of Energy (DOE), JGI (http://www.ncbi.nlm.nih.gov, Version 

NC_009012.1). The database open reading frames were further annotated by including 

signal peptide prediction using SignalP 3.0 [67-68], and prediction of the number of 

transmembrane helix domains using TMHMM 2.0 [69], both available at 

(http://www.cbs.dtu.dk/). The database was digested in silico with trypsin, cleaving at the 

carboxyl side of lysine and arginine residues. A limit of 3 post translational modifications 

(PTM) were allowed for peptide matching, and allowable PTMs were the 

carboxyamidomethylation of cysteine residues (monoisotopic ŭ mass of 57,0050 Da), and 

oxidation of methionine residues (to sulfoxide, ŭ mass of 15,99490). A peptide ion 

tolerance of ± 2 atomic mass units and a fragment ion tolerance of ± 0.7 atomic mass 

units were implemented. Charge state analysis was performed during database screening, 

and stringent filters were applied to define the criteria for successful peptide 

identification. Singly, doubly, and triply charged peptide ions required SEQUEST cross 

correlation (XC) scores of at least 1.9, 2.5, and 3.0, respectively.  Peptide ions further 

required a ŭ CN value of >0.1 for successful assignment. The above stringency conditions 

satisfied a false positive identification rate of less than 1% based on spectral alignment of 

C. thermocellum samples against an in silico reversed C. thermocellum database. 

 

http://www.ncbi.nlm.nih.gov/
http://www.cbs.dtu.dk/
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3.7. RelEx analysis  

 For the analysis of quantitative experiments, DTASelect [70] was used to filter 

the DTA spectrum files, which matched peptides to the protein database using the same 

stringency conditions as above. After DTASelect screening, the DTA files could then be 

examined by RelEx [65]. The software produces extracted ion chromatograms of peptide 

isotope pairs as they are observed during the survey scans over the course of the 

analytical experiment. The area under the curve of each pair is used to quantify the 

peptides signal, allowing the calculation of a peptide signal ratio of sample to isotope 

labelled reference. For a given extracted ion chromatogram pair to be accepted it required 

a signal to noise ratio above 3 and a regression filter (a measure of the curve overlap) 

above 0.7 at 1 and 0.4 at 10.  

Despite the filters applied to a peptide's sample to reference ratio, the volume of 

data requires the systematic removal of outlier ratio values that clearly should not be 

applied to the calculation of a sample to reference ratio of a protein quantified in either 

the Avicel or cellobiose sample. This is accomplished by considering only peptide ratios 

within 1.5 times the interquartile range (IQR) below the lower quartile (Q1) and 1.5 times 

IQR above the upper quartile (Q3) of the population of peptide ratios corresponding to a 

particular protein in a particular sample.  

 As multiple peptides can be matched to a protein, and a given peptideôs sample to 

reference ratio can be observed more than once over the entire experiment, protein ratios 

of sample protein to reference protein within a sample were calculated as the geometric 

mean of all satisfactory peptides ratios matched to them.   
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The geometric mean (GM) of sample to reference ratios (r) of n peptides (a1, a2, 

... an) for a particular protein (A) can be defined by 

Eq. 3  
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The geometric mean can be thought of as the antilog of the arithmetic mean of the 

logs of the peptide ratios contributing to the geometric average. It is appropriate to 

calculate the geometric mean for a given proteinôs ratio of sample to reference, as 

opposed to the more traditional arithmetic mean, in order to give each peptide ratio equal 

weight [71].  

The ratio of each unlabelled Avicel-grown protein over 
15

N-labled Avicel-grown 

protein was divided by the ratio of the corresponding unlabelled cellobiose-grown protein 

over 
15

N Avicel-grown protein. The quotient of these ratios is the ratio of unlabelled 

Avicel-grown protein over cellobiose-grown protein and thus the relative abundance of 

that protein across the two biological samples. 

Eq. 4    cellobioseA

AvicelA

A
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r
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Where RA is the overall ratio of the abundance of protein A on Avicel relative to 

cellobiose. 
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Variation within the experiment is measured using the % Coefficient of Variation (%CV) 

of rA , given by 

Eq. 5   
)110(100% /

/ -Ö= referencesampleSD

referenceSampleCV  

Where SDsample/reference represents the standard deviation of the log transformed peptide 

ratios (log a1, log a2,...log ai). 

The cumulative standard coefficient of variation in the measurement of the final ratio RA 

is given by 

Eq. 6

( ) ( )2/

2

// 100/%100/%100% referencecellobiosereferenceAvicelcellobioseAvicel CVCVSCV +Ö=

 

The variation in measurement of the relative abundance of Protein A on Avicel 

relative to cellobiose can then be described as  

Eq. 7   
( )1100% / +·³ cellobioseAvicelA SCVR  

 The two-tailed Studentôs t-test was used to determine the probability that the 

difference in the ratios calculated for growth on Avicel and for growth on cellobiose was 

due to real differences or could be explained instead by variation in the data. The t-

distribution value was calculated as 
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Eq. 8  
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Where N is the number of peptides used for the calculation of the ratio r, and df is the 

degrees of freedom, described by 

Eq. 9    
2,, -+= cellobioseAAvicelA NNdf  

4. Results 

 

4.1. Identification of soluble and membrane fraction proteins of C. 

thermocellum 

 In order to maximize the number of proteins discovered from cells grown on 

Avicel and cellobiose, samples were separately analysed without the addition of the 
15

N 

reference sample necessary for quantitative comparison of protein abundance. Because 

proteomic samples containing 
15

N reference peptides have twice the number of unique 

mass/charge species to detect, but still the same amount of unique peptide sequences, we 

would expect to identify a greater fraction of the proteome in samples without labelled 

reference. As can be seen in Table 4, there are indeed a greater number of unique peptide 

and protein identifications found in samples without reference cells. 

In total, 864 unique proteins were identified in the 
15

N reference-free soluble 

fraction; 162 discovered uniquely on Avicel, 206 uniquely on cellobiose, and 496  
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Table 4. Unique proteomic identifications from samples grown on alternative carbon sources. 

Soluble fraction Total 

proteins 

Unique 

peptides 

Membrane 

fraction 

Total 

proteins 

Unique 

peptides 

 Avicel φυψ ρφυτ Avicel φσω ρφως 

Cellobiose χπς ρχρτ Cellobiose φψρ ρψπτ 

Avicel with  
15

N reference* 
υφσ ρσψσ Avicel with  

15
N reference* 

φππ ρυρχ 

Cellobiose with 
15

N reference* 
υσσ ρσυπ Cellobiose with 

15
N reference* 

φπυ ρφρς 

* These samples were mixed 
15

N metabolically labelled Avicel grown cells to enable subsequent 

quantitative comparison. 
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common to both samples. Within the 
15

N reference-free membrane fraction 890 unique 

proteins were discovered; 209 discovered uniquely on Avicel, 251 uniquely on 

cellobiose, and 430 common to both samples. Lists of identified proteins from the 

membrane fraction are included in appendix E and F, representing cells grown on Avicel 

and cellobiose respectively. The enrichment of membrane proteins in the membrane 

protein fractions was investigated by determining the amount of integral membrane 

proteins that were identified. Of the 890 proteins discovered in that fraction, 257 (29%) 

were identified that possessed at least 1 trans-membrane helix. Of the 864 proteins 

identified in the soluble protein fraction only 154 (18%) proteins were identified 

possessing at least one trans-membrane helix. 

A total of 1255 unique proteins were identified in this study from the non-

redundant sum of all experiments. Clostridium thermocellum putatively contains 3238 

open reading frames based on the published genome sequence, thus over 38% of the total 

proteome was observed in the present investigation. It must be stressed that the lack of 

identification of a particular protein from a sample does not alone justify a conclusion 

that it is not present. In order to examine the functional distribution of all identified 

proteins on the two substrates, the 1255 proteins were manually annotated based upon 

sequence alignment to 1 of 224,847 orthologous groups of proteins present in 630 species 

using version 2 of the eggNOG (evolutionary genealogy of genes: Non-supervised 

Orthologous Groups) database [72].   

Figure 5 illustrates the distribution of proteins identified in the soluble fraction of 

both Avicel and cellobiose grown cells. While there were 368 unique protein 

identifications between the two samples in the soluble fraction, overall the distribution of 
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Figure 5. Functional distribution of the soluble fraction proteome of C. thermocellum identified during 

growth on Avicel and cellobiose as annotated using eggNOG v2.0. Functional annotations and their 

respective one letter codes are labelled on the pie charts. The non-COG group represent proteins to 

which a cluster of orthologous genes could not be assigned.
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Figure 6. Functional distribution of the membrane fraction proteome of C. thermocellum identified 

during growth on Avicel and cellobiose as annotated using eggNOG v2.0. Functional annotations and 

their respective one letter codes are labelled on the pie charts. The non-COG group represent proteins to 

which a cluster of orthologous genes could not be assigned. 
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protein functions of the Avicel and cellobiose grown samples are very similar. The same 

trend was true of the Avicel and cellobiose grown cells from the membrane fraction 

(figure 6). A comparison of figures 5 and 6 show clearly that the membrane fraction had 

a greater proportion of proteins that were unable to be assigned to a COG (cluster of 

orthologous genes). 

 

4.2. Substrate-induced changes to the relative abundance of proteins in C. 

thermocellum 

Quantitative differences in protein expression of C. thermocellum grown on 

cellobiose and Avicel were measured based upon the equal incorporation of 
15

N peptides 

of a C. thermocellum reference sample grown on Avicel. The calculation of the relevant 

14
N to 

15
N ratios of peptide XIC's by Relex provides a reliable method to compare the 

abundance of particular peptides, and their proteins, in the two biological samples. 

Because of the additional stringency imposed on the data for the positive assignment of a 

peptide with its co-eluting 
15

N partner, and the requirement that at least two peptide-ratio 

measurements per sample are made to allow a quantitative evaluation of a particular 

proteinôs relative abundance, far fewer proteins are quantified than are identified. 

Proteins were considered to have increased expression if they were at least 1.4 fold more 

abundant in one sample compared to another. This threshold was arbitrarily chosen so as 

to not include proteins with small changes in expression that may be statistically 

significant but not biologically relevant. 
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4.2.1. Substrate-induced changes to the relative abundance of soluble-fraction proteins  

Soluble-fraction proteins were denatured and separated by SDS-PAGE (Figure 7). 

Proteins from gel bands excised from the gel were trypsin digested and extracted for 

analysis. A total of 72 non-ribosomal proteins found in cells grown on both substrates 

were quantified. Table 5 shows the 22 proteins found to possess at least 1.4 fold greater 

expression on Avicel. In Table 6 are found the 8 proteins found to posses 1.4 fold or 

greater expression on cellobiose. Of these 31 proteins identified to have an increase in 

expression on a particular substrate, all but 2 had p-values Ó 0.5, as determined by the 

two-tailed Studentôs t-test, thus rejecting the null hypothesis. The remaining 39 proteins 

quantified as being within these alternative ranges are regarded as not having important 

differences in expression and are listed in Table 7. Ribosomal proteins quantified in the 

study did not show any meaningful change in expression under the conditions tested.  

The cellulosomal scaffold protein CipA (gene Cthe_3077) demonstrated the 

greatest relative change in expression of all the proteins quantified under the conditions 

tested. The more than 8-fold greater abundance of CipA when grown on Avicel compared 

to cellobiose is consistent with previous measurements of batch cultures using an 

enzyme-linked immunosorbent assay (ELISA) with an antibody raised against a segment 

of CipA [73-74]. An examination of purified non-anchored cellulosome complexes from 

Avicel and cellobiose grown C. thermocellum cells showed that CipA was 5 fold more 

abundant in samples grown on Avicel [59]. 
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Figure 7. Soluble protein fractions from C. thermocellum batch cultures grown to stationary 

phase separated by SDS-PAGE (10-20% Tris-HCl), stained with Bio-Safe Coomassie. Lane A1-

2, 1:1 mixture of unlabelled Avicel-grown cells and 
15

N
 
labelled Avicel grown cells, 60 µg total 

protein per lane. Lane B1-2, 1:1 mixture of unlabelled cellobiose-grown cells with 
15

N
 
labelled 

Avicel grown cells 60 µg total protein per lane. Molecular weight markers are labelled on the left 

of the figure in kD. The pattern of gel excision used for all lanes is marked for lane A1. 

Approximate MW sizes of excised gel bands is reported on the right of the figure.
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As might be expected, cellodextrin phosphorylase (Cthe_2989) was induced in 

cells grown on Avicel. Cellodextrin phosphorylase has been cloned, sequenced and 

purified from C. thermocellum [44, 75], confirming the gene Cthe_2989 as the sequence 

responsible for its activity. Growth of C. thermocellum on cellulose would result in the 

internalization of cellodextrins larger than cellobiose into the cell, and thus an increased 

requirement for phosphorylase activity to feed glucose-1-phosphate and glucose to the 

Embden-Meyerhof pathway. Enzymes of the Embden-Meyerhof pathway did not 

demonstrate differences in expression during growth on Avicel and cellobiose, with the 

exception of pyruvate kinase. The identification and quantification of proteins in the 

Embden-Meyerhof pathway is summarized in Table 8. Phosphofructokinase 

(Cthe_0347), Glyceraldehyde-3-phosphate dehydrogenase (Cthe_0137), 

Phosphoglycerate kinase (Cthe_0138), and Enolase (Cthe_0143), were all successfully 

quantified as not having significant change in expression. The remaining enzymes of the 

pathway were all identified in this study; Glucokinase (Cthe_2938), Phosphoglucomutase 

(Cthe_1265), Glucose-6-phosphate isomerase (Cthe_0217), Fructose-1,6-bisphosphate 

aldolase (Cthe_0349), Triose phosphate isomerise (Cthe_0139).  Six candidate sequences 

in the C. thermocellum genome may encode Phosphoglycerate mutase activity 

(Cthe_0140, Cthe_0707, Cthe_0946, Cthe_1292, Cthe_1435, Cthe_2449); Cthe_0140 

and Cthe_0946 were identified in this study. 
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Table 5. Proteins from the soluble fraction demonstrating increased expression during growth of C. thermocellum on Avicel relative to 

cellobiose as determined by RelEx. 

      14N Avicel/15N Avicel   14N cellobiose/15N Avicel   14N Avicel/14N cellobiose 

Gene 

Number Protein name or type  

Ratio 

1 %CV 

no. 

pep.   

Ratio 

2 %CV 

no. 

pep.   Ratio1/Ratio2 %SCV p-value 

Cthe_1368 S-layer-like domain containing protein  1.359 16.220 24 

 

0.564 40.037 4 

 
2.410 43.197 0.0121 

Cthe_1965 Alkyl hydroperoxide reductase  0.953 34.354 41 

 

0.407 23.901 16 

 
2.343 41.851 <0.0001 

Cthe_0904 Protein-export membrane protein SecD  1.621 12.665 3 

 

0.749 16.939 5 

 
2.163 21.151 <0.0001 

Cthe_0681 Inosine 5-monophosphate dehydrogenase  1.027 21.317 12 

 

0.505 34.943 6 

 
2.034 40.932 0.0001 

Cthe_1100 Prepilin-type cleavage/methylation  1.584 4.425 2 

 

0.844 15.849 2 

 
1.876 16.455 0.0435 

Cthe_3202 CRISPR-associated protein, Csh2 family  1.501 23.590 28 

 

0.940 29.868 15 

 
1.597 38.060 <0.0001 

Cthe_0388 Alcohol dehydrogenase GroES-like protein  2.395 47.950 48 

 

1.525 16.161 5 

 
1.571 50.600 <0.0001 

 

Energy production and conversion, carbon 

metabolism 
           Cthe_3077 Cellulosome scaffold protein CipA  1.629 19.025 18 

 

0.193 36.818 3 

 
8.437 41.443 0.0005 

Cthe_3120 Pyruvate:ferredoxin oxidoreductase  1.403 50.717 7 

 

0.665 15.166 3 

 
2.110 52.936 0.0003 

Cthe_2989 Cellodextrin Phosphorylase  0.650 22.792 25 

 

0.316 8.588 8 

 
2.053 24.357 <0.0001 

Cthe_2874 Phosphoenolpyruvate carboxykinase  (GTP)  1.718 24.157 40 

 

1.064 28.291 20 

 
1.614 37.202 <0.0001 

Cthe_1425 Membrane-bound proton-translocating pyrophosphatase  2.252 42.544 2 

 

1.480 20.090 3 

 
1.522 47.049 0.0448 

Cthe_2392 Pyruvate:ferredoxin oxidoreductase, alpha subunit  1.276 16.485 26 

 

0.893 17.199 31 

 
1.428 23.823 <0.0001 

Cthe_2393 Pyruvate:ferredoxin oxidoreductase, beta subunit  1.457 54.562 12 

 

0.956 22.832 15 

 
1.524 49.147 0.0075 

Cthe_2390 Pyruvate:ferredoxin oxidoreductase, gamma subunit  1.290 9.968 14 

 

0.900 17.175 14 

 
1.433 19.858 0.0381 

 

Nitrogen metabolism 
           Cthe_0374 Glutamate dehydrogenase  (NADP+ )  1.094 21.545 57 

 

0.357 12.804 20 

 
3.066 25.062 <0.0001 

Cthe_3226 Copper amine oxidase-like protein  1.630 15.751 14 

 

1.079 9.411 4 

 
1.511 18.348 0.0001 

 

Unknown function 

           Cthe_3230 Hypothetical protein  2.107 22.139 11 

 

0.891 32.925 3 

 
2.364 39.676 0.0230 

Cthe_0076 Hypothetical protein  1.455 16.052 24 

 

0.786 46.773 13 

 
1.852 48.999 0.0003 

Cthe_1970 Hypothetical protein  1.006 15.178 4   0.670 24.391 3   1.502 28.728 0.0612 

Cthe_2709 Hypothetical protein  1.663 34.575 5 

 

1.133 17.575 7 

 
1.468 38.786 0.0413 

Cthe_2383 Hypothetical protein  1.900 19.726 14 

 

1.351 31.150 9 

 
1.406 36.871 0.0057 

%CV, Coefficient of variation; %SCV,  standard coefficient of variation; p-value, probability that the null hypothesis is true, based on 2-tailed 

Student t-test of ratio 1 versus ratio 2. 
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Table 6. Proteins from the soluble fraction demonstrating decreased expression during growth of C. thermocellum on Avicel relative 

to cellobiose as determined by RelEx. 

      14N Avicel/15N Avicel   14N cellobiose/15N Avicel   14N Avicel/14N cellobiose   

Gene 

Number Protein name or type  

Ratio 

1 %CV 

no. 

pep.   

Ratio 

2 %CV 

no. 

pep.   Ratio1/Ratio2 %SCV p-value 

Cthe_1104 Prepilin-type cleavage/methylation  1.246 16.510 12 

 

1.940 9.859 7 

 
0.642 19.230 <0.0001 

 

Energy production and conversion, carbon 

metabolism 

           
Cthe_0423 Bifunctional acetaldehyde-CoA/alcohol dehydrogenase   0.992 31.372 250 

 

1.652 42.994 258 

 
0.600 53.223 <0.0001 

Cthe_1308 Pyruvate kinase  1.449 61.873 30 

 

2.283 46.058 30 

 
0.635 67.133 0.0002 

Cthe_0701 Oxaloacetate decarboxylase (ATP)  0.708 23.004 4 

 

1.473 51.885 7 

 
0.512 56.756 0.0038 

 

Cellodextrin transport  

           
Cthe_0393 CbpA (Cellodextrin transport complex A)  1.958 36.190 41 

 

3.614 23.831 41 

 
0.542 43.331 <0.0001 

Cthe_0392 MsdA (Cellodextrin transport complex A)  2.447 132.779 2   5.712 50.827 11   0.218 142.174 0.0262 

 

Unknown function 
           

Cthe_0820 Hypothetical protein  0.847 16.681 10 

 

1.287 31.543 17 

 
0.658 35.682 <0.0001 

Cthe_2090 Hypothetical protein  0.816 61.397 12 

 

1.554 32.853 9 

 
0.525 69.634 0.0012 

%CV, Coefficient of variation; %SCV,  standard coefficient of variation; p-value, probability that the null hypothesis is true, based on 2-tailed 

Student t-test of ratio1 versus ratio2 
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Table 7. List of quantified proteins from the soluble fraction demonstrating no change in 

expression on either Avicel or cellobiose (
14

N Avicel/
14

N cellobiose ratio between 1.4 to 0.71). 

Gene Number Protein name or type    14N Avicel/14N cellobiose SCV% 

Cthe_0004 YD repeat containing protein  

 

1.349 37.592 

Cthe_1504 Linocin_M18 bacteriocin protein  

 

1.348 27.244 

Cthe_0445 Cell division protein FtsZ  

 

1.310 158.322 

Cthe_0856 Branched-chain amino acid aminotransferase  

 

1.291 18.472 

Cthe_1912 Copper amine oxidase-like protein  

 

1.185 43.637 

Cthe_2518 Ketol-acid reductoisomerase  

 

1.148 41.678 

Cthe_0700 Biotin/lipoyl attachment protein  

 

1.147 15.304 

Cthe_0699 Carboxyl transferase  

 

1.120 38.745 

Cthe_0424 Aminoglycoside phosphotransferase  

 

1.037 48.325 

Cthe_2657 Histone-like DNA-binding protein  

 

1.059 19.751 

Cthe_0395 RbsD or FucU transport  

 

0.972 15.592 

Cthe_1005 Translation elongation factor Ts  

 

0.964 31.233 

Cthe_2892 Chaperonin GroEL  

 

0.908 32.394 

Cthe_1105 Type II secretion system protein  

 

0.888 92.997 

Cthe_2724 DNA-directed RNA polymerase, beta subunit 

 

0.883 38.055 

Cthe_0819 ABC transporter related protein  

 

0.803 30.635 

Cthe_0418 Polynucleotide phosphorylase/polyadenylase  

 

0.786 50.197 

Cthe_0714 S1 RNA-binding domain protein  

 

0.783 41.545 

 

Energy production and conversion, carbohydrate 

metabolism 
   

Cthe_0143 Enolase  

 

1.229 28.027  

Cthe_0342 Hydrogenase, Fe-only  

 

1.176 50.112 

Cthe_0347 Phosphofructokinase  

 

1.149 43.056 

Cthe_0137 Glyceraldehyde-3-phosphate dehydrogenase  

 

1.081 39.440 

Cthe_0341 NADH dehydrogenase quinone  

 

1.029 93.760 

Cthe_0344 Malic Enzyme  

  

0.989 47.158 

Cthe_0285 Isocitrate dehydrogenase, NADP-dependent  

 

0.950 18.648 

Cthe_2267 V-type ATP synthase subunit A  

 

0.869 54.713 

Cthe_0138 Phosphoglycerate kinase  

 

0.831 50.413 

Cthe_1862 ABC transporter related protein  

 

0.798 35.138 

Cthe_1862 ABC transporter related protein  

 

0.798 35.138 

Cthe_0357 Alpha-glucan phosphorylases  

 

0.794 32.370 

Cthe_2608 F0F1 ATP synthase subunit beta  

 

0.772 25.724 

 
Cellodextrin transport  

   
Cthe_1020 CbpB (Cellodextrin transport complex B)  

 

1.005 29.621 

Cthe_1019 MsdB1 (Cellodextrin transport complex B)  

 

0.864 69.781 

 

Unknown function 
   

Cthe_0858 Protein of unknown function DUF1432  

 

1.371 32.202 

Cthe_3096 Hypothetical protein    1.347 32.502 

Cthe_2422 Hypothetical protein  

 

1.312 12.353 

Cthe_1192 Hypothetical protein  

 

1.157 29.909 

Cthe_0836 Hypothetical protein  

 

1.165 12.291 

Cthe_2130 Hypothetical protein  

 

0.960 30.399 

Cthe_1098 Hypothetical protein  

 

0.908 28.645 

%SCV,  standard coefficient of variation.
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 Interestingly, pyruvate kinase (PK, gene Cthe_1308) was shown to have reduced 

expression when grown on Avicel, while a GTP producing phosphoenolpyruvate 

carboxykinase (PPCK, gene Cthe_2874) has increased expression under the same 

conditions. As illustrated in Figure 8, this would redirect carbon flow from the Embden-

Meyerhof pathway into a transhydrogenase malate cycle through the subsequent reactions 

of malate dehydrogenase (Cthe_0345) and malic enzyme (Cthe_0344), directing carbon 

back to pyruvate. Carbon flow through this cycle has been previously hypothesized [76] 

and would increase the ratio of NADPH/NADH production in the cell. The relative 

abundance of malic enzyme was successfully quantified in this study, and did not change 

under the conditions tested. Malate dehydrogenase was not quantified, but was identified 

in both Avicel and cellobiose grown cells. Malate dehydrogenase and malic enzyme 

activities have been observed previously in C. thermocellum [76], and the malic enzyme 

has been purified and characterized as ammonium activated [77]. Gene numbers 

Cthe_0344 and Cthe_0345 are both annotated by conceptual translation as ñmalate 

dehydrogenaseò in the current version of the JGI C. thermocellum genome 

(NC_009012.1). However, the product of Cthe_0344 shares 78% amino acid identity 

with the malic enzyme of Clostridium cellulovorans (E-value = 6e-164) and possess a 

conserved malic enzyme domain (cd05311, E-value = 7e-95), suggesting that gene 

Cthe_0344 encodes the observed malic enzyme activity. The putative role of genes 

Cthe_0345 and Cthe_0344 as malate dehydrogenase and malic enzyme, respectively, is 

consistent with their proximity in an apparent malate cycle operon.  
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Table 8. Summary of the enzymes of the Embden-Meyerhof pathway detected in the 

soluble protein fraction of C. thermocellum. 

Enzyme Gene number Identification Quantification 

Phosphoglucomutase Cthe_1265 A, C NQ 

Glucokinase Cthe_2938 A, C NQ 

Phosphoglucose isomerase Cthe_0217 A, C NQ 

Phosphofructokinase Cthe_0347 A, C - 

Frucotose bisphosphate aldolase Cthe_0349 A, C NQ 

Triose phosphate isomerase Cthe_0139 A, C NQ 

Glyceraldehyde phospate 

dehydrogenase 

Cthe_0137 A, C - 

Phospoglycerate kinase Cthe_0138 A, C - 

Phospoglycerate mutase Cthe_0140, 

Cthe_0946 

A, C 

A, C 

NQ 

NQ 

Enoalse Cthe_0143 A, C - 

Pyruvate kinase Cthe_1308 A, C ŷ C (1.563) 

A, Avicel grown cells; C, Cellobiose grown cells; NQ, not quantified; -, quantified as 

having no significant change in expression.
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Figure 8.  Conversion of glucose and glucose-1-P into fermentation products by C. 

thermocellum during growth on Avicel. Enzymes are labelled by numbers. Arrow shaped 

borders surrounding the number indicates if the expression of the enzyme increased 

(highlighted in red) or decreased (highlighted in blue) during growth on Avicel in the 

soluble protein fraction, with the ratio of protein in Avicel grown cells relative to 

cellobiose grown cells at right. Square borders indicate the enzyme was quantified as 

having no change in expression, circles borders indicate the enzyme was not quantified, 

but proteins with the putative activity were identified by MS.  

1, phosphoglucomutase, (EC 5.4.2.2); 2, glucokinase, (EC 2.7.1.2); 3, 

phosphoenolpyruvate carboxykinase, (EC 4.1.1.32); 4, Glutamate dehydrogenase, (E.C 

1.4.1.3); 5, Malate dehydrogenase (EC 1.1.1.37); 6, Malic enzyme, (EC 1.1.1.40); 7, 

pyruvate kinase, (EC 2.7.1.40); 8, Lactate dehydrogenase, (EC 1.1.1.27); 9, pyruvate 

formate lyase, (EC 2.3.1.54); 10, pyruvate:ferredoxin oxidoreducatase (subunits alpha, 

beta, and gamma respectively), (EC 1.2.7.1); 11, ferredoxin hydrogenase (EC1.12.7.2); 

12, ferredoxin:NAD(P)
+ 

 oxidoreductase (EC 1.18.1.2, EC 1.18.1.3); 13, 

hydrogen:NAD(P)
+
 oxidoreductase (EC 1.12.1.2, EC 1.12.1.3); 14, 

phosphotransacetylase (EC 2.3.1.8); 15, acetate kinase, (EC 2.7.2.1); 16, acetate 

thiokinase (EC 6.2.1.1); 17, acetaldehyde dehydrogenase (EC 1.2.1.10); 18, alcohol 

dehydrogenase (EC 1.1.1.1); Fd, oxidized ferredoxin; FDH2, reduced ferredoxin. 
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The increased carbon flux through the described malate cycle shunt during growth 

on Avicel is further supported by the increased expression of inosine 5-monophosphate 

dehydrogenase (gene Cthe_0681) during growth on this substrate. Inosine 5-

monophosphate dehydrogenase activity is the rate-limiting step in the de novo synthesis 

of the guanine nucleotides [78], and the described malate shunt would be increasing the 

relative contribution of these nucleotides in conserving energy from substrate level 

phosphorylation in the cell by the action of PPCK (Cthe_2874). 

This malate cycle is likely affected by another 465 amino acid product of gene 

Cthe_0701, oxaloacetate decarboxylase, which has a decreased expression on Avicel as 

reported in Table 6. The putative activity of this protein, however, is elusive. The protein 

encoded by gene number Cthe_0701 is a member of the phylogenetic protein cluster 

PRK12331 which includes 33 homologous sequences across 8 genres. The putative 

activity of enzymes in this cluster is that of another PPCK similar to the already 

mentioned PPCK enzyme Cthe_2874, but instead produces ATP as opposed to GTP (E.C 

number 4.1.1.49). The existence of two PPCK activities that are oppositely regulated and 

produce alternative nucleotide triphosphates would suggest an important node in the 

carbon flux of the cell and alternative demands on the cellular ATP and GTP metabolite 

pools during growth on the two carbon sources tested. Alternatively, another likely 

putative function of the gene product of Cthe_0701 is instead the decarboxylation of 

oxaloacetate by conversion to pyruvate (E.C. number 4.1.1.32) also based upon domain 

sequence homology. This activity would allow the malate cycle to redirect to pyruvate 

without the transhydrogenation of electrons from NADH to NADPH, restricting the 
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production of biosynthetic cofactors during growth on cellobiose. The two putative 

functions of Cthe_0701 are illustrated in Figure 9. 

Glutamate dehydrogenase (Cthe_0374) was found to have more than 3-fold 

increased expression during growth on Avicel suggesting that nitrogen assimilation is 

induced during cellulose catabolism as seen in Figure 8.  The metabolite oxaloacetate 

present in the described malate cycle represents an important biosynthetic precursor for 

several molecules in the cell including the production of Ŭ-ketoglutarate, through which 

the nitrogen source ammonia is assimilated into the cellôs biomass by the action of 

glutamate dehydrogenase, 

Eq. 10 OHNADPGlutamate  NADPHHNH  ateketoglutar- 24 ++Ú+++ ++a  

Ŭ-ketoglutarate is formed from oxaloacetate by the subsequent reactions preformed by 

citrate synthase (Cthe_3027), aconitase (Cthe_3158), and isocitrate dehydrogenase 

(Cthe_0285). The latter three enzymes were successfully identified under both growth 

conditions and isocitrate dehydrogenase was quantified in this study and its relative 

abundance was unchanged across the conditions tested.  
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Figure 9. Two putative enzymatic functions of the gene product of Cthe_0701 which 

demonstrates decreased expression on Avicel. A, Cthe_0701 with putative ATP 

producing PPCK activity; B, Cthe_0701 with putative oxaloacetate decarboxylase 

activity. Enzymes are labelled by numbers. Arrow shaped borders surrounding the 

number indicates if the expression of the enzyme increased or decreased during growth 

on Avicel in the soluble protein fraction, square borders indicate the enzyme was 

quantified as having no change in expression, circles borders indicate the enzyme was not 

quantified, but proteins with the putative activity were identified by MS.   

1, phosphoenolpyruvate carboxykinase (GTP), (EC 4.1.1.32); 2A, phosphoenolpyruvate 

carboxykinase (GTP), (E.C number 4.1.1.49); 2B Oxaloacetate decarboxylase, (E.C. 

number 4.1.1.32); 3, Malate dehydrogenase (EC 1.1.1.37); 4, Malic enzyme, (EC 

1.1.1.40); 5, pyruvate kinase, (EC 2.7.1.40). 
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As shown in Table 5, three of the proteins successfully quantified are the protein 

products of genes Cthe_2390, Cthe_2392 and Cthe_2393 which all demonstrated 

increased expression on Avicel. These proteins represent members of a putative 

pyruvate:ferredoxin oxidoreductase (POR) complex; the ɔ, Ŭ, and ɓ subunits respectively. 

POR is an important activity in pyruvate metabolism and catalyzes the following 

reaction;   

Eq. 11 

+Ú H 2 + ferredoxin reduced 2 + CO +CoA -acetyl   ferredoxin oxidized 2 +CoA  + pyruvate 2

 

The genomic context of Cthe_2390, Cthe_2392 and Cthe_2393 suggests a bacterial POR 

operon which includes Cthe_2391, the ŭ subunit of the complex. This ŭ subunit 

Cthe_2391 was not quantified, nor was it even identified in any of the fractions. This can, 

however, simply be due to a lack of ñdiscoverabilityò of the protein, in part because of its 

small size (101 amino acids, aa) compared to the rest of the proteins present in the 

operon; ɔ (189 aa), Ŭ (394 aa), and ɓ (311 aa).  In addition to this multi-subunit putative 

POR, a single large putative POR protein (1178 aa, gene Cthe_3120) was found to be 

more abundant in the Avicel grown culture. This single subunit POR contains the 

domains found on the multi-subunit POR including a 4Fe-4S center, a thiamine 

pyrophosphate binding domain, and catalytic or regulatory domain and is similar to a 

single subunit POR purified from C. acetobutilicum [79-80]. A summary of the proteins 

identified and quantified from the soluble fraction involved in pyruvate metabolism is 

presented in Table 9. 



51 
 

 An 873 amino acid product of gene number Cthe_0423, a putative bifunctional 

acetaldehyde-CoA/alcohol dehydrogenase, was more abundant in cellobiose grown cells 

than Avicel grown cells. This gene product has been proposed to be the key enzyme 

involved in ethanol synthesis in C. thermocellum [79], allowing the NADH-mediated 

reduction of acetyl-CoA, the product of POR, to acetaldehyde, followed by subsequent 

NADH-mediated reduction to ethanol. 

 Two proteins possessing prepilin-type cleavage/methylation motifs were 

quantified in this study. Cthe_1100 was found to have increased expression on Avicel 

grown cells, while Cthe_1104 had increased expression on cellobiose grown cells as seen 

in Table 5 and 6 respectively. Prepilin-type cleavage/methylation motifs direct N-

terminal cleavage and methylation at a conserved phenylalanine residue. This motif is 

most often found at the N-terminus of pilins and other proteins involved in secretion [81]. 

SecD (Cthe_0904), a component of the Sec protein-translocation pathway, was also 

found to have increased expression on Avicel. 

 Four hypothetical proteins were quantified as having increased expression on 

Avicel and p-values below 0.05; Cthe_0076, Cthe_2383, Cthe_2709, Cthe_3230. Two 

hypothetical proteins demonstrated increased expression on cellobiose; Cthe_0820, and 

Cthe_2090. 
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Table 9. Summary of identified and quantified enzymes involved in pyruvate metabolism 

found in the soluble protein fraction of C. thermocellum 

Enzyme Gene number Identification Quantification 

Lactate dehydrogenase Cthe_1053 A, C NQ 

Pyruvate formate lyase Cthe_0505 A, C NQ 

Pyruvate formate lyase ï Activating 

enzyme 

Cthe_0506 ND NQ 

Pyruvate:ferredoxin oxidoreductase Cthe_2390-

2393 

A, C * ŷA *(1.433; 

ND;1.428; 1.524) 

 Cthe_2794-

2797 

ND NQ 

 Cthe_3120 A, C ŷA (2.110) 

Fe-only hydrogenase (NADH) Cthe_0342 A, C - 

 Cthe_0430 A, C NQ 

Fe-only hydrogenase (NADPH) Cthe_3003 A, C NQ 

Bifunctional acetaldehyde-

CoA/alcohol dehydrogenase 

Cthe_0423 A, C ŷ C (1.667) 

Iron containing alcohol 

dehydrogenase 

Cthe_0101 ND NQ 

 Cthe_0394 ND NQ 

 Cthe_2579 ND NQ 

Acetate kinase Cthe_1028 A, C NQ 

Phosphotransacetylase Cthe_1029 A, C NQ 

Acetate Thiokinase Cthe_0551 A, C NQ 

* The ŭ subunit, Cthe_2391, of the Pyruvate:ferredoxin oxidoreductase complex was not 

identified or quantified. A, Avicel grown cells; C, Cellobiose grown cells. ND, not 

detected; NQ, not quantified.; -, quantified as having no significant change in expression. 
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4.2.2. Substrate-induced changes to the relative abundance of membrane-fraction 

proteins 

Membrane-fraction proteins were denatured and separated by SDS-PAGE (figure 

10).  Data reported here is the result of proteins excised from the gel, digested with 

trypsin, and extracted for MS analysis. A total of 47 non-ribosomal proteins found in 

cells grown on both substrates were quantified, representing the sum of proteins shown in 

Tables 10, 11, and 12. Table 10 shows the 13 proteins found to possess at least 1.4 fold 

greater expression on Avicel. In Table 11 are found the 10 proteins found to posses 1.4 

fold greater expression on cellobiose. Of the 31 proteins identified to have an increase in 

expression on a particular substrate, all but 2 had p-values Ó 0.5, as determined by the 

two-tailed Studentôs t-test, thus rejecting the null hypothesis. The remaining 23 proteins 

quantified as being within these alternative ranges are regarded as not having important 

differences in expression and are listed in Table 12. 

Three cellulosomal anchoring proteins were found to be more abundant in the 

membranes of Avicel grown cells (Table 10); OlpB (Cthe_3078), Orf2p (Cthe_3079), 

Sdba (Cthe_1307). Sdba is a 65 kD MW protein with 2 SLH (S-layer homology domains) 

and a single type II cohesion domain available to bind the type II dockerin domain of the 

cellulosome. The abundance of this protein in the membrane fraction of Avicel cells was 

2 fold greater than in cellobiose grown cells. OlpB and Orf2p demonstrated more than 5-

fold increase in expression on Avicel grown cells. Orf2p is a 72 kD MW protein 

possessing 3 SLH domains and two type II cohesion domains potentially for binding  
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Figure 10. Membrane protein fractions from C. thermocellum batch cultures grown to 

stationary phase separated by SDS-PAGE (10-20% Tris-HCl), stained with Bio-Safe 

Coomassie. Lane A1-4, 1:1 mixture of unlabelled Avicel-grown cells and 
15

N
 
labelled Avicel 

grown cells, 30 µg total protein per lane. Lane B1-4, 1:1 mixture of unlabelled cellobiose-

grown cells with 
15

N 
 
labelled Avicel grown cells 30 µg total protein per lane. Molecular 

weight markers are ladled on the left of the figure. Three black arrows indicate protein bands 

with visible changes in expression. 
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Table 10. Proteins from the Membrane fraction demonstrating increased expression during growth of C. thermocellum on Avicel 

relative to cellobiose as determined by RelEx. 

   

14N Avicel/15N Avicel 

 

14N cellobiose/15N Avicel 

 

14N Avicel/14N Cellobiose 

Gene Number Protein name or type    Ratio 1 %CV no. pep. Ratio 2 %CV no. pep. Ratio1/Ratio2 %SCV p-value 

Cthe_1102 Fimbrial assembly protein  

 

3.761 33.08 23 

 

1.668 33.35 15 

 
2.255 46.97 <0.0001 

Cthe_2892 Chaperonin GroEL  

 

2.602 31.00 8 

 

1.112 85.79 3 

 
2.336 91.22 0.1327 

Cthe_2236 Flagellin-like protein  

 

7.470 61.11 15 

 

3.595 13.50 3 

 
2.076 62.58 0.0002 

Cthe_2408 Phage shock protein A, PspA  

 

2.861 24.01 44 

 

1.410 38.86 15 

 
2.032 45.68 <0.0001 

Cthe_0904 Protein-export membrane protein, SecD  

 

3.724 28.21 24 

 

1.903 24.41 22 

 
1.956 37.30 <0.0001 

Cthe_1368 S-layer-like domain containing protein  

 

2.413 33.83 55 

 

1.257 55.73 12 

 
1.920 65.19 0.0304 

 

Cellulosome anchoring proteins 
            

Cthe_3078 Cellulosome anchoring protein, OlpB  

 

2.902 19.61 19 

 

0.513 15.47 10 

 
5.655 24.98 <0.0001 

Cthe_3079 Cellulosome anchoring protein, Orf2P  

 

2.304 8.87 4 

 

0.554 23.14 4 

 
4.160 24.78 0.0002 

Cthe_1307 Cellulosome anchoring protein, SdbA  

 

2.851 31.79 14 

 

1.430 27.58 3 

 
1.990 42.08 0.0197 

 

Nitrogen Metabolism 

            
Cthe_1827 Copper amine oxidase-like protein  

 

3.050 2.47 5 

 

0.580 12.60 4 

 
5.260 12.84 <0.0001 

Cthe_3227 Copper amine oxidase-like protein  

 

4.003 1.70 3 

 

1.849 12.32 10 

 
2.161 12.44 <0.0001 

Cthe_3226 Copper amine oxidase-like protein  

 

2.911 22.22 19 

 

1.768 33.72 17 

 
1.645 40.38 <0.0001 

 

Unknown function 
            

Cthe_2383 Hypothetical protein  

 

4.472 29.20 15 

 

3.003 34.21 16 

 
1.489 44.97 0.0004 

%CV, Coefficient of variation; %SCV,  standard coefficient of variation; p-value, probability that the null hypothesis is true, based on 

2-tailed Student t-test of ratio 1 versus ratio 2. 
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Table 11. Proteins from the Membrane fraction demonstrating decreased expression during growth of C. thermocellum on Avicel 

relative to cellobiose as determined by RelEx. 

%CV, Coefficient of variation; %SCV, standard coefficient of variation; p-value, probability that the null hypothesis is true, based on 

2-tailed Student t-test of ratio 1 versus ratio 2.

   

14N Avicel/15N Avicel 

 

14N cellobiose/15N Avicel 

 

14N Avicel/14N Cellobiose 

Gene Number Protein name or type    Ratio 1 %CV no. pep. Ratio 2 %CV no. pep. Ratio1/Ratio2 %SCV p-value 

Cthe_2932 DNA-directed RNA polymerase  

 

1.391 23.45 3 

 

4.419 49.58 12 

 
0.315 54.85 0.0004  

Cthe_2998 ABC transporter related protein  1.615 21.17 2 

 

3.763 15.91 4 

 
0.429 26.48 0.0488  

Cthe_0016 Ferritin and Dps  

 

3.167 26.30 5 

 

7.344 17.90 2 

 
0.431 31.81 0.0150 

Cthe_1504 Linocin_M18 bacteriocin protein  

 

1.016 157.13 2 

 

2.111 51.54 21 

 
0.481 165.37 0.4688 

Cthe_0701 Oxaloacetate decarboxylase (ATP)  

 

1.797 28.41 2 

 

2.666 61.65 3 

 
0.674 67.88 0.0389 

Cthe_1363 lipopolysaccharide biosynthesis  

 

3.038 12.49 6 

 

4.495 59.99 9 

 
0.676 61.27 0.0392 

 

Cellodextrin transport  
            

Cthe_0393 CbpA (Cellodextrin transport complex A)  

 

2.169 35.87 26 

 

3.714 43.98 32 

 
0.584 56.75 <0.0001 

Cthe_0392 MsdA (Cellodextrin transport complex A) 

 

1.971 60.24 5 

 

2.985 48.62 13 

 
0.660 77.41 0.0062 

 

Unknown function 
            

Cthe_3096 Hypothetical protein 

 

1.990 39.55 3 

 

6.021 30.25 20 

 
0.330 49.79 0.0209 

Cthe_1431 Hypothetical protein  

 

1.838 2.89 2 

 

4.369 15.76 2 

 
0.421 16.03 0.0668 
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Table 12. List of quantified proteins from the Membrane fraction demonstrating no change in 

expression on either Avicel or cellobiose (
14

N Avicel/
14

N cellobiose ratio between 1.4 to 0.71). 

Gene Number Protein name or type    14N Avicel/ 14N cellobiose %SCV 

Cthe_0424 Aminoglycoside phosphotransferase  1.303 56.38  

Cthe_2518 Ketol-acid reductoisomerase   

 

1.272 60.07 

Cthe_2730 Translation elongation factor Tu    0.785 86.16 

Cthe_1251 Xanthine/uracil/vitamin C permease  

 

0.741 35.12 

 

Lipid transport and metabolism 
   

Cthe_0937 Fatty acid/phospholipid synthesis protein PlsX  

 

1.329 42.98 

Cthe_0699 Carboxyl transferase  

 

0.751 40.99 

 

Energy production and conversion, 

carbohydrate metabolism 
   

Cthe_2604 ATP synthase F0, B subunit  1.366 38.86  

Cthe_0341 NADH dehydrogenase quinone  1.127 67.72  

Cthe_0423 Bifunctional acetaldehyde-CoA/alcohol dehydrogenase   1.028 68.89 

Cthe_0137 Glyceraldehyde-3-phosphate dehydrogenase, type I  0.876 61.56 

Cthe_0347 Phosphofructokinase  

 

0.869 32.62 

Cthe_1862 ABC transporter related protein  

 

0.868 32.52 

Cthe_0143 Phosphopyruvate hydratase  

 

0.758 59.98 

 

Cellodextrin transport  

   
Cthe_1020 CbpB (Cellodextrin transport complex B)  

 

0.922 50.35 

Cthe_1018 MsdB2 (Cellodextrin transport complex B) 

 

0.846 51.70 

Cthe_1019 MsdB1 (Cellodextrin transport complex B)  

 

0.777 36.69 

 

Unknown function 

   
Cthe_1098 Hypothetical protein  

 

1.503 52.68 

Cthe_2130 Hypothetical protein  

 

1.334 40.38 

Cthe_1101 Hypothetical protein  

 

1.356 40.41 

Cthe_0637 Protein of unknown function DUF909 

 

0.767 53.53 

Cthe_2357 Hypothetical protein  

 

1.161 70.50 

Cthe_2422 Hypothetical protein  

 

0.790 52.85 

%SCV, standard coefficient of variation. 
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more than 1 cellulosome. OlpB, the largest of the anchoring proteins with an estimated 

MW of 245 kD, contains 3 SLH domains in addition to 7 type II cohesion domains, 

potentially allowing for a large network of cellulosomes to bind at the cell surface via this 

anchoring unit. A visible increase in the intensity of three protein bands of Avicel grown 

cells, compared to cellobiose grown cells, can be seen in the SDS-PAGE gel of the 

membrane fraction (Figure 10). The molecular weights of these protein bands are 

estimated to be ~110 kD, ~85 kD, and 54kD based upon the relative migration of the 

protein ladder. These three bands likely correspond to the three anchoring proteins OlpB, 

Orf2p, and Sdba respectively, based upon the quantified relative expression observed for 

these proteins using the isotope labelled ESI-MS/MS method and the fact that peptides 

for each of these proteins were observed in the appropriate gel bands. Linking the 

theoretical MW of a protein based upon its aa sequence with the observed electrophoretic 

migration in SDS-PAGE is complicated by several factors, including post-translational 

modifications of the protein such as glycosylation and proteolysis. The migration of OlpB 

corresponding to 110 kD, instead of the estimated 245 kD size of the protein, is likely the 

result of a proteolytic cleavage. This cleavage may be involved in the observed release of 

cellulosomes from the cell surface during stationary phase. Also found to have increased 

expression on Avicel was the S-layer protein Cthe_1368. An increase in S-layer synthesis 

would support the increased number of SLH domain-containing anchoring proteins 

present during growth on Avicel.  

Three putative copper-amine oxidase proteins were demonstrated to be more 

abundant on Avicel than cellobiose grown cells; Cthe_3227, Cthe_3226, Cthe_1827. 
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Copper-amine oxidases are a family of oxidoreductases that liberate ammonia from 

primary amines in the following reaction (E.C. 1.4.3.21), 

Eq.12    2232222 OH + NH + RCHO   O + OH + NHRCH Ú  

 Table 13 lists all the putative Copper-amine oxidases from the C. thermocellum 

genome, including the 15 that were identified in this study. The prediction of signal 

peptides and a transmembrane helix in the majority of these sequences suggest a role in 

acquiring ammonia from plant cell wall proteins and other sources of primary amines in 

the extracellular environment [82-83]. This process would also scavenge oxygen for the 

strict anaerobe and produce hydrogen peroxide outside of the cell, a reactive chemical 

species that has been suggested to aid in the depolymerisation of cellulose by cellulolytic 

microbes including brown-rot fungi [84-85]. The induction of mechanisms to acquire 

nitrogen from the extracellular environment during growth on Avicel would support the 

active and costly biosynthetic demand for nitrogen from the increased synthesis of 

cellulosomes on this substrate.  

 Proteins from two of the four putative ABC cellodextrin transporters of C. 

thermocellum were observed and quantified in the membrane fraction. All three of the 

gene products of the operon encoding cellodextrin transporter B (MsdB1, MsdB2, and 

CbpB; Figure 2), were quantified in this study and none demonstrated any significant 

change in expression under either growth condition (Table 11). CbpB and MsdB2 were 

also quantified in the soluble fraction, also with no change in relative expression (Table 

7). Two of the proteins in the complex, MsdB1 and MsdB2, each possess a membrane 

spanning domain with six transmembrane helices and together form the transmembrane 

channel for the transporter. CbpB is the cellodextin binding protein for the complex. The  
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Table 13. Summary MS identification and quantification of putative copper-amine 

oxidases from the C. thermocellum genome. 

Gene number #TMH  SP prediction Identification Quantification 

Cthe_1827 1 Y A, C ŷA (5.250) 

Cthe_3226 1 Y A, C ŷA (2.161) 

Cthe_3227 1 Y A, C ŷA (1.645) 

Cthe_0045 1 Y A, C NQ 

Cthe_0047 1 Y A, C NQ 

Cthe_0048 1 Y A, C NQ 

Cthe_0243 1 Y A, C NQ 

Cthe_0402 1 Y A, C NQ 

Cthe_0824 1 Y A, C NQ 

Cthe_1374 0 N A, C NQ 

Cthe_1833 1 Y A, C NQ 

Cthe_1912 0 Y A, C - 

Cthe_3228 1 Y A, C NQ 

Cthe_1909 1 Y C NQ 

Cthe_2109 1 Y C NQ 

Cthe_0593 0 N ND NQ 

Cthe_0744 1 Y ND NQ 

Cthe_0799 1 Y ND NQ 

Cthe_1258 1 Y ND NQ 

Cthe_1778 1 N ND NQ 

Cthe_1908 1 Y ND NQ 

Cthe_2146 0 N ND NQ 

Cthe_2424 1 Y ND NQ 

Cthe_3188 0 N ND NQ 

A, Avicel grown cells; C, Cellobiose grown cells. ND, not detected; NQ, not quantified.; 

-, quantified as having no significant change in expression. 
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substrate specificity for this protein has been previously determined in vitro to be for 

cellodextrins of lengths n=2 (cellobiose) to n=5 (cellopentose), where n represents the 

number of glucose units in the oligosaccharide. The three proteins CbpB, MsdB1, and 

MsdB2 do not together posses all the domains necessary for the proper functioning of an 

ABC transporter. The cellodextrin transporter complex B also requires a nucleotide 

binding domain containing polypeptide that must be encoded elsewhere in the genome. 

Cthe_1862, an estimated 42 kD MW protein possessing an ABC transport related 

nucleotide binding domain (cd03301, E value 8e-106), is not encoded in an operon 

alongside other ABC transporter genes and was quantified in this study as having a 

similar expression pattern to the proteins CbpB, MsdB1 and MsdB2 (Table 7). 

Cthe_1862 could thus be a strong candidate for the protein carrying the missing 

nucleotide binding domain of the cellodextrin transporter complex B.  

 Two protein members of another putative transporter, the cellodextrin transport 

complex A, were also identified and quantified in the membrane fraction. Both CbpA and 

MsdA demonstrated increased expression on cellobiose in the membrane fraction (Table 

11). Increased expression of these proteins was observed on cellobiose in the soluble 

fraction as well (Table 6), though the quantification of one of these components, MsdA, 

in the soluble fraction is invalidated by the high p-value of 0.226. The specificity of the 

cellodextrin binding protein of this complex, CbpA, has been previously determined, in 

vitro, to be only for cellotroise [41].  

 Other clues to metabolic changes occurring during growth on Avicel found in the 

membrane fraction include the observation of individual proteins putatively involved in 

fimbrial adhesion (fimbrial assembly protein, Cthe_1102), motility (flagellin-like protein, 
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Cthe_2236), protein folding (chaperonin GroEL, Cthe_2892) and protein secretion 

(protein-export membrane protein SecD, Cthe_0904). The phage shock protein, PspA, 

(Cthe_2408) was also found to have increased abundance on Avicel. The Escherichia 

coli PspA homolog is synthesized in response to several stresses including heat, ethanol, 

and osmotic shock [86]. PspA of E. coli and has been shown to bind membrane 

phospholipids and repair proton leakage of membranes damaged by ethanol [87] and be 

involved in protein export [88]. Protein sequence alignment of C. thermocellum and E. 

coli PspA homologs by BLASTp analysis however revealed only a 35% amino acid 

sequence identity covering only 20 residues with an E score of 6.2, making this 

functional assignment of the PspA protein in C. thermocellum based upon its annotation 

in the NCBI database dubious at best. A protein with unknown function, Cthe_2383, was 

found to have increased abundance on Avicel.  

5. Discussion 

 The identification of 1255 proteins from the non-redundant sum of all 

investigations presented in this thesis represent the broadest  reported enquiry into the 

proteome of C. thermocellum. Many proteins were identified uniquely on one of the two 

substrates, however, this does not provide sufficient evidence that these same proteins are 

uniquely expressed on the substrate in which they were identified. The functional 

distribution of the proteins identified in the soluble and membrane fractions grown on 

both Avicel and cellobiose was investigated by comparing their sequences to the 

eggNOG v2.0 database [72], which possesses clusters of orthologous genes from a total 

of 630 organisms (529 bacteria, 46 archaea and 55 eukaryotes). The assignment of 
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functional categories by the identification of orthologous relationships form the basis of 

most comparative genomic studies [89]. It was hoped this examination might reveal 

distinct global patterns in the functional distribution of proteins grown on either substrate, 

however the distribution appears to be highly similar despite the presence of several 

hundred protein identifications uniquely identified on a particular substrate. It was noted 

however that a higher proportion of proteins from the membrane fraction, compared to 

the soluble fraction, were not assigned to a cluster of orthologous genes from the 

eggNOG database. This would be expected as membrane proteins, as a group, are more 

poorly characterized than soluble proteins [90]. While the tabulation of the 1255 proteins 

identified in the described experiments represents a rich supply of information of the 

biology of C. thermocellum, the most valuable clues regarding changes in metabolism of 

C. thermocellum grown on the two substrates is obtained from evidence discovered from 

quantitative experiments. The identification of proteins under the two growth conditions 

is used to support this data. 

 Quantitative comparison of the C. thermocellum proteome during growth on 

Avicel and cellobiose revealed exciting insights into mechanisms controlling the 

production of biosynthetic intermediates and directing the flow of carbon within the cell. 

The proposed model of the most important observed results of this study is summarized 

in figure 11. It appears during growth on Avicel that carbon flux is diverted away from 

pyruvate kinase and directed towards a transhydrogenase malate cycle via PPCK. The 

result of this rerouting would shift more electrons from the NADH to the NADPH pools, 

in addition to a greater ratio of GTP/ATP production from substrate level phosproylation. 

An increase in NADPH production during growth on Avicel would feed the assimilation 
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of ammonia into cell material via the action of glutamate dehydrogenase (Eq.10) which 

also had increased expression in Avicel grown cells. The use of the transhydrogenase 

malate cycle for the purpose of ammonia assimilation is further supported by the fact that 

the malic enzyme activity in C. thermocellum is ammonium activated [77], a property not 

characteristic of previously described malic enzymes. Increased operation of this cycle in 

response to growth on Avicel serves the increased nitrogen demand from the biosynthesis 

of amino acids for the induced production of high MW cellulosome anchors (OlpB, 

Orf2P, SdbA), scaffolds (CipA), and cellulase proteins on cellulosic substrates [59, 74, 

91-92]. The apparent increase in the metabolic mechanisms for assimilating nitrogen into 

cell material during growth on Avicel is paralleled by an increase in copper-amine 

oxidases putatively responsible for increasing the availability of ammonia for the cell. 

Investigation of inorganic nitrogen metabolism in C. thermocellum  is limited to a study 

concluding that the organism possesses glutamate dehydrogenase activity [93]. The 

ultimate fate of the increased production of GTP during growth on Avicel is not entirely 

clear. An increase in protein translation would present a greater demand for substrates of 

that process, which include GTP. Ribosomal proteins quantified in this study did not see 

any changes in expression under the two conditions. GTP may prove to be a substrate for 

glycosyl transferase enzymes responsible for protein glycosylation in this organism. 

Glycosylation of C. thermocellum cellulase and cellulosomal proteins has been reported 

and is thought to aid to protect the cellulosome from proteolysis [94-95]. Protein 

glycosylation in bacteria is poorly understood compared to eukaryotes, and is recently 
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Figure 11. Proposed model of metabolic changes observed in C. thermocellum grown on Avicel.






















































































































































































































