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ABSTRACT
Proteomic Analysis of Cellulose MetabolismClostridium thermocellum

Euan Burton

The cytoplasmic and membrane proteomes of the cellulolytic bacterium
Clostridium thermocellungrown on either cellulose or cellolsi® were quantitatively
comparedusing a metaboli¢®N isotope labelling method in conjunction witlanoLG
ESFMS/MS. In total 1255 proteins were identified in the study @8Gdf those were able
to have their relativabundanceer cell compared in at least one cellular compartment in
response to the substrates providBuree cellulosome anchoring proteins, OlpB, Orf2P,
and SdbA, were all found to be more abundant in cellulose grown cells. Cellodextrin
transportcomplex 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 agtiose transporter, demonstrated increased
abundace in cellobiose grown cells. This study reveals that cells grown on cellulose
increasetheir abundance of phospoenolpyruvatboxykinasewhile decreasing the
abundance of pyruvate kinase, suggesting that the organism diverts carbon flow into a
transhydogenase malate cycle that can increase the productidhedbiosynthetic
intermediates NADPH and GTP. Glutamate dehydrageand copper amine oxidase
proteins were also found to have increased abundance in cellulose grown cells,
suggesting that the assiation of ammonia is upegulated during growth on the
substrateThe up-regulation of enzymekeading to increasegroduction of biosynthetic
intermediates anthe assimilation of ammoniaeveal how the organism produces the
substratesnecessaryto increase the production of cellulosomesrequired for the

hydrolysis of crystalline cellulose.
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1. Objectives

The aim of this studwasto better understandow Clostridium thermocellum
alternatively modulates its proteome in response dgmwth on either Avicel (a
microcrystalline cellulosenodel substrajeor on cellobioseThe proteis of the cell were
interrogded in two ways. Firsta broad study of theomposition of the cytoplasmic and
membranecellular fractions during growth on either substrate was investigated by
nanoLGESIFMS/MS peptide sequencing. Secondjuantitativemethod was employed
that would allow theneasuremenif changes in expressiar proteinsfound inboth the
cytoplasmic and membrane fractions of cells grown on either substrate. This quantitative
assessmentas accomplished using a metabolic isottgieeling strategyin conjunction
with nanoLGESFMS/MS. By comparing the proteomes of Aviggbwn and cellobiose
grownC. thermocelluncells, we expected to identify several hundred proteins utilized by
the organism and to uncover patterns in protein expi@ssthat 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 fractioras expected tpos®ss information about the
transporters utilized to internalize oligosaccharitigdrolyzed fromcelluloseand the

protein machinery involved in the secretion of cellulase enzymes and cellulosomes

2. Introduction

Global biofuel production contributed.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 thediasade has



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, nahi 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 inwigonairal
economies with new markefsr their crops. Virtually all biofuel produced today can be
descibed as “firstgeneration” in that they are produced from the fermentation of sugars
that are not derived from lignocellulosEirst generationbiofuels are produced from
crops such as corn, wheat, sugar beet and sugaf3an®hile 1% generatiorbiofuels

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 fromBrazilian sugarcan@s]. Increases in the commodity price of agricultural
products has initiated worldwide debaas to whethel® generation biofuels can be
produced without endangering food production. Estimates of the effect of biofuels on the
increased cost of food prices range frofiiS%, with most literaure agreeing on a 15

25% rangg?2]. Also debated are the net €@ductions ofl* generation biofuels relative

to conventional fossil fuels, as it has been shown that some biofuels have very low net
lifecycle benefis[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 oflirect and indirect land use changes are accounted for, depending
upon the biofuel feedstock and the type of land use tran$8iéih The effects of these

land use changes are also thdughnegatively affect biodiversity due to atrating



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 yie&hvironmenth sustainability and

originate from noredible biomass mateit.

2.1.Second generation biofued

In response to the limitations of §eneration biofuels,"@generation biofuels are
being developed which allow for the conversion of lignocellifomm 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 wastesposl processing wastes and the
organic component of municipal solid wastes can all be used as lignocellulosic feedstocks
without the need of any additional arable 1§2d 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, sscéwitclygrass and miscanth{i3]. It
has been estimated that by up to 25% of the weoddmary energy resources could be
supplied by biomass by 2050 using available farm, forest and urban residues and by
growing perennial energy crops on marginal Ig8¢. The primary barrier to the
commercialization 02" generation biofuelito the global economy, and the social and
environmental sustainabilitfuch commercializatiowould bring, is the absence of low

cost technology to overcome  the regshnce  of  lignocellulose.



2.2.Consolidated hoprocessing 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, lignibue to the complexity of the
chemical structure of thiggnocellulosic biomas$eedstockand the crystalline structure
of the cellulose within itmultiple substrateprocessing steps need to be achieved to
obtan the final biofuel product (e.g. ethanoljhe first step in converting biomass to
ethanol is prdreatment,involving cleaning and breakdowaf the structureof the
lignocellulosicmaterials. A combination of physical and chemi@b(acid hydrolysis)
processesare typically applied, which allowa crudeseparatiorof the biomass into its
cellulose, hemicellulose and lignin componef@. Some hemicellulose can be
convertedinto its componensugarsin this step, and the ligniis removedand can be
burnedas fuel onsiten place of fossil fuelsto offset the energgnd carborcosts of the
process[4]. The pretreatment of the biomass renders the remaining polysaccharide
portiors more amenable to subsequent enzymhtidrolysis After pretreatment the
remainingcellulose andhemicelluloses fnm the feedstock is hydrolysed infermentable
sugars in the major saccharification stepprocess designs where saccharification and
fermentation of the biomass occur separately, it is referred sep@sate hydrolysis and
fermentation (SHF). An important process modification made for the enzymatic
hydrolysis of biomass was the introduction of simultaneous satichbian and
fermentation (SSFhich allows saccharification and fermentation of the bioméss
occur in the same vessélhe processing configuration can be furtheproved to

include the cdermentation of multiple sugar substraiesluding pentoses present in



hemicellulosein a procesgermed simultaneous saelification and ceermentation
(SSCF) In the S&F processcellulose,cellulaseenzymes anao-fermenting microbes

are combined, reducing the required number of vesselstltaid associated costs.
Cocktails of cellulolytic enzymes are available commercially and their costs have
reduwced more than 3fld in recentyears[8]. Despite this dramaticeduction in cost
enzymatic hydrolysis opretreatedcellulose and the cost of making such cellulase
enzymes is second only to the {reatment itself in term®f costbarriers to the
commercialization of ¥ generation biofus [9]. In other words, the three most
expensive processing operations are for overcoming the naturémesi®f plants to the

biological breakdown of sugars.

It is because of these costs thegearchers are now looking at the possibilitg of
consolidated bioprocessing (CBP) approach that could prodlicequired enzymes
within the reactor vessegllowing a singlemicrobe ormicrobial communityto both
produce the enzymasecessary tbreakdown cellulose to sugars and to fermalitthe
availablesugarsinto a biofue| such assthanol.Consolidated bioprocessimgerges four
biologically mediatedtransformations, allowing them to ®&kplace within the same
reactor cellulase and hemicellulase productioriiydrolysis of pretreated biomass into
sugars the fermenttion of hexose sugars; and the fermentation of pentose dugérs
CBP is seen as the next paradigm of biomass conversion technologyasngreat
potential for improving thefficiency of the bioconversion processd reductiorof its
cost[11]. Research is underway to better understand which microbes are caiptigde
transformations necessary for CBP and how these organisms and their adaptations can be

applied to commercialization of second generation biofuels using biotechnology.



2.3 Clostridium thermocellum

One microorganism that has received substantial consideration for
implementation in CBP isClostridium thermocellumna grampositive, anaerobic,
thermophilicbacteriumwith an optimum growth temperature of 60°C. thermocellum
is widespread in naturasits habitat is organiplant material in decompositiofil2].
Investigators have found strains in municipal/agricultural wastes [6], sewage digestion
sludge[13], soil [14], cotton bale$15], river mud[16], and hot spring§l7]. 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, lactatendd CQ, under
different growth conditionf21]. The genome of. thermocellunihas been sequenced by
the Joint Genome Institute (JGI)The highgrowth temperatureof the organism is an
attractive feature for a potential CBP industrial strain as it waddcethe cooling costs
necessaryduring the bioconversionprocess, andvould also makethe procesdess
susceptible tocontaminationfrom other microorganisms Furthermore, he higher
temperature also makes ethanol removal and recawerg economicathanit is for
otherindustrial organisms grown at lower temperaturébe thermophilic naturef C.
thermocellumalso results irenzymedrom the organism beingery robust Anaerobiosis
is an advantage for laregrale culture as one of the most expensive steps in industrial
fermentations is that of supplying sufficient oxygen transfe, for cellulase production

[21].

C. thermocellunhasattractedresearch interest durainly to its cellulolytic and
ethanologenicabilities. The organisns capability of directly converting cellulosic

substratessuch addilute acidpretreatedhardwood,into ethanoloffers a way forward



towards the commercial realization @i generation biofuel§20]. C. thermocellum
posses the enzymatic acties necessary to degrade hesliulose, though it does not
grow on thepentosesugars released from this substr#keady work is being done to
find a hemcellulolytic thermophilic partner such asa genetically modified strain of
Therm@naerobaterium saccharolyticyrto cooperate within a stable-colture capable
of fermenting all solubilised sugars from cellulose into {@2]. The ethanol yield o€.
thermocellumcould theoreticallypbe improved by eliminatg competingpathwaysof
acetate and lactate production using recently developed geneti¢28a@Ss]. Cellulose
degradation inClostridium thermocellumis accomplished by a large extracellular
cellulase system called theellulosome [26]. The cellulosome ofClostridium
thermocellumhas been extensively studied and has become a paradignouf

understanding of extracellular, complmediated cellulosbydrolysis[21, 2730].

2.3.1. Cellulosomemediated cellulose hydrolysis

The cellulosomef Clostridium thermocellunfirst described by Lameith 1983
[26], is composed of multiple enzymatic subunits bound tightly to a largecaaihytic
scaffoldinprotein(CipA), viatypel dockerircohesin protein domain interactiodgpel
dockerin domains present on the cellulosomal enzymes allow membership to the complex
by docking with extreme affinity tmine modularly organizetype | cohesion modules
found on the scaffoldin cof@0]. The scafoldin protein is cell associatgdvirtue of a
second class of cohesitype Il domains on the scaffoldiprotein with strict specificity
for a second class d@ype Il dockerindomains found on anchoring proteins attached to

the cell [27]. The genome ofC. thermocellumencodes five proteins with Type |II
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cohesins. Four possedd&yer homology domasy(SdbA, OQpB, Orf2p and Cthe0735dr
cell-surface anchoring ofype 1l dockerin bearing CipA, anthe other (Cthed736) is
without anSLH domain.Some of theseCipA anchoring proteins posses more than one
type 1l cohesin domain, and can thus potentially anaare than one cellulosome to the
cell surfaceThe cellulosome complex is targeted to the cellulose substrate by means of a
cellulose binding domain (CBDfound onthe scaffoldin protein in addition to specific
cellulosomal enzymethatthemselves contaimCBD (Figure 1)[31]. On the cell surface,
cellulosomes appear as polycellulosomal aggregates which mediate the attachim
cells to cellulose fibreg32].

Cellulosomes allow a highly efficient method of cellulose hydrslgsimpared to
the secretion of nenomplexed cellulase enzymes as sgeaerobiccellulolytic fungi
such asT. reesei.Multiple layers of synergistic improvement are affordeddockerin
containing cellulase and hemicellulase enzymes as they cooperdégrade complex
lignocellulosesubstrates within a broad cellulesezymemicrobe complex (CEM)18].
This is accomplished by the targeting of divezséulolytic activities in close proximity
to their substrates and each other, maximizing the synergistic effect of those activities at
the celluloseenzyme interface. Also, by keeping cells nearby the source of released
sugars, the CEM complex optimizes active tramspf extracellular hydrolytic end
products into the cel[33]. Thesesoluble oligosaccharidendproducts,cellodextrins
rangingf r om t wo -1,4olinkedeglueose mbnomerare also known to have
inhibitory properties on theellulolytic enzymes generatingem[18, 3435], thus active
internalization of the solubleellodextrinendproductsof cellulose hydrolgis serves the

activity of the cellulosome
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Figure 1. A schematic model of &. thermocellumcellulosome and the cellulose
enzymemicrobe (CEM) interaction. The scaffoldin protein, CipA, is shown, bound to the
bacterial surface by an anchoring protéim a single typellcohesindockerin interaction

The scaffoldin protein contains a cellulose binding domain (CBD), interlinked with nine
cohesion domains by way of intdomain linkers. Various dockertilomain containing
cellulosomal enzymes bind thea$oldin protein, mediatk by the high affinity typd
cohesindockerin interaction. Some cellulosomal enzymes posses their own CBD

~ Typell dockerin
domain of CipA protein

. Anchoring protein with
Type Il cohesin domain

Carbohydrate transport



2.3.2. Internalization and catabolism of soluble cellodextrins

Transport of cellodextrins b¥. thermocelluminto the cell occurs via ATP
binding cassett¢ ABC) oligosaccharide transporters and is ATP depenfBfjt ABC
transporters are mudomponent 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 initiaginthe conformational change
allowing active transport. These ufodomains can each be encoded by a separate
polypeptide, or domains may be fused together in any number of ways intedormakin
polypeptided37-38]. Auxiliary substrate binding proteins (SBP) have been recruited into
many ABC transporters for the purpose of presenting thdrat#$o the channel outside
of the cell [39-40]. Five sugar ABC transporters have been identifiedCin
thermocellunbased on the published genome sequence, and their substrate affinities have
been inferred based om vitro microcalorimetric titration studiesf their corresponding
heterologously expressed SB&yaences [21]. It was fourtat four ofthe SBPs(CbpA,
CbpB, CbpC,and CbpD) possesspecific substrate affinities for cellodextrins and the
other possesses affinity femminaribose (LbpJ41]. These fiveSBPs are encoded by
genes found in operons that also encode the remaining domains necessary for the
complete functionig of an ABC transporter (Figurg,2wvith the exception of the operon
containing gene cbpByhich is missing a gene that would encode @DNBnd so it must

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

Once inside the cell, cellodextrins undergo phosphorolytic cleaj4zd6]
all owing for t #aglycesidie vogdyg to benconsehved inbthe form of a

glucosel-phosphate product. This product can then be isomerised to giéicose

10



A P nbdA msdA chpA Q (Cthe_0391-0393)

B. P chpB msdB1 msdB2 () (Cthe_1018-1020)
cC. P cbpC msdC1 msdC2 nbdC Q) (Cthe_2125-2128)
- —- E—- —- -
D. P chpD nbdD msdD  pgmD Q) (Cthe_2446-2449)
E. P Ibp hp rsam nbd msd1 msd2 0} (Cthe_1576-1581)
———- -
500 K 15K 2K 25K 3K 35K 4K 45K 5K 55K 6K 65K 7K

Figure 2. Geneticorganization of five putative sugar ABC transporter€in
thermocellum{Sugar ABC transport complex@skE). Figure reproduced frof@1]. cbp
encodes cellodextribinding protein]bp encodes laminaribgebinding proteinmsd
encodesnembranespanning doamin proteinbd encodesucleotidebinding domain

protien pgmencodes phosphoglycerate mutdgeencodes a hypothetical protein, and
rsamencodes radic&-adenosylmethioningsene numbersas annotated in the.
thermocellungenome database (version NC_009012.1), of component genes within the
operon are provided at the far right of the figlffen e | et t er s P and Y
promoters and rhkmdependent terminatqrespectively
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phosphate by the action phosphoglucomutag&C 5.4.2.2). Phosphorolytic cleavage is
catalyzed by cellobiose phosphorylase (CbP) (EC 2.4.1.20) and cellodextrin

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

CbP

Eq. 1 G,+PU G+GIP

CdpP

Eq. 2 G, +PUG_,+GIP

where G, denotes a cellodextrin oligomer of lengthP denotes inorganic phosphate,

and G1P denotes glucedehosphate.

Phosphorolytic metabolism is superior to typical hydrolytic metabolisrthén
context of feeding glucose to the Embddayerhof pathway, since the cellular ATP
pool is invested in the phosphorylationarfly a singleglucose moleculeer cellodextrin
to glucose6-phophate Thus it is expected th&. thermocellumcould produce greater
net ATP per glucose molecule from the consumption of longer chain cellodextrins
because of net savings of ATP/glucose in active transporthamdducednvestment of
ATP/glucosefor the phosphorylation oflucose to glucosg-phosphatelt has been
demonstrated that cellodextrins of an average length of arednternalizedin C.
thermocellum and that theenergeticbenefits of efficient transport and phosphorolytic
cleawage of cellodextrinsutweigh the increased energetic costs of cellulosome synthesis
when the organism is grown on cellulose as compared with cellopl@ieRates of
phosphorolytic cleavage of cellodextrins in cellofthermocellungrown on Avicé are

20 fold higher than ratesf hydrolysis[43].
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Understandindhow C. thermocellunmodifiesits metdolism in response to the
availability of an insoluble cellulose substrate will offer insights into the specific proteins
necessaryfor cellulose hydrolysis andransportin this organism and howcellulose
derived sugars areonveted into energy andermentativeendproducts. Such extensive
analysis of cellular proteinand pathwayss now possible in biological research using

mass spectrometry.

2.4.Quantitative proteomicsusing mass spectrometry

Mass spectrometrfMS) is an imporant developing method for largescale
determination of gene and cellular function directly at the protein.|&rtgun MS
methodologies have been developed for the studyhwoile proteomes or suproteome
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 abundanbetween cedl or subcellular fractiongy comparing the
proteomes intwo or more physiological stateBor example,comparativeproteomic
analysis ofE.coli grown on alternative carbon sources has been investigated revealing
several enzymes and binding proteinsatet! to lactose metaboligfB2]. MS analysisn
conjunction with2D-PAGE of E. coli proteomes differentiated by growth on either
glucose or oleic acidemonstrated 52 proteins with altered expresdimmg growth on
the long chain fatty acidas sole carbon sourd&3]. Quantitative MS analysisf S.
cerevisiaein response to the stressturfural 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 biosyntfgtisQuantitative proteomics has
also ledto the discovery ofignaling pathways involving insulin and an instliie
growth factormodulatinglongevity 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 studiebave begun to apply MS based proteomics tadaatification of
proteins involved irC. thermocellunphysiology includingthe identificationof ethanol
adapted celilar proteins demonstrating gspot densityprofile changeson denaturing
SDSPAGE gels[57], and the identification of cellulosomal proteins purified by-2D
PAGE [58]. Quantitative comparisons &. thermocellum have been restricted to the
profiling of cellulosomal proteinswith the relative changes in composition of
cellulosomes beingxaminedwhen grown onAvicel compared to cellobiog®9], and
later examining the effects of growttm Avicel with added hemicellulose or pireated

switchgras®n cellulosome compositidé0].

2.4.1 Peptide sequencing byandem mass spectrometry

In the shotgurproteomicsMS/MS approach, a protein mixture is cleaved into
smallerpeptidefragments, typically enzymatically using trypsin. The peptide mixture is
thenresolved using high performance liquid chromatography (HU@)re elution and
ionization from a micrecapillary tip to which a voltage is applieth this process of
electrospay ionization (ESI)gas phase peptide ions are fumstructively generatggrior to
entering the mass spectrometer through an ion trandferin ion trap MS suclas the
Thermo LTQ used in this studygns entering the MS afecused intahe linear ion trap,

a region where combined electric and magnetic fields capture ions within a confined

14



region under vacuum. Peptide ions within titeg are surveyed in the initial MS evédayt

the electron multiplierand a selected ion species of iagtris held within the trap while

the remaining ions are ejected. The isolated parent ion can then be fragmented by
collision with helium dampening gal the second MS event the fragment ion spectrum
is detected, from which the amino acid sequence opahnent ion can be deducethus
peptides are sequced by a tandem of MS everidl the spectra are recorded digitally
allowing the sequence information gleaned from MS/MS fragmenttdiba matched to
theoretical peptides from a protein sequence datalseavedn silico with the same
cleavage method used experimentally (e.g. tryg6ih)) The success of an assignmeht

a peptide MS/MS spectruto a theoretical peptide in the database can be scored using
the SEQUEST algorithm. This crogs®rrelation scorgXC) evaluates theaumber of
fragment ions observeth an MS/MS spectrum, and comparesatwhat $ould be
observed theoretically. The relatiwetensities of tk fragmentsalso contribute to the
score[62]. Such algorithms enable consistent application of stringency corglitemn
MS/MS spectra, allowing the removal of low confidenpeptide and protein

identifications.

2.4.2 Relative quantitation usingsotopelabelledinternal standards

The ntensity of an observed peptidering an MS experiment is a function not
only of its abundance, but also the ionization potential of the pephbased uponts
specific chemical structure, in addition to-eloting ions causing background and ion
suppression effects. For this reason the intensities of observed peptides do notcorrelat

well to their general abundance in the biological samplesgiopially labelledpeptide
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would, however, celute with its norabelled pair and thus baffectedby the same
matrix effects and would itself have the same ionization potential as its chemically
identical heavier twin. Any difference in intensity of the p@iaving discernible m/z
ratiog would thusbe a consequence tife relative abundance of the two speci€his

fact provdes the basis for metabolic labelling strategies aimed to uncover fractional
differences in the abundance of proteins from tiamogical samples Kigure 3).The
relative intensity of a labelled and unlabelled peptide pair are surveyed multiple times as
they coeelute from the column, allowing the construction of-mnrent curves for each
peptide of the pair. The area under these curves are proportionalitm'sheabundance
allowing the calculatiorof the relative abundance of the sample and refereepgdes
(Figure 4)[63]. Software, such as RelHg4], is available for the calculation of such
peptide iorcurrent ratiosRelExis also able to score the overlap gbeptidepair's ion

current curves using a leasfjuares regression to evaluate the confideoiceghe
guantitative assessment. Tlise of isotopically labelled internal standards Hiaes
additional benefijtif 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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Sample 1 Internal Std Sample 2 Internal Std
e — — —
Normal Media *“NEnriched Media Normal Media *“NEnriched Media
Mix Mix
v v
Cell lysis, SDS PAGE Cell Iysis, 3D5 PAGE
Proteolytic Digestion Proteolytic Digestion
Mass spectrometry Mass spectrometry
e = e
Identify Peptide Measure Identify Peptide Measure
‘_ﬂ : & i
“ﬂ-. oo, l:h}:'fu . .:;me
0000000 “eeeseee | _ “oe _ Fractional
- - - =
J— pe— L S Change

Figure 3. >N Metabolic labelling strategy used for determining the fractional change in
protein abundance between tWwmlogical samples, reproduced frof65]. Cells grown

under condition 1 and 2 are mixed separately with reference cells enrichén in
containing media. After protein extraction and enzymatic digestion, measurements of a
peptide's intensity relative to'a\ reference peptide can be calculatéde ratio of these
intensities relative to the reference provides the actual fractional change of the peptide
across both samples.

17



Predicted Spectium - Chromatograms Carrelation
Sample
100 B
1.1EE+06 11BE+06
Unlabelled 8.24E+05
Sample
5 35E+05 Intensity
2.46E+05
o- ‘ AF0E4 5 4 A4
860 4 mjz 24 5228 -4.30F +04 11EE+06
Reference
Intenzity
File Data

Run Status: D

Filz: [C 3 naliburdata’E uan_Burtons200911130TCVEuan_Avicel T_20097 11807 ychin\E uan_Avicel_T_2009111801 Pentide: [RYAEISDYIGLE G

Messured Ratio: [5435 +/-0.109
Shift [non-detecied pk] [0
Carrection Factor, [1

Int Corelation: [0.9967

Comected Ratio: 5447

Mumber of Peaks: [7

Signal to Noise: [0

E vtracted

001036854 Cike. 0423 fion-containing alcohal
dehydrogenase [Clostridium thermocellum ATCC 27405]

Chromatogram: B3 of B4

]

Figure 4. RelEx software display for calculating the relative abundancé\ofabelled

and unlabelled peptidd64]. (A) Display of the isotope distributions of unlabelled and
labelled peptides acquired from mass spectra. (B) Overlapping extracted ion
chromatogram (XIC)onstructed from the signals of a-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-eluting XICs including the relative abundance

of thepeptde 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. thermocellumto growth on crystalline cellulose was as followS. thermocellum
wasgrown in liquid batch culturevith 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 metablylieddelled referenceells. In
separate experiments aimed at discovering the relative almendérdfferent proteins
under thecarbon sourceexperimental conditions, each of these sample cultures was
mixed with a metabolicallyabelled**N reference cuitre (**NH,CI) grown on Avicel as
sole carbon sourcé&he cells were harvested and their proteins divided into soluble or
membrane cellular fractions separated by SIX&E. The gel resolved proteomes were
enzymatically digested and the resulting peptides were analysed by r&8HMS/MS.

The resulting sper@al information was used to identify proteins found in the samples
using the SEQUEST algorithm and the mosttaxdate C. thermocellum protein
sequence databaseN labelled peptides from theeference culture served as internal
standard allowing for the quantitative analysis of protein relative abundance between the

two samples, using RelEx software.

3.1. Growth media forC. thermocellum
Liquid growth media forC. thermocellumwas prepared as described®d]. 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 aamal solution.

The composition of the buffer solution is providedlable 1. Sodium hydroxide

was added after all other components were completely dissolved. MireetylL of the
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buffer solution was dispensed into Bellco Glass anaerobic culture bottlese Avicel
PH101 was to be used as a carbon source, 0.20 g was added to eact.2@tlev{/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 alumgaprusing a handheld
crimper. The sealed bottles were sterilized by autoclaving on liquid cycle for 15 nein.
vitamin solution was made by combining the ingredients listedable 2. Ten mL
aliquots of the vitamin solution were frozen-a0°C for futue use. The ingredients of
the mineral solution are provided Trable 3, the nitriloacetic acid was dissolved first by
suspending in 500 mL dfistilled water and titrating to pH 6.5 with 2 N KOH. Stock
mineral solution was filtesterilized intoa sterilebottle 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 formsples using cellobiosESigmaAldrich) as a
carbon source had@lg of the disaccharide dissolved in the final volum&9@ wt/vol
final concentration). The mixtures were them sparged with nitrogen for 5 min. At the end
of this time, still under continuousitrogen 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 thugh 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 conogration is 0.2% (wt/vol).
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3.2. Growth conditions and™N metabolic labelling.

The effect of carbon source tme proteome o€. thermocellumvasexamined by
comparing the relative abundances of proteins discovered in greilgn on either
cellulose orcellobiose. Batch cultures of the microbe were grown aerobically at 58°C in
100 mL of full ATCC 1191 medium. Cultures were provided0@e2(wt/vol) of either
Avicel or cellobiose. In addition to these two experimental sample types to be directly
compared, @ *°N labelled reference sample was grown in minimal ATCC media. This
reference sample is different from the experimental Avicel sample in that'@9%
enriched NHCI (Cambridge Isotope Laboratoriesps used as the nitrogen source and
pyridoxal HCL was usd 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°N enrichment were preformed before inoculation of the reference batch
utilized in experimentgestimated enrichment dfN 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

KH.POy 1.58 g 1.58¢g
NaHPO,-12H,0 4.42 g 4.42 g
“NH,CI 0.53¢g

NH,CI 0.53 g
L-cysteine HCL 0.53¢g 0.53¢g
Yeast extract 211g

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

NaOH (10N) 842 pL 842 pL




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 se 100 mg 100 mg
Nictinic acid 100 mg 100 mg
Vitamin B12 2 mg 2 mg
Thiamine HCI 10 mg 10 mg
Pyridoxine HCL 200 mg

Pyridoxal HCI 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
MgSQOy- 7H,O
MnSQy-H,0

NacCl

FeSQ:-7H,0O
Co(NGs),-6H,0
CaCl (anhydrous)
ZnSQ;-7H,0O
CuSQ-5H,0
AIK(SO,), (anhydrous)
Boric Acid
NaMo00O,:-2H,0
NaSeQ (anhydrous)

15¢g
39
500 mg
19
100 mg
100 mg
100 mg
100 mg
10 mg
10 mg
10 mg
10 mg
1mg
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3.3. Enrichment of soluble and membrane proteome fractions

Cultures were washed three times in 50 mM Tris buffer (Sigidech), pH 8.5
by centrifuging at 12 000 fpr 10 minutes at 4Z. The cell pellet was theresuspended in
10 ml lysis buffer (50 mM Tris buffgqgH 8.5, 10 mm DTT, 625 units Benzonase (Sigma
Aldrich), 1x EDTA free protease inhibitor cocktail (Roche). For quantigagixperiments
one half of thesuspended cells of each sample were sonicatedeonsing a Sonic
Dismembrator model 500 i@her Scientific) for 2 minuteby twelve 10 second pulses
followed by 10 seconds for coolingfter each pulseAfter lysis the cells werspun down
at 16 000 dgor 20 minutes at 4°Cand the proteinancentratiorof the supernatarwas
calculated using theoomassie (Bradfordprotein assay. This measuremetprotein
concentration was used as the basis to equalize the number of cells mixed in the
experiment. Equal cellular amounts of unbrokéN Avicel and **N cellobiose cell
samples were then mixed with unbrokeN 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°Cand the supernatants were centrifuged at ZW0Pfor 1 hourat
4°C. The resulting supernatant represents the soluble fraction. The membrane pellet was
resuspended in 50 mM Tris pH 8.5 and centrifuged at 200gd06 1 hour 3 times to
wash the membrane fraction from contaminating soluble fragiotein The final
membrane pellet was stored-80°C before SDFAGE analysis. For neguantitative
experiments aimed at identifying a maximum number of proteins in each sample, cells
were not mixed witH°N reference cells, butere fractionated, harvesteand washed in

the same way.
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3.4 SDSPAGE separationand in gel digestion of protein fractions.
Quantitative solubleprotein fraction data presented in this thesis are compiled
from two separate batch culture replicaeperiments. Quantitative membrane fraction

data was compiled from a single batch culture experiment.

Protein fractions were resolved by-20% TrisHClI SDSPAGE gradient gel
(BIO-RAD). The soluble fraction samples were loaded at a total of 60 ugmpeafer
boiling in 1x SDS sampleuffer (2% SDS, 80 mM Tris pH 6.8, 10% glycer6l002%
bromphenol blug5% b-mercaptoethanoljor 10 min. In order to prevent membrane
protein precipitation and the resulting smearing during -PBS&E, the membrane
fractions were loaded at 30 pg per lane after incubating with 1x SDS sample buffer at
37°C for 30 min followed by watdsath sonication for 10 min. After staining the gels
with Bio-Safe Coomassie (BKBAD) the sample lanes were excised and divided into 20
gel bams. The protein in each gel band was reduced and alkylated in order to prevent
cysteine thiols from forming oxidized disulfide bonds. Protein from the solabte
membrandraction samples were digestedgal with trypsin TPCK (Sigm&ldrich) as
describedin appendix A The resulting peptide mixtures were extracted from the gel
pieces using excess buffer, dried, and then reconstituted in 35 pL of 2% (vol/vol)

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

3.5. NanoLGESI-MS/MS analysis of gel sepated 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 patrticle size, 300 A
pore size) suspended in acetonituleder pressure using heliuma "packing bomb'as

previously described[66]. The microcolumnwas positioned Hline with a Finnigan
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microautosampler and a Finnigan Surveyor MS pump directly in front of an LTQ linear
ion-trap mass smprometer (ThermoElectron)len pl of each peptide mixture were
loaded individually, odine, using the autosampldfach peptide mixture corresponding

to a specific gel bandvas analysed twicby MS (2x10ul) so thaidentifications from

both runscould bepooled togetherAfter being loaded by the autosamplire samples

are cleaned of impurities using a C18 trap (If80x 2.5 cm) packed with the same
material used for the microcoluny the loading solvent mixture composed of 93%
solvent A, and 7% solverg (solvent A, 1% (vol/vol¥ormic acidin H,0; solvent B, 1%
(vol/vol) formic acid in ACN) The peptides were then eluted to the C18 microcolumn
and resolved using a 98in method in which théCN gradient rose from 7%40% of
solvent Bover 42 min, then from 40%5% solvent Bover 9min, rising next to 75%
solvent Bover 4min, before equilibrating back to 7%elvent Bto prepare for the next
sample. The LTQ was equipped with an ESI nanosource and operated in positive ion
mode with a vdhge of 1.11.4 kV applied at the liquid junction at the base of the C18
microcolumn. Detection and sequencing o theptide ions was initiated dull MS

survey scans on ions within a 40800 m/z window, followed by 8 tandem Mfata
dependent scans. limis way the 8 most abundant ions from each survey scan were
sequenced using puls€d 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 thance within 30s 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 ®f the
thermocellumgenome 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), JGitt)://www.ncbi.nlm.ih.gov, Version

NC_009012.1). Thelatabase open reading frames were further annotated by including
signal peptide prediction using SignalP 387-68], and prediction of the number of
transmembrane helix domains using TMHMM 2.[59], both available at

(http://www.cbs.dtu.dB/ The database was digestedilico with trypsin, cleaving athe

carboxyl side ofysine and arginine residues limit of 3 post translational modifications

(PTM) were allowed for peptide matching, and allowable PTMs were the
carboxyami domet hyl ation of cysto@Obagandesi du
oxidation of methionine esi dues (t o s ul99480).iAdpeptide ion ma s s
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 wer 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. Peapigléurther

requi red af>W1lfd Mccessful assignment. The above stringency conditions
satisfied a false positive identification rate of less than 1% based on spectral alignment of

C. thermocellunsamples against an silico reversedC. thermocellundatabase.
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3.7. RelEx andysis

For the analysis of quantitative experiments, DTAS€Jé0} 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 RelEX65]. 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 sigal, 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 peptglsample to reference ratio, the volume of
data requires the systematic removal of outlier ratio values that clearly should not be
applied to thecalculation ofa sample to referencetio 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)tbke 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 [isgtaeple to
reference ratio can be observedre than once over the entire experimertign 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 ratjosf(n peptides &;, &,

... &) for apatrticular proteinA) can be defined by

A & dloga §
GM =1/O a =,/aa, @, =10~ H=r,
Eq. 3 =1

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 thege omet ri ¢ mean for a given proteinod
opposed to the more traditional arithmetic mean, in order to give each peptide ratio equal

weight[71].

The ratio of each unlabelled Aviegtown protein over°N-labled Avicelgrown
protein was divided by the ratio of the corresponding unlabelled cellebrosen protein
over >N Avicel-grown protein. The quotient of these ratios is the ratio of unlabelled
Avicel-grown protein over cellobiosgrown protein and thus the relative abundance of

that proteinacross the two biological samples

R - rA,Avicel
=

Eq. 4 r-A,cellobiose

Where R is the overall ratio of the abundance of protéinon Avicel relative to

cellobiose.
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Variation within the experiment is measured using thédgfficient ofVariation (%CV)

of ra, given by

(yOCVS — 100@103Dsampléreference _ l)

ampléreference

Eqg. 5

Where SRamplerreterenckepresents the standard deviation of the log transformed peptide

ratios (og &, log &,...10g a).

The cumulativestandardcoefficient of variation in the measurement of the final ratio R

is given by

Eq. 6

%SCVA\viceI/cellobiose: 1OOQ/((VOCVAviceI/reference/ 100)2 + (%CV e/100)2

cellobioséreferenc

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

relative to cellobiose can then be described as

R.3/- (%SC\,, /100+1)

icel/cellobios

Eq. 7

Thetwot ai | ed -Bstwabeasedtddeterinine the probability that the
difference in theatios 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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rA, Avicel ~ rA,cellobiose

Eqg. 8 ~
L + ! g(NA,Avicel - l)CSDi,AviceI + (NA,ceIIobiose_ 1)$Di,cellobiosJ

N

O@%mo

A, Avicel Acellobiose+

df

Where N is the number of peptides used for the calculation of the ratio r, and df is the
degrees of freedom, described by

df = I\IA,AviceI + N 2

A.cellobiose”

Eq. 9

4. Results

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

thermocellum

In order tomaximizethe number of proteins discovered from cells grown on
Avicel and cellobiose, samples weseparately analysed without the addition of i
reference sample necessary for quantitative comparison of protein abundance. Because
proteome samples containing’N reference peptides have twice the number of unique
mass/charge spies to detectout still the same amao of unique peptide sequences
would expect to identify a greater fraction of the proteome in samples without labelled
reference. As can be seenTiable4, thereare indeed a greater number of unique peptide

and protein identifications found in samples without reference cells.

In total, 864 unique proteins were identified in thdl referencefree soluble

fraction; 162 discovered uniquely on Avicel, 206 uniquely on cellobiose, and 496
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Table 4. Uniqueproteomicidentifications fromsamplesgrown onalternativecarbonsources.

Soluble fraction  Total Unique Membrane Total Unique
proteins peptides  fraction proteins peptides

Avicel oLy p @ v 1/ Avicel QoW PP WG

Cellobiose X TG p X p 1| Cellobiose QoyYp puUTT

Avicel with Voo p o Y g Avicel with QT pLPX

5N reference* 5N reference*

Cellobiose with Voo p o v 1 Cellobiose with @TU POYPC

15N reference*

15N reference*

* These samples were mix&IN metabolically labelled Avicel grown cells to enable subsequent

guantitative comparison.
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common to both sample®vithin the >N referenceree membrane fraction 890 unique
proteins were discovered; 209 discovered uniquely on Avicel, 251 uniquely on
cellobiose, and 430 common to both samplasts of identified proteins from the
membrane fraction are included in appendix E aneiesenting cells grown on Avicel

and cellobiose respectively. The enrichmefhtmembrane proteins ithe membrane
protein fractions was investigated by determining the amount of integral membrane
proteins that were identified. Of the 890 proteins disced in that fraction, 25729%)

were identified that possessed at least 1 tmaesibrane helix. Of the 864 proteins
identified in the soluble protein fraction only 1548%) proteins were identified

possessing at least one tranembrane helix.

A total of 1255 unique proteins were identified in this studgm the non
redundant sum of akxperiments Clostridium thermocellunputatively contains 3238
open reading frames based on the published genome seginerscever 38% of thiotal
proteome wasbservedn the present investigatioft must be stressed that the lack of
identification of a particular protein from a sample doesalohejustify a conclusion
that it is not presentin 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 1 224,84 7orthologous groups of proteins present in 630 species
using version 2 ofthe eggNOG dvolutionary genealogy of genes: Nsmpervised

Orthologous Groupgjatabas¢7?2].

Figure5 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 thelsle fraction, overall the distribution of
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Soluble fraction proteins ofC. thermocellumdentified during grown on Avicel
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which a cluster obrthologousgenes could not be assigned
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protein functions of the Avicel and cellobiose grown samples are very similar. The same
trend was trueof 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

orthologousgenes).

4.2. Substrateinduced changes to the relative abundance gdroteins in C.
thermocellum

Quantitative differences in protein expression @f thermocellumgrown on
cellobiose and Avicel were measured based upon the equal incorporatibhpefptides
of aC. thermocellunreference sample grown on Avicel. The calculation of the relevant
1N to N ratios of peptideXIC'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 adtbnal stringency imposed on the data for the positive assignment of a
peptide with its ceeluting™N partner, and the requirement that at least two pepiite
measurements per sample are made to allow a quantitative evaluation of a particular
proteird s relative abundance, far fewer prot e
Proteins were considered to have increased expression if thenteastl.4 fold more
abundant in one sample compared to another. This thresfasldrbitrarilychosenso 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. Substrateinduced changes to the relative abundance of solubleaction proteins

Solublefraction proteins were denatured and separateéslDfyPAGE Figure 7).
Proteins from gel bands excised from the gel were trypsin digested and extracted for
analysis. A total of 7Zonribosomal proteins found in cells grown on both substrates
werequantified.Table 5 showshe 22proteins found to possess at lehstfold greater
expression on Avicel. ITable 6 are found the 8 proteins found to posses 1.4 fold or
greater expression on cellobiose. Of these 31 proteins identified to have asenitre
expression on a particular substrate, all but 2 hadapl ues O 0. 5, as det
two-t ai | ed $estuhierejecting thetih hypothesis. The remaining 38oteins
guantified as being within these alternative ranges are regarded having important
differences in epression and are listed Table 7 Ribosomal proteins quantified in the

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

The cellulosomal scaffold protein CipA (gene Cthe_30d@@&monstrated the
greatest relative change in expression of all the proteins quantified under the conditions
tested. The more thanf8ld greater abundance of CipA when grown on Avicel compared
to cellobiose is consistent with previous measwets of batchcultures using an
enzymelinked immunosorbent assay (ELISA) with an antibody raised against a segment
of CipA [73-74]. An examination of purified neanchored cellulosome congples from
Avicel and cellobiose growg. thermocelluntells showed that CipA was 5 fold more

abundant in samples grown on Avi¢ge9].
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<8

Figure 7. Soluble protein fractions fron€. thermocellunmbatch cultures grown to stationary
phase separated by SIPAGE (1820% TrisHCI), stained with BieSafe Coomassie. Lane Al

2, 1:1 mixture of unlabelled Avicgrown cells and®N labelled Avicel grown cells, 60 ug total
protein per lane. Lane B4, 1:1 mkture of unlabelled cellobiosgrown cells with'>N labelled
Avicel grown cells 60 ug total protein per lane. Molecular weight markers aréeldloa the left

of the figure in kD. The pattern of gel excision used for all lanes is marked for lane Al.
Approximate MW sizes of excised gel bands is reported on the right of the figure.
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As might be expectedsellodextrin phospbrylase (Cthe 2989) was induced
cells gromn on Avicel. Cellodextrin phosphorylase has been cloned, sequenced and
purified fromC. thermocellunj44, 75] confirming the gene Cthe_2989 as the sequence
responsible for its activity. Growth &. thermocellunon cellulose would result in the
internalization of cellodextrinirger than cellobioseto the cell, and thus an increased
requirement for phosphoage activity to feed glucosephosphateand glucosdo the
EmbdenMeyerhof pathway.Enzymes of the Embdeveyerhof pathway did not
demonstrate differences in expression during growth on Avicel and cellobiose, with the
exception of pyruvate kinas@he dentification and quantification of proteins in the
EmbdenMeyerhof pathway is summarized inTable 8 Phosphofructokinase
(Cthe_0347), Glceraldehyde3-phosphate dehydrogenase (Cthe_0137),
Phosphoglycerate kinase (Cthe_0138)d Enolase (Cthe_0143), werel aluccessfully
guantified as not having significant changeekpression. The remaining enzymes of the
pathway were all identified in this study; Glucokinase (Cthe 2938), Phosphoglucomutase
(Cthe_1%5), Glucoses-phosphate isomesa (Cthe 0217), Fructode6-bisphosphate
aldolase (Cthe_0349), Triose phosphate isomerise (Cthe_0139). Six candidate sequences
in the C. thermocellumgenome may encode Phbsglycerate mutase activity
(Cthe_0140, Cthe_0707, Cthe_0946, Cthe_1292, Cthe_1435, Cthe_2449); Cthe_0140

and Cthe 0946 were identified in this study

40



Table 5. Proeins from the soluble fractiasemonstrating increased expression during growt. ehermocellunon Avicelrelative to
cellobioseas determined birelEx

14N Avicel/*>N Avicel

14N cellobiosel’N Avicel

1N Avicel/*N cellobiose

Gene Ratio no. Ratio no.
Number Protein name or type 1 %CV pep. 2 %CV pep. Ratiol/Ratio2 %SCV p-value
Cthe_1368 S-layerlike 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 34354 41 0.407 23901 16 2.343 41.851 <0.0001
Cthe_0904 Proteinrexport membrane protein SecD 1.621 12.665 3 0.749 16.939 5 2.163 21.151 <0.0001
Cthe_0681 Inosine 5monophosphate dehydrogenase 1.027 21.317 12 0.505 34.943 6 2.034 40.932 0.0001
Cthe_1100 Prepilintype cleavage/methylation 1.584 4.425 2 0.844 15.849 2 1.876 16.455 0.0435
Cthe_3202 CRISPRassociated protein, Csh2 family 1501 23590 28 0.940 29.868 15 1.597 38.060 <0.0001
Cthe_0388 Alcohol dehydrogenase GroHfRe protein 2.395 47.950 48 1525 16.161 5 1571 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:ferredxin 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 Phosphoenolruvate carboxykinase (GTP) 1.718 24.157 40 1.064 28.291 20 1.614 37.202 <0.0001
Cthe_1425 Membranebound protortranslocating pyrophosphatase 2.252 42.544 2 1.480 20.090 3 1.522 47.049 0.0448
Cthe_2392 Pyruvate:ferredoxinxidoreductase, alpha subunit 1.276 16.485 26 0.893 17.199 31 1.428 23.823 <0.0001
Cthe_2393  Pyruvate:ferredoximxidoreductase, beta subunit 1.457 54562 12 0.956 22.832 15 1.524 49.147 0.0075
Cthe_2390 Pyruvate:ferredoxinxidoreductase, 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 21545 57 0.357 12804 20 3.066 25.062 <0.0001
Cthe_3226 Copper amine oxidadée 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 1455 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 cefficient of variationp-value, probability that the null hypothesis is true, basedaiieti
Student itest of ratiol versugatio 2.
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Table 6. Proteins from the soluble fraction demonstrating decreased expression during growthesmocellunon Avicel relative
to cellobiose as determined by RelEx

14N Avicel/*>N Avicel

14N cellobioselPN Avicel

1N Avicel/*N cellobiose

Gene Ratio no. Ratio no.
Number Protein name or type 1 %CV pep. 2 %CV  pep. Ratiol/Ratio2 %SCV  p-value
Cthe_1104 Prepilintype 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 acetaldehysCoA/alcohol dehydrogenase 0.992 31.372 250 1.652 42.994 258 0.600 53.223 <0.0001
Cthe_1308 Pyruvate kinase 1.449 61873 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 23831 41 0.542 43.331 <0.0001
Cthe_0392 MsdA (Cellodextrin transport complex A) 2447 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 31543 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 cefficient of variation p-value, probability that the null hypothesis is true, basedaile
Student ttest of ratiol versusatio2
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Table 7.List of quantifiedproteinsfrom the soluble fractiodemonstratingho change in
expressioron eitherAvicel or cellobiosg**N Avicel/*N cellobioseratio between 1.4 to 0.71

Gene Number Protein name or type N Avicel/™N cellobiose SCV%
Cthe_0004 YD repeat containingrotein 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 Branchedchain amino acid aminotransferase 1.291 18.472
Cthe_1912 Coppe amine oxidasdike 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 Histonelike DNA-binding protein 1.059 19.751
Cthe_0395 RbsD or FucU transport 0.972 15.592
Cthe_1005 Trandation elongation factor Ts 0.964 31.233
Cthe_2892 Chaperonin GroEL 0.908 32.394
Cthe_1105 Type |l secretion system protein 0.888 92.997
Cthe_2724 DNA-directedRNA polymerase, beta subunit 0.883 38.055
Cthe_0819 ABC transporter fiated protein 0.803 30.635
Cthe_0418 Polynucleotidegphosphorylase/polyadenylase 0.786 50.197
Cthe_0714 S1 RNAbinding domain protein 0.783 41.545
Energy production and conversion carbohydrate
metabolism
Cthe_0143 Enolase 1.229 28.027
Cthe_0342 Hydrogenase, Fenly 1.176 50.112
Cthe_0347 Phosphofructokinase 1.149 43.056
Cthe_0137 Glyceraldehge-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 @hydrogenase, NADBependent 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 FOF1 ATP synthase subunit beta 0.772 25.724
Cellodextrin transport
Cthe_1020 CbpB (Cellodextrin transporbenplex B) 1.005 29.621
Cthe_1019 MsdB1 (Cellalextrin transport complex B) 0.864 69.781
Unknown function
Cthe_0858 Proteinof unknown function DUF1432 1.371 32.202
Cthe_3096 Hypothetical protein 1.347 32.502
Cthe_2422 Hypothettal 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 GTP producingphosphoenolpyruvate
carboxykinase (PPCK, gene Cthe_28MHs increased expression under the same
conditions. As illstrated in Figure 8his would redirect carbon flow from the Embeen
Meyerhof pathway into a transhydrogenase malate cycle through thesebseeactions
of malate dehydrogenase (Cthe_0345) and malic enzyme (Cthe, G844)ing carbon
back to pyruvateCarbon flow through this cycle has been previously hypothe§i&id
and would increase the ratio of NADPH/NADH production in the CHfle relative
abundance of malic enzyme was successfully quantifigtlis 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 previouslyinthermocellunj76], and the malic enzyme
has been purified and characterized as ammonium actij@@d Gene numbers
Cthe 0344 and Cthe 0345 are both annotate
dehydrogenaseo I n t h e JGIc Q.r theemocellumvgenonsei o0 n o]
(NC_009012.1) However,the product ofCthe 0344 shares 78%mino acid identity
with the malic enzyme ofClostridium cellulovorangE-value = 6€164) and possess a
conserved malic enzyme domain (cd05311yakie = 7€95), suggesting thagene
Cthe_0344 encodes the observed malic enzyme activitg. putative role of genes
Cthe_0345 and Cthe_0344 as malate dehydrogenase and maliceenegpectively, is

consistent with their proximity in an apparent malate cycle operon.
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Table 8 Summary of the enzymes of tRenbdenMeyerhof pathway detected in the
soluble protein fractioof 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_@39 A C NQ
Glyceraldehyde phospate Cthe 0137 A C -
dehydrogenase
Phospoglycerate kinase Cthe 0138 A C -
Phospoglycerate mutase Cthe 014Q A C NQ
Cthe_0946 A, C NQ
Enoalse Cthe 0143 A C -
Pyruvate kinase Cthe 1308 A C y (C563)

A, Avicel grown cells; C, Cellobiose grown cells; NQ, not quantifieduantified as
havingno significant change in expression
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Figure 8. Conversion of glucose and gluces® into fermentation products bg.
thermocellunduring growth on AvicelEnzymes are labelled by numbers. Arrow shaped
borders surrounding the number indicaibghe expression of the enzyme increased
(highlighted in rejl or decreasedhighlighted in bluy during growth on Avicein the
soluble protein fractionwith the ratio of protein irAvicel grown cells relative to
cellobiose grown cellait 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 th putative activity were identified by MS.

1, phosphoglucomutase, (EC 5.4.2.2)2, glucokinase, (EC 2.7.1.2);3,
phosphoenolpyruvate carboxykinase, (EC 4.1.1.82%lutamate dehydrogenase, (E.C
1.4.1.3);5, Malate dehydrogenase (EC 1.1.1.38);Malic enzyme, (EC 1.1.1.40)7,
pyruvate kinase, (EC 2.7.1.4(8; Lactate dehydrogenase, (EC 1.1.1.24))pyruvate
formate lyase, (EC 2.3.1.54)0, pyruvate:ferredoxin oxidoreducatagaibunits alpha,
beta,and gamma respectively)geC 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)3,
hydrogen:NAD(P)  oxidoreductase (EC 1.12.1.2, EC 1.12.1.3);14,
phosphotransacetylase (EC 2.3.1.85, acetate kinase, (EC 2.7.2.1)6, acetate
thiokinase (EC 6.2.1.1)17, acetaldehyde dehydrogenase (EC 1.2.1.18);alcohol
dehydrogenase (EC 1.1.1.1); Fd, oxidized ferredoxin; fDadluced 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 inosmer®phosphate
dehydrogenase (gene Cthe 068dyring growth on this substrate. Inosing
monophosphate dehydrogenasivity is the ratdimiting step in thede novosynthesis
of the guanine nuleotides[78], and thedescibed malate shunt woultbe increasing the
relative contribution of these nucleotides in conserving energy from substrate level

phosphorylation in the cell by the actionRIPCK (Cthe_2874).

This malate cycle is likelyffected by another 465 amino aqgidoduct of gene
Cthe_0701pxaloacetate decarboxylasehich has a decreased expression on Avicel as
reported inTable 6 The putative activity of this proteimoweverjs elusive.The protein
encoded by gene numb@&the 0701lis a member of the phylogeretprotein cluster
PRK12331 which includes 3Bomologoussequences across @enres The putative
activity of enzynes in this cluster is that ainotherPPCK similar to the already
mentionedPPCK enzymé&the 2874, buinsteadproducesATP as opposed t&TP (E.C
number 4.1.1.49 The existence of two PPCK activitidsat are oppositely regulated and
produce alternative nucleotide triphosphates would suggest an important node in the
carbon flux of the celand alternative demands on telular ATP and GTPmetabolite
pools during growth on the two carbon sources testdgrnatively, another likely
putative function of the gene produdf Cthe 0701lis instead the decarkglation of
oxaloacetate by conversion to pyruvate (EhGmber 4.1.1.323lso based upodomain
sequence homologyhis activity would allow the malate cycle to redirect to pyruvate

without the transhydrogenatioof electronsfrom NADH to NADPH, restricting the
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production of biosynthetic cofactors during growth on cellobiodge two putatie

functions ofCthe 0701are illustrated in Figure.9

Glutamate dehydrogenase (Cthe_0374) was found to have more flotsh 3
increased expression during growth on Avicel suggesting that nitrogen assimilation is
induced during cellulose catabolisas seen in Figur8. The metabolite oxaloacetate
present in the described malate cycle represents an important biosynthetic prfiecursor
several molecules in the cell includihgh e p r o d ketoglitawatethrough wihich
the nitrogen source ammonia assimilated into the cél biomass by the @on of

glutamate dehydrogenase
Eqg. 10 a -ketoglutaate+ NH, + H* + NADPHU Glutamate- NADP* +H,0

Uketoglutarateis 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 isdtate dehydrogenase was quantified this studyand its relative

abundance was unchangattoss 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 Aviéel.Cthe 0701 with putativeATP
producing PPCKactivity; B, Cthe_0701 with putative oxaloacetate decarboxylase
activity. Enzymes are labelled by numbers. Arrow shaped borders surrounding the
number indicated the expression of the enzyme increased or desidedsring growth

on Avicel in the soluble protein fractionsquare borders indicate the enzyme was
guantified as having no change in expression, circles borders indicate the enzyme was not
guantified, but proteins with the putative activity were identibgdVS.

1, phosphoenolpyruvate carboxyking§&TP), (EC 4.1.1.32)2A, phosphoenolpyruvate
carboxykinase(GTP), (E.C number 4.1.1.49 2B Oxaloacetate decarboxylasé;.C.
number 4.1.1.32);3, Malate dehydrogenase (EC 1.1.1;34) Malic enzyme, (EC
1.1.1.40) 5, pyruvate kinase, (EC 2.7.1.40)
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As shown inTable5, 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 proteiegresentmembers of a putative
pyruvatef er r edoxin oxi doreductase (POR) compl e:
POR is an important activity in pyruvate metabolism and catalyzes the following

reaction;

Eq. 11

pyruvate- CoA + 2 oxidizedferredoxinU acety+ CoA + CO, + 2 reducederredoxin+ 2 H*

The genomic antext of Cthe_2390, Cthe_2392 and Cthe_2393 suggests a bacterial POR
operon which includes Cthe_ 2391, the 0 s
Cthe_2391 was not quantified, nor was it even identified in any of the fractions. This can,
however,simphfb e due to a | ack of fAdi sbecauvseotsabi | it
small size (101 amino acids, aa) compared to the rest of the proteins present in the
oper on; 2 (189 aa), U (394 aasybuniaputtiveb ( 311
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 mulsubunit POR including a 4F&S center, a thiamine
pyrophosphate bindg domain, and catalytic or regulatory domain and is similar to a

single subuniPOR purified fromC. acetobutilicun{79-80]. A summary of the proteins

identified and quantified from the soluble fraction involved in pyruvatéabwdism is

presented in Table 9
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An 873 amino acid product of geme@mberCthe_0423,a putativebifunctional
acetaldehyd€oA/alcohol dehydrogenaseias 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 8. thermocellun{79], allowing the NADHmediated
reduction of acetyCoA, the product of POR, to acetaldehyde, followed by subsequent

NADH-mediated reduction to ethanol.

Two proteins possessingrepilintype cleavage/methylation motifs were
guantified in this study. Cthe_11@@as found to have increased expression on Avicel
grown cells, while Cthe 1104 had increased expression on cellobiose growas cssn
in Table 5 and 6respectively Prepilintype cleavage/methylation motifs direct- N
terminal cleavage and methylation aatconserved phenylalanine residue. This motif is
most often found at the-drminus of pilins and other proteins involved in secrefi@in.
SecD (Cthe_0904), a component of the Sec prdtaimslocation pathway, was also

found to havencreased expression on Avicel.

Four hypothetical proteins were quantified as having increased expression on
Avicel andp-values below 0.05; Cthe_0076the 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 Gf thermocellum

Enzyme

Gene number Identification Quantification

Lactate dehydrogenase

Pyruvate formate lyase

Pyruvate formate lyaseActivating

enzyme

Pyruvate:ferredoxin oxidoreductast

Feonly hydrogenase (NADH)

Fe-only hydrogenase (NADPH)
Bifunctional acetaldehyde
CoA/alcohol dehydrogenase

Iron containing alcohol
dehydrogenase

Acetatekinase
Phosphotransacetylase
Acetate Thiokinase

Cthe_1053
Cthe_0505
Cthe_0506

Cthe 2390
2393

Cthe 2794
2797

Cthe 3120
Cthe 0342
Cthe 0430
Cthe 3003
Cthe 0423

Cthe_0101

Cthe_0394
Cthe_2579
Cthe_1028
Cthe_1029
Cthe 0551

, C
, C

zZ > >

D

ND
ND
A C
A C
A C

NQ
NQ
NQ

g A (1433;
ND;1.428: 1.524)
NQ

 A2.110)

NQ

NQ

J (C.667)

NQ

NQ

* The U subuni tyruvdietfdiredoxih @dadreductase camplex was not
identified or quantifiedA, Avicel grown cells; C, Cellobiosgrown cellsND, not
detected; NQ, not quantified,;quantified as having no significant change in expression.
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4.2.2. Substrateinduced changes to the relative abundance of membraseaction
proteins

Membranefraction proteins were denatureddasepaated by SDSPAGE (figure
10). Data reported here is the result of proteins excised from the gel, digested with
trypsin, and extracted for MS analysis. A total4af nonribosomalproteinsfound in
cells grown on both substrates were quantified, representingnhefsproteins showim
Tables10, 11, and 12 Table10 shows thel3 proteins found to possess at least 1.4 fold
greater expression on Avicdh Table11 are found thelO proteins found to posses 1.4
fold greater expression on cellobiogaf the 31 proteins identified to have an increase in
expression on a particular substrate, allbitad pv al ues O 0. 5, as det
two-t ai | ed $estuhierejectingie null hypothesisThe remaining23 proteins
quantified as being within these alternative ranges are regarded as not having important

differences in epression and are listéa Table12.

Three cellulosomal anchoring proteins were fotmde more abundann the
membranes of Avicel grown cell@able 10); OlpB (Cthe_3078), Orf2p (Cthe_3079),
Sdba (Cthe_1307¥%dba is &5 kD MW protein with2 SLH (Slayer homology domains)
anda single type Il cohesion domain available to bind the type Il dockerin domain of the
cellulosome The abundance of this protein in the membrane fraction of Avicel selts
2 fold greater than in cellobiose grown ce®pB and Orf2pdemonstratednore than 5
fold increasein expression on Avidegrown cells Orf2p is a 72 kD MW protein

possessing 3 SLH domains and two type Il cohesion domains potentially for binding
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~12-16
~8-12
~6-8
<6

Figure 10. Membrane protein fractions fror®. thermocellumbatch cultures grown to
stationary phaseseparatedby SDSPAGE (1020% TrisHCI), stained with BieSafe
Coomassie. Lane A4, 1:1 mixture ofunlabelledAvicel-grown cells and®N labelled Avicel

grown cells, 30 ug total protein per lane. Lane11:1 mkture of unlabelled cellobiose
grown cells with®N labelled Avicel grown cells 30 pg 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 growtmeoiocellunon Avicel
relative to cellobiose as determined by RelEx

14N Avicel/**N Avicel 14N cellobiosel’N Avicel 14N Avicel/*N Cellobiose
Gene Number Protein name or type Ratiol %CV no.pep. Ratio?2 %CV no. pep. Ratiol/Ratio2 %SCV p-value
Cthe_11Q@ Fimbrial assembly protein 3.761 33.08 23 1.668 33.35 15 2.255 46.97 <0.0001
Cthe_2892 Chaperonin GroEL 26@® 31.00 8 1112 8579 3 2336 91.22 0.1327
Cthe_2236 Flagellinlike protein 740 6111 15 3595 1350 3 2.076 62.58 0.0002
Cthe_2408 Phage shock protein A, PspA 2861 24.01 44 1.410 38.86 15 2.032 45.68 <0.0001
Cthe_0904 Proteinexport membrane protein, SecD 3.724 2821 24 1.903 2441 22 1.956 37.30 <0.0001
Cthe_1368 S-layerlike domain containing protein 2413 33.83 55 1.257 55.73 12 1.920 65.19 0.0304
Cellulosome anchoring proteins
Cthe_3078 Cellulosome anchoring protein, OlpB 29® 19.61 19 0.513 1547 10 5.655 24.98 <0.0001
Cthe_3079 Cellulosome anchoring protei@rf2P 2.3 887 4 0.554 2314 4 4,160 24.78 0.0002
Cthe_1307 Cellulosome anchoring protein, SdbA 285 31.79 14 1430 2758 3 1.990 42.08 0.0197
Nitrogen Metabolism
Cthe_1827 Copper amine oxidadiée protein 3.09 247 5 0.580 1260 4 5.260 12.84 <0.0001
Cthe_3227 Copper amine oxidadi&e protein 4.08 1.70 3 1.849 1232 10 2.161 12.44 <0.0001
Cthe_3226 Copper amine oxidadie protein 291 2222 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 variatpualue, probability that the null hypothesis is true, based on
2-tailed Student-test of ratio 1 versus ratix
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Table 11 Proteins from the Membrane fraction demonstrating decreased expression during gfovitreohocellunon Avicel

N Avicel/™N Avicel N cellobiosel’N Avicel N Avicel/N Cellobiose
Gene Number Protein name or type Ratiol %CV no. pep. Ratio 2 %CV no. pep. Ratiol/Ratio2 %SCV p-value
Cthe_2932 DNA-directed RNA polymerase 1391 2345 3 4419 4958 12 0.315 54.85 0.0004
Cthe_2998 ABC transporter related protein 1.615 2117 2 3.763 1591 4 0.429 26.48 0.0488
Cthe_0016 Ferritin and Dps 3.167 2630 5 7.344 1790 2 0.431 3181 0.0150
Cthe_1504 Linocin_M18 bacteriocin protein 1.016 157.13 2 2111 5154 21 0.481 165.37 0.4688
Cthe_0701 Oxaloacetate decarboxylase (ATP) 1.797 2841 2 2666 6165 3 0.674 67.88 0.0389
Cthe_1363 lipopolysaccharide biosynthesis 3.038 1249 6 4495 5999 9 0.676 61.27 0.0392
Cellodextrin transport
Cthe_0393 CbpA (Cellodextrin transport complex A) 2.169 35.87 26 3.714 4398 32 0.584 56.75 <0.0001
Cthe_0392 MsdA (Cellodextrin transport complex A) 1971 6024 5 2985 48.62 13 0.660 77.41 0.0062
Unknown function
Cthe_3096 Hypothetical protein 1.990 3955 3 6.021 30.25 20 0.330 49.79 0.0209
Cthe_1431 Hypothetical protein 1.838 289 2 4369 1576 2 0.421 16.03 0.0668

relative to cellobiose as determined by RelEx

%CV, Coefficient of variation%SCV, standard coefficient of variatiop;value, probability that the null hypothesis is true, based on
2-tailed Student-test of ratio 1 versusatio 2.
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Table 12. List of quantified proteins from thilembrandraction demonstratingo change in
expressioron eitherAvicel or cellobiosg*“N Avicel/**N cellobioseratio between 1.4 to 0.71

Gene Number  Protein name or type 1N Avicel/ “N 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 FO, B subunit 1.366 38.86
Cthe_0341 NADH dehydrogenase quinone 1.127 67.72
Cthe_0423 Bifunctionalacetaldehye-CoA/alcohol dehydrogenase 1.028 68.89
Cthe_0137 Glyceraldehyde3-phosphate dehydrogenase, type | 0.876 61.56
Cthe_0347 Phosphofructokinase 0.869 32.62
Cthe_1862 ABC transporter related protein 0.868 32.52
Cthe_0143 Phosphopyruvathydratase 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 comples) 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, standardaefficient of variation
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more than 1 cellulosom®IpB, the largest of the anchoring proteins with an estimated
MW of 245 kD, contains 3 SLH domains in addition to 7 tyjpecohesion domains,
potentially allowing for a large network of cellulosomes to bind at the cell surface via this
anchoring unitA visible increase in the intensity of three protein bands of Avicel grown
cells, compared to cellobiose grown cells, can be seen in thePBGE& gel of the
membrane fraction(Figure 10). The molecular weights of these protein bands are
estimated to be 4D 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 proteis using the isotope labelled EF85/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
migrationin SDSPAGE is complicated by several factors, including ficetslational
modificationsof the protein such as glycosylation and proteolysis. The migration of OlpB
corresponding to 11KD, instead of the estimated 245 kD size of the protein, is likely th
result of a proteolytic cleavage. This cleavage may be involved in thevetisetease of
cellulosomes fronthe cell surface during stationary pha&tso found to have increased
expressioron Avicelwas the Sayer protein Cthe _136&n increase in $ayer synthesis

would support the increased number of SLH dortantaining anchoring proteins

present during growth on Avicel.

Three putative copperamine oxidase proteins werdemonstrated to benore

abundant on Avicethan cellobiose grown cellthe 3227,Cthe 3226, Cthe 1827
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Copperamine oxidases are a family okidoreductaseshat liberate ammonia from

primary amines in the following reaction (E.C. 1.4.3,21)

Eq.12 RCH,NH, +H,0+0,U RCHO+NH, +H,0,

Table 13 lists all the putativeCopperamine oxidases from th@. thernocellum
genome, including the 15 that were identified in this stuihe prediction of signal
peptides and a transmembrane helix in the majority of these sequences suggest a role in
acquiring ammonia frm plant cell wall protein@nd other sources @kimary aminesn
the extracellulaenvironment82-83]. This process wouldlsoscavenge oxygen for the
strict anaerobe and produbgdrogen peroxide outside of the cell, a reactive chemical
specieghat has been suggested to aid in the depolymerisation of celbyl@s#iulolytic
microbes including browanot fungi [84-85]. The induction of mechanisms to acquire
nitrogen from the extracellular einenment 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 transportersCof
thermocellumwere 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 exprason under either growth conditiofdble 1). CbpB and MsdB2 were
also quantified in the soluble fraction, also with no change in relative expre$siole (

7). Two of the proteins in the complex, MsdB1 and MsdB2, each possess a membrane
spanning domainvith six transmembrane helices and together form the transmembrane

channel for the transporter. CbpB is the cellodextin binding protein for the cormpkex.
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Table 13. Summary MS identification and quantificationpftativecopperamine
oxidases from th€. thernocellumgenome.

Gene number #TMH SP prediction Identification Quantification
Cthe_1827 1 Y A C y A5.250)
Cthe_3226 1 Y A C ¥y A2.161)
Cthe_3227 1 Y A C y A1.645)
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 determimegdro to be for
cellodextrins of lengths n=2 (¢ebiose) to n=5 (cellopentose)here n represents the
number ofglucose units in the oligosaccharidéhe three proteins CbpB, MsdB1, and
MsdB2do 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 donain containing polypeptide that must be encoded elsewhere in the genome.
Cthe_1862, @ estimated42 kD MW protein possessing an ABC transport related
nucleotide binding domain (cd03301, E valuel®®) is not encoded in an operon
alongside other ABC trapsrter genes anwvas quantified in this study as having a
similar expression pattern tdhe proteins CbB, MsdBl and MsdB2(Table 7).
Cthe_1862 could thus be a strong candidate for the protein carrying the missing

nucleotide bindinglomainof the cellodextrin transporter complex B.

Two protein members adnother putative transporteéhe cellodextrin transport
complexA, were also identified and quantified in the membrane fraction. Both CbpA and
MsdA demonstrated increased expression diolmese in the membrane fractiomagble
11). Increased expression of these proteins was observed on cellobithee Saluble
fraction as well(Table6), though the guantification afne of these componentdsdA,
in the solubléfraction is invalidated byhe high pvalue of 0.226The specificity of the
cellodextrin binding protein of this complex, CbpA, has been previously deterniined,

vitro, to be only for cellotrois@1].

Other clues to metabolic changes occurring during growth on Afdoed inthe
membranédraction include the observation of individual proteins putatively inxexd in

fimbrial adhesion (fimbrial assembly protein, Cthe _1102), motifiagéllin-like protein
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Cthe 2236), protein folding (chaperonin GroEL, Cthe 2888Y protein secretion
(proteinexport membrane protein SecD, Cthe_090#)e phage shock proteiRspA,
(Cthe_2408) was also fourtd have increased abundance on Aviddie Escherichia
coli PspA homolog is synthesized in responsedeeral stresses includihgat, ethanol,
and osmotic shocK86]. PspA of E. coli and has been shown to bind membrane
phospholipids and repair proton leakage of membranes damaged by ¢87amold be
involved in protein exporf88]. Protein sequence alignment Gf thermocellumand E.
coli PspA homtngs by BLASTp analysisioweverrevealed only &5% amino acid
sequence identity covering only 20 residues with an E score of 6.2, m#keg
functional assignmerdf the PspAprotein inC. thermocellunbased upon s annotation
in the NCBI database duhie at bestA protein with unknown functionCthe 2383was

found to have increased abundance on Avicel

5. Discussion

The identification of 1255 proteingrom the norredundant sum of all
investigations presented in this thesis represent the broadpsttedenquiryinto the
proteome ofC. thermocellumMany proteins were identifiedniquely on one of the two
substrates, however, this does not provide sufficient evidence that these same proteins are
uniquely expressed on the substrate in whicby wee 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 databag@2], which possesseslustersof orthologous genes from a total

of 630 organisms529 bacteria, 46 archaea and &bkaryotes The assignment of
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functional categories by the identification of orthologous relationships form the basis of
most comparative genomic studif®9]. It was hoped this examination might reveal
distinct global patterns in the functional distribution of proteins grown on either substrate,
however the distribution appeats be highly similar despite the presence of several
hundredprotein identificationsiniquely 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 charaterized than soluble proteif@0]. While the tabulation of the 125&oteins
identified in the described experiments represents a rich supply of information of the
biology of C. thermocellumthe most valuable clueegarding changes in metabolism of

C. thermocellungrown on the two substratesabtainedfrom evidence discovered from
quantitative experiments. The identification of proteins under the two growth conditions

is used to support this data

Quantitative comparison of theC. thermocellumproteome during growth on
Avicel and celbbiose revealedexciting insights into mechanismscontrolling the
production of biosynthetic intermediatasddirecting the flow of carbon within the cell
The proposed model of theost importanbbserved results of thitudy is summarized
in figure 11 It appears during growth on Avicelahcarbon flux is diverted away from
pyruvate kinase and directed towards a transhydrogenase malate cyeleCGkKaThe
result of this rerouting wouldhift more electrons from the NADH to the NADPH pools,
in additionto a greater ratio of GTP/ATP production from substrate level phosproylation.

An increase in NADPH productiotsuring growth on Avicelvould feed the assimilation
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of ammoniainto cell material via the action of glutamate dehydrogenggd @) which

also hadincreased expression in Avicel grown cells. The of¢he transhydygenase
malate cycle for the purpose of ammonia assimilatidarteer supported by the fact that

the malic enzyme activity i€. thermocellunis ammonium activateff7], a property not
characteristic of previously described malic enzynmegeased operation of this cycle in
respamse to growth on Avicel serves the increasggendemand fom the biosynthesis

of amino acids for thenduced production of high MW cellulosome anchors (OlpB,
Orf2P, SdbA) scaffolds (CipA), and cellulase proteina cellulosic substratg$9, 74,
91-92]. The aparent increase in the metabolic mechanisms for assimilating nitrogen into
cell material during growth on Avicel is paralleled by an increaseopperamine
oxidasesputatively responsible for increasing the availability of ammonia for the cell.
Investigdion of inorganic nitrogen metabolism C. thermocellumis limited to a study
concluding that the organismosseses glutamate dehydrogenassctivity [93]. The
ultimate fate of the increased production of GTP during growth on Avicel is not entirely
clear. An increase iproteintranslation would present a greater demand for substrates of
that process, which includ8TP. Ribosomal proteins quaffied in this study did not see
any changes in expression under the two conditi@Gi$ may prove to be a substrate for
glycosyl transferase enzymes responsible for protein glycosylation in this organism.
Glycosylationof C. thermocelluntellulaseand cellulosomal proteins has been reported
and is thought to aid to protect the cellulosome from proteol@4s95]. Protein

glycosylation in bacteria is poorly understood compared to eukaryotes, and is recently
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Increased production of copper-amine oxidases Increased production of cellulosome anchoring proteins
o liberate nitrogen necessary for biosynthesis from ° Anchoring proteins capable of binding multiple
plant cell wall proteins cellulosmes showed the greatest increase.

Carbon flux diverted to a transhydrogenase malate cycle

* Increased production of NAPPH relative to NADH

* Increased production of GTP relative to ATP

* Increased carbon flux to a —ketoglutarate for NH; assimilation
Increased expression of pyruvate-ferredoxin oxidoreductase

Figure 11. Proposed model of metabolic changes observeédtimermocellungrown on Avicel
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