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DANSK RESUMÉ (SUMMARY IN DANISH) 

Tyktarmen hos mennesker og dyr indeholder en mangfoldig og divers population af 

bakterier, der kan påvirke værtens metabolisme og immunforsvar. Mikroorganismer som 

indtages i tilstrækkeligt antal udviser en positiv effekt på modtageren, er defineret som 

probiotika. Det er dokumenteret at probiotika, hovedsageligt fra genera Bifidobacterium og 

Lactobacillus kan anvendes i behandlingen af irriteret tyktarm, tarminfektioner og 

forskellige livsstilssygdomme. Levnedsmiddelskomponenter, der selektivt stimulerer de 

gavnlige effekter af probitika er defineret som præbiotika. Kendskab til hvordan 

probiotiske bakterier stimuleres af præbiotiske kulhydrater og i særdeleshed de probiotiske 

bakteriers kulhydrattransport og metabolisme er begrænset. Dette hindrer forståelsen af 

den selektive effekt af kendte præbiotika samt opdagelse og dokumentation af nye. Ph.D-

projektets målsætning er at undersøge kulhydrat metabolismen hos to probiotiske bakterier 

Lactobacillus acidophilus NCFM (NCFM) og Bifidobacterium animalis subsp. lactis BL-

04 (Bl-04) mens de fermenterer præbiotiske eller potentielt præbiotiske kulhydrater. 

Formålet med denne Ph.D-afhandling er at studere de probiotiske bakterier NCFM og Bl-

04´s interaktion med præbiotiske kulhydrater ved hjælp af differentiel proteomanalyse og 

proteinkarakterisering. Proteomics er et ´omics´-værktøj der på proteinniveau kan 

anvendes til at undersøge probiotiske bakterier og deres interaktion med præbiotiske 

kulhydrater. Referenceproteomer for NCFM og Bl-04 blev etableret ved hjælp af 2D gel-

baseret proteomics.  

Proteomet af NCFM dyrket på glukose blev etableret ved 2D- gelelektroforese (pH 3-7 og 

6-11). MALDI-TOF massespektromeri resulterede i 507 og 150 protein identifikationer fra 

coomassie farvede 2D-geler med pI intervallerne pH 3-7 og 6-11. For Bl-04 resulterede 

referenceproteomet (pH 3-7 og pH 3-10), i totalt 870 protein identifikationer. Differential 

2-DE (DIGE) af NCFM og Bl-04 dyrket på etablerede og potentielle præbiotika afslørede 

en række proteiner med differentieret ekspressions mønster herunder glykosidhydrolaser 

involveret i primær nedbrydning af oligosaccharider og dermed ændringer i kulhydrat 

stofskiftet. 

Et solute binding protein BlXBP tilhørende en ABC-transportør involveret i transport af 

XOS (Xylooligosaccharider) fra Bl-04 blev karakteriseret. ´Suface plasmon resonance´-
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bindingsanalyser viste, at BlXBP var specifik for XOS med en polymerisationsgrad (DP) 

fra 2 til 6 med optimal affinitet (Kd ~ 50 nM) for xylotetraose efterfulgt af xylotriose. 

Forskelle i bindingsaffiniteten for forskellige XOS var i vid udstrækning reguleret af 

associations parameteren kon, mens koff havde et minimalt bidrag til bindingsaffiniteten, 

bortset fra xylobiose, der viste den højeste koff. Bindings-affinitet og -kinetik for 

arabinoxylan fragmenter lignede de lineære XOS varianter, hvilket viser, at arabinoxylan 

fragmenter effektivt opfanges af ABC-transportøren. Bindingsaffiniteten for xylotriose og 

xylotetraose blev bekræftet ved hjælp af fluorescensemissionsspektroskopi og isotermisk 

titreringskalorimetri der viste, at den frie bindingsenergi var domineret af enthalpi bidrag, 

som blev opvejet af en tilsvarende forandring i entropi. Krystalstrukturer af BlXBP i 

kompleks med xylotriose, xylotetraose og xylohexaose blev løst og viste en bindingskløft 

der helt kan akkommodere den foretrukne ligand xylotetraose. Binding af større ligander 

kræver konformationsændringer af et ´loop´ der afgrænser bindings sitet mod solventsiden, 

denne strukturelle plasticitet af BlXBP er afspejlet i bindingsdata. Observationer giver en 

hidtil ukendt indsigt i det molekylære grundlag for bifidobacteriers optagelse af XOS samt 

tarmbakteries udnyttelse af xylan. 

  



5 
 

CONTENTS 
Preface .................................................................................................................................... I 

Acknowledgements .............................................................................................................. III 

Abstract .................................................................................................................................. 1 

Dansk resumé (summary in danish) ...................................................................................... 3 

Chapter 1 ............................................................................................................................... 7 

Abbreviations ........................................................................................................................ 8 

1    Introduction ..................................................................................................................... 9 

1.1    Functional Foods ....................................................................................................... 9 

1.1.2    Probiotics and Prebiotics .................................................................................... 9 

1.1.2.1    Prebiotic carbohydrates ................................................................................. 11 

1.2    The gut microbiome ................................................... Error! Bookmark not defined. 

1.3    Lactobacillus and Bifidobacteria ............................................................................ 19 

1.3.1    Carbohydrate metabolism in lactobacillus and bifidobacteria ......................... 20 

1.3.2    Carbohydrate transport in lactobacillus and bifidobacteria.............................. 23 

1.3.2.1    ABC transporters ........................................................................................... 24 

1.3.3.    The Probiotic Lactobacillus acidophilus NCFM ............................................ 26 

1.3.4    The Probiotic Bifidobacterium animalis subsp. lactis Bl-04 ........................... 27 

1.4    Experimental work included in the present thesis .................................................. 28 

1.4.1    Chapter 2 .......................................................................................................... 28 

1.4.2    Chapter 3 .......................................................................................................... 29 

1.4.3    Chapter 4 .......................................................................................................... 29 

1.4.4    Chapter 5 .......................................................................................................... 29 

1.4.5    Chapter 6 .......................................................................................................... 29 

References ........................................................................................................................... 30 

Chapter 2 ............................................................................................................................. 43 

Chapter 3 ............................................................................................................................. 76 

Chapter 4 ............................................................................................................................. 96 

Chapter 5 ........................................................................................................................... 121 

Chapter 6 ........................................................................................................................... 167 



6 
 

Chapter 7 ........................................................................................................................... 199 

7    Discussion .................................................................................................................... 200 

7.1    Reference proteomes of NCFM and Bl-04 ........................................................... 200 

7.2    Differential proteome analysis .............................................................................. 202 

7.2.1    NCFM............................................................................................................. 202 

7.2.2    Bl-04 ............................................................................................................... 203 

7.3    XOS transport in Bl-04 ......................................................................................... 204 

References ......................................................................................................................... 205 

 

  



7 
 

 

 

 

 

CHAPTER 1  
 
 

 
 
 
 
 
 
 

Introduction   
 

 

 

 

 

 

 

 

 

 

 

 





http://en.wikipedia.org/wiki/Gut_flora




  

11 
 

and/or activity of probiotic bifidobacteria or lactic acid bacteria. So far most attention has been 

given to bifidobacteria and lactic acid bacteria in the role of probiotic bacteria and as a 

consequence most evidence has been on the beneficial effects of these groups, especially in 

terms of improving digestion and the effectiveness and intrinsic strength of the immune 

system. Synbiotics is the less frequently used term for the combined use of probiotic 

organisms and prebiotic compounds to increase their effect. 

  

1.1.2.1    PREBIOTIC CARBOHYDRATES 

Intake of prebiotic non digestible dietary carbohydrates is another approach to obtain the 

health benefits of intestinal probiotic microbes already present in the gastrointestinal tract 

(GI). A healthy and balanced gut microbiota has been proposed to be one that is primarily 

saccharolytic with significant numbers of lactobacilli and bifidobacteria [15]. Accoding to the 

definition given earlier and [16] a food ingredient has to fulfill the following criteria in order 

to be classified as a prebiotic: 

1) Resist gastric acidity, hydrolysis by mammalian enzymes and gastrointestinal 

absorption 

2) Be fermented by the intestinal microbes 

3) Selectively stimulate the growth and/or activity of intestinal bacteria associated with 

the health benefit and well being    

So far only fructooligosaccharides (FOS), galactooligosaccharides (GOS) and lactulose have 

been classified as prebiotic carbohydrates [16]. Other carbohydrates that are being evaluated 

as promising emerging prebiotics are lactitol, isomaltooligosaccharides (IMO), 

xylooligosaccharides (XOS) and raffinose family oligosaccharides (RFO). One of the major 

aspects of the prebiotic concept is the selective stimulation of prebiotic bacteria such as 

lactobacilli  and bifidobacteria at the expense of other bacteria especially potential pathogenic 

bacterial groups [17]. Such selectivity may be conferred by carbohydrate characteristics such 

as the type of glycosidic linkage, degree and type of branching or added modifications and 

degree of polymerization (DP). The DP may influence where in the colon the carbohydrates 
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combined metabolic function of the whole gut microbiome rather than the type of bacteria 

seems to plays a detrimental role of a healthy gut. (Fig. 2)  

 

 
Fig. 2. Biodiversity of the gut microbiome and their genome content divided into functional groups from 242 

healthy individuals (modified from [53]). 

 

The organisms of the gut microflora are thought to have 3 types of interactions with the host; 

commensalism where one organisms benefits without affecting the other, mutualism where 

both organisms benefits and parasitism where one benefits and the other is harmed. Probiotic 

bacteria belong to the mutualists and can in some cases inhibit colonization by pathogens [54, 

55]. A huge determinant of a well functioning gut microbiota in balance is the diversity and 

the exact composition. Imbalances have been observed with several gut diseases e.g. 

inflammatory bowel disease and irritable bowel disease [55, 56]. A huge effort has recently 

been established to characterize the GIT microbiome diversity and its gene contents through 

phylogenetic studies and sequencing of gut bacterial genomes [53]. This study involving stool 
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samples from 242 individuals, showed large differences in content of microbial taxa between 

individual but the little variance in the metabolic pathways present. This effort has added 

greatly to our understanding of the system, but is still in the early days of emergence. Some of 

the complicating factors are the differences between different species of the same genera and 

even at the strain level, crucial differences between choice of life style (commensal, mutualist 

or pathogen). In order to understand what a healthy balanced gut microbiome is, we need to 

investigate the differences between normal healthy gut microbiome and the composition found 

in different bowel diseases. It has been reported that individuals with inflammatory bowel 

disease and irritable bowel syndrome (IBS) have an over representation of bacteriodes in feces 

and in the intestinal mucosa combined with an under representation of bifidobaceria (Fig. 3) 

[56-58].   

 

 
Fig. 3. Phylogenetic tree representing the diversity of the human gut microbiome. Taxa are presented 

in bold when found to be significantly different between IBS patients and healthy subjects. The direction 

of the changes are indicated by the arrows (down arrow, higher in healthy; up arrow, higher in IBS). 

The reference bar indicates 10% sequence divergence [59]. 
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The probiotic bacteria of the genera bifidobacteria and lactobacilli are saccharolytic and use 

oligosaccharides and monosaccharides as carbon source. They are also among the first 

colonizers of the infant gut and are found in especially high amounts in breast fed infants [63]. 

In the infant gut bifidobacteria and lactobacilli catabolize different carbohydrates, lactobacilli 

seem to prefer lactose and monosaccharide components while bifidobacteria are able to 

directly metabolize human milk oligosaccharides (HMO), suggesting that they cooperate 

synergistically to digest the human milk sugars [64-66]. In the mature gut the lactobacilli and 

bifidobacteria derive oligosaccharides from the activity of the primary degraders or from the 

partial breakdown of plant polysaccharides from other secondary degraders for instance 

xylooligosaccharides from the activity of roseburia and bacteroides on solubilized 

hemicelluloses [58]. The probiotic bifidobacteria and lactobacilli bacteria often have their own 

(often limited) set of secreted glycoside hydrolases in order to degrade polysaccharides into 

oligo or monosaccharides that can be transported to the inside of the cell for further utilization. 

Once inside the cell oligosaccharides are hydrolysed by glycoside hydrolases (GH) into 

monosaccharides that are ultimately metabolized via the glycolysis (Embden-Meyerhof 

pathway) for lactobacilli [67] or through the bifid shunt (Pentose phosphate pathway) for 

bifidobacteria, that also have a specialized pathway for HMO and mucin-derived 

carbohydrates [68]. 

1.3    LACTOBACILLUS AND BIFIDOBACTERIA 
Lactobacilli are low G+C gram positive firmicutes, and microaerophilic. They have been 

isolated from various habitats including milk plant and animal sources. The lactobacilli 

residing in the gut are characterized by their ability to adapt to bile stress [69] and utilize a 

diverse range of carbohydrates [70, 71]. The lactobacilli are either homofermentative in which 

lactic acid is the primary product or heterofermentative in which lactic acid, CO2, acetic acid, 

and/or ethanol are produced [67]. The lactobacilli isolated from gut include L. acidophilus, L. 

gasseri, L. crispatus, L. johnsonii, L. salivarius, L. casei, L. rhamnosus, L. reuteri [72]. 

Bifidobacteria are high G+C gram positive of the phylum actinobacteria. They are 

endosymbiotic inhabitants of the gastrointestinal tract. Bifidobacteria are known to colonize 

the GIT of infants during the first days to weeks of life, and B. bifidum, B. infantis, B. breve, 
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and B. parvulorum were isolated from infant feces [43]. The adult GIT hosts B. animalis, B. 

adolescentis, B. bifidum and B. longum. Bifidobacteria are heterofermentative resulting in 

production of acetate, lactate and formate when fermenting carbohydrates [54]. 

 

1.3.1    CARBOHYDRATE METABOLISM IN LACTOBACILLUS AND BIFIDOBACTERIA 

The carbohydrates are metabolized via the glycolysis (Embden-Meyerhof pathway) for 

lactobacilli [67] and through the bifid shunt (pentose phosphate pathway) for bifidobacteria 

[73]. In homofermentative lactobacilli, fructose 1,6-bisphosphate is converted to two  triose  

phosphate  moieties which are funneled into the end product metabolite lactate (Fig. 4). 

Bifidobacteria are heterofermentative, fructose 6-phosphate is converted to acetyl phosphate 

and erythrose-4-phosphate by phosphoketolase (Fig. 4). The end product metabolites of 

carbohydrate metabolism in bifidobacteria are acetate lactate and formate at changing molar 

ratios depending on the carbohydrate metabolized [74, 75]. 

 
Fig. 4. Hexose metabolism in lactobacilli via the glycolysis (Embden-Meyerhof pathway) and through the bifid 

shunt (Pentose phosphate pathway) for bifidobacteria.  
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The carbon flux in the metabolism of low G+C Gram-positive lactic acid bacteria is tightly 

regulated by carbon catabolite repression (CCR) (Fig. 5) [76], thus in the presence of glucose, 

genes not needed for growth with glucose are repressed. The regulation of the repression is 

brought upon by transcriptional control and regulation at the protein level by phosphorylation 

[76]. CCR is a global gene regulation system that ensures only one set of sugar utilization 

genes are expressed at a given time. This achieved through three known mechanisms; inducer 

exclusion, inducer expulsion, and control of the activity of transcriptional regulators through 

phosphorylation [77, 78]. CCR has been extensively studied for low G+C Gram-positive 

bacteria utilizing sugars transported by a phosphoenolpyruvate dependent carbohydrate 

phosphotransferase system (PTS) [79]. The regulation of carbohydrate utilization for high 

G+C bifidobacteria is by an uncharacterized CCR under the control of LacI-type repressors 

[75]. CCR plays an important role in the survival of lactobacilli and bifidobacteria in the GIT, 

where they compete with gut microbiota for scant carbohydrate sources. 

In lactobacilli and other low G+C Gram-positive bacteria, CCR involves negative regulation 

of genes encoding catabolic enzymes by the protein CcpA [80]. CcpA binds to DNA target 

sites called catabolite response elements (cre) and thereby inhibits transcription of the genes 

downstream from the cre site. The most important effector of CcpA is the phosphorylated 

form of HPr, the phosphocarrier protein of the PTS transporters. The phosphorylation state of 

HPr reflects the glycolytic activity of the cell. Hpr is phosphorylated at Ser-46 by the HPr-

kinase that in turn is allosterically regulated by the levels of fructose-1,6-bisphosphate and Pi. 

The phosphorylated form of HPr can mediate inducer exclusion by interaction with non-PTS 

transporters which blocks their transport activity [81, 82]. Phosphorylated HPr also interacts 

with CcpA and thereby stimulates binding to cre sites (Fig. 5) [83].  
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FIG. 5. Schematic representation of CcpA-dependent carbon catabolite repression in low G+C Gram-positive 

bacteria. A. Glucose is phosphorylated to glucose-6-phosphate during PTS mediated transport. 

Histidine-containing phosphocarrier protein (HPr) is phosphorylated by enzyme I (EI) at the histidine 

residue. The histidine phosphorylated phospho-carrier protein HPr transfers the phosphate group to 

glucose moiety via the EIIABC. B. Fructose-1,6-bisphosphate produced from glucose-6-phosphate 

activates  HPr kinase (HPrK) that phosphorylates HPr at the regulatory-site serine. Binding of HPr-

Ser-P to catabolite control protein A (CcpA) results in a complex that inhibits the transcription of 

target genes (negative regulation) (modified from [84]).  

 

 

Preference for specific carbohydrates has been demonstrated in bifidobacteria. Little is known 

about the exact mechanisms of CCR in bifidobacteria, but the system is surely different from 

that found in lactobacilli. In B. longum NCC2705 glucose transporter glcP was shown to be 

under lactose repression [85]. Bifidobacteria do not have an obvious CcpA homologue and no 

cre sites have been predicted in the generea as well [85]. Secondly carbohydrate transport in 

bifidobacteria does not seem to be primarily facilitated by PTS-type transport systems but 

rather by ABC-transporters or MFS or GPH permeases where no substrate phosporylation 
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occurs during the translocation event, which rules out a PTS-HPr circuit for most 

carbohydrates. In one case it has been indicated that B. lactis exhibited glucose repression of a 

sucrose and raffinose active sucrose phosphorylase gene scrP. When expressed in E. coli. 

induction of the scrP gene was mediated through a GalR-LacI type transcriptional regulator in 

the presence of sucrose or raffinose [86] . The exact mechanism of the glucose repression in 

this system is not known and elucidation is hampered by the lack of genetic tools like cloning 

vector and transformation techniques for bifidobacteria [86].  

  

1.3.2    CARBOHYDRATE TRANSPORT IN LACTOBACILLUS AND BIFIDOBACTERIA 

In general transport mechanisms in prokaryotes are classified as simple transport, group 

translocation and ABC systems. In simple transport, the substrate is carried across the cell 

membrane without being chemically altered. The transport is driven by energy from the 

proton-motive force. There are three different types of simple transport events, performed by 

uniporters, antiporters and symporters. In group translocation the transported molecule is 

altered during the transport sequence e.g. by adding a charge to the transported compound. A 

classic example is the prokaryotic sugar phospho-enol-pyruvate phosphostransferase system 

(PTS-transporters), where a high-energy phosphate group from phosphoenolpyruvate is 

transferred to the sugar. Energy for the transport process comes from the stepwise transfer of 

the phosporyl group from phosphoenolpyruvate to the sugar. ATP-binding cassette (ABC) 

transporters use the energy derived from ATP hydrolysis to drive the translocation event but 

do not chemically alter the transported substrate.  

There are four main classes of carbohydrate transporters identified within bacteria [87] major 

facilitator superfamily (MFS) permeases; and glycoside-pentoside-hexuronide permeases 

(GPH) that form a sub-group of MFS permeases, PTS-transporters and ABC-transporters. 

Classification and annotation of transporters have mainly been accomplished by sequence 

homology based classification [88-90]. The probiotic Lactobacillus acidophilus NCFM 

(NCFM) and Bifidobacterium animalis subsp lactis Bl-04 (Bl-04), which have been used for 

the present study, are known to possess transporters for utilizing several different 

carbohydrates [91, 92]. NCFM genome has of 17 PTS, two MFS/GPH permeases and three 
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ABC transporters predicted to be carbohydrate transporters (family 1 solute binding proteins, 

SBP_bac_1 (Pfam PF01547)). In Bl-04 carbohydrate transport is carried out by MFS/GPH 

permeases, and ABC-transporters [93] and the genome of Bl-04 has five MFS/GPH permeases 

and five ABC-transporters predicted to be involved in carbohydrate uptake [93]. A section of 

the thesis focuses on the solute binding domain of the ABC-transporters and has been 

described below. 

 

1.3.2.1    ABC TRANSPORTERS  

ABC-transporters are part of one of the largest protein-families epresentatives in 

all phyla from prokaryotes to mammals [94]. They facilitate uptake of vitamins, 

carbohydrates, oligo-peptides, amino acids, ions and a wide variety of other compounds [95]. 

The broad range of transported compounds is reflected by diversity in the oligomerization of 

the domains that constitute the transportes [96]. The classic architecture consists of two 

nucleotide binding (NBDs) and two transmembrane domains (TMDs) (Fig. 6). This 

configuration facilitates ATP-driven transport of a large variety of substrates in all known 

phyla. Among these; import and export systems are differentiated. Import systems are so far 

only found in prokaryotes and archaea and require an additional solute binding protein (SBP), 

which binds the substrate in the periplasmic space or extracellularly on the cell surface and 

delivers it to the transmembrane permease part of the transporter. SBPs have been classified 

using different approaches, sequence alignment [88], structural connectivity of the secondary 

elements [97] and most recently by structural alignment of 107 3D models from the PDB 

database (http://www.pdb.org/pdb/home/home.do) [98]. The reason for the different 

classification studies is that SBPs have relatively low sequence similarity, but share an overall 

similar tertiary structure [99] . Another interesting observation from these studies is that 

contrary to what might be expected, the different groupings did not correlate with ligand 

specificity of the SBPs. Crystal structures of SBP have shown two possible conformations; 

open without substrate and closed with substrate bound. In theory though four different states 

may exist; open-unliganded, closed-unliganded, open-liganded and closed-liganded. SBPs 

consist of two globular lobes of different size, creating a cleft between them where the 

http://www.pdb.org/pdb/home/home.do
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substrate binding-site is located. In the closed-liganded complex the two domains have rotated 

towards each other along a hinge region and closed around the substrate. This mechanism is 

named the Venus Fly-trap model and describes the SBP conformation change upon ligand 

binding and the burying of the substrate in the closed confirmation [100]. Bacterial 

carbohydrate ABC-importers are typically arranged as pentamers composed of an extracellular 

cell wall/cell membrane lipid anchored solute SBP in Gram-positive bacteria whereas Gram-

negative bacteria secrete the SBP into the periplasmic space. Two membrane-spanning 

domains forms the heterodimeric permease that recruits the closed-liganded SBP. The channel 

is formed between the two transmembrane domains as their transmembrane helices align on 

each side along a hypothetical axis perpendicular to the membrane. Two nucleotide (ATP) 

binding proteins dock with each its transmembrane domain on the cytoplasmic side of the 

membrane [96]. The mechanism of carbohydrate uptake by ABC transporters has been studied 

based on structural work [101, 102]. The transport sequence of events starts with the SBP, 

which upon substrate binding undergoes a conformational change capturing the substrate 

which allows docking onto the membrane embeded permease for release of the substrate into a 

transmembrane funnellike channel. ATP loading in the NBDs is thought to cause a 

perturbation of the SBP conformation destroying the highaffinity binding site and releasing the 

substrate into the funnel of the outward open conformation of the permease. Translocation is 

facilitated by an altering access mechanism where conformational change in the permease 

subunits driven by hydrolysis of ATP by the nucleotide binding proteins, changes the funnel 

shaped channel from outward open to inward open allowing the substrate to diffuse into the 

cytoplasm (Fig. 6). 
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FIG. 6. Schematic representation of carbohydrate ABC-importers in Gram-positive bacteria. A. The 

architecture of ABC-type importers in Gram-positive bacteria. B. The proposed alternating access 

mechanism of transport for ABC-importers.  

 

1.3.3.    THE PROBIOTIC LACTOBACILLUS ACIDOPHILUS NCFM 

Lactobacillus acidophilus NCFM was isolated and from a human source [103] and is a 

probiotic with benefits to human health [104]. The probiotic characteristics of NCFM include, 

i) its ability to survive the GIT, ii) modulate host immune response, ii) maintain GIT 

microflora balance and iv) alleviation of lactose intolerance [104].  A lot of effort has been put 

into understanding the basis of NCFM probiotic effects on human health. The 2.0 Mb genome 

of NCFM encodes for 1864 proteins, including 39 glycoside hydrolases for carbohydrate 

utilization [105]. The carbohydrate utilization [70, 91, 106] , acid stress [107], and bile stress 

[108, 109]  of NCFM have been studied by transcriptomics.  

Prebiotic carbohydrates in combination with NCFM have shown to beneficially effect human 

health. Daily consumption of the combination of NCFM and lactitol by elderly volunteers has 

shown to increase stool frequency, fecal levels of NCFM and genus Bifidobacterium, and 

modulated fecal immune biomarkers, reflecting stimulation of intestinal mucosal functions 
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CAAI, codon-anticodon adaptation index; CcpA, catabolite control protein A; CCR, carbon 

catabolite repression; GIT, gastrointestinal tract; GH, glycoside hydrolase; HPr, histidine-

containing phosphocarrier protein; HPrK/P, HPr kinase/phosphorylase; KEGG, Kyoto 

Encyclopedia of Genes and Genomes; LAB, lactic acid bacteria; LABSEM, lactic acid 

bacteria semisynthetic medium; L-LDH, L-lactate dehydrogenase; NCFM, North Carolina 

Food Microbiology; note that NCFM is used as short for Lactobacillus acidophilus NCFM; 

PEP-PTS, phosphoenolpyruvate-phosphotransferase system; PTM, post-translational 

modification   
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Table 1: Protein identifications of differentially abundant spots (> 1.5-fold spot volume ratio 

change and ANOVA P < 0.05) of Lactobacillus acidophilus NCFM grown on SEM 

medium with 1% glucose and 1% lactitol. Protein identifications were confirmed with a 

Mascot score of 80 for peptide mass fingerprint and ANOVA p < 0.05, and a minimum 

of 6 matched peptides 

Spot Accesion 
number           Protein description Score 

Sequence 
coverage     
    % 

Peptides 
matched / 
searched 

MW/pI 
Fold 

change 

254 gi|58337734 beta-galactosidase small subunit 124 38 10/45 35966/ 5.53 +12.7 
628 gi|58337726 galactokinase 100 37 12/56 43521/4.74 +5.0 
29 gi|58337725 galactose-1-phosphate uridylyltransferase 146 43 20/68 55735/5.48 +4.8 
311 gi|58336405 D-lactate dehydrogenase 135 38 13/34 39177/4.96 -4.8 
255 gi|58337735 UDP-glucose 4-epimerase 163 37 14/36 36458/5.95 +4.7 

457 gi|58336994 phosphate starvation inducible protein 
stressrelated 113 48 12/71 21503/5.46 +4.4 

630 gi|58337059 mannose-6-phosphate isomerase 98 37 11/48 36677/6.03 +4.3 

458 gi|58336994 phosphate starvation inducible protein 
stressrelated 130 63 15/77 21503/5.46 +4.2 

631 Mixture      +3.9 
 gi|58337735 UDP-glucose 4-epimerase 235 76 25/92 36458/5.95  

 gi|58336950 UTP-glucose-1-phosphate 
uridylyltransferase 118 57 15/92 33875/5.90  

632 gi|58337322 oxidoreductase 124 42 13/63 31816/5.19 +3.9 
211 gi|58336405 D-lactate dehydrogenase 141 50 18/67 39177/4.96 +3.3 
633 gi|58337735 UDP-glucose 4-epimerase 303 83 30/85 36458/5.95 +3.1 
623 gi|58337488 hypothetical protein LBA1206 170 42 12/42 31352/5.15 +3.1 
16 gi|58336392 ribonucleoside triphosphate reductase 289 46 33/73 83982/5.62 +2.9 
634 gi|58338190 deoxyadenosine kinase 79 30 7/44 24765/5.70 -2.9 
635 gi|58336733 putative oxalyl-CoA decarboxylase 228 42 25/71 60969/5.03 -2.9 
213 gi|58337704 dihydroxyacetone kinase 110 36 12/44 36307/5.16 -2.9 

636 gi|58336994 phosphate starvation inducible protein 
stressrelated 79 33 7/24 21503/5.46 +2.8 

436 gi|58337318 oxidoreductase 104 49 9/23 23070/5.78 +2.6 
140 gi|58337152 elongation factor Tu 176 50 19/68 43609/4.97 +2.6 
637 gi|58336369 fructokinase 161 50 17/45 32016/5.08 +2.4 
232 gi|58337019 glyceraldehyde-3-p dehydrogenase 138 37 12/35 36643/5.92 +2.3 
321 gi|58337860 fructose-bisphosphate aldolase 206 65 21/85 33560/4.94 -2.2 

114 gi|58336560 UDP-N-acetylglucosamine 
pyrophosphorylase 100 30 13/46 50162/5.57 -2.2 

195 gi|58336608 ala racemase 81 29 10/39 41801/6.02 +2.1 
295 gi|58337322 oxidoreductase 116 44 12/50 31816/5.19 +2.1 
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50 gi|58337255 pyruvate kinase 233 38 29/79 63136/5.23 +1.9 
15 gi|58336392 ribonucleoside triphosphate reductase 91 13 10/26 83982/5.62 -1.9 
638 gi|58336743 chaperonin GroEL 167 45 15/97 57785/4.98 -1.9 
280 gi|58337019 glyceraldehyde-3-p dehydrogenase 239 76 24/97 36643/5.92 +1.8 
256 gi|58337089 F0F1 ATP synthase subunit gamma 136 42 18/73 35512/5.93 -1.8 
130 gi|58336600 serine hydroxymethyl transferase 112 26 12/44 45276/5.56 -1.8 
91 gi|58337153 trigger factor 93 34 17/90 49275/4.72 -1.7 
546 gi|58336978 phosphotransferase system enzyme II 105 55 9/38 13904/4.84 +1.7 
84 gi|58337008 phosphoglucomutase 186 47 26/100 64122/5.18 +1.6 
204 gi|58336540 inosine-5' monophosphate dehydrogenase 247 63 24/96 39816/5.75 -1.6 
115 gi|58336750 glucose-6-P 1-dehydrogenase 157 39 17/43 55824/5.57 -1.6 
75 gi|58337220 citrate lyase alpha chain 116 29 13/36 55315/5.53 -1.6 
108 gi|58338136 adenylosuccinate synthetase 157 51 21/82 47851/5.38 -1.6 
131 gi|58338136 adenylosuccinate synthetase 185 55 23/95 47851/5.38 -1.6 
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Fig. 1. 
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Fig. 2.  
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Fig. 3A. 

 

 

Fig. 3B.  
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Fig. 4A.  
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Fig. 4B. 

  

 

 

 

 

 

 

 

 

 

 

LacM

GalK

GalT

PGM

FK

LacL

LacS

16S rDNA (LBA2071 )

16S rDNA (LBA2001 )

Glucose
Glucose

Lactitol

Glucose

Lactitol

Lactitol



  

75 
 

Fig. 5.  
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Abbreviations:  

CAAI, codon-anticodon adaptation index; LAB, lactic acid bacteria; NCFM, Lactobacillus 

acidophilus NCFM; SEM, semi-defined medium; SLAP domain, surface layer protein domain; 

SLH, S-layer homology. 
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40 gi|58337078 UDP-N-acetylmuramyl tripeptide synthetase 86 0.017 25% 11/51 50447/8.77 C CE 

42 gi|58336608 ala racemase 116 1.3e-005 36% 12/29 41801/6.02 C CE 

45 gi|58337118 N-acetylglucosaminyl transferase 110 5.2e-005 29% 13/49 40718/8.56 U CE 

46 gi|58337238 
pantothenate metabolism flavoprotein-like 

protein 
99 0.0007 31% 12/43 43914/8.67 C BCPC 

47 gi|58336952 hydroxymethylglutaryl-CoA reductase 222 3.3e-016 43% 21/48 44143/8.91 U FP 

48 gi|58337440 hypothetical protein LBA1155 204 2.1e-014 43% 22/52 42521/9.18 C CIM 

51 gi|58337436 pseudouridine synthase 129 6.5e-007 44% 14/63 34227/9.11 C PS 

52 gi|58336409 penicillin-binding protein 125 1.6e-006 20% 9/22 42206/9.37 E CP 

53 gi|58337247 metallo-beta-lactamase superfamily 116 1.3e-005 52% 15/94 34806/8.84 C UF 

54 gi|58337019 glyceraldehyde-3-p dehydrogenase 182 3.3e-012 67% 22/90 36643/5.92 C EM 

55 gi|58337019 glyceraldehyde-3-p dehydrogenase 242 3.3e-018 67% 25/81 36643/5.92 C EM 

56 gi|58337019 glyceraldehyde-3-p dehydrogenase 284 2.1e-022 76% 30/74 36643/5.92 C EM 

57 gi|58336550 tryptophanyl-tRNA synthetase II 283 2.6e-022 52% 25/57 38302/6.49 C PS 

58 gi|58337019 glyceraldehyde-3-p dehydrogenase 290 5.2e-023 70% 26/50 36643/5.92 C EM 

59 gi|58336998 HPr kinase/phosphorylase 146 1.3e-008 44% 14/44 36305/6.73 C RF; T 

60 gi|58337430 site-specific tyrosine recombinase XerS 137 1.0e-07 35% 13/28 39747/9.54 U DM 

63 gi|58337483 GTP-binding protein Era 163 2.6e-010 52% 16/43 34097/7.03 CM CP; RF 

65 gi|58337012 hypothetical protein LBA0691 109 6.5e-005 36% 15/43 33454/7.72 C UF 

66 gi|58337089 F0F1 ATP synthase subunit gamma 141 4.1e-008 38% 15/28 35512/5.93 C EM 

67 gi|58337580 
oligopeptide ABC transporter ATP-binding 

protein 
141 4.1e-008 40% 14/38 37703/6.29 CM T 

68 gi|58336442 putative regulatory protein 263 2.6e-020 49% 21/33 35831/8.81 U RF 

69 gi|58337485 
PhoH family phosphate starvation-induced 

protein 
83 0.027 30% 7/25 35008/8.69 C UF 

70 gi|58337977 UTP-glucose-1-phosphate uridylyltransferase 152 3.3e-009 38% 11/20 33055/7.04 C CE 

71 gi|58336950 UTP-glucose-1-phosphate uridylyltransferase 184 2.1e-012 47% 19/52 33875/5.9 C CE 

72 gi|58337485 
PhoH family phosphate starvation-induced 

protein 
224 2.1e-016 67% 21/43 35008/8.69 C PS 

74 gi|58338074 chromosome partitioning protein 157 1.0e-09 60% 19/52 33130/9.15 C CP 

75 gi|58338074 chromosome partitioning protein 196 1.3e-013 60% 20/37 33130/9.15 C CP 

77 gi|58337302 penicillin-binding protein 112 3.3e-005 31% 15/65 40946/9.63 E CP 
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78 gi|58336456 hypothetical protein LBA0109 94 0.0026 29% 10/39 36207/8.62 C DM 

79 gi|58337735 UDP-glucose 4-epimerase 196 1.3e-013 39% 13/22 36458/5.95 U EM 

81 gi|58337028 
UDP-N-acetylenolpyruvoylglucosamine 

reductase 
81 0.05 23% 7/39 32470/6.19 C CE 

82 gi|58336565 ribose-p-pyrophosphokinase 195 1.6e-013 43% 18/40 35684/6.01 C PPNN 

83 gi|58337241 glyoxylate reductase 191 4.1e-013 49% 15/28 35749/6.01 C CIM 

84 gi|58337595 methionyl-tRNA formyltransferase FMT 150 5.2e-009 53% 18/47 34223/6.37 C PS 

85 gi|58338076 chromosome partitioning protein 205 1.6e-014 67% 25/73 31473/7.71 C CP 

86 gi|58338137 guanosine 5'-monophosphate oxidoreductase 162 3.3e-010 45% 16/39 36748/8.24 C PPNN 

89 gi|58337517 cysteine synthase 129 6.5e-007 44% 16/32 32655/6.99 C AA 

90 gi|58337517 cysteine synthase 100 0.00058 40% 11/34 32655/6.99 C AA 

92 gi|58337517 cysteine synthase 189 6.5e-013 61% 21/21 32655/6.99 C AA 

93 gi|58337532 tRNA pseudouridine synthase B 119 6.5e-006 31% 11/21 33657/8.78 C PS 

94 gi|58336431 putative heat shock related serine protease 102 0.00033 26% 7/27 43695/9.42 U PF 

96 gi|58336485 hypothetical protein LBA0138 163 2.6e-010 62% 17/44 28157/8.48 C HP 

97 gi|58337102 16s pseudouridylate synthase 108 8.2e-005 36% 10/26 26359/9.24 C PS 

99 gi|58337781 L-LDH 161 4.1e-010 30% 12/24 33804/7.03 C EM 

100 gi|58337781 L-LDH 219 6.5e-016 52% 18/55 33804/7.03 C EM 

101 gi|58336499 alkylphosphonate ABC transporter 144 2.1e-008 43% 12/26 28462/9.38 CM T 

102 gi|58336609 hypothetical protein LBA0270 83 0.026 34% 7/26 26569/6.31 C UF 

105 gi|58337187 transcriptional regulator 174 2.1e-011 39% 13/31 28083/7.82 C RF 

106 gi|58336702 phosphate ABC transporter ATP-binding protein 83 0.041 27% 7/26 29680/8.94 CM T 

108 gi|58336698 50S ribosomal protein L1   36% 7/51 24717/8.89 C PS 

109 gi|58336650 adenylate kinase 135 1.6e-007 49% 11/43 24743/6.36 C PPNN 

110 gi|58337948 hypothetical protein LBA1690 89 0.0067 34% 8/26 30975/9.66 U CE 

111 gi|58336650 adenylate kinase 142 3.3e-008 51% 12/35 24743/6.36 C PPNN 

112 gi|58336650 adenylate kinase 200 5.2e-014 61% 19/76 24743/6.36 C PPNN 

114 gi|58336630 50S ribosomal protein L3 228 8.2e-017 66% 20/49 23129/9.94 U PS 

115 gi|58336630 50S ribosomal protein L3 185 1.6e-012 54% 15/38 23129/9.94 U PS 

117 gi|58337938 ABC transporter ATP-binding protein 116 1.3e-005 45% 12/25 27358/6.93 CM T 

118 gi|58336698 50S ribosomal protein L1 83 0.028 28% 6/19 24717/8.89 C PS 
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119  mixture        

119 gi|58336698 50S ribosomal protein L1 123 2.6e-006 58% 15/55 24717/8.89 C PS 

119 gi|58337445 endonuclease III 105 0.00016 57% 12/55 23783/8.47 C DM 

121 gi|58337938 ABC transporter ATP-binding protein 98 0.00076 39% 10/23 27358/6.93 CM T 

122 gi|58336698 50S ribosomal protein L1 142 3.3e-008 61% 15/55 24717/8.89 C PS 

123 gi|58338086 ABC transporter ATP-binding protein 146 1.3e-008 60% 17/42 24611/9.24 CM T 

125 gi|58337845 methlytransferase 94 0.0021 27% 6/10 25401/6.84 U PS 

126 gi|58336844 transcriptional regulator 182 3.3e-012 57% 14/35 26627/8.8 C RF 

127 gi|58336636 30S ribosomal protein S3 147 1.0e-08 44% 12/27 25055/10.13 C PS 

128 gi|58336636 30S ribosomal protein S3 175 1.6e-011 50% 15/40 25055/10.13 C PS 

130 gi|58336636 30S ribosomal protein S3 156 1.3e-009 47% 14/45 25055/10.13 C PS 

131 gi|58336936 nitroreductase 97 0.0011 29% 10/28 24616/8.67 U EM 

132 gi|58337558 DNA polymerase 152 3.3e-009 57% 13/39 24927/9.11 C DM 

133 gi|58336905 glutamine ABC transporter ATP-binding protein 137 1.0e-07 40% 14/43 27895/6.4 CM CP; T 

134 gi|58337795 putative nicotinate-nucleotide adenyltransferase 119 6.5e-006 28% 13/31 24802/9.32 C BCPC 

136 gi|58337545 uridine mono phosphate kinase 93 0.0028 21% 7/22 25872/7.81 C PPNN 

137 gi|58337545 uridine mono phosphate kinase 108 8.2e-005 37% 13/56 25872/7.81 C PPNN 

138 gi|58337545 uridine mono phosphate kinase 91 0.0043 29% 12/51 25872/7.81 C PPNN 

139 gi|58337679 hypothetical protein LBA1408 152 3.3e-009 49% 15/36 24360/8.65 C HP 

142 gi|58338161 lysin 99 0.00065 35% 9/37 34603/10.28 CW AA 

143 gi|58337098 30S ribosomal protein S4 201 4.1e-014 60% 18/47 23453/9.89 C PS 

144 gi|58337811 dephospho-CoA kinase 134 2.1e-007 48% 11/24 22693/8.79 U BCPC 

145 gi|58337426 lysin 92 0.0049 15% 7/24 41475/9.64 CW AA 

148 gi|58337654 
bifunctional pyrimidine regulatory protein PyrR 

uracil phosphoribosyltransferase 
84 0.033 37% 7/27 20099/6.21 C PPNN 

150 gi|58338089 putative phosphoglycerate mutase 153 2.6e-009 52% 15/37 22750/6.31 C EM 

152 gi|58336528 pyrrolidone carboxyl peptidase 159 6.5e-010 55% 12/22 21848/8.85 C PF 

153 gi|58336611 peptidyl-tRNA hydrolase 95 0.0015 52% 9/25 21042/6.97 U PS 

154 gi|58337416 peptidyl-prolyl cis-trans isomerase 97 0.0011 29% 7/20 22351/6.84 C PF 

155 gi|58336389 putative cobalamin adenosyltransferase 114 2.1e-005 40% 9/28 21499/9.1 C BCPC 

156 gi|58337521 adenine phosphoribosyltransferase 189 6.5e-013 60% 11/23 19335/6.1 C PPNN 
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157 gi|58336642 50S ribosomal protein L5 222 3.3e-016 88% 19/32 20252/8.72 C PS 

158 gi|58336642 50S ribosomal protein L5 209 6.5e-015 88% 21/41 20252/8.72 C PS 

166 gi|58336644 50S ribosomal protein L6 145 1.6e-008 48% 10/25 19161/9.15 U PS 

167 gi|58336644 50S ribosomal protein L6 157 1e-009 56% 11/29 19161/9.15 U PS 

168 gi|58336644 50S ribosomal protein L6 146 1.3e-008 56% 11/41 19161/9.15 U PS 

169 gi|58336365 50S ribosomal protein L9 155 1.6e-009 79% 19/78 16941/9.54 C PS 

172 gi|58336644 50S ribosomal protein L6 107 0.0001 41% 8/22 19161/9.15 U PS 

173 gi|58336644 50S ribosomal protein L6 82 0.036 32% 6/21 19161/9.15 U PS 

175 gi|58336644 50S ribosomal protein L6 99 0.00065 32% 6/11 19161/9.15 U PS 

176 gi|58337095 hypothetical protein LBA0783 183 2.6e-012 78% 12/25 17028/5.93 C CP 

178 gi|58336644 50S ribosomal protein L6 83 0.024 32% 6/18 19161/9.15 U PS 

179 gi|58336627 30S ribosomal protein S7 198 8.2e-014 83% 17/43 17920/9.81 C PS 

180 gi|58336627 30S ribosomal protein S7 211 4.1e-015 80% 23/69 17920/9.81 C PS 

181 gi|58337810 transcriptional regulator NrdR 84 0.022 53% 9/67 18189/8.68 C HP 

182 gi|58336644 50S ribosomal protein L6 85 0.023 32% 6/32 19161/9.15 U PS 

183 gi|58336661 50S ribosomal protein L13 161 4.1e-010 82% 15/56 16479/9.54 U PS 

184 gi|58336661 50S ribosomal protein L13 128 8.2e-007 77% 12/42 16479/9.54 U PS 

185 gi|58336644 50S ribosomal protein L6 99 0.00065 32% 6/11 19161/9.15 U PS 

186 gi|58336644 50S ribosomal protein L6 82 0.05 32% 6/25 19161/9.15 U PS 

187 gi|58336644 50S ribosomal protein L6 93 0.0028 32% 6/22 19161/9.15 U PS 

188 gi|58336644 50S ribosomal protein L6 122 3.3e-006 39% 7/16 19161/9.15 U PS 

191 gi|58336635 50S ribosomal protein L22 135 1.6e-007 71% 9/36 12806/9.91 C PS 

193 gi|58336635 50S ribosomal protein L22 124 2.1e-006 35% 6/42 12806/9.91 C PS 

195 gi|58336643 30S ribosomal protein S8 104 0.00021 53% 9/59 14523/9.33 C PS 

197 gi|58336643 30S ribosomal protein S8 83 0.029 53% 9/53 14523/9.33 C PS 

199 gi|58336644 50S ribosomal protein L6 82 0.036 36% 7/39 19161/9.15 U PS 

200 gi|58336644 50S ribosomal protein L6 99 0.00065 32% 6/14 19161/9.15 U PS 

202 gi|58336644 50S ribosomal protein L6 90 0.0052 32% 6/15 19161/9.15 U PS 

203 gi|58336644 50S ribosomal protein L6 99 0.00065 32% 6/13 19161/9.15 U PS 

204 gi|58336644 50S ribosomal protein L6 99 0.00067 32% 6/13 19161/9.15 U PS 
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Fig. 1. 
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Fig. 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

96 
 

 

 

 

 

CHAPTER 4  
 
 

 
 
 
 
 
 
 

Differential proteome analysis of potential prebiotic  

raffinose metabolism by the probiotic bacterium Lactobacillus 

acidophilus NCFM 

 

 

 

 

 

 

 



  

97 
 

Differential proteome analysis of potential prebiotic raffinose metabolism 

by the probiotic bacterium Lactobacillus acidophilus NCFM 

 

Morten Ejby1, Avishek Majumder1, Kristian Thorsen1, Sampo Lahtinen2, Susanne 

Jacobsen1* and Birte Svensson1* 

 
1. Enzyme and Protein Chemistry, Department of Systems Biology, Technical University 

of Denmark, Søltofts Plads, Building 224, DK-2800 Kgs. Lyngby, Denmark. 
2. DuPont, Health & Nutrition, Sokeritehtaantie 20, 02460 Kantvik, Finland. 

 

 

 

 

 

 

 

 

*Corresponding authors: 
Birte Svensson & Susanne Jacobsen 
Enzyme and Protein Chemistry 
Department of Systems Biology 
Technical University of Denmark 
Søltofts Plads, Building 224  
DK-2800 Kgs. Lyngby 
Denmark 
Phone: +45 45252740; +45 45252741; Fax:+45 45886307 
Email: bis@bio.dtu.dk; sja@bio.dtu.dk 
 

 

 

 

 

 

mailto:bis@bio.dtu.dk
mailto:sja@bio.dtu.dk












http://www.matrixscience.com/


http://cmr.jcvi.org/




http://www.uniprot.org/uniprot/P27217






  

109 
 

8. Martinez-Villaluenga C, Frias J, Vidal-Valverde CN: Raffinose family 

oligosaccharides and sucrose contents in 13 Spanish lupin cultivars. Food Chem 

2005, 91:645-649. 

9. LeBlanc JG, Garro MS, de Giori GS: Effect of pH on Lactobacillus fermentum 

growth, raffinose removal, alpha-galactosidase activity and fermentation 

products. Appl Microbiol Biotechnol 2004, 65:119-123 

10. Fernando W, Hill J, Zello G, Tyler R, Dahl W, Van Kessel A: Diets supplemented 

with chickpea or its main oligosaccharide component raffinose modify faecal 

microbial composition in healthy adults. Benef Microbes 2010, 1:197-207. 

11. Yeo S-K, Liong M-T: Effect of prebiotics on viability and growth characteristics 

of probiotics in soymilk. J Sci Food Agric 2009, 90:267-275. 

12. Martinez-Villaluenga C, Frias J, Gomez R, Vidal-Valverde C: Influence of addition 

of raffinose family oligosaccharides on probiotic survival in fermented milk 

during refrigerated storage. Int Dairy J 2006, 16:768-774. 

13. Hamon E, Horvatovich P, Izquierdo E, Bringel F, Marchioni E, Aoude-Werner D, 

Ennahar S: Comparative proteomic analysis of Lactobacillus plantarum for the 

identification of key proteins in bile tolerance. BMC Microbiol 2011, 11:63 

14. Koskenniemi K, Koponen J, Kankainen M, Savijoki K, Tynkkynen S, de Vos WM, 

Kalkkinen N, Varmanen P: Proteome analysis of Lactobacillus rhamnosus GG 

using 2-D DIGE and mass spectrometry shows differential protein production in 

laboratory and industrial-type growth media. J Proteome Res 2009, 8:4993-5007. 

15. Koponen J, Laakso K, Koskenniemi K, Kankainen M, Savijoki K, Nyman TA, de Vos 

WM, Tynkkynen S, Kalkkinen N, Varmanen P: Effect of acid stress on protein 

expression and phosphorylation in Lactobacillus rhamnosus GG. Proteomics 2012, 

75:1357-1374. 

16. Siciliano RA, Cacace G, Mazzeo MF, Morelli L, Elli M, Rossi M, Malorni A: 

Proteomic investigation of the aggregation phenomenon in Lactobacillus crispatus. 

BBA Proteins and Proteomics 2008, 1784:335-342. 

17. Barrangou R, Altermann E, Hutkins R, Cano R, Klaenhammer TR: Functional and 

comparative genomic analyses of an operon involved in fructooligosaccharide 

utilization by Lactobacillus acidophilus. Proc Natl Acad Sci USA 2003, 100:8957-

8962. 



  

110 
 

18. Candiano G, Bruschi M, Musante L, Santucci L, Ghiggeri GM, Carnemolla B, 

Orecchia P, Zardi L, Righetti PG: Blue silver: A very sensitive colloidal Coomassie 

G-250 staining for proteome analysis. Electrophoresis 2004, 25:1327-1333. 

19. Hellman U, Wernstedt C, Gonez J, Heldin CH: Improvement of an in-gel digestion 

procedure for the micropreparation of internal protein-fragments for amino-acid 

sequencing. Anal Biochem 1995, 224:451-455. 

20. Dinoto A, Suksomcheep A, Ishizuka S, Kimura H, Hanada S, Kamagata Y, Asano K, 

Tomita F, Yokota A: Modulation of rat cecal microbiota by administration of 

raffinose and encapsulated Bifidobacterium breve. Appl Environ Microbiol 2006, 

72:784-792. 

21. Fredslund F, Abou Hachem M, Larsen RJ, Sorensen PG, Coutinho PM, Lo Leggio L, 

Svensson B: Crystal structure of alpha-galactosidase from Lactobacillus 

acidophilus NCFM: Insight into tetramer formation and substrate binding. J Mol 

Biol, 412:466-480. 

22. Ajdic D, Pham VTT: Global transcriptional analysis of Streptococcus mutans 

sugar transporters using microarrays. J Bacteriol 2007, 189:5049-5059. 

23. Wang B, Kuramitsu HK: Control of enzyme IIscr and sucrose-6-phosphate 

hydrolase activities in Streptococcus mutans by transcriptional repressor ScrR 

binding to the cis-active determinants of the scr regulon. J Bacteriol 2003, 

185:5791-5799. 

24. Iyer R, Camilli A: Sucrose metabolism contributes to in vivo fitness of 

Streptococcus pneumoniae. Mol Microbiol 2007, 66:1-13. 

25. Thompson J, Robrish SA, Immel S, Lichtenthaler FW, Hall BG, Pikis A: Metabolism 

of sucrose and its five linkage-isomeric alpha-D-glucosyl-D-fructoses by Klebsiella 

pneumoniae. Participation and properties of sucrose-6-phosphate hydrolase and 

phospho-alpha-glucosidase. J Biol Chem 2001, 276:37415-37425. 

26. Chassy BM, Victoria Porter E: Initial characterization of sucrose-6-phosphate 

hydrolase from Streptococcus mutans and its apparent identity with intracellular 

invertase. Biochem Biophys Res Commun 1979, 89:307-314. 

27. Laakso K, Koskenniemi K, Koponen J, Kankainen M, Surakka A, Salusjarvi T, 

Auvinen P, Savijoki K, Nyman TA, Kalkkinen N et al: Growth phase-associated 



  

111 
 

changes in the proteome and transcriptome of Lactobacillus rhamnosus GG in 

industrial-type whey medium. Microb Biotechnol 2011, 4:746-766. 

28. Zeng L, Martino NC, Burne RA: Two gene clusters coordinate galactose and 

lactose metabolism in Streptococcus gordonii. Appl Environ Microbiol 2012, 78: 

5597-5605. 

29. Deutscher J, Francke C, Postma PW: How phosphotransferase system-related 

protein phosphorylation regulates carbohydrate metabolism in bacteria. 

Microbiol Mol Biol Rev 2006, 70:939-1031. 

30. Bruckner R, Titgemeyer F: Carbon catabolite repression in bacteria: choice of the 

carbon source and autoregulatory limitation of sugar utilization. FEMS Microbiol 

Lett 2002, 209:141-148. 

31. Ramos A, Neves AR, Ventura R, Maycock C, LÃ³pez P, Santos H: Effect of 

pyruvate kinase overproduction on glucose metabolism of Lactococcus lactis. 

Microbiology 2004, 150:1103-1111. 

32. Goderska K. NJ, Czarnecki Z.: Comparision of growth of Lactobacillus acidophilus 

and Bifidobacterium bifidum species in media suplemented with selected 

saccharides including prebiotics. Acta Sci Pol Technol Aliment 2008, 7:5-20. 

 

 

 

Figure Legends 

 

Fig. 1 A. Pseudocolor map of whole cell extract proteome of NCFM by 2D-DIGE. 

Proteins from glucose and raffinose grown cells were labeled with Cy5 (green) and 

Cy3 (red) respectively. A pooled internal standard of glucose and raffinose cells 

extract was labeled with Cy2 (blue) (not shown). The image overlays of Cy5- and 

Cy3-labeled proteins appear yellow. B. Progenesis SameSpots image of analyzed 

2D-DIGE gel with spot numbers. The spots identified by mass spectrometry have 

been listed in Table 1, with their fold changes. 

Fig. 2 A. Functional role category chart reporting the percentage of unique proteins 

identified by differential proteome analysis of NCFM grown on raffinose 

compared to glucose. 
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Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Table 1: Protein identifications of differentially abundant spots (> 1.5-fold spot volume ratio change and ANOVA p < 0.05) of Lactobacillus 

acidophilus NCFM grown on SEM medium with 1% glucose and 1% raffinose. Protein identifications were confirmed with a Mascot 

score of 80 for peptide mass fingerprint and ANOVA p < 0.05, and a minimum of 6 matched peptides. A Mascot ion score of 40 and 

ANOVA p < 0.05 were used for single peptide based identifications.  

Spot Fold 
Change 

Accession 
number Protein Name PMF 

Score Mr/pI Sequence 
Coverage 

Peptides 
Identified
/Searched 

Identified Peptides Ion 
Score 

1 +13.9 gi|58337709 alpha-galactosidase 83 84653/5.63 30% 20/95 -  

2 +10.9 gi|58337861  arginyl-tRNA synthetase 83 63274/5.60 13% 7/13 -  
4 +8.0 gi|58337725 galactose-1-phosphate uridylyltransferase 147 55735/5.48 42% 20/51 FADQVVNSGAYEPLDR 144 
        FWNQYSDPAR  54 

5 +7.6 gi|58336882 myosin-crossreactive antigen 89 67700/5.91 16% 8/24 GVPEVFASAFDVR 84 
6 +5.7 gi|58337734 beta-galactosidase small subunit 122 35966/5.53 53% 13/46 NFHYLFSYER 56 
        EGKFHVDGLPVTK  71 

7 +5.7 gi|58337734 beta-galactosidase small subunit 87 35966/5.53 20% 6/16 -  
10 +7.3 gi|58337709 alpha-galactosidase 233 84653/5.63 45% 33/84 EVTQFGTLYR  66 
11 +9.6 gi|58337735 udp-glucose 4-epimerase 263 36458/5.95 67% 20/39 -  
13 +7.3 gi|58336950 UTP-glucose-1-phosphate uridylyltransferase 153 33875/5.90 60% 13/37 QPHPAGLGDAIYR 111 

        HPEIKDQLR  58 
15 +6.2 gi|58338116  maltose phosphorylase 94 87353/5.05 12% 8/17 -  
18 +5.4 gi|58337213 L-lactate dehydrogenase 150 33442/4.95 49% 14/31 ISGFPKDR  54 
19 +6.9 gi|58337733 beta-galactosidase large subunit (lactase) 220 73492/4.98 43% 29/78 DHDIHIVFEGAER  103 
20 +5.4 gi|58336737 sucrose-6-p hydrolase 83 55364/5.30 13% 6/9 -  
21 +5.3 gi|58337008 phosphoglucomutase 136 64122/5.18 19% 11/14 -  
23 +5.2 gi|58336799 hypothetical protein LBA0466 138 63103/5.39 21% 11/17 -  
24 +5.4 gi|58337735 udp-glucose 4-epimerase 128 36458/5.95 30% 8/10 -  
28 +4.5 gi|58338116 maltose phosphorylase 93 87353/5.05 17% 8/20 -  
29 +4.4 gi|58336799 hypothetical protein LBA0466 281 63103/5.39 55% 25/45 -  
30 +4.1 gi|58337322 oxidoreductase 151 31816/5.19 40% 11/28 HIDTASAYGNEDSVGR 154 
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        SGINRHELFITTK  67 
        AIGVSNFR  53 

34 +3.3 gi|58337008 phosphoglucomutase 212 64122/5.18 40% 22/45 INLFTVGR  59 
        GVVIAFDSR  64 
        YGVAYEITR  71 

36 +3.3 gi|58337733 beta-galactosidase large subunit (lactase) 202 73492/4.98 38% 25/75 -  
38 +3.1 gi|58337726 galactokinase 173 43521/4.74 41% 15/38 -  
40 +3.9 gi|58337322 oxidoreductase 99 31816/5.19 37% 8/21 -  
41 +2.8 gi|58336369 fructokinase 121 32016/5.08 41% 9/25 FIVAVQDVETGKEVAR 134 
43 +2.9 gi|58337726 galactokinase 187 43521/4.74 44% 17/37 HAVSENQR 71 
46 +2.8 gi|58336994 putative phosphate starvation inducible protein 

stressrelated 
117 21503/5.46 52% 10/26 YNVRGENIEVTDALR 

86 

        GENIEVTDALR  104 
        SIDFVSEKLER  91 
        GLQDFFVEQPEEEKKPSEFDIVR  190 

47 +2.7 gi|58336994 putative phosphate starvation inducible protein 
stressrelated 

92 21503/5.46 45% 9/43 YNVRGENIEVTDALR 
97 

        SIDFVSEKLER  90 
        NDGRYGLIETNE  63 
        GLQDFFVEQPEEEKKPSEFDIVR  152 

49 +2.6 gi|58336994 putative phosphate starvation inducible protein 
stressrelated 

118 21503/5.46 43% 8/15 GENIEVTDALR 90 

        SIDFVSEKLER  82 
52 +2.5 gi|58337043 phospho-beta-galactosidase II 123 56703/5.04 24% 13/35 -  
53 +2.5 gi|58337733 beta-galactosidase large subunit (lactase) 154 73492/4.98 32% 16/38 -  
54 +2.4 gi|58337008 phosphoglucomutase 114 64122/5.18 14% 9/11 -  
56 +2.4 gi|58337890 putative deoxyribosyltransferase  18978/4.88 32% 4/12 IYLGTPFYNDDQR 98 
60 -2.3 gi|58337255 pyruvate kinase 267 63136/5.23 48% 25/42 IVSTLGPASNDIETITALANAGA

NVFR 188 

        TTEQEGGKFTINTGDTIR  95 
        FNFSHGDHEEHR 87 
        EGINFIFASFAR  76 

63 -2.1 gi|58338190 deoxyadenosine kinase 142 24765/5.70 42% 10/25 LAQINQAIQEK 70 
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        SFEQISTDPSLKDYYAR  135 
        SIYEDALFFK  61 

64 -2.1 gi|58337152 elongation factor Tu 225 43609/4.97 60% 22/43 DLLTEYDYPGDDIPVVR 151 
        LMDIVDEYIPTPER +  

Oxidation (M)  83 

        QTDKPFLMPVEDVFTITGR + 
Oxidation (M) 70 

65 -2.1 gi|58337537 transcription elongation factor NusA 85 43534/4.55 20% 7/21   
67 -1.9 gi|58338213 pyruvate oxidase 187 66629/4.85 45% 21/50 TPELIPVLTDEAIR 115 

        GVVEDKFPAYIGTIGR  102 
        ALIEEGEERSESPLYK  80 
        ADDNAIFAIDVGNVNVDSCR  180 

70 +1.9 gi|58338125 phosphomethylpyrimidine kinase 82 29557/5.06 25% 5/8 -  
71 +1.9 gi|58336768 catabolite control protein A 163 37154/5.43 41% 13/23 YNIIITSIENR 56 
73 +1.9 gi|58337214 aminopeptidase 99 50308/5.31 37% 13/38 -  
74 +1.8 gi|58337254 phosphofructokinase 100 34511/5.15 29% 7/15 -  
75 +1.8 gi|58336848 nicotinate phosphoribosyltransferase 211 56238/5.35 40% 22/47 NAVFETFYR 68 

        AAYIGGFDSTSNVR 98 
78 +1.7 gi|58337891 NAD-dependent aldehyde dehydrogenase 99 50588/5.14 21% 9/25 IQGVALTGSER 67 
79 +1.7 gi|58337724 galactose-1-epimerase 152 36971/5.29 39% 12/26 -  
80 -1.7 gi|58337255 pyruvate kinase 261 63136/5.23 39% 25/42 TTEQEGGKFTINTGDTIR 118 

        FEAYKGSNVTEAIGESVVR  154 
        TIIAATNSGYTAR  101 

83 -1.7 gi|58336405 D-lactate dehydrogenase 203 39177/4.96 63% 20/56 -  
84 -1.6 gi|58337019 glyceraldehyde-3-p dehydrogenase 240 36643/5.92 78% 23/58 KYESPSFEYEPNNVVSSDILGR 196 

        YESPSFEYEPNNVVSSDILGR  171 
        TVAWYDNEYSFTCQMVR  74 

85 +1.6 gi|58336496 putative nucleotide-binding protein  18166/5.28 19%  VKESILVPVDGSESAER 148 
        DGAHVDVLNVIDTR  119 

86 +1.6 gi|58336965 p-enolpyruvate-protein p-transferase PTSI 155 63886/4.79 44% 23/63 GFITDVGGR 78 
        GNDNVSYLYQPYNPSVLR  106 

87 -1.6 gi|58337090 F0F1 ATP synthase subunit beta 319 52183/4.69 63% 31/51 VIDLLEPYVR 74 
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        FTQAGSEVSALLGR  118 
        LILDGHLDDLPEDAFR  116 

88 -1.6 gi|58337255 pyruvate kinase 282 63136/5.23 54% 32/68 IVSTLGPASNDIETITALANAGA
NVFR 192 

        TTEQEGGKFTINTGDTIR  152 
        FNFSHGDHEEHR  89 
        EGINFIFASFAR  101 

89 -1.6 gi|58337220 citrate lyase alpha chain 113 55315/5.53 26% 10/21 -  
90 +1.6 gi|58337213 L-lactate dehydrogenase 97 33442/4.95 20% 6/8 -  
93 +1.5 gi|58336965 p-enolpyruvate-protein p-transferase PTSI 138 63886/4.79 44% 19/49 GFITDVGGR 54 

        LSLMNEEIFR + Oxidation (M) 70 
        GNDNVSYLYQPYNPSVLR  109 

95 -1.5 gi|58336484 d-alanine-d-alanine ligase 160 40278/4.86 52% 17/52 LQIPADLPQDIVDTVR 96 
        LFEEAGIPYTELITR  136 
        KVYEITECSGMAR +  

Oxidation (M)  53 

96 -1.5 gi|58337019 glyceraldehyde-3-p dehydrogenase 166 36643/5.92 54% 14/47 KYESPSFEYEPNNVVSSDILGR 190 
        YESPSFEYEPNNVVSSDILGR  149 

 98 
(Mixture) 

+1.7         

  gi|58337488 hypothetical protein LBA1206 139 31352/5.15 47% 13/36 GFLEADVVLLGVSR 114 
  gi|58336527  phosphoglyceromutase 100 26509/5.00 43% 9/36 -  

101 +1.5 gi|58338213 pyruvate oxidase 105 66629/4.85 35% 15/66 TPELIPVLTDEAIR 100 
        GVVEDKFPAYIGTIGR  100 
        ALIEEGEERSESPLYK  75 
        ADDNAIFAIDVGNVNVDSCR  145 

106 +1.5 gi|58338023 hypothetical protein LBA1769 162 13558/5.65 68% 9/17 VLDDGHLIYLEK 100 
        AAVVVADVPTHTNVR  139 

107 -1.5 gi|58336492 2-deoxyribosyltransferase 90 18297/4.62 27% 5/12 ISELKDFDFNKPR 93 
        DFDFNKPR  56 

108 -1.5 gi|58337087 F0F1 ATP synthase subunit delta 140 20326/4.93 43% 9/17 KYDLNAVR  55 
110 +1.9 gi|58337891 NAD-dependent aldehyde dehydrogenase 200 50588/5.14 48% 19/57 IQGVALTGSER  91 
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