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Lactobacillus acidophilus NCFM is a probiotic bacterium adapted to survive in the gastro-
intestinal tract and with potential health benefits to the host. Lactitol is a synthetic sugar
alcohol used as a sugar replacement in low calorie foods and selectively stimulating growth of
L. acidophilus NCFM. In the present study the whole-cell extract proteome of L. acidophilus
NCFM grown on glucose until late exponential phase was resolved by 2-DE (pH 3-7). A total
of 275 unique proteins assigned to various physiological processes were identified from 650
spots. Differential 2-DE (DIGE) (pH 4-7) of L. acidophilus NCFM grown on glucose and
lactitol, revealed 68 spots with modified relative intensity. Thirty-two unique proteins were
identified in 41 of these spots changing 1.6-12.7-fold in relative abundance by adaptation of L.
acidophilus NCFM to growth on lactitol. These proteins included B-galactosidase small
subunit, galactokinase, galactose-1-phosphate uridylyltransferase and UDP-glucose-4-
epimerase, which all are potentially involved in lactitol metabolism. This first comprehensive S
proteome analysis of L. acidophilus NCFM provides insights into protein abundance changes L]
elicited by the prebiotic lactitol. -
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1 Introduction (34.7%) and encoding 1862 predicted ORFs (http://

www.ncbinlm.nih.gov; NCBIL:CP000033) [2], including

Lactobacillus acidophilus NCFM (NCFM) is a well-documented
probiotic [1] with a 2.0Mb genome of low G+C content
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several transport systems and 37 glycoside hydrolases (GH)
(http://www.cazy.org/) involved in uptake and utilization of
carbohydrates [1, 3]. NCFM has the capacity to adapt its
metabolic machinery in response to the gut nutrient compo-
sition by negative transcriptional regulation. This metabolic
flexibility ensures survival of NCFM in a low nutrient and
highly competitive environment [4]. In addition, NCFM
contains a suite of mucus-binding proteins as an adaptation to
survive in the gastrointestinal tract (GIT) [5, 6].
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Lactitol (4-O-f-p-galactopyranosyl-p-glucitol) is a synthetic
sugar alcohol obtained from lactose and used as a prebiotic.
It is not metabolized by humans due to lack of a suitable
p-galactosidase and is also not absorbed in the small intes-
tine. Lactitol therefore becomes readily accessible to the
microbiota in the colon [7] and has been shown to stimulate
growth and metabolism of intestinal Bifidobacterium and
Lactobacillus species, thus creating unfavorable conditions
for pathogens such as Clostridia and Enterobacteriaceae [8).
Daily consumption of the synbiotic combination of NCFM
and lactitol by elderly volunteers increased stool frequency,
fecal levels of NCFM and genus Bifidobacterium, and
modulated fecal immune biomarkers, reflecting stimulation
of intestinal mucosal functions [9]. Complementary bene-
ficial effects with this synbiotic were also observed in a semi-
continuous colon fermentation model [10].

In the present work, a comprehensive whole-cell extract
reference proteome of NCFM grown with glucose as a carbon
source was established using 2-DE (pH 3-7). This signature
proteome with most proteins distributed in the pI 4-7 range
was used for understanding the protein abundance dynamics
associated with stimulation by the prebiotic lactitol.
Comparative proteomics using 2-D DIGE (pH 4-7) coupled
with mass spectrometric protein identification, revealed
proteins involved in the lactitol metabolism.

2 Materials and methods
2.1 Growth conditions and protein extraction

L. acidophilus NCFM (Danisco USA, Madison, WI, USA)
was grown under aerobic conditions without agitation at
37°C in 40 mL batch cultures in semisynthetic medium for
lactic acid bacteria (LABSEM) [3] supplemented with 1% of
either glucose or lactitol (Danisco) for soluble whole-cell
proteome (pI 3-7) and DIGE analyses. Cultures were sub-
cultured in the LABSEM for three cycles prior to analysis to
avoid chemical carry-over effects. Late-log phase cells with
an Agoo nm of 2.0 for glucose and 0.4 for lactitol (Fig. 1) were
harvested from four independent cultures by centrifugation
(3200 x g, 10min, 4°C). Cell pellets were washed twice with
0.9% NaCl, vacuum-dried without heating for approx. 2h
until dry (SpeedVac, Savant, SC110A with Vacuum unit
UVS400A; GMI, Ramsey, MN, USA) and kept at —80°C
until use. Cells were disrupted by manual mechanical
grinding with a small number of acid washed glass beads
(<100 pm diameter) using a rounded glass Pasteur pipette.

2.2 Sample preparation for 2-DE and DIGE
The disrupted cells were heated (100°C, 2 min) after addition
of 60uL sample buffer (28 mM Tris-HCl, 22mM Tris-base

pH 8.5, 0.3% SDS, 100mM DTT). The mixture was incu-
bated at room temperature (5min) followed by addition of
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Figure 1. Growth curve and pH profile of Lactobacillus acid-
ophilus NCFM grown on LABSEM with 1% of either glucose or
lactitol. The late-log phase cultures, harvested at 20 h for glucose
(Asoo = 2.0) and 12 h cultures for lactitol and (Aggo = 0.4), were
used for the proteomic study.

240 pL pharmalyte buffer (8 M urea, 2M thiourea, 100 mM
DTT, 2% pharmalyte pH 4-7 (GE Healthcare, Uppsala,
Sweden), 0.52% Triton X-100). The mixture was vortexed,
centrifuged (10000 x g, 10min), and the supernatant was
collected. Protein concentration of the supernatant was
quantified (2D Quant kit; GE Healthcare) and the samples
were stored at —80°C. Whole-cell extract (400 g protein) was
added to rehydration buffer (8 M urea, 2M thiourea, 2%
CHAPS, 0.5% pharmalyte 4-7, 0.3% DTT) up to 450 uL and
applied on IPG strips (linear pH 3-7; 24cm). For DIGE
analysis, a dye-swapping approach was used to avoid bias due
to the interference from gel fluorescence properties at
different wavelengths [11]. Protein aliquots (50 pug) of each of
four biological replicates grown on glucose or lactitol were
labeled interchangeably with 400 pmol of either Cy3 or Cy5,
vortexed, and left in the dark (30min, 4°C). In a similar
manner, aliquots (25pg protein) of each sample were
combined for internal standard and labeled with 400 pmol
Cy2. Labeling reactions were quenched by 1 uL 10 mM lysine
in the dark (10 min). The internal standard and the samples
were mixed and the volume was made to 450 uL with rehy-
dration buffer for IPG strips (linear pH 4-7, 24 cm).

2.3 2-DE for whole-cell extract proteome and
differential proteomics

Separation in the first dimension was performed using IPG
strips (pH 3-7; 24 cm; GE Healthcare) on Ettan™™ IPGphor
(GE Healthcare). The reference map showed few proteins of
pI<4, hence for DIGE pH 4-7 IPG strips were used. After
rehydration at 20°C for 12h at 50pA/strip, IEF was
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performed to a total of 78kVh (1h at 150V, 1h at 300V, 1h
at 1000V, gradient to 8000V, hold at 8000V until a total of
at least 78kVh was reached). Subsequently, strips were
equilibrated (2 x 15min) in 5mL equilibration buffer (6 M
urea, 30% glycerol, 50mM Tris-HCl, pH 8.8, 2% SDS,
0.01% bromophenol blue) supplemented with 1% DTT and
2.5% iodoacetamide in the first and second equilibration
steps, respectively. The strips and molecular weight (Mr)
markers (Mark 12™, Invitrogen) were placed on 12.5%
SDS-PAGE gels and overlaid with 0.5% molten agarose in
1 x SDS running buffer (0.25M Tris-base, 1.92M glycine,
1% SDS). The second dimension (SDS-PAGE) was
performed on Ettan™ DALT twelve Electrophoresis Unit
(GE Healthcare) overnight at 1W/gel until the dye front
reached the gel bottom. The proteome reference map gels
(pH 3-7) were stained by colloidal CBB as described
previously [12].

2.4 Image analysis

Images of colloidal CBB stained gels were generated
(Microtek scanner; Scan maker 9800XL; Microtek, Carson,
USA) using the Photoshop CS4 software and image analysis
was done using the algorithm for blob images [13]. Imaging
of DIGE gels (four biological replicates and four internal
standard gels) was done immediately after the second
dimension run at excitation/emission wavelengths of Cy2
(488/520nm), Cy3 (532/580nm) and Cy5 (633/670nm),
respectively (100 pm resolution; Typhoon 9410 Variable
Mode Imager; GE Healthcare). Gel images were aligned by
automated calculation of ten manually assigned alignment
landmark vectors (Progenesis SameSpots version 3.3,
nonlinear Dynamics, Newcastle upon Tyne, UK). Scanned
gels were analyzed by intra-gel (difference in-gel) and inter-
gel (biological variance) analysis. A 1.5-fold threshold (spot
volume ratio change and ANOVA p<0.05 and a false
discovery rate of q<0.05) was chosen as criterion in the
identification of differentially expressed protein candidates.
The 1.5-fold threshold value used was based on the Power
analysis, which has a recommended value of 80%. Power
analysis can be used to calculate the minimum sample size
required to accept the outcome of a statistical test with a
particular level of confidence [14]. The experimental setup
had enough statistical power with the four replicate gels.
False discovery rate estimates the number of false positives
within statistically significant changes in the experiment
[15]. The q value was set to <0.05 giving a false discovery
rate of 5%. Gels were post-stained with colloidal CBB prior
to spot protein identification.

2.5 In-gel digestion and protein identification by MS

Spots on 2-DE reference map and DIGE gels were excised
manually and subjected to in-gel tryptic digestion with
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modifications as described below [16]. Gel pieces were
washed with 100 pL 40% ethanol (10 min) followed by 50 uL
100% ACN, and incubated 45 min on ice with 2 pL 12.5ng/
pL trypsin (Promega) in 25mM ammonium bicarbonate
followed by addition of 10puL 25mM ammonium bicarbo-
nate for rehydration, and incubated at 37°C overnight. A
supernatant aliquot (1 pL) was applied to the Anchor Chip
target (Bruker-Daltonics, Bremen, Germany), covered by
1 puL matrix solution (0.5 ug/pL CHCA in 90% ACN, 0.1%
TFA) and washed in 0.02% TFA. MS and MS/MS spectra
were obtained by Ultraflex II MALDI-TOF MS mass
spectrometer (Bruker-Daltonics) in auto-mode using Flex
Control v3.0 (Bruker-Daltonics) and processed by Flex
Analysis v3.0 (Bruker-Daltonics). Peptide mass maps
were acquired in reflectron mode with 500 laser shots
per spectrum. Spectra were externally calibrated using a
tryptic digest of fS-lactoglobulin (5 pmol/uL); MS/MS data
were acquired with stop conditions so that 1000-1600 laser
shots were accumulated for each spectrum. The MS
together with MS/MS spectra were searched against the
NCBInr database for bacteria (NCBInr 20090826; 9 523 564
sequences; 3 256 669 569 residues) using the MASCOT 2.0
software (http://www.matrixscience.com) integrated toge-
ther with BioTools v3.1 (Bruker-Daltonics). Search para-
meters were monoisotopic peptide mass accuracy of
80 ppm, fragment mass accuracy to +0.7 Da; maximum of
one missed cleavage; carbamidomethylation of cysteine and
partial oxidation of methionine. Filtering of peaks was
carried out for known keratin and autocatalytic trypsin
peaks; the signal-to-noise threshold ratio was set to 1:6.
Protein identifications by PMF were confirmed with a
MASCOT score of 80, p<0.05 and should have a minimum
of six matched peptides. Single peptide-based protein iden-
tifications by MS/MS analysis were confirmed with a
MASCOT score of 40, p<0.05.

2.6 Semiquantitative RT-PCR

Total RNA from glucose and lactitol grown cultures was
extracted using the Trizol (Invitrogen) method according to
manufacturer’s instructions. RNA was purified by Pure link
RNA minikit with on-column DNase treatment to remove
contaminating DNA. The primer pairs were designed using
the Primer3 software (http://frodo.wi.mit.edu/primer3/)
and 1pg of total RNA was used as the template for reverse
transcription of nine selected genes with Omniscript reverse
transcriptase by OneStep RT-PCR (Qiagen) according to
manufacturer’s instructions. PCR was carried out with the
primer pairs (Supporting Information Table 1) in a Thermal
cycler (PTC-200 Peltier Thermal Cycler, GMI, Ramsey, US-
MN) (50°C for 30min, 95°C for 15min, followed by 22
three-step cycles of 94°C for 1 min, 55°C for 1 min and 72°C
for 1min). NCFM 16S ribosomal DNA (rDNA) (LBA2001
and LBA2071) transcript whose expression is always
constant was used as internal control [17]. The absence of
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DNA contamination in the RNA preparation was confirmed
according to manufacturer’s instructions (Qiagen), by heat
inactivation of Omniscript reverse transcriptase. The PCR
products were detected by 2% agarose gel electrophoresis
with ethidium bromide staining.

2.6 In silico analysis

The codon-anticodon adaptation index (CAAI) of all ORFs
of NCFM was obtained using DAMBE (http://dambe.
bio.uottawa.ca/dambe.asp) [18] in two steps. First, CAAI
values were created using the codon table based on tRNA
anticodons frequency, without a reference set of highly
expressed genes. The CAAI values were then adjusted to a
range of 0—1 [18]. GRAVY values were calculated using the
ProtParam tool (http://www.expasy.ch/tools/protparam.html).

3 Results and discussion
3.1 Growth of NCFM on glucose and lactitol

Detailed growth curves and pH profiles of NCFM grown
with glucose or lactitol as a carbohydrate source (Fig. 1)
showed higher cell density and larger decrease in pH of
cultures with glucose as compared with lactitol. Proteome
changes with the prebiotic were determined at late expo-
nential phase cultures under controlled conditions, because
this is the stage with maximum synthesis of macro-
molecules [19] and where accumulation of stress proteins is
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minimal. The growth phase significantly affects the
proteome pattern and in the stationary phase, stress-sensing
and stress-related proteins are produced due to depletion of
nutrients [19-21].

3.2 The reference map of the NCFM proteome
(pH 3-7)

A reference map using whole-cell extract of NCFM grown
on LABSEM medium was established to identify constitu-
tively expressed proteins and to describe the dynamics of
this proteome in response to carbohydrate prebiotics. Initi-
ally, the wide range of pH 3-10 (linear; 18 cm; data not
shown) was used for separation in the first dimension to get
an overview of the NCFM proteome distribution on the
2-DE. However, since the vast majority of spots clustered at
pH 4-7, IEF in pH 3-7 was applied to optimize spot reso-
lution in the densely populated area of the 2-D-gel. Six
hundred and fifty well-resolved spots were selected for
identification from the CBB stained 2-D-gel (Fig. 2), which
led to 507 protein identifications using MALDI-TOF MS
and/or MS/MS (Supporting Information Tables 2 and 3;
Supporting Information Figs. 2 and 3). Several proteins
appeared in more than one spot and in total 275 unique
proteins were identified (Supporting Information Tables 2
and 3). Only 16 of the 275 unique proteins have theoretical
pI>7.0 and most of these were identified from spots shaped
as horizontal streaks in the pH range 3-7 (Fig. 2). Proteins
present in more than one spot showing pI and Mr hetero-
geneity were probably post-translationally modified (PTM)
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or found as highly similar isoforms. Isoelectric hetero-
geneity in 2-DE is very common in proteomics [19, 22-24]
and has been attributed to PTM or to artifacts, e.g. carba-
mylation by urea or deamidation [22]. Carbamylation
generally leads to spot charge trains, not observed on the
NCFM 2-DE (Fig. 2) and the multiple protein forms prob-
ably stem from PTM. During the past years a number of
proteome 2-DE profiles were described for lactic acid
bacteria (LAB) [25] mostly related to studies of changes
associated with growth [19, 20, 24], growth medium [26] and
adaptations to the gut [27, 28]. However, very few proteome
reference maps were reported [19, 29, 30]. For example,
using narrow range pH windows of 4-7 and 4.5-5.5 a
reference map of Lactococcus lactis 1L14103 contained 230
proteins, corresponding to 25% coverage of the predicted
acidic proteome [29]. Proteome analysis of cytosolic proteins
of L. plantarum WCFS1 at pH range 3-10 covered 3.3% of all
genes [19]. The present 275 unique proteins identified in the
NCFM proteome, comprising 259 proteins of pI 3—7 and 16
proteins with pI>7, constitute approximately 15% coverage
of the theoretical proteome and 36% of the predicted
intracellular acidic proteome. Proteome coverage was
3.3—21.4% in proteome studies of other Gram-positive
bacteria [19, 21, 29, 31].

3.3 Insilico analysis and the experimental proteome

The NCFM in silico proteome generated using the bioin-
formatics tool JVirGel version 2 (http://www.jvirgel.de/)
contains 705 intracellular proteins of pI 3-7 and Mr
5-200kDa. The 259 identified proteins (pI 3-7 range) thus
constitute 36% of the theoretical proteome. Grouping the

Proteomics 2011, 11, 3470-3481

identified proteins according to functionality using Gene
Role Category annotation (http://cmr.jcvi.org/tigr-scripts/
CMR/CmrHomePage.cgi) (Fig. 3; Supporting Information
Tables 2 and 3) showed the majority are important in
protein synthesis and energy metabolism. Proteins asso-
ciated with protein synthesis were dominated by compo-
nents of the translational machinery, whereas proteins
related to energy metabolism were dominated by enzymes
of the glycolysis/gluconeogenesis. The current proteomics
data complements an earlier transcriptome analysis of
global gene expression patterns of NCFM grown on eight
different carbohydrate sources with glycolysis genes being
consistently highly expressed [4]. The cellular localization
was predicted using PSORT version 3.0 (http://www.psort.
org/) (Supporting Information Tables 2 and 3), which
indicated that 218 of the 275 identified proteins were cyto-
plasmic, 10 belonged to the cytoplasmic membrane, two
were extracellular, two were associated with cell wall
formation and 43 had unknown cellular localization.

One of the limitations of 2-D-gel-based proteomics is
poor detection of low-abundance proteins. The theoretical
abundance of proteins on 2-D-gels can be calculated using
the CAAI, which is based on the codon usage bias and the
relative frequencies of tRNA anticodons [18]. CAAI is an
indicator of translation efficiency used to predict gene
expression levels in Dbacteria. Several recent reference
proteomes used CAAI analyses to assess the genome with
respect to the translation efficiency [21, 29, 31]. The relative
abundance of proteins on the reference 2-D-gel (pH 3-7)
correlated with the predicted CAAI values, the high-
and low-abundant proteins having high and low CAAI
values, respectively (Fig. 2 and Supporting Information
Fig. 1A). Thus CAAI values for proteins from the most
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Figure 3. Functional grouping
of the 275 identified unique
proteins on the 2-DE (pH 3-7)
of Lactobacillus acidophilus
NCFM.
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intensely stained spots, e.g. elongation factor Tu (EF-Tu)
(spot 140, 147, 215), L-LDH (spot 261, 299, 290), glycer-
aldehyde-3-P dehydrogenase (spot 230, 232, 210), pyruvate
kinase (spot 46, 50, 60) and phosphopyruvate hydratase
(spot 169, 166, 140) were in the 0.581-0.69 range. Notice-
ably, among 23 proteins with CAAI<0.2, indicating low
abundance, 10 were identified from the 2-D-gel. The
GRAVY index for hydrophobicity of all NCFM coding
sequences was calculated and proteins identified from the
2-D-gel have values from 0.179 to —1.244 (Supporting
Information Fig. 1B). Only 18 identified proteins have a
GRAVY value >0, and hydrophobic proteins with values
>0.2 were not identified due to loss during sample
preparation and/or electrophoresis. The present percentage
of hydrophobic proteins identified on the 2-D-gel is similar
to the previous reference proteomes of bacteria [21, 31].

3.4 Identification of differentially abundant proteins
with NCFM grown on lactitol

Proteome changes of NCFM elicited by growth on lactitol
compared with glucose (Fig. 4) were identified using 2-D
DIGE. The predicted cytosolic proteome has a total
of 17 proteins of pI<4.0, but only one, DNA-directed RNA
polymerase subunit delta (LBA0232) (spot 463), was identi-
fied on the reference 2-D-gel (Supporting Information Table
2). DIGE was therefore performed at pI 4-7 to obtain
better spot resolution. A total of 68 spots changed > 1.5-fold
in relative abundance. Forty-one identified spots represent-
ing 32 unique proteins were differentially abundant in
response to lactitol (Table 1), with 25 up-regulated (1.6-12.7-
fold) and 16 down-regulated (1.6—4.8-fold) proteins/protein
forms (Fig. 4 and Table 1). Certain proteins, such as
galactokinase (spot 628, 629), mannose-6-phosphate
isomerase (spot 630), fructokinase (spot 637) and deoxy-
adenosine kinase (spot 634), were identified from the DIGE
experiment (Fig. 4), but absent in the reference 2-D-map.
The present DIGE data show that abundant enzymes
apparently responsible for the utilization of lactitol are
essentially identical to the metabolic machinery for utiliza-
tion of lactose, i.e. the Leloir pathway. As will be further
discussed below, it offers a view of how the physiology of
NCFM adapts to lactitol and its hydrolysis products (galac-
tose and glucitol/sorbitol).

3.5 Validation of differentially abundant proteins by
semiquantitative RT-PCR

To confirm the differential abundance of proteins found by
DIGE, semiquantitative RT-PCR was carried out for
seven gene transcripts of the Leloir pathway; f-galactosidase
large subunit; f-galactosidase small subunit; galactokinase;
galactose-1-phosphate uridylyltransferase; lactose permease,
phosphoglucomutase and  fructokinase. The results
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showed different expression patterns with glucose and lactitol
consistent with the 2-D DIGE analysis (Fig. 5A and B).

3.6 Galactose metabolism in NCFM

Lactose has to be hydrolyzed either by a phospho-f-galac-
tosidase (LacG), generating glucose and galactose-6-P, or by
a f-galactosidase (LacZ or LacLM) to glucose and galactose
[32]. In this context, f-galactosidase small subunit (LacM,
LBA1468) was highly abundant (12.7-fold up-regulated) on
lactitol, whereas the large subunit of the heterodimeric
B-galactosidase (LacLM), belonging to GH2 (CAZy; http://
www.cazy.org/) was not identified on the gel. Similarly,
most enzymes for galactose metabolism were identified on
2-D-gels of L. lactis grown on lactose, but not the f-galac-
tosidase [29]. The other highly abundant proteins (4.5-5.0-
fold up-regulated) include galactokinase, galactose-1-phos-
phate uridylyltransferase and UDP-glucose-4-epimerase
from the Leloir pathway (Figs. 4 and 6). Galactose-1-P
generated by ATP-dependent galactokinase is transferred to
UDP-glucose by galactose-1-phosphate uridylyltransferase
in exchange with glucose-1-P. UDP-glucose-4-epimerase
converts the generated UDP-galactose into UDP-glucose,
which enters the glycolysis after phosphorylation to glucose-
6-P by phosphoglucomutase, which was also 1.6-fold more
abundant on lactitol (Fig. 6 and Table 1).

The genes for lactose and galactose metabolism are
distributed in two adjacent loci LBA1457-1459 and
LBA1462-1469 in NCFM. In LAB the organization of lac
and gal clusters can vary significantly, possessing or lacking
operon-like structures and genes interspersed with insertion
sequences [33]. The presence of lactose permease belonging
to the glycoside-pentoside-hexuronide:cation symporter
family, and the enzymes of the Leloir pathway suggests
lactitol is transported into NCFM by lactose permease
(LacS), rather than by a phosphoenolpyruvate-phospho-
transferase system (PEP-PTS) system [34]. The RT-PCR
analysis confirms the clear up-regulation of lacS in lactitol
compared to glucose (Fig. 5A and B). These results
complement previous extensive transcriptomic studies of
NCFM grown on different carbohydrates [3, 4]. In the
transcriptomic study with lactose and galactose, 10 different
genes within the lac and gal loci were shown to be signifi-
cantly up-regulated, galKTME being increased 2.7-17.6-fold,
and lacSZL 2.8-29.5-fold [4]. The lac-gal locus region has two
p-galactosidase genes lacZ (LBA1462) and lacLM (LBA1467-
68) of the GH42 and GH2 families, respectively, and the
lacZ gene was significantly overexpressed in the tran-
scriptome study [4]. The two f-galactosidases, were not
identified in the present 2-DE, except for the small subunit
of f-galactosidase (LacM). Thus the proteome analysis did
not indicate which f-galactosidase acts on lactitol, but since
the large subunit of f-galactosidase (lacL) was found to be
highly expressed by semiquantitative RT-PCR (Fig. 5A and
B) we propose that LacLM catalyses the hydrolysis of lactitol.
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3.7 Sorbitol metabolism in NCFM

The DIGE analysis showed various enzymes involved in
glucitol/sorbitol metabolism to be more abundant (1.7-4.3-
fold; Table 1 and Fig. 6) in the presence of lactitol. Sorbitol
in NCFM is metabolized to fructose-6-P, ultimately leading
to either glycolysis or fructose and mannose metabolism
according to the KEGG pathway (Kyoto Encyclopedia of
Genes and Genomes; http://www.genome.ad.jp/kegg) [35].
Sorbitol has been described as a carbon source for certain

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

‘ tification by mass spectro-
metry.

Gram-positive bacteria, including LAB and enzymes for
sorbitol metabolism are encoded by an operon-like structure
and subject to catabolite repression by glucose in Gram-
positive bacteria [36, 37]. This kind of organization for
sorbitol utilization was not identified in the NCFM genome.
The phosphotransferase system enzyme II (PTS EII,
LBA0655) based on its conserved domains belongs to the
class of PEP-PTS specific for glucitol (http://pfam.sanger.-
ac.uk/) [38]. The PTS components are involved in the
phosphorylation of carbohydrate by the histidine-containing
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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

Spot Accession Protein description Score Sequence Peptides matched/ MW/p/ Fold
number coverage % searched change
254 gil58337734 B-Galactosidase small subunit 124 38 10/45 35966/5.63 +12.7
628 gil58337726 Galactokinase 100 37 12/56 43521/4.74 +5.0
29 gil58337725 Galactose-1-phosphate 146 43 20/68 55735/5.48 +4.8
uridylyltransferase
311 gil58336405 Dp-Lactate dehydrogenase 135 38 13/34 39177/4.96 —4.8
255 gil58337735 UDP-glucose 4-epimerase 163 37 14/36 36 458/5.95 +4.7
457 gil58336994 Phosphate starvation inducible 113 48 12/71 21503/5.46 +4.4
protein stress related
630 gil58337059 Mannose-6-phosphate isomerase 98 37 11/48 36677/6.03 +4.3
458 gil58336994 Phosphate starvation inducible 130 63 15/77 21503/5.46 +4.2
protein stress related
631 Mixture +3.9
gil58337735 UDP-glucose 4-epimerase 235 76 25/92 36 458/5.95
gil58336950 UTP-glucose-1-phosphate 118 57 15/92 33875/5.90
uridylyltransferase
632  gilb8337322 Oxidoreductase 124 42 13/63 31816/5.19 +3.9
211 gil58336405 Dp-Lactate dehydrogenase 141 50 18/67 39177/4.96 +3.3
633 gil58337735 UDP-glucose 4-epimerase 303 83 30/85 36 458/5.95 +3.1
623  @il58337488 Hypothetical protein LBA1206 170 42 12/42 31352/5.15  +3.1
16 gil58336392 Ribonucleoside triphosphate 289 46 33/73 83982/5.62 +2.9
reductase
634 gil58338190 Deoxyadenosine kinase 79 30 7/44 24765/5.70 -2.9
635 gil58336733 Putative oxalyl-CoA decarboxylase 228 42 25/71 60969/5.03 -2.9
213 gil58337704 Dihydroxyacetone kinase 110 36 12/44 36307/5.16 +2.8
636 gil58336994 Phosphate starvation inducible 79 33 7/24 21503/5.46 +2.8
protein stress related
436  gil58337318 Oxidoreductase 104 49 9/23 23070/5.78 +2.6
140  @il58337152 Elongation factor Tu 176 50 19/68 43609/4.97 +2.6
637 gil58336369 Fructokinase 161 50 17/45 32016/5.08 +2.4
232 gil58337019 Glyceraldehyde-3-P dehydrogenase 138 37 12/35 36643/5.92 +2.3
321 gil58337860 Fructose-bisphosphate aldolase 206 65 21/85 33560/4.94 —-2.2
114 gil58336560 UDP-N-acetylglucosamine 100 30 13/46 50162/5.57 —-2.2
pyrophosphorylase
195 gil58336608 Ala racemase 81 29 10/39 41801/6.02 +2.1
295  gilb8337322 Oxidoreductase 116 44 12/50 31816/5.19 +2.1
50 gil58337255 Pyruvate kinase 233 38 29/79 63136/5.23 +1.9
15 gil58336392 Ribonucleoside triphosphate reductase 91 13 10/26 83982/5.62 -1.9
638  il58336743 Chaperonin GroEL 167 45 15/97 57 785/4.98 -1.9
280 gil58337019 Glyceraldehyde-3-P dehydrogenase 239 76 24/97 36643/5.92 +1.8
256 gil58337089 FyF, ATP synthase subunit y 136 42 18/73 35512/5.93 -1.8
130 gil58336600 Serine hydroxymethyl transferase 112 26 12/44 45276/5.56 -1.8
91 gil58337153 Trigger factor 93 34 17/90 49275/4.72 -1.7
546 gil58336978 Phosphotransferase system enzyme Il 105 55 9/38 13904/4.84 +1.7
84 gil58337008 Phosphoglucomutase 186 47 26/100 64122/5.18 +1.6
204 gil58336540 Inosine-5-monophosphate 247 63 24/96 39816/5.75 -1.6
dehydrogenase
115 gil58336750 Glucose-6-P 1-dehydrogenase 157 39 17/43 55824/5.57 -1.6
75 gil58337220 Citrate lyase o chain 116 29 13/36 55315/5.53 -1.6
108 gil58338136 Adenylosuccinate synthetase 157 51 21/82 47851/5.38 —-1.6
131 gil58338136 Adenylosuccinate synthetase 185 55 23/95 47 851/5.38 -1.6

Protein identifications were confirmed with a MASCOT score of 80 for peptide mass fingerprint and ANOVA p<0.05, and a minimum of

six matched peptides.

phosphocarrier protein (HPr). HPr is in turn phosphory-
lated by the PEP system or by ATP-dependent auto-phos-
phorylation [39]. PTS EII (LBA0655), phosphorylating
glucitol to glucitol-6-phosphate, was 1.7-fold more abundant

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Fig. 6), and the two oxidoreductases (LBA1023 and
LBA1027) were 2.9- and 3.9-fold more abundant in
lactitol, respectively. These oxidoreductases (LBA1023
and LBA1027) may be involved in the interconversion of
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Figure 5. (A) The semiquantitative RT-PCR amplified fragments of selected genes of Lactobacillus acidophilus NCFM grown on SEM
medium with 1% glucose and 1% lactitol. The expression of 16S rDNA was used as an internal control. lacM, -galactosidase small
subunit; galK, galactose kinase; galT, galactose-1-phosphate uridylyltransferase; pgm, phosphoglucomutase; fk, fructokinase; lacL,
f-galactosidase large subunit; /acS, lactose permease. (B) Bar graphs showing density measurements of bands after background level
subtraction of the selected genes of Lactobacillus acidophilus NCFM grown on SEM medium with 1% glucose and 1% lactitol. The values
are expressed compared to density measurement of glucose which is fixed arbitrarily at 1. The data presented are averages of two
independent experiments, and error bars represent standard deviations.

p-glucitol-6-P to r-sorbose-1-P and maintain the concen-
trations of glucitol-6-P (KEGG). Glucitol-6-P has to be
converted to f-p-fructose-6-P by 6-phosphogluconate dehy-
drogenase, which was not identified by DIGE (Fig. 6). ff-D-
Fructose-6-P is the central metabolite that can either enter
glycolysis, amino sugar metabolism, or be converted to other
carbohydrate metabolites. The other significantly differen-
tially abundant enzymes were mannose-6-phosphate
isomerase and fructokinase, which increased by 4.3- and 2.4-
fold, respectively. The f-p-fructose-6-P generated by sorbitol
catabolism may thus enter either fructose or mannose
metabolism or it enters glycolysis after being converted to
p-p-fructose-1,6-bis-P by phosphofructokinase. Fructose-
bisphosphate aldolase decreased (2.2-fold) and there was an
increase of glyceraldehyde-3-P dehydrogenase (2.3-fold) and
dihydroxyacetone kinase (2.8-fold) (Table 1), which might
channel all f-p-fructose-1,6-bis-P into glycolysis.

3.8 Carbon catabolite repression (CCR) and the
enzymes of glycolysis

In low G+C Gram-positive bacteria, PTS protein and HPr
are the master regulators of carbon flow and metabolism.
The phosphorylation and dephosphorylation of these
proteins control the carbon metabolism via CCR [39, 40].
The CCR regulatory network in NCFM was also observed by
microarray data with the presence of a flexible transcriptome
controlled by CCR [4]. The key gene products involved in the
regulation, ie. catabolite control protein A (CcpA), HPr,
HPrK/P and PTS, were consistently highly abundant in the
NCFM transcriptome, which suggested the regulation to
occur at the protein rather than the transcriptional level [4].

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PTS phosphotransferase activity and the phosphoenolpyr-
uvate-to-pyruvate ratio regulates the concentrations of
metabolites such as fructose-1,6-bis-P, ATP, PP; and P;,
which in turn control the HPr kinase activity [39, 41, 42].
Various enzymes indicating the regulation in the presence
of lactitol were identified by DIGE analysis. In Streptococcus
sp. transport of lactose via lactose permease containing the
IIA domain was found to be regulated at the protein
level by different HPr forms [43]. A similar mechanism is
possible in NCFM owing to the absence of other transpor-
ters for lactose and the presence of a highly homologous
lactose permease with ITA domain. The cellular concentra-
tion of pyruvate kinase, which has control over the phos-
phoenolpyruvate-to-pyruvate  ratio, was 1.9-fold more
abundant, which indicates CCR. Lactate dehydrogenase
converts the generated pyruvate into lactate and noticeably,
of two different NCFM lactate dehydrogenase forms, one
increased by 3.3-fold and the other decreased by 4.8-fold
(Table 1).

In Gram-positive bacteria when readily metabolized
carbohydrate is available as energy source, the intracellular
concentration of fructose-1,6-bis-P increases and the
concentrations of ATP and P; decrease, while the opposite is
true for unfavorable carbohydrate sources [39]. The presence
of increased abundant enzymes for the intermediary
metabolite f-D-fructose-6-P to fructose and mannose meta-
bolism, glyceraldehyde-3-P dehydrogenase (2.3-fold), dihy-
droxyacetone kinase (2.8-fold) and a decrease in abundance of
fructose-bisphosphate aldolase (2.2-fold) indicates p-D-fruc-
tose-6-P being converted to fructose, mannose or glycer-
aldehyde-3-P. This might lead to lowered concentrations of
fructose-1,6-bis-P, and therefore a complete switch in the
metabolic machinery [34, 39].
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Figure 6. Schematic representation of the proposed proteins
involved in lactitol metabolism. The proteins shaded in gray
were identified by 2-D DIGE and MS, whereas the proteins in
white were hypothesized to be involved in the metabolism of
lactitol. Blue arrows by their orientation show differentially
abundant proteins. Dashed red arrow shows proteins and
metabolites involved in CCR. LacS, lactose permease; Lacl,
f-galactosidase large subunit; LacM, f-galactosidase small
subunit; GalK, galactose kinase; GalT, galactose-1-phosphate
uridylyltransferase; GalE, UDP-glucose-4-epimerase; PGM,
phosphoglucomutase; FK, fructokinase; MPI, mannose-6-p-
isomerase; PTSII, phosphotransferase component specific for
glucitol; PGD, 6-phosphogluconate dehydrogenase; PFK, phos-
phofructokinase; FBA; fructose-bisphosphate aldolase; GAPDH;
glyceraldehyde-3-p dehydrogenase; DHAK; dihydroxyacetone
kinase; PK; pyruvate kinase; El; enzyme |; HPr; histidine-
containing phosphocarrier protein; HPrK/P; HPr kinase/phos-
phorylase. Black dashed arrow indicates the entry of glycer-
aldehyde-3-P into glycolysis.

More recently, glycolytic enzymes from low G+C
bacteria have been ascribed multiple roles such as mucus
adhesion [28], mRNA processing [44] and interactions with
key regulatory proteins. These proteins are often overlooked
as housekeeping genes in proteome studies, but changes in
their abundance may have significant effects on the meta-
bolic pathways. Glucose-6-phosphate 1-dehydrogenase,
which is very important in maintaining the redox potential
of the cell by generating NADPH, was found to be 1.6-fold
lower in abundance, and phosphoglucomutase, which
maintains a balance between the glucose-6-P and
glucose-1-P, was found to be more abundant by 1.6-fold.
Glucose-6-P is the metabolite that enters the glycolysis, and
lower abundance of glucose-6-phosphate 1-dehydrogenase
and higher abundance of phosphoglucomutase may lead to
accumulation of glucose-1-P.

3.9 Variation of abundance in other proteins elicited
by lactitol

The other differentially abundant proteins include elonga-
tion factor Tu (EF-Tu) and putative stress-related phosphate
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starvation inducible protein both involved in protein synth-
esis (http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomePage.
cgi). Along with its function in protein translation, EF-Tu
has been reported to have a role in other cellular processes,
including acting as chaperone in protein folding in E. coli
[45]. In several LAB, EF-Tu was localized to the cell wall and
described as a ‘moonlighting protein’, i.e. a protein that has
multiple, apparently unrelated functions in different cell
locations [46]. EF-Tu was moreover suggested to participate
in intestinal cell adhesion [28, 46—48] and its 2.6-fold
increase may be connected to the higher number of NCFM
in the GIT during lactitol administration [9]. The proposed
involvement of EF-Tu in intestinal adhesion of bacteria
agrees with its increased abundance by lactitol. This effect
presents a novel putative mechanism for synbiotic interac-
tions between probiotics and specific prebiotics.

At harvest pH of glucose and lactitol cultures was 5.2 and
6.3 (Fig. 1), respectively, and the difference is due to higher
growth rates in glucose and increased production of lactic
acid. FoF; ATP synthase subunit y was 1.8-fold higher in
glucose compared to the lactitol grown cultures (Table 1),
which reflect its role in maintaining the proton motive force
at lower pH [49]. Also, the 1.9-fold increase in chaperonin
GroEL in NCFM grown on glucose may be attributed to the
low pH (Table 1). Chaperonin GroEL was reported to be
induced as acid stress response in L. acidophilus [49], L. lactis
and Enterococcus faecalis, which are all LAB [25].

Several NCFM proteins lowered in abundance in the
presence of lactitol, including ribonucleoside triphosphate
reductase, deoxyadenosine kinase, inosine-5'-monopho-
sphate dehydrogenase, adenylosuccinate synthase, trigger
factor and citrate lyase a-chain, most of which are involved
in nucleotide metabolism. L. lactis grown on lactose
showed a similar down-regulation of pyrimidine-regulated
enzymes [29]. The catabolism of galactose-1-P to glucose-1-
P, a process involving UDP-glucose and UDP-galactose
and the enzymes UDP-glucose-4-epimerase and galactose-1-
phosphate uridylyltransferase, has been suggested to
participate in the lower abundance of pyrimidine enzymes
[29], and a similar physiological response may occur
with lactitol.

4 Concluding remarks

The present whole-cell extract soluble reference proteome
(pH 3-7) for L. acidophilus NCFM is the most comprehen-
sive analysis for a probiotic bacterium to date. A dynamic
view of the proteome at the late exponential phase of NCFM
grown on lactitol as a sole carbon source provides insights
into probiotic—prebiotic interactions, which are essential for
understanding how a prebiotic source can benefit a probiotic
strain and lead to selective stimulation of its growth.
L. acidophilus NCFM has the capacity to metabolize the
carbohydrate moieties generated from lactitol. Galactose
thus likely enters the Leloir pathway, while glucitol/sorbitol
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is metabolized by a PTS-II component. Other proteins
showing differential abundance in lactitol were indirectly
involved in the CCR. Finally, lactitol increases EF-Tu that
can participate in GIT adhesion processes, which presum-
ably constitute an important consequence of intake of the
synbiotic combination of NCFM and lactitol.
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