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Abstract Lactic acid bacteria (LAB) as starter culture in
food industry must be suitable for large-scale industrial
production and possess the ability to survive in unfavorable
processes and storage conditions. Approaches taken to
address these problems include the selection of stress-
resistant strains. In food industry, LAB are often exposed
to metal ions induced stress. The interactions between LAB
and metal ions are very poorly investigated. Because of
that, the influence of non-toxic, toxic and antioxidant metal
ions (Zn, Cu, and Mn) on growth, acid production, metal
ions binding capacity of wild and adapted species of Leu-
conostoc mesenteroides L3, Lactobacillus brevis 1.62 and
Lactobacillus plantarum L73 were investigated. The pro-
teomic approach was applied to clarify how the LAB cells,
especially the adapted ones, protect themselves and tolerate
high concentrations of toxic metal ions. Results have
shown that Zn and Mn addition into MRS medium in the
investigated concentrations did not have effect on the
bacterial growth and acid production, while copper ions
were highly toxic, especially in static conditions. Leuc.
mesenteroides 1.3 was the most efficient in Zn binding
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processes among the chosen LAB species, while L. plan-
tarum L73 accumulated the highest concentration of Mn.
L. brevis L62 was the most copper resistant species.
Adaptation had a positive effect on growth and acid pro-
duction of all species in the presence of copper. However,
the adapted species incorporated less metal ions than the
wild species. The exception was adapted L. brevis L62 that
accumulated high concentration of copper ions in static
conditions. The obtained results showed that L. brevis L62
is highly tolerant to copper ions, which allows its use as
starter culture in fermentative processes in media with high
concentration of copper ions.

Keywords Metal ions - Leuconostoc mesenteroides -
Lactobacillus brevis - Lactobacillus plantarum -
Proteomics

Introduction

Various metal ions are involved in a number of bio-
chemical and physiological processes in cells. The two
major recognized functions are to act as cofactors for
metal-ion-activated enzymes or to neutralize electrostatic
forces present in various cellular units. Metal ions can
also be toxic even at relatively low concentration due to
the reactive oxygen species (ROS) formation, which is
one of the prime mechanisms of metal-induced stress
(Miyoshi et al. 2003; Mrvéi¢ et al. 2007, 2008). Some
metal ions can be essential and toxic to the cells at the
same time. Because of that, there must be a precise
mechanism for the regulation of their intracellular con-
centrations. This mechanism provides a cell metal ion
concentration necessary for all metabolic reactions,
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without the risk of toxic effect. It includes the regulation
of entry, storage and ejection of metal ions before their
accumulation reaches a toxic level (Solioz et al. 2010).

The lactic acid bacteria (LAB) are non-pathogenic, food
safe microorganisms, which are commonly applied in food
production and preservation. In various biotechnology
processes, LAB are often in contact with different metal
ions. Because of that, over the past few years, interactions
of metal ions with LAB have been investigated and a new
possible area of application of LAB in the food, medicine
and pharmaceutical industry in detoxification process and
nutraceuticals production was indicated (Mrvc¢ié¢ et al.
2012). Certain species of lactic acid bacteria, as well as
other microorganisms, can bind metal ions to their cells
surface or inside the cell. LAB were assessed for their
ability to bind heavy metals as Cd, Pb, Cu, As in vitro as an
initial screening step to identify species suitable for heavy
metal detoxification in food and drinking water (Ibrahim
et al. 2006; Halttunen et al. 2007a, b, 2008a, b; Schut et al.
2011). Also, LAB can produce nutraceutic, organic form of
trace elements bound by LAB, which can be an additional
valuable source of minerals in diet (Xia et al. 2007; Mrv¢ic¢
et al. 2009a, b; Zhang et al. 2009), or transform trace
elements inorganic form into an organic one during fer-
mented food production by LAB (Alzate et al. 2007, 2008;
Peiias et al. 2012).

LAB as starter culture in food industry must be suit-
able for large-scale industrial production and possess the
ability to survive in unfavorable processes and storage
conditions. Approaches taken to address these problems
include the selection of stress-resistant strains or sublethal
stress application, which can lead to an elevated state of
resistance. LAB, as well as other microorganisms, which
are exposed to stress, can be adapted and therefore sur-
vive better when they find themselves again in stressful
conditions (Desmond et al. 2001). This approach is often
reported as “evolutionary engineering”, since it uses
evolutionary principles for improving microbial physio-
logical properties. Stress responses of LAB to unfavorable
process parameters as heat shock, low temperature,
osmotic stress, oxidative stress, low pH or starvation were
described (van de Guchte et al. 2002), but very little is
known about LAB response to heavy metal stress.
Advances in genomics and proteomics have led to the
better understanding and identification of genes involved
in LAB stress responses.

In this paper, the influence of non-toxic (Zn), toxic (Cu),
and antioxidant (Mn) metal ions on LAB starter culture
growth, acid production and metal ions binding capacity
was investigated. The proteomic approach was applied to
clarify how the LAB cells, especially the adapted ones,
protect themselves and tolerate high concentrations of toxic
metal ions.
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Materials and methods
Bacteria adaptation and inoculum preparation

The following species of LAB were used throughout the
study: Leuconostoc mesenteroides 1.3, Lactobacillus brevis
L62 and Lactobacillus plantarum L73. The strains were
taken from the culture collection of the Faculty of Food
Technology and Biotechnology, University of Zagreb,
which were identified in BCCM/LMG Bacteria Collection,
Gent (Leuconostoc mesenteroides 1.3—ID9261, Lactoba-
cillus brevis 1L62—I1D9262, Lactobacillus plantarum L73—
1D9263). The stock culture was stored at 4 °C on Man-—
Rogosa—Sharpe (MRS) agar (Biolife) and was sub-cultured
every month. MRS medium contains all the necessary
ingredients for the growth of LAB and it is most commonly
used for the cultivation of LAB. So it was possible to use it
for the study of selected LAB properties in the presence of
metal ions. Leuc. mesenteroides L3, L. brevis L62 and
L. plantarum L73 wild species were grown for 18 h in MRS
broth in microaerobic conditions at 32 °C, without addition
of metal ions. In batch process 200 mL of sterile liquid MRS
in 500 mL Erlenmeyer flasks was inoculated with 5 % of the
obtained inoculum. The wild species of LAB were adapted
to high concentrations of metal ions by successive daily
inoculation of MRS medium with increasing concentration
(30 mg/L per day; up to 300 mg/L) of corresponding metal
ions. The adapted species for inocula preparation were
grown in MRS medium with 50 mg/L of corresponding
metal ions.

Batch process

Erlenmeyer flasks (500 mL) with 200 mL of MRS broth
were used in batch processes. Cultivations were performed
in MRS broth with and without addition of metal ions
(added as ZnSQOy4, CuSO4 or MnSQy,), in static (thermostat)
or dynamic (shaker, 100 r.p.m.) conditions at 32 °C for 18
h. Zn, Cu and Mn were added to pure cultures of tested
LAB in MRS medium separately, as concentrated aqueous
solutions. After the cultivation, bacterial biomass was
harvested by centrifugation (Rotina 35, Hettich, Germany)
and twice washed with deionised water. Samples were
analyzed for biomass, acid production and metal ions
concentration.

Analysis

The bacterial dry matter biomass was determined by drying
the biomass at 105 °C to a constant weight after centri-
fuging 5 mL of samples at 4,000 rpm for 10 min
on a portable centrifuge. Metal ions contents in bacte-
rial biomass were determined using atomic absorption
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spectrometry (AAS). “Varian” Spectra AA 300 Atomic
Absorption Spectrophotometer equipped with air-acetylene
flame was used with previous sample digestion and prep-
aration. Metal ion concentration was determined by refer-
ence to an appropriate standard metal solution. Whey
powder (IAEA-155) was used as commercial reference
material. The pH of solution was monitored using a pH
meter (Orion 720A). High performance liquid chromatog-
raphy (HPLC) was used for lactic and acetic acids deter-
mination. Carrez reagent was added to the supernatant, and
the precipitated proteins were removed by filtration (Le-
febvre et al. 2002). Lactic and acetic acids concentrations
were quantitatively determined at 340 nm by a ProStar
Varian 230 analytical HPLC (USA) with a Varian Meta-
Carb 67H column (300 x 6.5 mm) heated to 60 °C in the
isocratic mode of elution with 0.005 M sulfuric acid at a
constant flow rate of 0.6 mL/min. All samples were ana-
lyzed in triple.

2D-gel electrophoresis

Immobilized pH gradient strips (14 cm, pH 4-7) were used
for isoelectric focusing. Proteins were resolved in second
dimension by SDS-PAGE on 1 mm thick, 12 % poly-
acrylamide gel. Differential display analysis was accom-
plished using gel images of copper treated cells versus wild
type. The densitometry analysis was performed using
image analysis software (Discovery Series PDQuest 2-DE
analysis software package version 7.4.0.) integrated with a
VersaDoc 4000 Imaging System (Bio-Rad, UK). Master
gels were used to obtain the differences between protein
profiles.

Mass spectrometry and protein identification

Protein spots detected as differentially displayed were
excised from 2-DE gels and subjected to in-gel digestion
using trypsin. Mass spectrometry acquisition was per-
formed using a MALDI TOF/TOF 4800 Plus analyzer.
Samples were spotted onto a metal plate mixed with o-
Cyano-4-hydroxycinnamic acid. Instrument parameters
were set using the 4000 Series Explorer software V 3.5.3.
MS/MS of the ten most intense precursor signals (exclud-
ing trypsin autolysis fragments) from MS spectra was
achieved by 1 kV collision energy. GPS Explorer Software
v3.6 was used for database searching which performs a
combined ion search using MS and MS/MS data collected
in negative ion mode against the NCBInr by means of the
MASCOT search engine.

Results

Effects of metal ions addition in MRS medium

on growth, acid production and metal ions
accumulation by Leuconostoc mesenteroides 1.3,
Lactobacillus brevis 162 and Lactobacillus plantarum
L73

In the present study, the effects of metal ions addition on Leuc.
mesenteroides 1.3, L. brevis 1.62 and L. plantarum 1.73 cell
growth, acid production and metal ions accumulation have
been considered. These species were selected because of their
extensive use in fermented food production. As we can see in
the Table 1, the Zn and Mn addition, in investigated con-
centrations (0-500 mg/L), did not have any effect on bacterial
growth and acid production, both in static (data not shown)
and in dynamic conditions. On the other hand, copper ions
were highly toxic. The added Cu®" had, at all concentrations,
aninhibitory effect on the growth of LAB and acid production,
especially in static conditions. The Cu?* at 100 mg/L under
dynamic conditions caused growth reduction of 5 % for all
tested species. In static condition already 50 mg Cu/L*"
caused 5 % reduction of growth and acid production. Among
the species included in this study, L. brevis L62 was the most
resistant to copper ions. One can see that in dynamic condition
at Cu concentrations higher than 250 mg/L growth of L. brevis
L62 was reduced only 25 %, while growth of the other two
species was reduced by more than 50 %. Also, in static con-
ditions Cu concentration of 200 mg/L caused a complete
inhibition of Leuc. mesenteroides L3 and L. plantarum
growth, while growth inhibition of L. brevis L62 at this con-
centration was about 50 %. Copper ions had a low inhibitory
effect on L. brevis L62 acid production, as well.

Addition of metal ions into MRS medium increases the
metal ions mass accumulated in the bacterial biomass
(Table 1). Among tested LAB, Leuc. mesenteroides L3
accumulated the highest levels of Zn and Cu. L. plantarum
L73 accumulated the most Mn ions. The Mn mass in
L. plantarum L73 biomass grown in MRS medium without
additional Mn ions was four times more than in two other
species. Mixing during fermentation did not affect Zn and
Mn accumulation in bacterial biomass (data not shown),
while the incorporation of Cu was higher in static condi-
tions (Table 1).

Effects of tested species adaptation on high metal ions
concentration on growth, acid production and metal
ions accumulation by Leuconostoc mesenteroides 1.3,
Lactobacillus brevis 1L62 and Lactobacillus plantarum
L73

Microbial adaptation is defined as the ability of a micro-
organism to adjust itself to adverse changes in the
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Table 1 Biomass concentration (X), acid production and metal ions content (q) in Leuconostoc mesenteroides 1.3, Lactobacillus brevis L62 and
Lactobacillus plantarum L73 wild species, after 18 h fermentation at 32 °C in static and dynamic conditions, without and with increased

concentration of Zn, Cu or Mn addition

Metal ions Leuc. mesenteroides L3 L. brevis L62 L. plantarum L73

concentration

(mg/L) La.ctic A(;etic q X La.ctic A(fetic q X Laf:tic q

(g/L) acid (mg/g) acid (mg/g) (mg/g) (g/L) acid (mg/g) acid (mg/g) (mg/g) (gL) acid (mg/g) (mgl/g)

Zn dynamic

0 240  10.51 5.02 0.12 3.60 103 5.05 0.08 420 21.03 0.07

300 2.46 10.08 4.97 1.80 3.62 9.92 4.98 0.98 419  20.38 0.40

Mn dynamic

0 2.42 9.92 4.86 1.30 3.62 10.31 5.03 1.22 429 2043 5.03

500 2.46 10.02 4.80 5.20 3.62 10.13 4.87 5.84 4.33 20.58 6.93

Cu dynamic

0 2.46 10.04 4.82 0.04 3.61 10.30 5.05 0.08 4.21 20.50 0.07

50 2.39 9.63 4.23 0.61 3.59 10.22 3.03 0.50 4.09 17.49 0.32

100 2.35 9.54 3.22 1.40 347  10.02 2.62 1.10 3.95 16.02 0.49

150 2.06 8.25 2.80 223 3.29 9.92 2.37 1.60 370  15.20 0.58

200 1.62 7.53 2.62 3.04 2.95 9.56 2.14 2.11 2.95 14.80 0.82

250 1.24 6.32 2.21 4.67 2.77 9.23 2.00 3.03 2.50 13.82 1.20

300 0.96 5.54 1.89 6.38 2.61 9.11 1.63 4.75 2.21 12.02 1.45

Cu static

0 2.13 9.96 4.94 0.05 3.20 9.94 5.13 0.06 3.66 18.70 0.06

50 1.93 9.70 4.90 1.31 3.02  10.05 5.06 2.21 3.48 18.02 0.72

100 1.71 8.90 4.80 3.82 2.87 9.86 4.77 4.10 3.21 17.21 1.32

150 0.94 4.80 3.20 - 2.60 9.32 3.20 4.92 2.56 10.25 1.57

200 0.50 3.70 2.04 - 1.80 8.03 2.65 5.84 1.75 5.54 -

250 0.15 3.21 1.70 - 1.26 7.11 2.02 - 0.38 4.55 -

300 0.11 2.22 1.30 - 0.80 6.21 1.50 - 0.15 3.93 -

The results are average of three independent replicates

environment, such as the presence of high concentration of

metal ions. In this work Leuc. mesenteroides 1.3 and 3,5 - - -

L. brevis 1L62 were chosen for the adaptation to the high 3 - i ydorni. Madogend strain

concentration of Zn and Cu because of their high affinity to -

bind these ions, while L. plantarum L73 was chosen to be % 25 1

adapted to high concentrations of Mn. Due to high mass of E 2 1

these ions in L. plantarum L73, its biomass grew in the g 15 -

MRS medium without additional Mn ions. The growth and o

metal ions bioaccumulation properties of tested wild and @ 27

adapted LAB were investigated as a function of the type of 0,5 -

LAB and initial metal ion concentration. Experimental 0

evidence indicates that the adapted Leuc. mesenteroides 1.3 . . . .
. . . static |dynamic static |dynamic

and L. brevis L62 cells were highly resistant to copper

when compared with the wild species, although Cu also MRS Cu adition MRS Cu adition

inhibits adapted Leuc. mesenteroides L3 cell growth

(Fig. 1). The adaptation had a positive effect on the acid Leuc. mesenteroidesL3 L. brevis L62

production in the presence of copper, too (data not shown).
However, the adapted species of bacteria generally incor-
porated less metal ions than the wild species (Fig. 2). The
exception were adapted bacteria L. brevis L62 that
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Fig. 1 Biomass concentration of Leuconostoc mesenteroides L3 and
Lactobacillus brevis 1.62 wild and adapted species, after 18 h
fermentation at 32 °C without (static) or with 200 mg Cu/L in static
and dynamic conditions
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Fig. 2 Mass of Zn (a), Cu (b) and Mn (c) ions incorporated in wild
and adapted bacterial biomasses after 18 h fermentation at 32 °C in
static or dynamic conditions, without or with addition of 200 mg/L
Zn, 100 mg Cu/L and 500 mg/L Mn

accumulated high concentrations of copper ions only in
static conditions, and adapted bacteria L. plantarum L73
that accumulated slightly lower mass of manganese than
the wild species, both in static and dynamic conditions.

Difference in molecular response underlying copper-
regulated protein expression of Leuconostoc
mesenteroides L3 and Lactobacillus brevis L62 wild
type cells and cells adapted to copper

Using a proteomic approach the copper adaptation of Leuc.
mesenteroides (L3) and L. brevis (L62) was investigated.
Comparative proteome analyses were performed on the
cytosolic proteins of wild type cells, wild type copper
exposed cells (L3 4 Cu and L62 4 Cu), and cells adapted
to copper (L3A 4 Cu and L62A 4 Cu) in order to detect
the differentially expressed proteins between control
(bacteria grown in MRS medium) and stimulated condi-
tions (bacteria grown in MRS medium with additional
100 mg/L Cu ions). Comparisons of the protein profiles of
cultures grown without copper in medium, with copper and
cultures adapted to copper revealed a number of protein
spots that were differentially expressed. Figure 3 shows a
set of two-dimensional gels of cytosolic fraction of Leuc.
mesenteroides L3 with copper induction (L3 4 Cu),
without copper induction (L3) and cytosolic fraction of
cells adapted to copper (L3A + Cu). The identity of dif-
ferentially expressed proteins is shown in Table 2. The
same view for the bacteria L. brevis L62 was presented
with Fig. 4 and Table 3.

Discussion

LAB offer several advantages for application in food bio-
technology compared to other microorganisms, primarily
GRAS status and probiotic activity. On the other hand, as
prokaryotes, they are more sensitive to the heavy metals
toxicity than yeasts. Relatively few studies have been
conducted on the response of LAB to heavy metals (Solioz
et al. 2010; Lamberti et al. 2011). We confirmed that Zn
and Mn, in tested concentrations, are not toxic for LAB
growth; just the opposite, wild and adapted L. plantarum
L73 species have high requirements for Mn>* and accu-
mulate high intracellular levels of Mn®". Archibald and
Fridovich (1981) concluded that L. plantarum has an
unusually large demand for Mn”*" ions and accumulate
more than 30 mM Mn*". This bacterium does not contain a
defense enzyme superoxide dismutase. A defense against
oxygen toxicity in L. plantarum is provided using Mn>"
ions, which perform the same function as the enzyme. On
the other hand, in the presence of higher Zn and Cu con-
tent, L. plantarum L73 accumulated the lowest concentra-
tion of these metal ions among investigated LAB.

Zinc is an essential nutrient necessary for every form of
life. Very little is known about systems for zinc uptake,
storage and efflux in LAB. In model LAB Lactococcus
lactis 1L1403 high-affinity zinc uptake transporter system
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Fig. 3 Two-dimensional protein profile (24-cm IPG strip) of cyto-
solic fractions obtained for Leuconostoc mesenteroides wild-type (L3)
grown in MRS broth (a), wild type grown with 100 mg/L copper
(L3 4 Cu) (b), and adapted to copper, and grown with 100 mg/L

are described (Bolotin et al. 2001; Llull et al. 2011). The
storage of zinc in LAB in literature was not described,
which is in agreement with results obtained in this work.
Although zinc in tested concentrations had no toxic effect
on cell growth and acid synthesis, adapted cells accumu-
lated less zinc ions than wild species. It could be assumed
that cells adapted to zinc ions have activated the export
system or reduced the intake of ions. This is in accordance
with general mechanisms of microbial metal resistance,
which includes decreased accumulation owing to efflux or
exclusion mechanisms. This prediction should be con-
firmed by proteomics of membranes proteins.

The results also showed that copper is highly toxic to
LAB. Toxicity was highly species-specific, similar to the
results obtained by Rodriguez and Alatossava (2008). They
tested Lactobacillus delbrueckii, Lactobacillus helveticus,
Lactobacillus rhamnosus, Streptococcus thermophilus and
Propionibacterium freudenreichii, where L. delbrueckii
was most resistant to copper showing growth inhibition
only in the presence of 30 mg Cu/L. L. brevis L62 as well
as Leuc. mesenteroides L3 researched in our work were
much more tolerant to copper. LAB have transport systems
for copper, which are described in detail by Solioz et al.
(2010). But, it is still unknown whether LAB need copper
in order to grow. It has been shown that growth as well as
diacetyl and acetoin synthesis by L. lactis can be stimulated
by the addition of Cu** in MRS medium (Kaneko et al.
1990). This is particularly interesting for the dairy industry
where copper vessels are used in cheese production
(Rodriguez and Alatossava 2008). In accordance with the
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copper (L3A + Cu) (c¢) for 18 h at 32 °C. The gels show the
differentially expressed proteins between L3 versus L3 + Cu (light
color arrow), and L3 versus L3A + Cu (dark color arrow)

achieved results, L. brevis L62 can be obtained to produce
copper-enriched cells developing an efficient metal deliv-
ery system for therapeutic treatments. Namely, adapted
L. brevis L62 cells bound high mass of this metal ion while
other adapted species bound less metal ions than wild
species. The total copper mass was about 6 mg/g dw, while
not adapted yeast Saccaharomyces cerevisiae bound about
1.8 mg/g of intracellular copper in the form of (GSH)-
copper conjugate during biotransformation with copper
acetate (Rollini et al. 2011).

A proteomic approach was used to determine molecular
response underlying copper-regulated protein expression of
Leuc. mesenteroides 1.3 and L. brevis L62 wild type cells
and cells adapted to copper, in order to establish the
superiority and tolerance of L. brevis L62 and Leuc. mes-
enteroides L3 cells adapted to copper. The experimental
data showed that exposure to elevated concentrations of
copper activated intracellular stress response mechanisms
of Leuc. mesenteroides L3 and L. brevis L62 to protect
cellular components from damage. During copper exposure
different chaperons were induced in both species Leuc.
mesenteroides L3 and L. brevis L62. Molecular chaperones
are proteins that contribute to cellular homeostasis. They
facilitate processes such as enabling protein folding and
stabilization, renaturation and resolubilization under vari-
ous adverse growth conditions and prevent cell death
(Sugimoto et al. 2008). The results of this study indicate
that copper-induced stress response of Leuc. mesenteroides
L3 wild type species (L3 + Cu) is linked to the expression
of molecular chaperons DnaK; the heat shock protein,
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Table 2 The identity of differentially expressed proteins detected in 2-DE by MALDI-TOF/TOF mass
mesenteroides 1.3 versus L3 + Cu (a), and L3 versus L3A + Cu (b)

spectrometry analysis, Leuconostoc

Accession no. Protein name PS**  TIS***+ pI¥  MW?* Protein function

(g)*

(a)

116617667 6-phosphogluconate dehydrogenase-like protein | 445 360 476 32,821.0 Pentose phosphate pathway

116617297 Acetoin dehydrogenase | 103 91 4.73 27,199.7 Butanoate metabolism

116617978 Aldo/keto reductase | 1,080 1,001 5.25 32,025.6 Aldehyde/ketone reduction

116617788 Glucocinase | 793 734 5.11 33,764.2 Glycolysis/gluconeogenesis

116618379 Acetate kinase | 860 804 5.23 45,/741.3 Pyruvate metabolism

116618121 Glutathione reductase | 938 881 5.30 47,226.3 Glutathione metabolism

116618100 Aldose 1-epimerase | 342 332 4.67 36,308.8 Glycolysis/Gluconeogenesis

116618857 Mannose/fructose-specific component ITA 431 374 541 34,199.0 PTS system

116618532 Methionine aminopeptidase, type I T 630 576 5.35 28,9985 Peptides and arylamides metabolism

227431846 Peptide deformylase 7 273 239 4.88 21,818.9 Polypeptide or peptide deformylase

116618834 Oxidoreductase 1 207 189 4.57 22,707.3 Oxidoreduction

227431275 RaiA ribosome-associated inhibitor protein Y 1 302 290 5.32 20,742.8 Stress-responce

227432955 dUTP diphosphatase 1 132 121 5.11 19,767.1 dUTPase

116618442 Molecular chaperone DnaK{ 1,300 1,156 4.56 65,651.5 Heat shock protein

227431122 Chaperone GroEL 1 961 840  4.66 56,694.4 Stress responce chaperone

116619042 SSB_OF single-stranded DNA-binding protein | 362 338  4.81 20,147.7 ssDNA-binding protein (SSB)

116619023 DNA-binding response regulator 1 578 550 4.79 26,870.6 Signal transduction mechanisms/
transcription

116617587 Acetate kinase T 628 538 5.55 46,017.7 Pyruvate metabolism

116618387 Cystathionine gamma-lyase | 787 760 548 41,261.5 Cysteine and methionine
metabolism

(b)

116619026 HAD superfamily hydrolase | 303 267 4.55 29,561.1 Phosphoryl transfer reaction

116617667 6-Phosphogluconate dehydrogenase-like protein | 190 141 4.76 32,821.0 Carbohydrate kinase

116617668 Gluconate kinase | 283 214 476 32,821.0 Carbohydrate kinase

116618953 Phosphoglycerate mutase | 864 824 5.03 26,516.7 Glycolysis/Gluconeogenesis

116619025 Thiol peroxidase (atypical 2-Cys peroxiredoxin) | 244 225 431 18,175.1 Thiol peroxidase

227431949 Phosphate acetyltransferase | 704 674 5.20 34,630.1 Energy production and conversion

116617413 UDP-galactose 4-epimerase 1 852 739 5.07 36,437.4 Galactose metabolism

227432414 UDP-glucose pyrophosphorylase 1 681 624 5.06 32,481.0 Galactose metabolism

116617780 2,3,4,5-tetrahydropyridine-2,6-dicarboxylate 338 321 4.64 24,1319 Ion transport or translation initiation

N-succinyltransferase 1

116617476 DNA-binding response regulator 1 89 41 4.66 27,3452 Two-component systems

116617520 ATP-dependent Clp protease proteolytic subunit ClpP 1 142 114 5.00 21,547.0 Proteolytic activity

116618712 Translation elongation factor P (EF-P) 1 310 292 5.03 20,366.3 Translation

116618852 Co-chaperonin GroES (HSP10) 1 327 314 449 9970.2 Protein folding

227431374 Universal stress protein UspA 1 114 87 4.39 15,805.2 Stress responce

116617689 Actin-like ATPase for cell morphogenesis 7 805 759 5.04 35,142.6 Cell division

116617720 Lacl family transcription regulator 7 357 326 498 36,029.7 Transcriptional regulator

* NCBInr accession number. MS/MS ion search data were used to query the Firmicutes (Gram-positive bacteria) by accessing the NCBInr database

through Mascot

*#* PS Protein MOWSE score
#** TIS Total ion score

¥ Database molecular weight (MW) and isoelectric point (iP) values. These values were compared with apparent pl and Mr values estimated from
two-dimensional gels

1 and | symbols indicate proteins that are quantitative expressed in copper treated sample (1) or quantitative expressed in control sample () for
Leuconostoc mesenteroides 1.3 versus L3 + Cu, and L3 versus L3A + Cu (shown on Fig. 3)
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L62 L62 + Cu

Fig. 4 Two-dimensional protein profile (24-cm IPG strip) of cyto-
solic fractions obtained for Lactobacillus brevis wild-type (L62)
grown in MRS broth (a), wild type grown with 100 mg/L copper
(L62 + Cu) (b), and adapted to copper, and grown with 100 mg/L

GroEL with a function in general stress response
(Champomier-Verges et al. 2002), and additional stress
response protein RaiA that counteracts to the miscoding
effects. Cells adapted to copper (L3A + Cu) provided
protection against copper toxicity via inducing synthesis of
the universal stress response proteins UspA, and activation
of the GroES chaperon. L. brevis L62 wild type species
(L62 + Cu) over expressed GroES chaperon during copper
exposure, while adaptation (L62A + Cu) was obtained
through activation of small heat shock protein, cold shock
protein and GroES chaperon..

Since the excess of copper causes the oxidative damage
of cellular macromolecules such as lipids, proteins, and
nucleic acids, Leuc. mesenteroides 1.3 and L. brevis 1.62
activate relevant repair processes, such as copper stress
response, that involve degradation of damaged proteins,
protein synthesis and DNA repair. Copper excess caused in
wild type Leuc. mesenteroides 13 species (L3 + Cu)
increased level of methionine aminopeptidase which
engaged in peptide degradation (Lowther and Matthews
2002) and peptide deformylase involved in protein syn-
thesis (Hao et al. 1999). The increased expression of these
proteins suggested that copper activated degradation of
damaged proteins and those cells produced new proteins in
order to survive. Similar to wild type, in adapted species
proteolysis was induced (over expression of ClpP protease)
and protein synthesis was activated. Stress-responsive
mechanism of L. brevis L62 wild type during copper
exposure was similar and it induced peptidase activity

@ Springer

L62 A +Cu

copper (L62A + Cu) (c¢) for 18 h at 32 °C. The gels show the
differentially expressed proteins between L62 versus L62 + Cu (light
color arrow), and L62 versus L62A + Cu (dark color arrow)

(prolyl aminopeptidase). The adaptation to copper was
accomplished through increase of ribosomal subunits that
prompted new proteins synthesis. Results showed that
during exposure to the elevated copper concentrations,
Leuc. mesenteroides 1.3 over expressed dUTP diphospha-
tase and single-stranded DNA-binding protein that are
essential for DNA synthesis and for the replication restart
after DNA damage (Johansson et al. 2005; Raghunathan
et al. 2000). Adapted L. brevis L62 cells over expressed
nucleoside 2-deoxyribosyltransferase and uridine kinase
that are essential for a pyrimidine metabolism. Higher
expression of these proteins indicated that DNA was also
impaired after copper injury. The increase of protein
activity reported above suggests that copper activates DNA-
repair mechanisms in both species.

Leuconostoc  mesenteroides L3 wild type cells
(L3 4 Cu) and adapted cells (L3A + Cu) received infor-
mation about the exceeding of copper ions in the envi-
ronment and activated DNA-binding response regulator
that is connected to cellular response to the changes in the
environment (Solioz et al. 2010). Leuc. mesenteroides
L3 + Cu also induced expression of oxidoreductase that
belongs to nitroreductase family proteins. Nitroreductase
has been previously detected as copper-induced protein in
L. lactis (Magnani et al. 2008). The function of nitrore-
ductase in copper stress response is still unknown, but it
seems that it is frequently activated between species during
exposure to copper. Concomitant with copper exposures
was the decrease in sugar metabolic pathways, e.g.
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Table 3 The identity of differentially expressed proteins detected in 2-DE by MALDI-TOF/TOF mass spectrometry analysis, Lactobacillus

brevis L62 versus L62 + Cu (a), and L62 versus L62A + Cu (b)

Accession no. Protein name pS##  TIS*** pI*  MW?* Protein function
(g*
(a)
116334119 Deoxynucleoside kinase | 728 674 478 24,622.5 Purine metabolism
227510580 Deoxyguanosine kinase | 176 143 5.77 25,215.8 Phosphorylation of deoxyribonucleosides
116333275 Ribosome-associated protein Y (PSrp-1) | 483 460 5.03 21,498.0 Stress-response
116333266 Co-chaperonin GroES 1 293 282 4.61 10,090.3 Stress responce
116334039 Nucleoside phosphorylase 1 567 550 4.38 24,420.2 Cysteine and methionine metabolism
116333510 Succinyl-diaminopimelate desuccinylase | 378 349 471 42,116.2 Lysine biosynthesis
116334352 Prolyl aminopeptidase 1 270 251 4.76 34,263.6 Arginine and proline metabolism (proline)
238767638 p-alanine-p-alanine ligase 1 214 169 475 41,927.7 Peptidoglycan biosynthesis/p-Alanine
metabolism
116334044 Cell division initiation protein T 258 236 4.70 26,525.3 Cell division
116334411 Aldo/keto reductase T 209 190 4.68 30,142.2 Aldehyde/ketone reduction
116334117 HAD family sugar phosphatase 318 286 4.61 23,624 Starch and sucrose metabolism
116334432 Hypothetical protein LVIS_1867 1 335 339 4.65 12,664.2 Unknown
(b)
116334119 Deoxynucleoside kinase | 728 674 478 24,622.5 Purine metabolism
227510580 Deoxyguanosine kinase | 176 143 5.77 25,215.8 Phosphorylation of deoxyribonucleosides
116333275 Ribosome-associated protein Y (PSrp-1) | 483 460 5.03 21,498.0 Stress-response
116332787 Molecular chaperone (small heat shock 354 330 4.75 16,042.8 Stress responce
protein) T
116334505 Cold shock protein T 235 217 444  7299.5 Stress responce
116333266 Co-chaperonin GroES 1 283 271 4.61 10,090.3 Stress responce
116333056 Hypothetical protein LVIS_0390 1 141 113 4.65 14,721.5 Unknown
116333239 Ribosomal protein L10 1 652 604 4.88 18,019.5 Ribosomal component
116333240 Ribosomal protein L7/L.12 1 302 256 440 12,368.4 Ribosomal component
116333157 Ribosomal protein L31 1 202 168 4.80 9,382.4 Ribosomal component
116332688 30S ribosomal protein S6 1 221 205 5.16 11,373.8 Ribosomal component
116334135 Phosphocarrier protein HPr 367 1 112 83 474  9,448.7 PTS system
116333082 Nucleoside 2-deoxyribosyltransferase 1 457 437 4.66 16,572.3 Pyrimidine metabolism
116333644 Uridine kinase 1 743 691 5.00 25,466.2 Pyrimidine metabolism
116334371 3-oxoacyl-acyl carrier protein reductase T 1,010 949 4.79 26,377.5 Butanoate metabolism

* NCBInr accession number. MS/MS ion search data were used to query the Firmicutes (Gram-positive bacteria) by accessing the NCBInr

database through Mascot
** PS Protein MOWSE score

##%% TIS Total ion score

¥ Database molecular weight (MW) and isoelectric point (iP) values. These values were compared with apparent pl and Mr values estimated

from two-dimensional gels

1 and | symbols indicate proteins that are quantitative expressed in copper treated sample (1) or quantitative expressed in control sample (|) for
Lactobacillus brevis 162 versus L62 + Cu, and L62 versus L62A + Cu

decreasing in level of expressed glycolytic and penthose-
phosphate pathway enzymes in Leuc. mesenteroides 13
and L. brevis L62 wild-type species (L3 4+ Cu and
L62 + Cu) and copper adapted species (L3A + Cu and
L62A + Cu). The presence of Cu ions also caused the
activation of PTS system, and changes in amino acids
metabolism in both L3 and L62 species.

The proteomic evaluation on a Se-metabolizing probiotic
strain Lactobacillus reuteri during growth in a Se-enriched
medium has also shown the changes in sugar and lipid
metabolism as well as in ADI pathway (Lamberti etal. 2011).
In accordance with our results, a certain degree of stress has
been detected. The stress response is also an over expression
of GroEL chaperone.
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Studies on the lactic acid bacteria growth performance
and fermentation activity, as well as adaptation to stresses
conditions, are of great interest due to the large use of these
microorganisms in food industry. Our results have shown
that presence of metal ions in the growth medium can
influence growth and acid production of tested LAB. The
effect is dependent on variety of metal ions and LAB
species. Leuc. mesenteroides 1.3 was the most efficient in
Zn binding processes among the chosen LAB species,
while L. plantarum L73 accumulated the highest tested
concentration of Mn. L. brevis L62 was the most copper
resistant species. Studies on adaptation to environmental
stress have shown the involvement of the chaperon system-
proteins, mostly dnaK and groESL in various Gram-
positive bacteria (Desmond et al. 2001; de Angelis et al.
2004). Our proteomic research, performed in order to
investigate the adaptation process and bacterial survival
mechanism when exposed to a high metal ion concentra-
tion, has shown that over expression of stress-induced
chaperones has the potential to improve LAB performance.
Namely, copper ions cause an excessive breakdown of all
protein structures due to a destructive effect on the disul-
fide bonds of proteins that play an important role in the
folding and stability of proteins. It is clear that cell during
Cu exposure over expressed the GroES chaperone which
acts by providing a protected environment in which protein
folding of individual protein molecules can proceed, and
the DnaK chaperones, which protects exposed regions on
unfolded or partially folded protein chains. In this way,
degradation of damaged proteins, protein synthesis and
DNA repair; cells protect themselves from the toxic effects
of copper. We presume that lower Cu-toxicity towards
L. brevis L62 is exactly due to GroES chaperon: it is
expressed in the wild type species treated with copper and
in adapted species, while in Leuc. mesenteroides L3 it is
expressed only after adaptation. Additionally, adopted cells
activated export systems or reduced intake of metal ions
into the cell.
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