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INTRODUCTION

Sirtuin was originally designated as silent information regulator 2 (SIR2) in yeast
which stands for the silence regulation of mating type genes (Fritze et al., 1997). In
addition, the main enzyme activity of sirtuin family proteins were proven that it was a
NAD"-dependent deacetylase (Imai et al., 2000). The sirtuin gene has begun to draw
wider attention when it showed positive function in life span control (Anderson et al.,
2003; Guarente and Kenyon, 2000; Lin et al., 2000). The similar effect on life span
elongation has been demonstrated with nematode, fruit fly, yeast and mammalian cells by
molecular approaches (Cohen et al., 2004; Kanfi et al., 2012; Saka et al., 2013). After the
research was extended to mammalian system, it has been shown to involve in the
regulation of metabolism, circadian rhythm and genetic stability, and the key downstream
control point was unraveled to be TOR-mediated signal transduction (Blagosklonny,
2010; Guarente and Kenyon, 2000). Evolutional function of sirtuin was postulated to play
a role in survival upon starvation, partly because its expression was shown to be up-
regulated upon calorie restriction (Cohen et al., 2004). Previously, the author’s group
demonstrated that SIR3 and SIR4 deficiency in yeast resulted in improved resistance to
ethanol and hydrogen peroxide (Matsuda et al., 2011). The gene sequences of bacterial
sirtuin-homologs have been accumulated in the GenBank, providing a long list of
bacterial sirtuins in many archaea- and eu-bacteria (Frye, 2000). As for the function of
these putative ancestral sirtuin homologs, only a few cases have been reported. In
Escherichia coli and in Salmonella enterica, it has been shown to deacetylate acetyl CoA
synthetase, thereby activating the enzyme (Starai et al., 2002). While in Bacillus subtilis,

two deacetylases either requiring or not-requiring NAD" are involved in the deacetylation



of the enzyme (Gardner et al., 2009; Gardner et al., 2006). In E. coli the chemotactic gene
cheY product was reported to be deacetylated by CobB protein (Li et al., 2010). It is not
clear whether bacterial sirtuin has a function similar in chromatin remodeling system in
eukaryotes. However, as an example of individual transcription factor, it was reported that
when the acetylated Lysine 180 of RcsB protein (two-component response regulator) was
deacetylated by CobB protein, the DNA binding activity of RcsB is increased to activate
transcription of the target gene, flnDC in E. coli (Thao et al., 2010). In addition, the
importance of protein acetylation as a posttranslational modification has been
documented as reviewed by others (Bernal et al., 2014). On the other hand, little is known
about its roles in lactic acid bacteria (LAB). LAB are widely consumed by human as food
fermentation starters and as probiotics.

There are a huge number of bacteria on the skin, and in intestinal and oral cavities.
Above all, the intestinal bacteria inhabit at high density in the digestive canal. The
intestinal bacteria produce essential amino acids, vitamin and short-chain fatty acids as
metabolic end products useful to human. Whereas, several intestinal bacteria produce
hydrogen sulfide and secondary bile acid as metabolic end products harmful to human.
The change of the gut microbiota may cause disease such as allergy and type 2 diabetes
in human (Clemente et al., 2012). The gut microbiota plays a major role in health and
diseases in human. Therefore, probiotics as preventive medicine is important to maintain
healthy homeostasis in human. Probiotics are live bacteria that are thought to be beneficial
in preventing several health conditions. According to the 2002 definition by the World
Health Organization (WHO), probiotics are “live microorganisms which, when
administered in adequate amounts, confer a health benefit on the host.” (FAO/WHO

Working Group. 2002). Therefore, those probiotics bacteria must be alive in probiotic



products before they were administered to the host. In addition, the important function of
the probiotics was known to regulate of the functions of intestinal and
immunopotentiative actions (Goldin et al., 2008). For example, Lactobacillus rhamnosus
GG modify helps ameliorate allergic inflammation (Isolauri et al., 2000). Lactobacillus
gasseri OLL 2716 (LG21) has suppressive effect on Helicobacter pylori infection in
humans (Sakamoto et al., 2001) and bacteriocins produced by LAB Kkill or inhibit the
growth of other unfavorable bacteria (Cleveland et al., 2001). The author thinks that it is
an important subject to increase stress tolerance, adhesion to intestinal tract and
production of the useful substances by LAB.

Therefore, the author assumed that it is important to increase stress tolerance,
adhesion to intestinal tract and production of the useful substances by LAB in order to
confer more beneficial health effects on the host. Based on these presumption, the author
aimed to analyze the role of sirtuin in LAB.

In the chapters 1 and 2, the author analyzed sirtuin homolog genes of LAB,
designated sirA and sirB. These genes cloned, and the corresponding recombinant
proteins generated and purified for enzyme Kkinetics characterization. The purified
recombinant LpSirA proteins displayed a comparable deacetylase activity with the
recombinant human SIRT1. In the chapter 3, the author identified several candidate target
proteins both in vivo and in vitro by using the recombinant LpSirA protein and sirtuin
inhibitor nicotinamide (NAM) (Avalos et al., 2002). In the chapter 4, the author analyzed
intracellular localization of sirtuin in L. paracasei by using immunofluorescence staining

and LpSirA-Venus fusion protein.



CHAPTER 1
Identification of sirtuin genes in the genomes of the L. paracasei strains
and its homology to sirtuins of related bacteria

1. INTRODUCTION

Yeast sir2-like gene was identified as one of the genes which controlled mating
type of the Saccharomyces cerevisiae (Klar et al., 1979). Sirtuin was originally designated
as silent information regulator 2 (SIR2) in yeast which stands for the silence regulation
of mating type genes (Fritze et al., 1997). In addition, the main enzyme activity of sirtuin
family proteins were proved that it was NAD*-dependent deacetylase (Imai et al., 2000).
Later, the function of sirtuin was reported with the prokaryote as well as eukaryote. The
gene sequences of bacterial sirtuin-homologs have been accumulated in the GenBank,
providing a long list of bacterial sirtuins in many archaea- and eu-bacteria (Frye, 2000;
Hrschey et al., 2011). As for the function of these putative ancestral sirtuin homologs,
only a few cases have been reported, for example, in E. coli, S. enterica and B. subtilis.
However, it has not been reported the existence of sirtuin homolog gene and the function
of sirtuin homolog protein in LAB. In a previous study, the author’s group determined
draft genome sequences of three L. paracasei strains isolated from either animal or plant
origins with different cholate resistance (Shiwa et al., 2015).

In this chapter, the author demonstrated that the existence of sirtuin homolog
gene in LAB by using GOLD program (DOE JGI-The U.S. Department of Energy Joint

Genome Institute, Walnut Creek, CA, USA., https://gold.jgi.doe.gov/index). In addition,

the author identified the sirtuin homolog of L. paracasei and compared it with sirtuins of


https://gold.jgi.doe.gov/index

various species by using LALIGN program (EMBL-European Bioinformatics Institute,

Hinxton, Cambridge, UK., http://www.ebi.ac.uk/Tools/psa/lalign/)..

2. MATERIALS AND METHODS
2.1 Identification of sirtuin genes in the genomes of the L. paracasei strains and its
homology to sirtuins of related bacteria

Chemicals were of special grade unless otherwise mentioned. Lactobacillus
paracasei strains NRIC 0644, NRIC 1917 and NRIC 1981 were obtained from NRIC
culture collection (Tokyo University of Agriculture, Japan). Strains NRIC 1917 and
NRIC 1981 were isolated from sugar cane wine and compost respectively, whereas origin
of NRIC 0644 was unknown (Shiwa et al., 2015). The details of methodology and basic
data of the genome analysis of the strains used in this work were published elsewhere
(Shiwa et al., 2015). In this study, identification of sirtuin genes in the draft genomes was
performed by using data analysis program, In Silico Molecular Cloning (In Silico
Biotechnology, Yokohama, Japan). For sequence comparison at the level of amino acid
sequence, the sequences obtained by determining individual cloned DNAs were used as
described in the following section using an application program, Keyword Search, of the
In Silico Molecular Cloning program.

The existence of sirtuin homolog gene in LAB was demonstrated by using
GOLD program. Genomes Online Database (GOLD) is a World Wide Web resource for
comprehensive access to information regarding genome and metagenome sequencing
projects, and their associated metadata around the world. Using GOLD program, the

author searched for sirtuin homolog genes from Lactobacillus spp. Leuconostoc spp.
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Lactococcus spp. Pediococcus spp. Streptococcus spp. Melissococcus spp. Enterococcus
spp. Weissella spp. Carnobacterium spp. Atopobium spp. Tetragenococcus spp. Olsenella
spp. Oenococcus spp. and Bifidobacterium spp.

In addition, the amino acid sequence similarity values with other organisms were

calculated by using LALIGN program.

2.2 Cloning of DNAs encoding sirtuin homolog

The three strains of L. paracasei were cultured in MRS broth at 37 °C overnight.
Genomic DNAwas extracted from the cells as described in the manufacturer’s instruction
in the DNeasy Blood & Tissue Kit (QIAGEN, Venlo, Netherlands). Based on the draft
sequences of L. paracasei strains, primers (sirA-N and sirA-C, Table 1) were designed
for amplification of sirtuin homolog gene. The amplified products were sub-cloned into
pT7 Blue vector by TA cloning (Novagen Merck Millipore, Darmstadt, Germany) and
transformed to DHS5a (Nippon Gene Co., Ltd, Tokyo, Japan). DNA sequence of the
cloned DNA was determined by analyzing dye-labeled extension products using
BigDye® terminator v1.1 cycle sequencing kit (Applied Biosystems, Carlsbad, CA)
subjected to a DNA sequencer 3100 Avant Genetic Analyzer (Applied Biosystems,
Waltham, MA). The sequence data were determined following sequencing both

directions of the DNAs. Sequencing and cloning primers are listed in the Table 1.

3. RESULTS AND DISCUSSION
3.1 Identification of sirtuin genes in the genomes of the L. paracasei strains and its

homology to sirtuins of related bacteria



Ahomology search through GenBank data indicated that LAB and bifidobacteria
have homologs of eukaryotic sirtuin, but not other hydrolase-types of protein deacetylase
such as class I, I, and IV HDACs. HDACs has been classified in four classes in human,
namely, class | HDACs (HDAC1, 2, 3 and 8), class Il HDACs (HDAC4, 5, 6, 7, 9 and
10), class Il HDACs (SIRT1-7) and class IV HDAC (HDAC11). Class Il HDACs
(sirtuin type) have been identified as SIR2 family of NAD"-dependent deacetylase, and
other HDACs have been identified as Zn?*-dependent deacetylase (Gray et al., 2001;
Ruijter et al., 2003). Interestingly, although the author found existence of the 1 to 8 sirtuin
genes in almost all LAB species through data bank survey, the author was not able to find
the sirtuin homolog genes in Lactococcus spp. Carnobacterium spp. and Melissococcus
spp. (Table 2).

Within the draft genomes of three strains, a 693 base pair-long ORF coding for
a 230 amino acid (aa)-long polypeptide, highly homologous to the deduced aa sequences
based on the DNA sequence deposited as the L. paracasei sirtuin homolog was identified
(99.9% homologous to those of L. paracasei BL23, NCBI-Gene 1D:6407162). As the
draft genome sequence information may not be accurate, the author next tried to clone

individual DNAs to determine the sequences unambiguously.

3.2 Cloning of individual DNAs coding for sirtuin homolog from strains NRIC 0644,
1917 and 1981

The sirtuin homolog genes were directly cloned from DNA isolated from three
strains by PCR cloning method and the sequences of the cloned DNA were determined
by sequencing both directions as described in materials and methods.

Obtained DNA sequences were used to determine corresponding deduced amino



acid sequence which was then aligned using BioEdit Sequence Alignment Editor as
shown in Fig. 1. Based on the deduced amino acid sequences, strains NRIC 0644 and
NRIC 1917 were shown to have an ORF 99% homologous to that of strain L. paracasei
BL23 (LCABL_27750, NCBI-Gene 1D:6407162), while strain NRIC 1981 had an ORF
99 % homologous to that of strain L. paracasei Zhang (LCAZH_2574 NCBI-Gene
ID:9460483). The author tentatively designated the gene as sirA (indicating the first
sirtuin homolog of L. paracasei). Interestingly, there was another sirtuin isozyme found
in the genome of strain NRIC 1981, which shared 78% identity with that of L. rhamnosus
GG sirtuin (LGG_01347 NCBI-Gene ID: 8421081). The author designated this second
gene as sirB, which was not found in the genomes of the strains NRIC 0644, and NRIC
1917.

The amino acid sequences of sirA genes from three strains were similar to each
other. Two active histidine residue sites as reported in human SIRT1 (Sanders et al., 2009)
were conserved in the clones of all three strains (his 327 and his 363 of SIRT1, which
corresponded to his 79 and his 113 of LpSirA protein as indicated by single-headed arrows
in Fig. 1). The NAD"-binding motif, called Rossmann fold sequence, was also present in
all three clones as marked by double-headed arrows in Fig. 1. When comparison was
made using LALIGN program, the overall LpSirA sequence was 26.2% homologous to
yeast Sir2 (BL23 LpSirA residues 8-226 vs S. cerevisiae Sir2 residues 251-518) and
29.4% homologous to human SIRT1 (BL23 LpSirA residues 3-208 vs SIRT1 residues
245-469). The LpSirB isolated from the strain NRIC 1981 contained similar NAD*-
binding domains, but only one conserved active histidine residue (his 79) site.

The amino acid sequence homology of LpSirA proteins with sirtuins of E. coli,

Salmonella enterica serovar Typhimurium LT2 and B. subtilis were 29.3%, 29.5% and
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31.1%, respectively, indicating LpSirA is not highly homologous to other bacterial
sirtuins, even the homology between E. coli sirtuin and S. enterica serovar Typhimurium
LT2 sirtuin was 91.9%. The amino acid sequence of LpSirB protein showed only 80%
homology to other reported L. rhamnosus sirtuins which share 94-97 % homology with
each other.

GenBank accession numbers of the sirA of NRIC 0644, NRIC 1917 and NRIC
1981 and sirB of NRIC 1981 are AB728561, AB728562, AB728563 and AB728564,

respectively.

11



Table 1 PCR primers used in cloning and sequencing

Restriction Recognition

Primer 5'to3' enzyme sequence
sirA-N ATGTTTGATCTGCAAACTGC

sirA-C TCAGACTACCAGCTTCGCAAATA

sirB-N ATGAAACAAAAGCAACGTTTGC

sirB-C TCACGCTATGATGCTGCTG

CCTA-Xho I-sirA-N CCTACTCGAGATGTTTGATCTGCAAACTGC Xhol CTCGAG
GATC-Bpu1102 I-sirA-C GATCGCTCAGCTCAGACTACCAGCTTCGCA Bpul1021 GCTCAGC
CCTA-Xho I-sirB-N CCTACTCGAGATGAAACAAAAGCAACGTTTGC Xhol CTCGAG
GATC-Bpu1102 I-sirB-C GATCGCTCAGCTCACGCTATGATGCTGCTG Bpul1021 GCTCAGC
5irA-151 GATAATTTACAAGCACATCA

sirA-170 TGATGTGCTTGTAAATTATC

5irA-531 GGETGGGAACAAGCTTCGTGG

sirA-550 CCACGAAGCTTGTTCCCACC

sirA-NRICOB644-235 ATGGTTGCCATTTTCTCGTG

sirA-NRICO644-578 ATGCGCAACCAGAGGCGACC

sirA-NRIC1917-101 ATCGGCGTATAGCCCGCCCT

sirA-NRIC1981-211 ACGTTCGGTTTAGCCGCTGG

sirA-NRIC1981-281 CGCAGAATGTTGACGGCCTC

sirA-NRIC1981-551 TTITATCCATTTGCGGGGTTG

sirB-NRIC1981-100 TCCCTGATTCAGTCGAGATA

sirB-NRIC1981-150 AAACTTGTGTGATTTGTGTA

sirB-NRIC1981-231 TTTCTGTCAACCCAAGGCAC

sirB-NRIC1981-250 GTGCCTTGGGTTGACAGAAA

sirB-NRIC1981-472 GGATTGATTTTACCCGATTT

sirB-NRIC1981-491 AAATCGGGTAAAATCAATCC

12

Underlines indicate artificially added sequences corresponding to the recognition sites of
the restriction enzymes listed herein.



Table 2 Ratio of sirtuin harboring strains in a variety of LAB species

Species Ratio Species Ratio
Lactobacillus acetotolerans 1/1 Enterococcus casseliflavus 1/1
Lactobacillus acidophilus 4/4 Enterococcus durans 0/2
Lactobacillus amylovorus 2/2 Enterococcus faecalis 717
Lactobacillus brevis 2/2 Enterococcus faecium 5/5
Lactobacillus buchneri 2/2 Enterococcus hirae 1/1
Lactobacillus casei 1/1 Enterococcus mundtii 1/1
Lactobacillus crispatus 1/1 Enterococcus sp 1/1
Lactobacillus delbrueckii 4/4
Lactobacillus fermentum 4/4 Leuconostoc carnosum 1/1
Lactobacillus gasseri 2/2 Leuconostoc citreum 1/1
Lactobacillus ginsenosidimutans 1/1 Leuconostoc gasicomitatum 1/1
Lactobacillus helveticus 717 Leuconostoc gelidum 1/1
Lactobacillus hokkaidonensis 1/1 Leuconostoc kimchii 1/1
Lactobacillus johnsonii 4/4 Leuconostoc mesenteroides 4/4
Lactobacillus kefiranofaciens 1/1 Leuconostoc sp 1/1
Lactobacillus koreensis 1/1
Lactobacillus paracasei 10/10 Weissella ceti 0/3
Lactobacillus plantarum 9/9 Weissella cibaria 1/1
Lactobacillus reuteri 5/5 Weissella koreensis 0/1
Lactobacillus rhamnosus 6/6
Lactobacillus ruminis 1/1 Oenococcus oeni 1/1
Lactobacillus sakei 1/1 Oenococcus kitaharae 1/1
Lactobacillus salivarius 4/4
Lactobacillus sanfranciscensis 1/1 Pediococcus claussenii 1/1
Lactobacillus sp 2/2 Pediococcus pentosaceus 0/2
Streptococcus mutans 0/5 Carnobacterium maltaromaticum 0/1
Streptococcus oligofermentans 1/1 Carnobacterium sp 0/2
Streptococcus oralis 0/1
Streptococcus parasanguinis 2/2 Atopobium parvulum 1/1
Streptococcus parauberis 0/1
Streptococcus pasteurianus 0/1 Tetragenococcus halophilus 1/1
Streptococcus pneumoniae 0/26
Streptococcus pseudopneumoniae 0/1 Olsenella uli 2/2
Streptococcus pyogenes 23/31
Streptococcus salivarius 1/3 Bifidobacterium actinocoloniiforme 1/1
Streptococcus sanguinis 0/1 Bifidobacterium adolescentis 3/3
Streptococcus sp 3/3 Bifidobacterium animalis 14/14
Streptococcus suis 3/23 Bifidobacterium asteroides 1/1
Streptococcus thermophilus 0/10 Bifidobacterium bifidum 3/3
Streptococcus uberis 0/1 Bifidobacterium breve 6/6
Bifidobacterium coryneforme 1/1
Lactococcus garvieae 0/2 Bifidobacterium dentium 1/1
Lactococcus lactis 0/14 Bifidobacterium kashiwanohense 1/1
Bifidobacterium longum 13/13
Melissococcus plutonius 0/2 Bifidobacterium pseudolongum 1/1
Bifidobacterium thermophilum 1/1

The denominator shows the number of bacterial species strains that are registered in the
GOLD program. The numerator shows the number of bacterial species strains which have
sirtuin homolog gene (s) as of 2016.
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Fig. 1 Deduced amino acid sequences of L. paracasei sirtuin aligned with sirtuin of
other organisms

Single-headed arrows indicate conserved active center histidines. Double-headed arrows
indicate NAD"-binding domains (Rossmann fold). For the two counterpart proteins of
L. rhamnosus, they are labeled as SirA* or SirB* to indicate its equivalence with LpSirA
and LpSirB.

Accession numbers:

L. paracasei NRIC 0644 GenBank nucleotide 1D, AB728561; L. paracasei NRIC 1917
GenBank nucleotide ID, AB728562; L. paracasei NRIC 1981 GenBank nucleotide ID,
AB728563 and AB728564 (LpSirAand LpSirB, respectively); L. paracasei BL23 NCBI
Gene ID, 6407162; L. rhamnosus GG NCBI Gene ID, 8424228 and 8421081 (LpSirA
homolog and LpSirB homolog, respectively); Bacillus subtilis 168 NCBI Gene ID,
936271; Escherichia coli K12 NCBI Gene ID, 945687; Salmonella Typhimurium LT2
NCBI Gene ID, 1252739; Bifidobacterium longum subsp. infantis ATCC 15697 NCBI
Gene ID, 7054471; Saccharomyces cerevisiae ATCC 204508 NCBI Gene ID, 851520;
Homo sapiens NCBI Gene ID, 23411.
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CHAPTER 2
Enzyme kinetics of the recombinant LpSirA protein

1. INTRODUCTION

The sirtuins were shown to catalyze a reaction that couples lysine deacetylation
to the formation of nicotinamide and O-acetyl-ADP-ribose from NAD™ and the acetylated
substrate (Tanner et al., 2000; Tanny et al., 2000). Sirtuins are inhibited by nicotinamide,
a product of the deacetylation reaction (Bitterman et al., 2002; Avalos et al., 2005). The
human has seven sirtuins which were designated SIRT1-SIRT7. SIRT1 was shown to
exert a regulatory effect on p53 by deacetylation of lysine-382. SIRT1 inhibits the p53-
dependent apoptotic response by deacetylating the lysine-382 of p53 and SIRT1 reverses
in part the damage-induced activation of p53. Therefore, SIRT1 in concert with other
deacetylases reduces the likelihood of subsequent apoptosis, and at the same time, makes
it possible for cells to return to the previous physiological state maintaining healthy
balance (Vaziri et al., 2001). In parallel, many SIRT1 activators have been shown to be
useful for treatment of several diseases such as diabetes, metabolic diseases,
neurodegenerative diseases, cancer, and cardiovascular disease (Villalba et al., 2012;
Guarente et al., 2011). In addition, screening for activators of SIRT1 enzyme activity
yielded in a number of small molecule activators, all of which were plant polyphenols.
Some of these Sirtuin Activating Compounds (STACs) were shown to extend yeast
lifespan in a way that mimicked caloric restriction (Howitz et al., 2003). Resveratrol, one
of the STACs, activated SIRT1 enzyme activity, and was expected for the treatment of

age-related diseases such as type 2 diabetes (Milne et al., 2007). On the other hand, many
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SIRT1 inhibitors have been shown to be useful for treatment of several diseases such as
metastasis of certain cancer cells, immunodeficiency virus infections and Fragile X
mental retardation syndrome (Villalba et al., 2012). For example, nicotinamide,
splitomicin, sirtinol and suramin, among others were known to be sirtuin inhibitors.

In this chapter, the author made recombinant LpSirA and LpSirB by conducting
with E. coli expression system and purified on a Nickel-affinity column. In addition, the
author performed kinetics study of LpSirA using Flour de Lys® fluorimetric activity

measurement Kit.

2. MATERIALS AND METHODS
2.1 Expression and purification of the recombinant LpSirA and LpSirB.

The cloned individual DNA fragments in the pT7 Blue plasmids were further
amplified using cloning primers containing artificially added restriction enzyme cutting
sites for subsequent sub-cloning. Underlines in the cloning primer sequences indicate
artificially added restriction enzyme recognition sites for subsequent sub-cloning (Table
1 in the chapter 1). The resulting DNA was sub-cloned into bacterial protein expression
vector pET-15b (Novagen Merck Millipore, Darmstadt, Germany) at the cloning site
between Bpul102 | and Xho I. The proteins were expressed in E. coli BL21 (DE3) strain
(Novagen Merck Millipore, Darmstadt, Germany). The DNA sequence was confirmed as
described in the material and methods (p. 8). The recombinant LpSirA and LpSirB with
histidine tag was generated and purified as follows:

E. coli BL21 (DE3) strain was incubated in 50 ml of L broth medium

supplemented with 100 pg/ml ampicillin. The cells were grown at 37°C for 12 hours and
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were inoculated to 400 ml of L broth medium. The cells were grown at 30°C to optical
density (OD): 0.7 (OD: 600 nm), and then induced with 1 mM isopropyl-p-D-
thiogalactoside (IPTG) at 30°C for 3 hours. Cells were harvested by centrifugation and
suspended in a phosphate buffer (50 mM NaH2POa, pH 8.0, 300 mM NaCl). The cells
were subsequently disrupted using an ultrasonic disintegrator (Sonifier 450, Branson
Ultrasonics, Emerson, Japan), and the cell debris were removed by centrifugation at
12,000 rpm for 10 min at 4°C. The recombinant protein was purified on a Nickel-affinity
column (15 mm x 10 mm ¢, bed volume 1.0 ml) (Profinity IMAC Ni-charged resin, Bio-
Rad laboratories Headquarters CA, USA). After the flow through fraction was discarded,
the column was washed with 10 ml of wash buffer 1 (50 mM NaH2PQOg4, pH 8.0, 300 mM
NaCl, 2 mM imidazole) and 6 ml of wash buffer 2 (50 mM NaH2PQO4, pH 8.0, 300 mM
NaCl, 20 mM imidazole), and the bound proteins were eluted using 10 ml of elution buffer
(50 mM NaH2PO4, pH 8.0, 300 mM NacCl, and 250 mM imidazole). The fractions were
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Next, the fractions
were dialyzed using Sir2 buffer (20 mM HEPES-KOH, pH 7.5, 50 mM NaCl, 1 mM
dithiothreitol, 1 mM EDTA). For long term storage, the dialyzed fractions were stored in
Sir2 buffer supplemented with 50% glycerol at -20°C. The protein concentration was
measured by Bio-Rad protein assay system (Bio-Rad Laboratories, CA, USA). The
recombinant LpSirB was produced as described above, however, the protein was found
in the inclusion body of E. coli BL21 (DE3). Therefore, for the purification, the
recombinant protein was dissolved in the presence of 8 M urea and subsequently purified

as above in the presence of 8 M urea. Urea was removed during dialysis using Sir2 buffer.
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2.2 Enzymatic kinetics

Kinetics studies were performed using Flour de Lys® fluorimetric activity
measurement kit (Biomol/ENZO, Exeter, UK) according to the manufacturer’s
instruction. The substrate used was an acetylated peptide comprising amino acids 379-
382 of human p53. The control recombinant SIRT1 protein was provided in the same kit.
The reaction followed Michaelis Menten kinetics, displaying Km (constant) and Vmax
(maximum reaction velocity) of SIRT1 and LpSirA on the acetylated substrate. The
apparent Km and Vmax of SIRT1 and LpSirA from NRIC 0644, 1917 and 1981 were
calculated from Lineweaver Burk plot obtained in the presence of 3 mM NAD™ (fixed)
and 0.2 ug of SIRT1 and LpSirA proteins from NRIC 0644, 1917 and 1981 in the reaction
mixtures. The relative fluorescence unit was measured using NanoDrop 3300
Fluorospectrometer (Thermo Fisher Scientific, Waltham, MA, USA) and the conversion
of the relative fluorescence unit to molar unit for substrate acetylated peptide was
calculated from the standard curve using deacetylated fluorescent peptide substrate (Flour
de Lys® deacetylated standard) provided in the kit. In addition, the author tested SIRT1
activator resveratrol and SIRT1 inhibitor suramin (Trapp et al., 2007). The optimal
temperature for the enzymatic reaction was tested in the presence of 150 UM NAD" and
0.2 pg of SIRT1 and LpSirA proteins from NRIC 0644, 1917 and 1981 in the reaction
mixtures. The tested temperatures were 15, 25, 37, 50 and 60°C. The reaction in the
presence of 100 uM resveratrol followed Michaelis Menten Kinetics, displaying Km
(constant) and Vmax (maximum reaction velocity) of SIRT1 and NRIC 0644 LpSirA on
the acetylated substrate. The apparent Km and Vmax of SIRT1 and LpSirA from NRIC
0644 were calculated from Lineweaver Burk plot obtained in the presence of 3mM NAD*

and another concentration enzyme protein (0.2 pug of SIRT1 and 1.5 pg of LpSirA) in the
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reaction mixtures. The inhibition rate by the suramin was presented from half maximal
(50%) inhibitory concentration. The apparent Vmax of SIRT1 and LpSirA from NRIC
0644 were calculated from Lineweaver Burk plot obtained in the presence of 3mM NAD™,
100 UM the acetylated substrate and 0.2 g of enzyme protein in the reaction mixtures.
The tested suramin concentration were 0, 125, 250, 500 and 1000 uM in the reaction

mixture of LpSirAand 0, 12.5, 25, 50 and 100 pM in the reaction mixture of SIRTL.

3. RESULTS AND DISCUSSION
3.1 Expression and purification of recombinant LpSirA and LpSirB

The cDNAs of sirA and sirB were introduced in the bacterial expression system
using E. coli BL21 (DE3), and the His-tagged recombinant proteins were affinity-purified.
As shown in Fig. 1, recombinant protein preparations appeared homogeneous after SDS-
PAGE and coomassie brilliant blue staining (Coomassie® Brilliant blue R 250, Merck
Millipore, Darmstadt, Germany), displaying apparent molecular sizes of 29 kDa for

LpSirA and 34 kDa for LpSirB products.

3.2 Enzyme kinetics of the recombinant LpSirA proteins from L. paracasei strains
Comparative studies were performed to examine deacetylase enzymatic activity
of LpSirA proteins derived from three strains of L. paracasei and human SIRT1 protein.
Kinetic parameters were measured to obtain Km and Vmax values as described in the
method. The apparent Km values in terms of acetylated peptide substrate were determined
to be 130.2 uM, 186.3 uM, 180.1 uM and 130.1 uM for human SIRT1, L. paracasei

NRIC 0644 LpSirA, NRIC 1917 LpSirA and NRIC 1981 LpSirA, respectively (Fig. 2).
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The Vmax values were initially calculated from the measurement of the relative
fluorescence unit, then converted to molar unit according to the standard curve made by
deacetylated fluorescent peptide provided in the Flour de Lys® fluorimetric activity
measurement kit. The Vmax values were 257.5 nmol/min/mg, 160 nmol/min/mg, 170
nmol/min/mg and 212.5 nmol/min/mg for SIRT1, NRIC 0644 LpSirA, NRIC 1917
LpSirAand NRIC 1981 LpSirA proteins, respectively. These Km and Vmax values were
calculated from Lineweaver Burk plot which was obtained in Michaelis Menten Kinetics
studies. Michaelis Menten kinetics was measured by average values tested three times
using NRIC 0644 LpSirA, NRIC 1917 LpSirAand NRIC 1981 LpSirA proteins. Whereas,
Michaelis Menten kinetics of SIRT1 protein was measured just once, because SIRT1 has
been shown to deacetylate the lysine-382 of p53. The enzyme characteristics of the
L. paracasei sirtuin proteins were comparable to human SIRT1 (Fig. 2). As for the optimal
temperature for the enzymatic reaction, LpSirA proteins displayed higher optimal
temperature (45-50°C) than SIRT1 (37°C) (Fig. 3). As for LpSirB, enzymatic activity was
not measured, as this protein turned out to be precipitated again after dialysis following
affinity column purification. In addition, resveratrol resulted in the decrease of the
apparent km values of human SIRT1 from 93.9 uM to 60.7 uM (the average of three
experiments). On the other hand, the effect of resveratrol on LpSirA was not clear as
shown in Fig. 4Aright panel. The reproducibility of the effect of resveratrol is still needed
to be examined for NRIC 0644 LpSirA (Fig. 4A). The author thought that the effect of
resveratrol on LpSirA was not clear. One of the reasons for this observation could be due
to the fact that the resveratrol binding site (glu 230) of N-terminal domain as reported in
human SIRT1 (Cao et al., 2015; Hubbard et al., 2013) is not existing in LpSirA. Therefore,

the author thought that it is important to search for new activator which strongly activate
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the enzyme activity of LpSirA. In addition, suramin inhibited deacetylase activity of both
human SIRT1 (ICso: 18 uM) and NRIC0644 LpSirA (ICso: 359 uM) (Fig. 4B). These
values were determined by average values in three times tests. The results suggest the

similarity and the difference of enzyme property between human SIRT1 and LpSirA.
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Fig. 1 SDS-PAGE analysis of Recombinant LpSirA and LpSirB

The affinity purified the His-tagged LpSirA and LpSirB proteins were separated on SDS
gel and stained with Coomassie Brilliant Blue. M: Molecular weight marker (Bio-Rad
LMW). Lanes 1: L. paracasei NRIC 0644 LpSirA, 2: L. paracasei NRIC 1917 LpSirA,
3: L. paracasei NRIC 1981 LpSirA, and 4: L. paracasei NRIC 1981 LpSirB. The
recombinant LpSirB was found in the inclusion body of E. coli BL21 (DE3). Therefore,
for the purification, the protein was dissolved in the presence of 8 M urea and
subsequently purified as above in the presence of 8 M urea.
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Fig. 2 Enzyme kinetics of the recombinant LpSirA proteins and SIRT1
Recombinant proteins were expressed in E. coli and purified on an affinity column using
Nickel-loaded resin. LpSirA proteins of NRIC 0644, NRIC 1917 and NRIC 1981 showed
deacetylase activities comparable to human SIRT1. The Vmax values were 257.5
nmol/min/mg, 160 nmol/min/mg, 170 nmol/min/mg and 212.5 nmol/min/mg for SIRT1,
NRIC 0644 LpSirA, NRIC 1917 LpSirA and NRIC 1981 LpSirA proteins, respectively.
The apparent Km values in terms of acetylated peptide substrate were determined to be
130.2 uM, 186.3 uM, 180.1 uM and 130.1 uM for human SIRT1, L. paracasei NRIC
0644 LpSirA, NRIC 1917 LpSirA and NRIC 1981 LpSirA, respectively. These Km and
Vmax values were calculated from Lineweaver Burk plot which was obtained in
Michaelis Menten kinetics studies. Error bars represent standard deviation Michaelis
Menten kinetics was determined by average values of three experiments using NRIC 0644
LpSirA, NRIC 1917 LpSirA and NRIC 1981 LpSirA proteins (n=3). Whereas, Michaelis
Menten kinetics of SIRT1 protein was measured just once (n=1).
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Fig. 3 The optimal temperature for the enzymatic reaction

The quadrangle indicates the human SIRT1, the rhombus indicates the NRIC 0644
LpSirA, the triangle indicates the NRIC 1917 LpSirA and the x-mark indicates the NRIC
1981 LpSirA. The optimal temperature for the enzymatic reaction was tested in the
presence of 150 uM NAD" and 0.2 pg of each enzyme protein in the reaction mixtures.
The tested temperature were 15, 25, 37, 50 and 60°C. As for the optimal temperature for
the enzymatic reaction, LpSirA proteins displayed higher optimal temperature (45-50°C)
than SIRT1 (37°C). Error bars represent standard deviation. These values were
determined by average values of three experiments (n=3).
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Fig. 4 Effect of resveratrol and suramin on the enzyme kinetics of reconbinant
SIRT1 and LpSirA proteins

(A) Effect of resveratrol. The reaction followed Michaelis Menten kinetics, displaying
Km (constant) and Vmax (maximum reaction velocity) of SIRT1 and NRIC 0644 LpSirA
on the acetylated substrate. The apparent Km and Vmax of SIRT1 and LpSirA were
calculated from Lineweaver Burk plot obtained in the presence of 3 mM NAD™ with two
different concentrations of enzyme protein (0.2 pg of SIRT1 and 1.5 pg of LpSirA) in the
reaction mixtures. Resveratrol resulted in the decrease of the apparent km values of
human SIRT1 from 93.9 uM to 60.7 UM (the average of three experiments). On the other
hand, the effect of resveratrol on LpSirA was not clear as shown in Fig. 4A right panel.
The reproducibility of the effect of resveratrol is still needed to be examined for NRIC
0644 LpSirA (B) The inhibition rate by the suramin was presented from half maximal
(50%) inhibitory concentration (ICso). The apparent Vmax of SIRT1 and LpSirA from
NRIC 0644 were calculated from Lineweaver Burk plot obtained in the presence of 3 mM
NAD™, 100 uM the acetylated substrate and 0.2 pg of enzyme protein in the reaction
mixtures. The tested suramin concentration were 0, 125, 250, 500 and 1000 UM in the
reaction mixture of LpSirA and 0, 12.5, 25, 50 and 100 pM in the reaction mixture of
SIRT1. Suramin inhibited sirtuin enzyme activities of LpSirAand SIRT1. In addition, the
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ICso values were 18 uM and 359 uM for SIRT1, NRIC 0644 LpSirA proteins, respectively.
Error bars represent standard deviation. These values were measured by average values
from three experiments (n=3).
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CHAPTER 3
Identification of the sirtuin-target acetylated proteins
in L. paracasei BL.23

1. INTRODUCTION

Protein acetylation is a common process of post translational modification in
both eukaryotes and prokaryotes, and it is regarded to play important roles in many
biological processes (Zhao et al., 2010). Protein acetylation is reversible, dynamic, and
highly conserved. The many acetylated proteins and acetylation sites have been identified
in bacteria, such as the model organism E. coli. For example, 349 acetylated proteins were
identified in E. coli by using nano-LC/MS/MS analysis (Zhang et al., 2013). In addition,
899 acetylated proteins were recently identified in E. coli (Baeza et al., 2014). This report
developed and employed a novel method for directly quantifying stoichiometry of site-
specific acetylation in the entire proteome of E. coli. Loss of cobB affected site specific
and global acetylation stoichiometry. The acetylated proteins include many functionally
important proteins, such as acetyl-coenzyme A synthetase (ACS) and chemotaxis
response regulator protein (CheY). In E. coli, it has been shown to deacetylate ACS,
thereby activating the enzyme (Starai et al., 2002). In E. coli the chemotactic gene cheY
product was reported to be deacetylated by CobB protein (Li et al., 2010). Others reported
an extensive global analysis using cobB deletion mutant of E. coli, and found 51
acetylated proteins in the bacterium. These proteins were sensitive to CobB and they were
involved primarily in translation, central metabolism and DNA-centered processes
(AbouElfetouh et al., 2015). The importance of protein acetylation as a posttranslational
modification has been documented as reviewed by others (Bernal et al., 2014). On the

other hand, the acetylated protein was not yet reported in LAB.
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In this chapter, the author identified several candidate target proteins both in vivo
and in vitro by using the recombinant LpSirA protein and sirtuin inhibitor nicotinamide
(NAM), and tried to purify the candidate proteins in the cell extracts by using ammonium

sulfate precipitation (0-80%), Butyl-Toyopearl column and DE52 column.

2. MATERIALS AND METHODS
2.1 Screening of the target acetylated proteins and amino acid sequencing

Hereafter, instead of the three strains, a widely studied standard strain,
L. paracasei BL23 was used (Maze et al., 2010). The putative target proteins of sirtuin in
L. paracasei BL23 were first screened by inhibiting sirtuin deacetylase using NAM in the
culture medium. Following two successive pre-culture to ensure logarithmic growth,
BL23 was cultured in MRS medium supplemented with 0, 5, 10 or 50 mM NAM for 12
hours and collected by centrifugation at 6,000 rpm. The cells were washed once with
buffer A (50 mM Tris-HCI, pH 7.6, supplemented with 50 mM NacCl) and re-suspended
in buffer A supplemented with 1 mM dithiothreitol and 0.1 mM PMSF. The cell extracts
were then made using bead crasher (TAITEC Corp., Saitama, Japan) with glass beads (0.1
mm in diameter). In parallel, a cell extract (from cells cultured in MRS supplemented
with 50 mM NAM) containing 100 pg protein was treated in vitro with 10 pg purified
recombinant LpSirA in the presence of 10 mM NAD™ to maximize NAD*-dependent
deacetylation. The protein concentration was measured by Bio-Rad protein assay system

(Bio-Rad Laboratories, CA, USA).
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2.2 Western blot analysis

From each of the in vivo and in vitro target samples obtained above, 100 ug
cellular proteins were subjected to 12.5% SDS-PAGE, and blotted onto PVDF cellulose
membranes (Amersham Hybond-P, GE Healthcare Buckinghamshire, UK) for 60 min at
40 V using an electroblotter (Semi-dry type NA-1512, Nihon Eido, Co. Ltd. Tokyo,
Japan). Western blotting was done using anti-LpSirA primary antibody (made from the
purified LpSirA, Japan Lamb co. Ltd, Hiroshima, Japan) or Acetylated-Lysine primary
antibody (Cell Signaling Technology, Inc. Danvers, MA, USA) and donkey anti-rabbit
IgG secondary antibody (GE Healthcare UK Ltd. Buckinghamshire, England). For the
detection, an enhanced chemiluminescence (ECL) system (Pierce, USA) was used with
Amersham™ ECL™ Prime Western Blotting Detection Reagent (GE Healthcare UK Ltd.

Buckinghamshire, England) and Light-Capture 1l (AE-6981, ATTO, Tokyo, Japan).

2.3 Purification of target protein from L. paracasei BL23 and western blot analysis
Cells of L. paracasei BL23 strain were cultured in MRS medium supplemented
with 50 mM NAM for 12 hours and collected by centrifugation at 6,000 rpm. The cells
were washed once using the above-mentioned buffer A, and re-suspended in buffer A
supplemented with 1 mM dithiothreitol and 0.1 mM PMSF. The cell extracts were then
made using ultrasonic disintegrator. To purify the candidate proteins in the cell extracts,
most of the proteins were first collected by ammonium sulfate precipitation (0-80%), then
dialyzed (Cellulose tube 8/32, EIDIA, Tokyo, Japan), and then supplemented again with
ammonium sulfate to 25% saturation. The solution was then subjected to a Butyl-
Toyopearl column (Tosoh, Tokyo, Japan). Proteins were eluted by step-wise decreases in

ammonium sulfate concentration and were subjected to SDS-PAGE followed by western
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blotting to identify the acetylated protein. The fraction eluted with 10% ammonium
sulfate containing the targets was then subjected to a DE52 column (6 mm x 15 mm ¢,
bed volume 1 ml), and the proteins were eluted by step-wise increase in NaCl
concentration. The elution at 0.5 M NaCl showed single band of an acetylated 28 kDa
protein. The acetylation and deacetylation by LpSirA were confirmed by Western blotting
using anti-acetyl lysine antibody as described above. The fraction containing 28 kDa
protein was further concentrated by acetone precipitation (80%). The precipitated protein
was resolved in buffer A, and was subjected to SDS-PAGE followed by electro-blotting
onto FluoroTrans® PVDF Transfer Membranes (Pall Life Sciences 600 South Wagner
Road Ann Arbor, M148103-9019 USA). The area of the membrane containing the protein
was cut out and its N-terminal amino acid sequences were determined by the Edman
degradation method with a peptide sequencer PPSQ30 (SHIMAZU CORPORATION,

Kyoto, Japan).

3. RESULTS AND DISCUSSION
3.1 Identification of the sirtuin-target acetylated proteins in L. paracaseli

In an attempt to search for the endogenous substrate acetylated proteins of sirtuin
in L. paracaseli, the cells were treated with a sirtuin inhibitor, NAM, supplemented in the
culture medium. After cell disruption by ultrasonic treatment, the cell extracts were
subjected to SDS-PAGE followed by electro-blotting to a cellulose membrane. The
results indicated that the acetylation levels of the 28 kDa protein (pointed with a filled
triangle) were significantly elevated with increasing concentration of NAM supplemented

in the medium (indicated at the bottom of Fig. 1A). On the other hand, when in vitro
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deacetylation was performed with purified LpSirA protein in the presence of NAD* for
the cell extracts prepared after culturing L. paracasei cells in the presence of 50 mM
NAM, about 6 acetylated proteins with the molecular weights of 27, 28, 29, 31, 40 and
48 kDa showed decrease in signal intensity on western blots (Fig. 1B, indicated by small
arrows for 27, 29, 31, 40 and 48 kDa proteins, and a filled triangle for 28 kDa protein).
Such decrease was not observed in the absence of recombinant LpSirA, or when
endogenous LpSirA contained in the extract was inhibited in the presence of NAM.
Among these deacetylated proteins, the 28 kDa protein was most deacetylated in vitro by
LpSirAand its acetylation level was increased in vivo with NAM. Taken together, the 28
kDa band was identified as the endogenous target sirtuin substrate, which was then
subjected to purification. Proteins in the cell extracts were partially purified by
ammonium sulfate precipitation, and further purified with two-step column
chromatographies using Butyl sepharose and DEAE sepharose. The results showed that
the purified acetylated 28 kDa protein (Fig.2 A-4 and B-4) was deacetylated by
supplemented LpSirAas shown in Fig. 2C (compare lanes 1 vs. 2). The N-terminal Amino
acid sequence of the 28 kDa target protein was determined by Edman degradation method
to be SRYTGPRWKQ, which was perfectly identical to be that of the 30S ribosomal
protein S4 of L. paracasei in the data bank. The function of 30S ribosomal protein S4 was
first indicated for mRNA binding as a translational repressor (Tang and Draper, 1990).
More recently, it was postulated to function in multiple stages of ribosome assembly by
interacting with 16S rRNA (Mayerle et al., 2013). The crystal structure of 30S ribosomal
protein S4 was revealed to suggest its function as RNA-binding through positively
charged domain (Davies et al., 1998). It is somehow in line with this report that

deacetylation of 30S ribosomal protein S4 may weaken the RNA-binding to render either
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alleviation of translational repression or efficiency of ribosome assembly, which may
slow down growth rate, possibly in response to environmental stresses. Also in line with
this, it is noteworthy that ribosomal large subunit component MRP10 was found to be the
target of eukaryotic mitochondrial sirtuin (SIRT3) in human, and it was shown to decrease
protein synthesis rate using mouse model system, possibly functioning in survival under
starving condition (Yang et al., 2010). The acetylation of 30S ribosomal protein S5 in
bacteria has been reported, but there has been no report on the acetylation of 30S
ribosomal protein S4 to our knowledge, therefore this is the first evidence that 30S
ribosomal protein S4 is acetylated and can be deacetylated by LpSirA at least in
Lactobacilli. Thus, the author presumed that LpSirA is involved in protein synthesis in
L. paracasei, and thought that it could be able to control the protein synthesis by
regulating the activity of the sirtuin. If LpSirA can control the protein expression of stress
response and adhesin, the author expects that LAB may serve as better probiotics to
contribute for the promotion of human health. A part of these results are on the way to be

published (Atarashi et al., 2016. in press)
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In vivo In vitro

Fig. 1 Target protein substrate identification of sirtuin-mediated deacetylation

(A) In vivo inhibition of sirtuin using increasing concentration of NAM in the culture
medium. L. paracasei BL23 cells were cultured in the presence of indicated concentration
of NAM in the medium. In each lane, cell extract containing 100 ug protein was loaded
and Western blotting was done using anti-acetylated lysine antibody. The filled triangle
indicates the 28 kDa protein. (B) In vitro deacetylation of the target proteins by purified
LpSirA supplemented with NAD®. Cells were cultured in the medium containing 50 mM
NAM. Then the cell extracts were prepared by bead crasher and were dialyzed to remove
NAM. The cell extracts containing 100 ug protein were treated with materials indicated
in the bottom. Concentration of NAM or NAD" was 10 mM each. Ten pg of purified
recombinant LpSirA was supplemented in the far-right sample. Each sample was
incubated at 37°C for 1hour. The filled triangles indicate the position of the 28 kDa protein,
and the small arrows indicate the proteins of 27, 29, 31, 40 and 48 kDa, whose acetylation
levels were decreased by treatment with LpSirA and NAD™.
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Fig. 2 Purification of the target protein from L. paracasei BL23

Coomassie brilliant blue staining (A) and Western blot with anti-acetylated lysine
antibody (B). Lanes 1: Crude extract (100 ug protein), 2: Ammonium sulfate precipitate
(100 pg protein), 3: Fraction after Butyl Toyopearl column (50 ug protein), and 4:
Fraction after DEAE-cellulose column (1 ug protein). (C): In vitro deacetylation of the
purified 28 kDa protein by LpSirA. Lanes 1: Purified 28 kDa protein (0.6 pg without
treatment), and 2: Purified 28 kDa protein (0.6 ug the 28 kDa protein was incubated with
5 ug of LpSirAin the presence of 10 mM NAD™ for 1 hour at 37°C). The filled triangles
indicate the position of the 28 kDa protein.
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CHAPTER 4
Intracellular localization of sirtuin protein in L. paracasei BL23

1. INTRODUCTION

Sirtuin family (SIRT1-7) were demonstrated to be localized in different
subcellular compartments for each family member, with SIRT6 and SIRT7 being nuclear
proteins, SIRT3, SIRT4 and SIRT5 mitochondrial proteins, and SIRT1 and SIRT2 being
found both in the nucleus and the cytoplasm. On the other hand, the localization of
bacterial sirtuin have not yet been reported, and have not been reported under what
conditions the localization can be changed. It is important to localize it appropriately in
terms of the protein function. For example, it was reported that Sir2 activity is required
to maintain its localization, even in resting cells, although delocalization does not occur
immediately upon Sir2 inhibition (Bitterman et al., 2002). Thus, the author thought that
the cellular localization could be the key to understand the function of sirtuin.

In this chapter, the author analyzed intracellular localization of LpSirA in
L. paracasei by using immunofluorescent staining and LpSirA-Venus fusion protein, and

tried to deduce deduced the function of sirtuin from its localization.

2. MATERIALS AND METHODS
2.1 Immunofluorescent staining,
LpSirA was labeled with Alexa Fluor® 488 dye (Thermo Fisher Scientific,

Waltham, MA, USA) and nucleoid was stained by Hoechst 33342, Trihydrochloride,
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Trihydrate (Thermo Fisher Scientific, Waltham, MA, USA). Cells of L. paracasei BL23
strain were cultured in MRS medium for 8 hours at 37°C. The newly inoculated culture
in MRS medium was incubated for 16 hours at 37°C and collected by centrifugation at
6,000 rpm. Cells were suspended in PBS (phosphate buffered saline, pH 7.4, 137 mM
NaCl, 2.7 mM KCI, 10 mM NazHPOs, 1.8 mM KHPO,). Cells were fixed onto cover
glasses and treated with 4% paraformaldehyde for 20 min. Cells were washed twice with
PBS and treated with methanol for 5 min at -20°C. Cells were washed once with PBS and
treated with TE buffer containing 20 mg/ml lysozyme and 1.2% (w/v) TritonX-100. Cells
were washed twice with PBS containing 0.1% (w/v) Tween 20 and blocked in PBS
containing 2% (w/v) BSA, 0.3% (w/v) TritonX-100 and 0.1% (w/v) NaNs for 10 min.
Cells were probed with a rabbit anti-LpSirA antibody (1:250 dilution) in PBS containing
2% (w/v) BSA, 0.3% (w/v) TritonX-100 and 0.1% (w/v) NaN3 for 1h at 37°C. Following
four washes with PBS containing 0.1% (w/v) Tween 20, Cells were incubated with the
anti-rabbit Alexa Fluor® 488 dye antibody (1:2,000 dilution) for 1h at 37°C and washed
again four times in PBS containing 0.1% (w/v) Tween 20. Cells were stained with 5 pg/ml
hoechst 33342 for 10 min and washed once with PBS containing 0.1% (w/v) Tween 20.
Finally, a drop of SlowFade® Diamond (Thermo Fisher Scientific, Waltham, MA, USA)
was applied to the sample, and the localization of LpSirA in L. paracasei BL23 was

monitored by confocal microscopy.

2.2 Construction of expression vector of Venus protein in L. paracasei BL23
The plasmid pCS2 Venus was provided from Hiroyuki Miyoshi and Atsushi
Miyawaki (RIKEN, Saitama, Japan). The full length Venus gene (720 bp) sequence was

amplified by PCR using genomic DNA as template with two primers (GACAT-Sph I-SD-
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venus-N and CGC-BamH I-venus-C, Table 1). The PCR was carried out using a TaKaRa
PCR Thermal Cycler Dice® mini TP-100 (TAKARA BIO INC, Shiga, Japan) and
PrimeSTAR® Max DNA Polymerase (TAKARA BIO INC, Shiga, Japan) with the
following conditions: 20 cycles of denaturation (98°C, 10 sec), annealing (60°C, 15 sec)
and extension (72°C, 3 min). The PCR product encoding Venus was cloned into bacterial
protein expression vector pLPM11 at the cloning site between Sph | and BamH 1. The
pLPM11 plasmid vector was provided from Dr. Akinobu Kajikawa (Department of
Applied Biology and Chemistry, Tokyo University of Agriculture, Tokyo, Japan), and the
protein expression was induced by galactose. The pLPM11 plasmid was transformed into
E. coli DH5a cells (Nippon Gene Co., Ltd, Tokyo, Japan). The transformed cells were
selected on LB plates containing 100 pg/ml ampicillin. Plasmid DNAs were isolated
from E. coli cells using Genopure Plasmid Maxi Kit (Roche Basel, Schweiz) according
to the manufacturer’s instruction. The pLPM11 construct (2 pg) was transformed into
competent L. paracasei BL23 cells by electroporation using Gene Pulser Il (Bio-Rad

laboratories Headquarters CA, USA).

2.3 Preparation of competent L. paracasei BL23 cells

L. paracasei BL23 cells inoculated in 3 ml of MRS medium, and the cells were
grown for 16 hours at 37°C. One ml of the culture was inoculated to 50 ml of pre-warmed
(37°C) MRS medium, and the cells were grown at 37°C in water bath until OD: 660
reached 0.6. The cells were collected by centrifugation at 2,500 rpm for 10 min at 4°C.
The supernatant was discarded carefully, and the cells were washed once gently with 30
ml of ice-cold 1 mM sterilized HEPES buffer. Next, the cells were washed twice gently

with 1 ml of ice-cold HEPES buffer and the cells were washed once gently with 1 ml of
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ice-cold HEPES buffer containing 0.3 M sucrose (HEPES-sucrose). The pelleted cells
were resuspended gently in 0.5 ml of ice-cold HEPES-sucrose and were aliquoted into
100 pl and plated in sterilized 200 pl PCR tubes. Finally, the tubes were frozen with

liquid N2 and the tube were stored at -80°C.

2.4 Construction of expression vector of LpSirA-Venus fusion protein and its
introduction to L. paracasei BL23

The strain of L. paracasei NRIC 0644 was cultured in MRS broth at 37°C
overnight. Genomic DNA was extracted from the cultures as described in DNeasy Blood
& Tissue Kit (QIAGEN, Venlo, Netherlands) according to the manufacturer’s instruction.
The full length LpSirA gene sequence (693 bp) was amplified by PCR using genomic
DNA as template with the two primers (CCTA-BamH I-sirA-N and GAT-BamH I-sirA-
C, Table 1). The PCR was carried out using a TaKaRa PCR Thermal Cycler Dice® mini
TP-100 (TAKARA BIO INC, Shiga, Japan) and PrimeSTAR® Max DNA Polymerase
(TAKARA BIO INC, Shiga, Japan) with the following conditions: 20 cycles of
denaturation (98°C, 10 sec), annealing (60°C, 15 sec) and extension (72°C, 3 min). The
PCR product was treated with Alkaline Phosphatase (TAKARA BIO INC, Shiga, Japan)
for 30 min at 50°C. The dephosphorylated PCR product encoding LpSirA was cloned
into pCS2 Venus plasmid which harbors previously incorporated Venus at the cloning
site BamHI. The sirA-Venus fusion gene was amplified by PCR using genomic DNA as
template with the two primers (GACAT-Sph I-SD-sirA-N and CGC-BstP I-venus-C,
Table 1). The PCR was carried out using a TaKaRa PCR Thermal Cycler Dice® mini
TP-100 (TAKARA BIO INC, Shiga, Japan) and PrimeSTAR® Max DNA Polymerase

(TAKARA BIO INC, Shiga, Japan) with the following conditions: 20 cycles of
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denaturation (98°C, 10 sec), annealing (60°C, 15 sec) and extension (72°C, 3 min).The
PCR product encoding sirA-venus fusion gene was cloned into the bacterial protein
expression vector pLPM11 at the cloning site between Sph I and BstP I. DNA sequence
of the sirA-venus fusion gene was confirmed by analyzing dye-labeled extension
products using BigDye® terminator v3.1 cycle sequencing kit (Applied Biosystems,
Carlsbad, CA) subjected to a DNA sequencer 3100 Avant Genetic Analyzer. The
sequence data were determined following sequencing both directions of the DNAs.
Sequencing and cloning primers are listed in the Table 1. The pLPM11 plasmid was
transformed into E. coli DHS5a cells (Nippon Gene Co., Ltd, Tokyo, Japan). The
transformed cells were selected on L agar plates containing 100 pg/ml ampicillin.
Plasmid DNAs were isolated from E. coli cell cultures using a Genopure Plasmid Maxi
Kit (Roche Basel, Schweiz) according to the manufacturer’s instruction. The pLPM11
construct (5 pg) was transformed into competent L. paracasei BL23 cells by

electroporation using Gene Pulser Il (Bio-Rad laboratories Headquarters CA, USA).

2.5 Fluorescence imaging of LpSirA-Venus fusion protein in L. paracasei BL23
The LpSirA-Venus highly expressing strain was inoculated into a 5 ml MRS
medium containing 5 pg/ml erythromycin and the cells were grown for 12 hours at 37°C.
The 5 ml culture was washed with 0.86 % saline and inoculated into a 5 ml of GYP
medium containing 1% (w/v) galactose, 1% (w/v) yeast extract, 0.5% (w/v) peptone,
0.2% (w/v) beef extract, 0.2 % (w/v) sodium acetate trihydrate, 0.5% (w/w) salt solution,
0.05 % (w/w) Tween 80 (where the glucose was replaced with galactose). The LpSirA-
Venus protein was induced for 16 hours at 37°C by 1% (w/v) galactose in GYP medium

(where the glucose was replaced with galactose). Finally, the cells of LpSirA-Venus high

40



expresser were fixed on a slide glasses which was covered with GYP-agar (where the
glucose was replaced with galactose), and incubated for 2 hours at 37°C. The localization
of LpSirA in the LpSirA-Venus high expresser strain was examined by confocal

microscopy.

3. RESULTS AND DISCUSSION
3.1 Intracellular localization of LpSirAin L. paracasei

The author analyzed intracellular localization of LpSirA in fixed L. paracasel
BL23 cells by using immunofluorescent staining. In late logarithmic phase cells, the result
showed that LpSirA was localized on the division plates and cellular poles during cell
division (Fig. 1). Next, the author analyzed intracellular localization of LpSirA in the
living cells by using LpSirA-Venus fusion protein in L. paracasei BL23. The result
indicated that LpSirA-Venus protein was localized along a spiral in the cytoplasm (Fig.
2).

In Bacillus subtilis, RacA and the cell division protein DivIVVA were reported as
a protein which is localized in the cellular poles. RacA protein promotes the movement
to the cellular poles of the nucleoid, and the cell division protein DivIVA connects the
RacA to cellular poles. RacA acts as a bridge between the replication origin region and
the cellular poles, and assembles into an adhesive patch at a centromere-like element near
the replication origin, causing chromosomes to stick at the poles (Ben-Yehuda et al.,
2003). FtsZ and FtsA proteins were reported to be the proteins which are localized to the
division plates during cell division in B. subtilis. FtsA is a cytosolic division protein that

interacts directly with FtsZ. The bacterial tubulin homolog FtsZ was reported to assemble
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into a ring-like structure. FtsA ensures recruitment of the membrane-bound division
proteins by ensuring correct formation of the Z ring (Jensen et al., 2005). Further, MreB
protein and the MinD proteins were localized as a spiral in the cytoplasm. The bacterial
actin homolog MreB forms large fibrous spirals under the cell membrane of rod-shaped
cells, where they are involved in cell-shape determination (Ent et al., 2001). MinD
localizes as a spiral in B. subtilis cell (Barak et al., 2008). MinC localizes MinD to the
cellular poles where it prevents FtsZ assembly until the cell size doubles (ready, that is
for division). DivIVA and MinD recruit MinC to division sites, rather than mediating the
stable polar localization previously thought to restrict MinC activity to the pole. Together,
B. subtilis MinC does not inhibit FtsZ assembly at the cellular poles, but rather prevents
polar FtsZ rings adjacent to new cellular poles from supporting cell division (Gregory et
al., 2014). In an analogy to these findings in studies using B. subtilis, these mechanisms
were illustrated in Fig. 3. The intracellular localization of LpSirA by using
immunofluorescent staining showed that LpSirA localized on the division plates and at
the cellular poles during cell division. In addition, the intracellular localization of LpSirA
in living cells by using LpSirA-Venus fusion protein showed that LpSirA localized as a
spiral in the cytoplasm. Those localization pattern of LpSirA closely resemble to the
intracellular localization of MinC and MinD. Thus, the author presumed that LpSirA is

involved in cell division in L. paracasei.
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Table 1. PCR primers used in cloning and sequencing

Restriction Recognition

Primer 5'to3’ enzyme sequence

venus-N ATGGTGAGCAAGGGCGAGGAG

venus-C TTACTTGTACAGCTCGTCCAT

CCTA-BamH I-sirA-N CCTAGGATCCATGTTTGATCTGCAAACTGC BamH | GGATCC

GATC-BamH I-sirA-C GATCGGATCCGACTACCAGCTTCGCAAATACG BamH | GGATCC

(Stop codon is not existing)

CGC-BamH |-venus-C CGCGGATCCTTACTTGTACAGCTCGTCCATGCC BamH | GGATCC

GACAT-Sph I-SD-sirA-N GACATGCATGCTGATGAAAGGAGGGACCATAT Sphi GCATGC
ATGTTTGATCTGCAAACTGCA

GACAT-5ph |-SD-venus- N GACATGCATGCTGATGAAAGGAGGGACCATAT Sphl GCATGC
ATGGTGAGCAAGGGCGAGGAG

CGC-BstP I-venus-C CGCGGTNACCTTACTTGTACAGCTCGTCCATGCC  BstPI GGTNACC

venus-200 ACGGCCTGCAGTGCTTCGCCC

venus-220 GGGCGAAGCACTGCAGGCCGT

venus-520 CCTCGATGTTGTGGCGGATCT

Underlines indicate artificially added sequences corresponding to the recognition sites of
the restriction enzymes listed herein
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Fig. 1 Intracellular localization of LpSirA by using immunofluorescent staining

(A) The LpSirA protein was labeled with Alexa Fluor® 488 dye (Green) and nucleoid
was stained by Hoechst 33342 (Blue). The cells of L. paracasei BL23 were incubated for
16 hours at 37°C (late logarithmic growth phase). Cells were fixed on cover glasses and
treated with 4% paraformaldehyde for 20 min. Cells were probed with a rabbit anti-
LpSirAantibody (1:250 dilution) and anti-rabbit Alexa Fluor® 488 dye antibody (1:2,000
dilution) for 1h at 37°C. The nucleoid of the cells were stained with 5 pg/ml hoechst
33342 for 10 min. Finally, a drop of SlowFade® Diamond was applied to the sample and
localization of LpSirA was examined in L. paracasei BL23 by confocal microscopy. The
result showed that LpSirA was localized on the division plates and cellular pole during
cell division. Scale bar indicates 2 um. (B) The image was obtained by enlarging the
image of merge (Nucleoid/LpSirA).
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Fig. 2 Intracellular localization of LpSirA by using LpSirA-Venus fusion protein
(A) The intracellular localization of sirtuin using LpSirA-Venus fusion protein (green) in
the living cells of L. paracasei BL23. The LpSirA-Venus protein was induced for 16 hours
at 37°C by GYP medium (where the glucose was replaced with galactose). The Cells of
LpSirA-venus were fixed on slide glasses which was covered with GYP-agar (where the
glucose was replaced with galactose), and incubated for 2 hours at 37°C. The localization
of LpSirA was examined by confocal microscopy. Scale bar indicates 2 um. (B)
Magnified image of the red square in the far left panel (LpSirA-Venus) of Fig. 2A.
LpSirA-Venus signals in four different focal planes are shown. (C) Magnified image of
the red square in the far right panel (merge) of Fig. 2A. LpSirA-Venus signals in four
different focal planes are shown. The results indicated that LpSirA-Venus protein was
localized as a spiral in the cytoplasm.
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Fig. 3 The intracellular localization of cytoskeleton protein and cell division protein
in Bacillus subtilis

(A) The intracellular localization of cell division protein during cell division. ( 1 ) DivIVA
(violet) and RacA (orange) localize at cellular poles. MinC (light green) and MinD (green)
localizes as a spiral in the cytoplasm, and it also localizes at the cellular poles. DivIVA
recruits RacA to the cellular poles. (ii ) MinC and MinD inhibits FtsZ (red) assembly in
order to inhibit cell division during the cell elongation phase to avoid premature division.
(iii) The nucleoids (black) are separated to opposite cellular poles by RacA, after
completion of the cell elongation. While, MinC and MinD moves away from the center
of the cell, and FtsZ starts to assemble. (iv) The assembly of FtsZ forms as a ring in the
center of the cell and forms into the Z-ring. (v ) The Z-ring makes septum and cell
division starts. After completion of cell division, MinC and MinD localizes as a spiral in
the cytoplasm to restart cell elongation. (B) The intracellular localization of MreB. MreB
(blue), the cell shape-determining bacterial actin homolog, localizes as a spiral in the
cytoplasm.

These illustration were made in reference to a variety of articles (Ben-Yehuda et
al., 2003; Jensen et al., 2005; Ent et al., 2001; Barak et al., 2008; Gregory et al., 2014)
describing cell division mechanism in B. subtilis.

The intracellular localization of LpSirA by using immunofluorescent staining
showed that LpSirA localized on the division plates and at the cellular poles during cell
division. In addition, the intracellular localization of LpSirA in living cells by using
LpSirA-Venus fusion protein showed that LpSirA localized as a spiral in the cytoplasm.
Those localization pattern of LpSirA closely resemble to the intracellular localization of
MinC and MinD. Thus, the author presumed that LpSirA is involved in cell division in
L. paracasei.
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ABSTRACT

Sirtuin, often referred as the longevity gene, was first identified as SIR2 in yeast
and its homologous genes have been widely found in both eukaryotic and prokaryotic
organisms. In addition, the main enzyme activity of sirtuin proteins were proven that it
was a NAD*-dependent deacetylase of which the substrates are histones, p53 and other
acetylated proteins in the nucleus or cytoplasm. In prokaryotes, sirtuin gene was identified
as cobB, encoding a cobalamin processing enzyme, and later its involvement in regulating
metabolic enzymes, transcription factors, chemotactic proteins and others as NAD"-
dependent deacetylase. On the other hand, little is known about its roles in lactic acid
bacteria (LAB).

LAB are widely consumed by human as food fermentation starters and as
probiotics. Probiotics are live bacteria that are thought to be beneficial in preventing
several health conditions. According to the 2002 definition by the World Health
Organization (WHO), probiotics are “live microorganisms which, when administered in
adequate amounts, confer a health benefit on the host.” Therefore, those probiotics
bacteria must be alive in probiotics product before they were administered to the host. In
addition, the important function of the probiotics was known to regulate the functions of
intestine and immunopotentiative actions. Therefore, the author assumed that it is
important to increase stress tolerance, adhesion to intestinal tract and production of the
useful substances by LAB in order to confer more beneficial health effects on the host. In
this study, the author intended to analyze the role of sirtuin in LAB.

In the chapters 1 and 2, the author analyzed sirtuin homolog genes of LAB and
analyzed enzyme kinetics of the recombinant Lactobacillus paracasei sirtuin proteins. In

the chapter 3, the author identified several candidate target proteins both in vivo and in
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vitro by using the recombinant LpSirA protein and sirtuin inhibitor nicotinamide (NAM).
One of the target was identified as 30S ribosomal protein S4. In the chapter 4, the author
analyzed intracellular localization of sirtuin using immunofluorescent staining and

LpSirA-Venus fusion protein in L. paracasei.

Chapter 1. Identification of sirtuin genes in the genomes of the L. paracasei strains
and its homology to sirtuins of related bacteria

The author demonstrated that almost all LAB have homologs of eukaryotic
sirtuin. Interestingly, the author was not able to find the gene in Lactococcus spp.
Carnobacterium spp. and Melissococcus spp. In a previous study, the author’s group
determined draft genome sequences of three L. paracasei strains NRIC 0644, NRIC 1917
and NRIC 1981 (Shiwa et al., 2015). The sirtuin genes of three strains identified highly
homologous (99.9%) to those of L. paracasei BL23. The author tentatively designated
the gene as sirA (indicating the first sirtuin homolog of L. paracasei). Interestingly, there
was another sirtuin isozyme found in the genome of strain NRIC 1981, which was hit by
BLAST for L. rhamnosus GG sirtuin with 78% identity. We designated this second gene
as sirB, which was not found in the genomes of the strains NRIC 0644, and NRIC 1917.
LpSirAencoded by sirA (693 bp) gene was shown to have two conserved active histidine
residues and the NAD*-binding motif as reported in human SIRT1. On the other hand,
the LpSirB encoding by sirB (726 bp) gene contained similar NAD*-binding domains,
but only one conserved active histidine residue (his 79) site. When comparison was made
using LALIGN program, the LpSirA sequence was 26.2% homologous to yeast Sir2
(BL23 LpSirA residues 8-226 vs S. cerevisiae Sir2 residues 251-518) and 29.4%

homologous to human SIRT1 (BL23 LpSirA residues 3-208 vs SIRT1 residues 245-469).
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The amino acid sequence homology of LpSirA proteins with sirtuins of E. coli,
Salmonella enterica serovar Typhimurium LT2 and B. subtilis were 29.3%, 29.5% and
31.1% respectively. The amino acid sequence of LpSirB protein showed only 80%
homology to other reported L. rhamnosus sirtuins which share 94-97 % homology with

each other.

Chapter 2. Enzyme kinetics of the recombinant LpSirA protein

Expression and purification of recombinant L. paracasei sirtuin was conducted
with E. coli expression system. The sirA and sirB were cloned into bacterial protein
expression vector pET-15b. The constructed pET-15b plasmid was transformed into
E. coli BL21 (DE3) to express recombinant LpSirA and LpSirB. The recombinant
proteins with histidine tag were expressed and purified on a Nickel-affinity column.
However, the recombinant LpSirB protein was found in the inclusion body of E. coli
BL21 (DE3). Therefore, for the purification, the protein was dissolved in the presence of
8 M urea. Recombinant proteins were detected in single bands as apparent molecular sizes
of 29 kDa for LpSirA, and 34 kDa for LpSirB on SDS-PAGE.

Kinetic studies were performed using Flour de Lys® fluorimetric activity
measurement kit. The relative fluorescence unit was measured using NanoDrop 3300
Fluoropectrometer. The substrate used was an acetylated peptide comprising amino acids
379-382 of human p53. The control recombinant SIRT1 protein was provided in the same
kit. The apparent Km and Vmax of SIRT1 and LpSirA from NRIC 0644, 1917 and 1981
were calculated from Line weaver Burk plot obtained in the presence of 3 mM NAD*
(fixed) and 0.2 ug of each enzyme protein in the reaction mixtures. The standard curve

was calculated from using deacetylated fluorescent peptide substrate (Flour de Lys®
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deacetylated standard) provided in the kit. In addition, the author tested SIRT1 activator
resveratrol and SIRT1 inhibitor suramin. The apparent Km values were determined to be
130.2 uM, 186.3 uM, 180.1 uM and 130.1 uM for human SIRT1, L. paracasei NRIC
0644 LpSirA, NRIC 1917 LpSirA and NRIC 1981 LpSirA, respectively. The Vmax
values were 257.5 nmol/min/mg, 160 nmol/min/mg, 170 nmol/min/mg and 212.5
nmol/min/mg for SIRT1, NRIC 0644 LpSirA, NRIC 1917 LpSirA and NRIC 1981
LpSirA proteins, respectively. The optimal temperature for the enzymatic reaction of
LpSirA proteins displayed higher optimal temperature (45-50°C) than SIRT1 (37°C). In
addition, Resveratrol decreased in the apparent Km values of human SIRT1, but the
conclusion has not been reached yet on the resveratrol effects to apparent Km values of
NRIC 0644 LpSirA. Therefore, in addition to examine the reproducibility, the author
thinks it is important to search for new activator which strongly activate the enzyme
activity of LpSirA. Suramin inhibited deacetylase activity of both human SIRT1 (ICsp: 18
M) and NRIC0644 LpSirA (ICso: 359 uM). The results suggests the similarity and the

difference of enzyme property between human SIRT1 and LpSirA.

Chapter 3. Identification of the sirtuin-target acetylated proteins in L. paracasei
BL23.

Hereafter, instead of the three strains, a widely studied standard strain,
L. paracasei BL23 was used. The putative target proteins of sirtuin in L. paracasei BL23
were first screened by inhibiting sirtuin deacetylase using NAM in the culture medium.
In parallel, cell extracts (from cells cultured in MRS supplemented with 50 mM NAM)
containing 100 pg protein was treated in vitro with 10 pg purified recombinant LpSirAin

the presence of 10 mM NAD* to maximize NAD*-dependent deacetylation. From each
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of the in vivo and in vitro target samples obtained above, 100 ug cellular protein was
subjected to 12.5% SDS-PAGE, and blotted onto PVDF cellulose membrane. Western
blotting was done using anti-LpSirA primary antibody or Acetylated-Lysine primary
antibody, together with donkey anti-rabbit 1IgG secondary antibody. The results from each
of the in vivo and in vitro samples indicated that the 28 kDa acetylated protein was the
target proteins of sirtuin. Furthermore, the 28 kDa acetylated protein was purified using
ammonium sulfate precipitation (0-80%), Butyl-Toyopearl column and DE52 column.
The elution at 0.5 M NaCl from DE52 column showed single band of an acetylated 28
kDa protein, and this protein was deacetylated by LpSirA. The fraction containing 28 kDa
protein was further concentrated by acetone precipitation (80%) and subjected to SDS-
PAGE followed by electro-blotting onto FluoroTrans® PVDF Transfer Membrane. Its N-
terminal amino acid sequences were determined by the Edman degradation method using
a peptide sequencer PPSQ30. The N-terminal Amino acid sequence of the 28 kDa target
protein was determined to be SRYTGPRWKQ, which was perfectly identical to that of
30S ribosomal protein S4 of L. paracasei in the data bank. The function of 30S ribosomal
protein S4 was known to assemble the rRNA together with 30S ribosomal subunit protein
S5 and S12. Additionally, the ribosomal large subunit component MRP10 of
mitochondria was deacetylated by mitochondrial sirtuin (SIRT3), and it was found to
decrease protein synthesis rate. Thus, the author presumed that LpSirA is involved in the

regulation of protein synthesis in L. paracasei BL23.

Chapter 4. Intracellular localization of sirtuin protein in L. paracasei BL23
First, the author analyzed intracellular localization of sirtuin using anti LpSirA

antibody in L. paracasei BL23. Cells were fixed on cover glasses and treated with 4%
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paraformaldehyde for 20 min. Cells were probed with a rabbit anti-LpSirA antibody
(2:250 dilution) and anti-rabbit Alexa Fluor® 488 dye antibody (1:2,000 dilution) for 1h
at 37°C. The nucleoid of the cells were stained with 5 pg/ml hoechst 33342 for 10 min.
Finally, a drop of SlowFade® Diamond was applied to the sample and localization of
LpSirA was examined in L. paracasei BL23 by Confocal Microscopy. The result showed
that LpSirA was localized on the division plates and cellular poles during cell division.
Next, the author analyzed intracellular localization of sirtuin using LpSirA-venus
fusion protein in the living cells of L. paracasei BL23. The sirA gene sequence (693 bp)
was cloned into pCS2 Venus plasmid equipped with an incorporated Venus gene. The
sirA-venus fusion gene was cloned into bacterial protein expression vector pLPM11. The
pLPM11 construct (5 pg) was transformed into competent L. paracasei BL23 cells by
electroporation. Transformant cells expressing LpSirA-Venus were inoculated into 5 ml
MRS medium containing erythromycin and were grown for 12 hours at 37°C in incubator.
The 5 ml culture was washed with 0.86 % saline and inoculated to 5 ml of GYP medium
(where the glucose was replaced galactose). Finally, the localization of LpSirA in the
LpSirA-Venus high expresser strain was examined by confocal microscopy. The result
indicated that LpSirA-Venus protein was localized with a regular pattern, such as a spiral
in the cytoplasm. In Bacillus subtilis, FtsZ in the Z-ring was shown to be localized to the
division plates during cell division. In the cellular pole, there are RacA protein which
promotes the movement to the cell pole of the nucleoid, and the cell division protein
DivIVA which is connecting the RacAto cellular poles. Further, the actin homolog MreB
protein and the MinC and MinD proteins were localized as a spiral in the cytoplasm. Thus,

the author presumed that LpSirA is involved in cell division in L. paracasei BL23.
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In this thesis, the author found that the existence of sirtuin gene in LAB and their
deacetylase enzyme activities in three strains of L. paracasei. In addition, the author
revealed that the target protein of LpSirAin L. paracasei BL23 is 30S ribosomal protein
S4 which is involved in protein synthesis. Using immunofluorescent staining, the
localization of LpSirA protein was shown to be localized to the division plates and cellular
poles during cell division. Additionally, using the LpSirA-Venus high expresser strain,
LpSirA protein was localized with a regular pattern, such as a spiral in the cytoplasm of
living LAB. In conclusion, the author concluded that the function of sirtuin may likely be
involved in protein synthesis control and cell division in L. paracasei. Thus, the author
expects that sirtuin may serve as a novel criteria to select LAB for developing better

probiotics to contribute for the promotion of human health.
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ABSTRACT (in Japanese)

EHFELRTELTHLNTWD Y —F 2 A F, SIR2 & U TEERHCIH W T
FNZRE SHv, Z OFFEEDG FIZEZAYR L OEBAEN TR BRI TV
Do MA T, Y —=F oA U Z LRI BEOERBEITMESCENIZB N T, B R
R pB3 BL UMD T2 F b X7 E a2 HE L3 5 NADY (RTFRIL T &
METH L Z EBRHRESN TV D, FEEMICENT, ¥ —FaA i3, 27
R UEAEEFEE 2 — R{ET 5 cobB & L THRRE S, T D%, BT BT ALESR
& UL AREIESR  EIRBHIEIA 73 K OVEME 2 X7 IS 5 2 L v
SNTc, —H T HBEICBIT I —F 24 L OEENOWTUIRIERHTH 5,

HBE X, BEELORAF—F—BLOT e, 47 1 7 AL LTIAEFIH
ENTWVD, 20024, WHO IZ LW e g d7 4 7 23 T—EEERTHZ &
T, HEICASERIERZ 6T, AETWMEY) & LTERS N, ZOFE)N
O, 7 A AT 4 7 ZFEEPERTL2ETIIAFELTND Z &R LI
Do TANAFTT 4 7 ZAOBEBERIEA & L TUBENMEED T o 2% 7D
L0, ERTIEERN ST o5, 20K, AWBENIV BT a M 4T 17
A& LT 9 2T A b ATYERE, &5 1E M 36 X ORLRE R 4= PE ' 4 4
MESEDZLIFTEEORBEICL > TEHETHD, £ I T, AL TITHBLR A X
DREWT N AT 47 AL LTOMREEZEHET L LT, 3—F a1 0K
(COWTHRT 21T > 7,

AW TIZE T, ABEIZBT 2 —F oA VBB FOREZITV, fEEE T
& 7% Lactobacillus paracasei & fiffith—F = A > & OFEFEMEMITZIT 70 (8 1
), ®IZ, [FE L7- L. paracasei Y —F = A > X /7 BIZOWTHIMR 2 # R
7B R, R WP EREORE LT o7 (56 2 &), KkIZ, ¥—
Fad L DORT BFWACIERZ R EORR AR Z S —F 2 L Z XD
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BV —Faf v OREXNTHL=aF LTI REANVWTUT2, TDHHLD

FERL U7 EEE & X2 B 0T X BRELSIRE 24TV, 30S ribosomal protein

SATHHZLxEFE L (B3®E), LT, —F oA F "I EHORIEBIE

B IER IR L Z VNV TH D Venus & —F o A L ORG Z L8
BaHnWT, i aiTo72 (38 4 ¥),

%13 L. paracasei ICBITF BV —F oA VBEHEFORER X CHEY —F = 4
> & DA

ARETTABEICBT 2V —F 24 VBETOREEZITV, 1ZEFE2TOALR
WRY—F 2 VIBIETFEDRSES L ORAETLHZEEWALNE L, L
L. HBREEVNZ &2, Lactococcus J&, Carnobacterium J& 35 & U Melissococcus J&

MOIEY—F af VBIRFEHRT DI ENTERNS T, EHEDITNV—T1F
LIHTZ, L. paracasei NRIC 0644, NRIC 1917 35 X OV NRIC 1981 @ 3 ¥k D 2385 1
BLHI DT 24T > CE Y (Shiwaetal., 2015), Z1H 3¥RL WV RIEE T -V —
F =2 A 8 s T1d L. paracasei BL23 O —F = A VE{n T & 99.9% OFE[FIME%
KU, 2O —F oA % sirA Lands Lz, 2, NRIC 1981 FRIC DA AFAE L |
L. rhamnosus GG DY —F = A > & 78% OFAFEINEEZ /R LIV —F =1 L1 sirB
E LT, 72 BEYIORHSE LT, SitA Bia LV a— &5 LpSirA
H NI 2 SOTEEFL L NADT fEEELZRF L TR, —77, sirB &
D a— REN5 LpSirB % > 737 &% NAD" fEATNL 2 RTFE L TV D03, TETEF
DIF LD LMRIFEL TW o7z, A T, LALIGN 2 HW T, it —F = 1
VT R FEELY O FA RN 2 LEAENT L7 FT. LpSirA 13RO Sir2 & 26.2%
(BL23 LpSirA 8-226 aa (Zxf L T S. cerevisiae Sir2 251-518 aa) & ~ ™ SIRT1 & (&

29.4% OE[AMEZ R L7z (BL23 LpSirA3-208 aa (Zxt L T SIRT1 245-469 aa), ®
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(Z Escherichia coli, Salmonella enterica serovar Typhimurium LT2 3 X O Bacillus
subtilis £ IZZF 2 29.3%. 29.5%. 31.1% OAHEME R LT=, £7= LpSirB @
72 BEECANLERER COMIRENMEDY 94-97% %79 L. rhamnosus H—F = A

& 80% DHHFEMEZ R LT,

H2E FAMZ L. paracasei Y —F oA ¥ T B OBERIEEEIE

KIGHEFH 2 R % IV C L.paracasei ¥ —F = A > DOFBE L O 21T - 72,
SirA 35 X OV sirB % pET-15b plasmid vector {24 A L., ##a 2 # > /37 & LpSirA
KOV LpSirB Z%8l x& 5 7=, E.coliBL21 (DE3) ~JEH iz 1T > 7=, His-tag
DA LTcix & X7 BIZ=y VT 7 4 =7 4 — A7 M2 X0 RS,
M43 1% SDS-PAGE |2 L 0 it 217572, L»>L. LpSirB (% E. coli BL21 (DE3)
EANIZTREEIE L7=%. 8 M @ Urea Z HHW TR (L EIT o 72, ZOFES.
oz 27 G35y EDS LpSirA T#HJ 29 kDa, LpSirB T#J 34 kDa D Hi— 3>
FELT, a7z, BICZORER LpSirA ZfAWTC, 77 4 =7 4 — kiR
U7 a—F NHUREAER LTz,

22 1EMEIT Flour de Lys® fluorimetric activity measurement kit % Fu > CHEHT L.
FAHL 58 B 1% NanoDrop 3300 Fluorospectrometer % W CHIE %7 -7, b b
P53 (379-382 aa) M 5725 T B FILRTF REHLE L LTHW, v hr—L
Toh D2 SIRTL # 7 H 1%, Fxy MY Z 327 B4 vz, NRIC
0644, NRIC 1917, NRIC 1981 ¥k LpSirA 3 X OV SIRT1 @ Km fif & Vmax figl
BORHEAZ 3 mM BEEHREE D NADY & 0.2 ug OAEER 2 U L7255 5 i
% Lineweaver Burk plot 25, FtHEZ1T - 72, MEMILF » MMTE D Deacetylated
fluorescent peptide substrate (Flour de Lys® deactylated standard) % FHC. R %217

ST, ZTHUA T, Z#F1T SIRTL ORIEFITHAH L AT bz —/L & SIRT1
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DIHERTH D AT I v OFERIEE~OFELHER L7Z, Km fEIX, SIRTL, L.
paracasei NRIC 0644 LpSirA. NRIC 1917 LpSirA I X TN NRIC 1981 LpSirA T, £
LZ41 130.2 uM, 186.3 uM, 180.1 uM FB L1 130.1 uM Z R L72, Vmax fEiZ,
SIRT1, NRIC 0644 LpSirA. NRIC 1917 LpSirA 3 SO NRIC 1981 LpSirA TE£ il
Z L 257.5 nmol/min/mg. 160 nmol/min/mg. 170 nmol/min/mg I X OV 2125
nmol/min/mg Z -~ L7z, ¥IZ, BEOEMEIEE L. LpSirA T, SIRT1 (37°C) X
D EWEREIRE A (45-50°C) AT AR L, MA T, VAXRT fr—
JViTe b SIRTL @O Km EZ ) S5 2 & Z#EF8 L7225, NRIC 0644 LpSirA @
Km B~ BB L TR R I TV e, 205, HEMEZ R 5 &
(. LpSirA OREFRTEMEZ 3R ITIE S 2 . HBIRIERI ORE S Zh b 0H
HipT—~<ThbHEEZXD, £T2. A7 I3k |k SIRT1 LT NRIC 0644
LpSirA iti 5 Ot 7 & F AALEERIEME DOFLE 217V BERTEMEDS 50% PHE IS
AT OPEEEITE k SIRTL T 18 pM 35 £ O NRIC 0644 LpSirA C 359 pM ©
DT ENPLMNERoT, TR HORKIRIZE k SIRTL & L. paracasei LpSirA &

BEF OFEMEE OB R EAHERZR L TV D,

% 3EFE L. paracasei BL23 IZBITF BV —F o4 v DB L7 B ORER

LIt D EBRIZB LTI L. paracasei 3 kDb 0 1o, FUEKKTH 5 L. paracasei
BL23 |Z#» CT4T~o 7=, L. paracasei BL23 H—F = A » DIEHI X /37 BT, &
FTHIDIT in vivo BR & LT, EFHEFICBREAICTH S5 NAM IR LY & F v
KR EHET D2 LR, BREITo72, TOMITH invitro AERE LT,
100 pg OHAMHE (50 mM NAM 2300 S 4172 MRS Chi 2 S 7= flifa) 1ot L
T NAD" {RAFRI 72 T & F VRS &2 e RBRICAT 9 2512, 10mMNAD* 35 K 18 10

ng DR 2 LpSirA ZIRIN L, BESRUS 21T -7z, invivo 38 X TVin vitro &
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BRIV EONT= X X7 E 100ug &, 125% 7 /v % 7= SDS-PAGE %17
VN, PVDF E~§55. %47 - 7=, Western blotting 1% 1 k1A L L TR LpSirA %
FWTHERL L 7= anti-LpSirAprimary antibody 3 X OVfifilk Acetylated-Lysine primary
antibody % vy, 2 kLR L LT donkey anti-rabbit 1gG secondary antibody % >
7o invivo B XV invitro DRBRFEREZHRETH L. P —F 214 L OERHZ 8
7B L LT 28kDa D7 BF/WALE /R T EOIFEN RSz, VT, 28 kDa
DT v F ML E X7 B %, B (0-80%), Butyl-Toyopearl 7 7 A3 XY
DES2 7 7 A& AW TR 24T 572, 0.5M NaCl TOV¥EHE 53123\ T, 28 kDa
DT BFNMMEE R TEOHR =N RERm L, 20X /X7 I LpSirA 12 k-
THT B F b END Z LRIz, 28KD DX /87 E & ETeli L, 7
B bR (80%) 12XV S 5 IZHRME S AL % . SDS-PAGE %17\, FluoroTrans®
PVDF Transfer Membrane ~4z5- %217 > 72, #5514 D 28kDa ¥ > /27 B D N K
7 2 EEECHIIE. Peptide sequencer PPSQ30 % A NT= = RN~ Ly fREEIC X 0 fRAT
SNz, TORER, 28 kDa OFEM X X7 EH O N K7 I/ BEESIIE
SRYTGPRWKQ TH 2D Z EA/RSHL, £DT I/ ESNIT —Z /S 7 18 Gk
ST 5 L. paracasei @ 30S ribosomal protein S4 @ & @ & 524212 —# L7z, 30S
ribosomal protein S4 OFEAE & L C. 30S ribosomal protein S5 33 & T8 S12 & 3,
RNA L 2EEITHI ZERMBATND, AT, I hary RV 7O —FaA
> (SIRT3) 723X h = R U 7 @ ribosomal large subunit component MRP10 % Jii 7
TF ML, RIS KD Z N EERERED LIz W) HERL TN D,
ik, #3#F1% L. paracasei BL23 (B W CTH—F oA NI X 7 EARKRICE
SSACREAY: g i [ Dy

W AE L paracasei BL23 IZBIF BV —F oA v Z LT B D JFIEMRIT
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EPTHIDOIC, FF TP LpSirA Hifk 2 AW TR EO Y alkIc X 2 RTEBlg %
1Tolze MBI N—7 T ZNTHEF/ S, 4% O/RXFHRVLT VT RT 20457
MO EELBL 21T > 7=, MRl Anti-LpSirA antibody (250 f#7FR) 3 & O anti-
rabbit Alexa Fluor® 488 dye antibody (2,000 %4 #R) % 37°C T 1EFEXIGSSE S 2
& THIR AT o2, MIOERAIT 5 pg/ml @ Hoechst 33342 TYE ATV,
SlowFade® Diamond % #lifcl |2 F L. 3G48 SRS 2 F VT L. paracasei BL23 |2
BT 5 LpSirtA D RTEBIE 1T o 72, ZOFEE, LpSirA Ny Zdaizis it 5 5%
T & ARIERC RTET D Z E A S T, RIC, FERIIAEMRICRT B REEE
2295 Z\Z, LpSirA-Venus @& & /87 B & W T RTEBIER 21T o 7=, sirA Bix
+ (693 bp) I venus A5 %& & A 72 pCS2 plasmid vector ~f A X741, sirA-venus
fl &l % . pLPM11 plasmid vector (2 AL, Z® pLPM11(5ug) %, =L 7
faR—1—3 g U9E%E VT, L paracasei BL23 (CEE#a#a A 1T - 7=, LpSirA-
Venus =3 BRIT = U A m <1 LG D MRS E5 i T, 37°C T 12 KffH O Hi
B 21TV, 0.86% DOAEFLRIE/KEZ AV T4 T, 5ml @ GYP 55 (glucose
Z galactose (ZAZ#L) (AR 21T > 72, H%2IT. LpSirA-Venus m3Hikkz GYP-
agar (glucose % galactose |ZAXH#L) THBONIZ I /N—H T ATHE 1TV, L
JRBEMREEIC K o T LpSirA-Venus Z N7 B D RIEBIER Z 1T o T2, T D5 R,
LpSirA-Venus % /X7 E DS HINAE ICHRFED & 5 72 BRI Z & > TRET H 2 &
PN SNC, MFEEICBW T, DRIFET 247 EELTZ U
T EERT D FSZ DMFAET D, MBI, AR O MR~ DB 8) 2 R S
H% RacA B L8, RacA ZHMMaMRIC 7 SHINSZL L 737 B DiVIVA MFEAE
T 5, S OICHIEIZBWTIEERIZRET 22 X7 EE LT, 77 FURE
07 ChbH MeB ¥R BEBLW FsZ OEAZIET S MinC XU MinD

B URTEPEET D, TNHOFENL, FFIT L. paracasei BL23 (230 TH
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—F o TS BN B 5 B A LT

KN RBNT, FFIIREIB D OAMEAEICY —F oA VBT PFET D F,
B L L. paracasei 3 kDY —F oA VST B F UALEEREE A RO L 2 R
W2 LTz, ZAUTHINZ T, #FF1L L. paracasei BL23 (2351F % LpSirA OFER) &
RGN H X7 FERRICEE S35 30S ribosomal proteinS4 T 5 = & A, R
THIDTH LN LT, T, REEOLGEIZE D | LpSItA Z 2 /37 EIT R
FREZ 31T A & MBI JRFET 5 3 L O LpSirA-Venus ERBIFRIC LD |
LpSirA & ™7 BISHIEITHRRE D & 5 2 BIHIMEZ & - TRET 2 0B8R S
iz, LLEX Y, FFIX L paracasei (2B 5V —F a4 v o&kElL LT, X
X7 E R &R FC B ST D FEAHERI L7, il FEFEIET—F oA
VOMETICERTHI LT, ABAELZ LV RWT e "M FT 4 7 AL LTAX
DOREFHEICHIRSED LN TEDAREMENH 2 EE ATV D
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