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ABSTRACT

Enterococcus faecalis 710C is a lactic acid bacterium that produces two
bacterocins, ent7A and ent7B. Both ent7A and em&8e strong activity against
gram-positive food pathogens includingisteria spp., Clostridium spp.,
vancomycin-resistant enterococci (VRE) and metimeresistantSaphylococcus
aureus (MRSA). Mass spectrometry analyses revealed thgt ént7A (5201 Da)
and ent7B (5207 Da) have formylated N-terminal nogtime. The amino acid
sequences, structural gene sequences of ent7 fuclaotide position 1-275 and
immunity gene were determined. Circular dichroisaadsuggest that in aqueous
solution ent7A and ent7B have 20 to 25% alpha-bAklregion. Addition of
membrane-mimicking reagent (trifluoroethanol) dat significantly enhance the
alpha-helical content in ent7A and ent7B. Chiralgsis by gas chromatography-
mass spectrometry showed that the amino acid residlucidated in ent7A and

ent7B were all in L-configuration.
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1. INTRODUCTION

Bacterial foodborne illness has been an escalatongcern worldwide. In
Canada, it is estimated that between 11 and 13omilCanadians suffer every
year from illnesses caused by foodborne bactereaitHh Canada and the Public

Health Agency of Canada).

To prevent bacterial foodborne illness, variousdfqueservation methods
have been used. These methods include canninggupagtg and addition of
chemical additives. Due to concerns from consumibexe has been a rapidly
emerging area of research and development of digteurring organisms that
produce antimicrobial substances to control thevgroof foodborne pathogens
(Cleveland et al., 2001; Gélvez et al., 2007; GAle¢ al., 2008). Of special
interest are lactic acid bacteria (LAB) that groaturally on food. LAB are
known for their probiotic use and the antimicroliampounds they produce that
inhibit the growth of many foodborne pathogens. ®pe of these antimicrobial
compounds is bacteriocins (Franz et al., 2007; Mtuand Stiles, 1996; Stiles
and Hastings, 1991; Stiles, 1996). Bacteriocins @@einaceous compounds
secreted by bacteria and they have antimicrobigigcagainst closely related
species. Bacteriocins are proteinaceous compouradsate frequently are many
orders of magnitude more potent than conventiondlb@atics on specific

bacterial strains (Cotter et al., 2005).



Enterococcus is a genus of LAB that has a large range of enwremtal
niches. Some enterococci are bacteriocin-produc&rey exhibit strong
antimicrobial activity against a broad spectrunfaafdborne pathogens, including
Listeria spp., Clostridium spp. andSaphylococcus aureus (Franz et al., 2007).
The chemical properties and modes of action ofethexcteriocins have been of

an increasing interest (Abee et al., 1995).

The strain of interest in the current reseafatiterococcus faecalis 710C was
isolated from a ground beef sample that had beateglonto KF Streptococcus
agar and the strain was obtained from the Univwersif Alberta Food
Microbiology Culture Collection. Previous studidsow that this organism has a
broad spectrum of antimicrobial activity (this sgidincluding common gram-
positive foodborne pathogens suchGlsstridium spp.,Listeria monocytogenes,

and methicillin-resistanc®&aphylococcus aureus (MRSA).

In previous work, the 16S rDNA @&. faecalis 710C was confirmed and PCR
amplification of virulence-factor-associated gehasl been conducted (Franz, C.
M. A. P., personal communication). Presence ofl@irce factor genes or positive
results on plate assays were obtained for acea@mil adhesion), aggregation
substanceasal), enterolysin A, gelatinase, EfaAfc (endocarditigigen fromk.
faecalis) andp-haemolysin. Negative results were obtained foBs/@rancomycin
resistance) or EfaAfm (endocarditis antigen frdin faecium). Subsequent

investigations showed that this organism produeesdniocins.



In the present study, bacteriocins frdin faecalis 710C were isolated and
purified. The chemical properties of these bactém® were characterized,
including their amino acid sequences, structurahegeequence, secondary

structure, configuration of amino acid residues antimicrobial activity.



2. LITERATURE REVIEW

2.1 Lactic acid bacteria and food safety

2.1.1 Lactic acid bacteria

Lactic acid bacteria (LAB) are gram-positive, n@osilating bacteria that
produce lactic acid as the major end product obaaydrate fermentation. LAB
include a diversity of bacteria from familiésctobacillaceae, Aerococcaceae,
Carnobacteriaceae, Enterococcaceae, Leuconostocaceae and Streptococcaceae
(Garrity et al., 2005).

LAB are traditionally classified based on their mpioology, growth
temperatures, and metabolism patterns (Salminah,e2004). They can also be
classified based on their 16S ribosomal RNA gedés (rDNA), which contain
regions that have variable sequences amongstettféacterial species.

LAB can be found in a wide range of ecological ei€hsoil, plants, animals
and surface water, and many food products. Most [a&Bociated with food are
non-pathogenic to humans. They are part of thetlineaticroflora of human and
animal intestinal tract. Some LAB provide healtméis to humans and are
known as probiotics. Only a few LAB strains carnyulence factors that are

associated with human diseases.



2.1.2 Roles of lactic acid bacteria in food

Depending on the species, some LAB are food-speitaigroorganisms while
others are essential to food manufacturing andepraion. LAB have been used
for fermented foods for over 6000 years (Holzaptehl., 1995). They participate
in fermentation during the manufacture of food pmd such as yoghurt,
sausages, sauerkraut and cheese. The major endcpafdfermentation, lactic
acid, can assist the coagulation of milk by lowgrithe pH during cheese
ripening. Lactic acid can also improve food flavolelp digestion and facilitate
nutrient uptake in the human gut. It is known thadtobacillus delbrueckii subsp.
bulgaricus and Lactobacillus acidophilus aid digestion and reduce the risk of
intestinal infections by competing with pathogebécteria in the human digestive
tract. Other metabolites of LAB, such as acetiddaand carbon dioxide can
provide taste and prevent food from spoilage (Hafzlaet al., 1995). Certain
LAB species produce antimicrobial compounds thapsess the growth of food

spoilage organisms and extend the storage lifead.f

2.1.3 Lactic acid bacteria and food preservation

Food preservation techniques involve both physacal chemical methods of
preservation. Physical methods include canningtepagzing and non-thermal

techniques such as high pressure or pulsed eldatds. Chemical methods



include addition of salt, sugar or chemical preagves to the food to inhibit
microbial growth. Due to the concern from consunregarding the amount of
daily salt and sugar intake, as well as the paéentixicity of chemical
preservatives to the human body, there has beemnn@easing interest in
cultivation of foods’ natural microflora and/or theantibacterial substances
(biopreservation). LAB have demonstrated their poé¢ as biopreservatives
because a few LAB strains are part of natural-aaegmmicroflora on meat and
many are generally recognized as safe (GRAS) byUBeFood and Drug
Administration (FDA). Many of these LAB produce mnicrobial compounds
including organic acids, carbon dioxide, non-pnoéeeous antimicrobials and
bacteriocins.

Bacteriocins have attracted great research intdresause of their potency
(effective concentration at nM range to achievenaictobial activity), especially

againstListeria monocytogenes, which causes listeriosis.

2.2 Bacteriocins

Bacteriocins are peptides or proteins synthesizedilbsomes in bacteria.
They are generally secreted out of the cell inte #xtracellular medium.
Bacteriocins are often synthesized in the inadioven (pre-bacteriocin) and then
processed into their mature (active) form durirgnsport. Active bacteriocins

exert antibacterial effects, either bactericidalbacteriostatic, against closely or



non-closely related bacteria (Jack et al., 1995).

Bacteriocins were first identified frofscherichia coli V in 1925. This strain
secretes a toxic substance (later named as colirithat inhibitedE. coli S
(Gratia, 1925). Since then, more and more antirhiatsubstances like colicin V
have been discovered. These substances have enetacst in common. They are
all proteinaceous and secreted by bacteria for gravempetition with other
bacteria in the same ecological niche.

Bacteriocins have been discovered not only in gnagative bacteria, but
also in gram-positive bacteria such as LAB. Baot@ns from gram-negative
bacteria differ from those secreted by gram-negabiacteria in that they possess
self-regulated biosynthesis and a dedicated trahsystem for excretion (Riley

and Wertz, 2002).

2.2.1 Classifications of LAB bacteriocins

Classification of bacteriocins from LAB is mplicated mainly due to
different views on whether bacteriocins should kessified according to their
chemical structures, methods of excretion, or thedes of action. A widely
accepted classification was suggested by Klaenharnm988 and reviewed by
Nes et al. in 2007:

Class | bacteriocins: lantibiotics

Class Il bacteriocins:



Class lla: (pediocin-like bactains);
Class llb: bacteriocins, whosévély depends on the complementary
activity of two peptides (two-peptide bacteriocins)
Class lisec-dependent secreted bacteriocins;
Class lld: the remaining Clasbdtteriocins;
Class Il bacteriocins;
Class IV bacteriocins.

The Class | bacteriocins includes lantibmtihich are further divided into
Type A (linear) and Type B (globular) lantibiotidsantibiotics produced by LAB
mostly belong to Type A. They comprise a grouprofl (19 to 37 amino acid
residue) polycyclic bacteriocins containing uncommgost-translationally
modified amino acids, including:a, p-dehydroalanine (Dha),a, f-
dehydrobutyrine (Dhb), meso-lanthionine (Lan) and B-methyl-lanthionine
(MeLan) (Sahl and Bierbaum, 1998). Examples incloiden A from Lactococcus
lactis (de Vuyst and Vandamme, 1994b) and lactocin S frawtobacillus sakei
L45 (Mgrtvedt et al., 1991).

Class 1l bacteriocins include small (< 10 kDheat-stable, cationic non-
lantibiotics. They are further categorized into $8ldla bacteriocins, which have
strong antilisterial activity and have a conserieterminal amino acid sequence
(YGNGVXaaC). Class lla bacteriocins, include leunooé from Leuconostoc
gelidum UAL187 (Hastings et al., 1991), pediocin PA-1/Aghtoduced by

Pediococcus acidilactici PAC-1.0 (Henderson et al., 1992) aPRediococcus



acidilactici H (Bhunia et al., 1988); Carnobacteriocin BM1 fr@arnobacterium
maltaromaticum LB17B (Quadri et al., 1994), and enterocin A fr&mterococcus
faecium CTC492 (Aymerich et al., 1996). Class Ilb bacteins include
brochocin-C produced bfrochothrix campestris ATCC 43754 (Siragusa and
Cutter, 1993) and plantaricin S frobactobacillus plantarum C11 (Diep et al.,
1996). Class lic bacteriocins include enterocidMfEnterococcus faecium P13
(Cintas et al., 1997) and Class lld bacteriocim$uitie lactococcins A and B from
Lactococcus cremoris 9B4 (Holo et al., 1991) andactococcus lactis WM4
(Stoddard et al.,, 1992) and enterocins L50A, L50&1 a&nterocin Q from
Enterococcus faecium L50 (Cintas et al., 1998; Cintas et al., 2000)m8&o
bacteriocins that do not have an N-terminal leadeptide are known as
“leaderless” peptides. They are grouped into Cliaskacteriocins.

Class Ill bacteriocins are large (>30 kDagathlabile proteins (in some
literature they are referred to as bacteriolysiiigey include enterolysin A from
Enterococcus faecalis LMG 2333 (Nilsen et al., 2003) and helveticin dnfr
Lactobacillus helveticus 481 (Joerger and Klaenhammer, 1986).

Class IV bacteriocins are cyclic peptidesludimg carnocyclin A fromC.
maltaromaticum UAL307 (Martin-Visscher et al., 2008), enterocinSA48
produced byStreptococcus (Enterococcus) faecalis subsp.liquefaciens S-48.
(Galvez et al., 1986; Galvez et al., 1989) and gy&sa A from Lactobacillus

gasseri LA39 (Kawai et al., 1998).
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2.2.2 Bacteriocin biosynthesis, processing andesiecr

Most bacteriocins are synthesized as a pbagteriocin that is biologically
inactive. A preprobacteriocin contains a C-termimabacteriocin domain and an
N-terminal extension (Nes et al., 1996). The N-ieahextension contains a
specific amino acid sequence that is required fbe trecognition of
preprobacteriocin by a dedicated transport sysiidma. C-terminal probacteriocin
then undergoes post-translational modificationglding mature bacteriocin
(Hastings et al., 1991). However, in some bactergyadhe N-terminal extension
is absent, resulting in the characterization oadierless” bacteriocins. Examples
include enterocin L50A and L50B frointerococcus faecium L50 (Cintas et al.,
1998).

Class | bacteriocins (lantibiotics) undergateesive post-translational
modifications including incorporation of the uncommamino acid residues.
Class Il bacteriocins undergo minimal post-transtetl modifications such as
disulfide bridge formation and methionine residu@lation (Cintas et al., 1998).

In most cases, mature bacteriocins are szti®f the ATP-binding Cassette
(ABC) transporters or by a bacterial preproteimstacase gec). Bacteriocins
secreted by ABC transporters contain double-glycesmdues at the -2 and -1
positions, which are recognized by ABC transpoftg¢évarstein et al., 1995).
Bacteriocins secreted via treec pathwayhave a signal peptide on their N-

terminal extension that contains an amino acid esecgl that is recognized by the
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sec-translocase (den Blaauwen and Driessen, 1996)sétmetion mechanism for

leaderless peptides is so far unknown.

2.2.3 Mode of action of bacteriocins

Bacteriocins exert bacteriostatic or bactdak effects on target cells.
Bacteriostatic effect refers to the inhibition abgth or reproduction of target
cells without causing cell death. Bactericidal effénclude killing of target
bacteria through primary and secondary modes adractiuring primary modes
of action, bacteriocin molecules insert themselwet® the membrane and
aggregate to form pores in the membrane. Duringrsiry modes of action,
bacteriocin molecules bind to target cell wall madedeichoic and lipoteichoic
acids, where autolysins are normally immobilizethc8 bacteriocins are strong
cationic compounds, the binding of bacteriocinsdt wall competes the binding
of autolysins to teichoic and lipoteichoic acidsotigh cation-exchange process.

Therefore, autolysins are released and the taedjeisdysed.

2.2.4 Regulation of bacteriocin production

It has been suggested that bacteriocin ptemucmccurs throughout the

growth phase of the producer strain (Parente g1887). However, bacteriocin
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activity is usually not detected while the produstain is still at its lag- or early-
log phase due to their low concentration. Bact@mi@oncentration significantly
increases when the producer strain reaches lat@togarly-stationary phase
(Fontaine et al., 2007).

The production of most class lla bacterioegsenfluenced by the density of
producer strain in the growth medium. The modet thalains the cell density-
bacteriocin production relationship is called quorsensing (QS) (Kleerebezem
and Quadri, 2001). This model describes a threepoment regulatory system
which includes induction factor (IF), histidine kse (HK), and response
regulator. The IF can be a peptide different frdra bacteriocin, or can be the
bacteriocin itself (Saucier et al., 1995). The $Fsecreted outside the cell during
bacterial growth. It is sensed by the sensor doneéithe HK located on the
exterior face of the cell membrane. The catalytmdin of HK, which is located
on the interior face of the cell membrane, becoptexssphorylated and activated.
Activated HK dephosphorylates cytosolic responsggilegor, which promotes the
transcription of the bacteriocin gene.

It has been found that adequate amount ah lthe medium is needed for
bacteriocin production, i.e., a minimal inoculurzesiof the bacteriocin producer
strain with its culture supernatant that contaiRs i required (Saucier et al.,
2008). Otherwise no bacteriocin production can éected. For example, when
the inoculum size ofC. maltaromaticum LV17 is below 4 log CFU/mLC.

maltaromaticum LV17 does not produce bacteriocin (Saucier et B895).
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However, in this case, bacteriocin production canréstored by addition of
producer-strain culture (Saucier et al., 1995hergurified IF.

In addition to cell density, there are otHactors influencing bacteriocin
production. For example, the composition of nutsem the bacterial growth
media can influence pediocin PA-1 productionPinacidilacticic NRRL B-5627
(Guerra et al., 2001). In some cases, bacteriocotyztion is temperature-
sensitive. For instance, the production of sakécfrom Lactobacillus sakei 706
reaches maximum at 20°C and ceases when temperiaks@bove 35°C (Diep et
al., 2000). Another example where temperaturerotmbacteriocin production is
with C. maltaromaticum UAL26 where bacteriocins are not produced if the

culture is grown at temperatures aboveé§Gursky et al., 2006).

2.3 Chemical characterization of L AB bacteriocins

2.3.1 Purification of bacteriocins

Bacteriocins are secreted into culture medidoring bacterial growth;
therefore, purification of bacteriocins begins fraxtracting bacteriocins from
culture supernatant. LAB bacteriocins are caticamcl hydrophobic; therefore,
most purification methods are based on these pieperThere are non-

chromatographic based and chromatographic-basedhodwet to purify
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bacteriocins. Non-chromatographic methods are g@d#igeused for partial
purification of bacteriocins or “clean-up” of bagdteins before they are further
purified by chromatographic-based methods. Common-alhromatographic
methods for purification of bacteriocins includeganic solvent extraction,
ammonium sulphate precipitation (Holo et al., 19%d cell adsorption-
desorption (Yang et al., 1992). Organic solventghsas butanol, can extract
bacteriocins from aqueous cell supernatant sina¢ebacins are hydrophobic
(Piva and Headon, 1994). Ammonium sulphate pretipit is based on the fact
that proteins are soluble in low-salt solutiondtiisg-in) and that they precipitate
in high-salt solutions (salting-out). Different pemms salt out at different
concentrations of salt. In ammonium sulphate pr&tipn, bacteriocins with
other protein impurities are dissolved in solutmith a low concentration of
ammonium sulphate. When the ammonium sulphate otrat®n in the solution
increases, bacteriocins and protein impurities @altat different concentrations
of ammonium sulphate and are separated. Ammonidphaie precipitation is a
convenient method to concentrate and enrich bacias from crude cell culture
supernatant. Cell adsorption-desorption methodaged on the interaction of the
cationic bacteriocins and the anionic bacterial seiface made of teichoic and
lipoteichoic acids. In this method, the bacteriatface is washed with a high-pH
solution so that cationic bacteriocins secreted gnowth medium will bind to the
cell surface. The cells are then harvested, andbaleteriocins are desorbed from

the cell surface by washing cells with a low- pHusion (Yang et al., 1992).
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Organic solvent extraction, ammonium sulphg@ecipitation and cell
adsorption desorption can separate bacteriocing freost impurities in cell
supernatant. Further purification of bacteriocinsually requires liquid
chromatography. Various types of chromatographyehbgen used, including
cation-exchange, hydrophobic-interaction, solidgghaxtraction, size-exclusion,
and reverse-phase (RP) high performance liquid nshtography (HPLC).
Cation-exchange chromatography was efficient ferghbrification of many LAB
bacteriocins including pediocin PA-1 froRediococcus acidilactici LMG 2351
(Uteng et al.,, 2002), plantaricin ST31 frobmctobacillus plantarum ST31
(Todorov et al., 2004), and bacteriocin ST15 fr&merococcus mundtii ST15
(Granger et al., 2005). Hydrophobic-interaction uomh and solid-phase
extraction column have also been applied to pudfyancin L28-1A from
Enterococcus durans L28-1, which was partially purified using a Phenyl
TOYOPEARL hydrophobic column and solid-phase Sep-B48 cartridges
(Yanagida et al., 2005). Solid-phase extractiomsigally a pretreatment step prior
to the HPLC purification. Its main purpose is tesak bacteriocins and remove
impurities.

To obtain a high degree of purity of a baown, RP-HPLC or
immunoaffinity chromatography is needed. RP-HPLG baen used to purify
bacteriocins such as enterocin L50A, L50B (Cintiaale 1998), and carnocyclin
A (Martin-Visscher et al., 2008). Immunoaffinity rdmatography has been

developed for rapid purification of bacteriocinerfr bacterial culture supernatant.



16

Using the anti-pediocin PA-1 polyclonal antibody fiediocin PA-1 purification

achieved 53.3% recovery (Naghmouchi et al., 200@npared to 38% recovery
using SP-sepharose strong cation-exchange colunaus@®&r et al.,, 2002).
However, so far many bacteriocins do not have coruoialéy available antibodies
and making antibodies using animals is time conegnand costly. For this
reason application of immunoaffinity chromatograpbiybacteriocin purification

is not as widely used as HPLC.

The choice of columns for HPLC separationethes on the bacteriocin and it
is difficult to generalize which column will be neoefficient. Trials of different
columns are needed for efficient bacteriocin pcaifion. Factors that need to be
considered include stationary phase of the colupamticle size, mobile phase
composition, pH and temperature, sample preparammhprogramming (solvent

flow rate and gradient).

2.3.2 MS analyses of bacteriocins

Mass spectrometry (MS) analyses involve ionizatioh analytes and
measurement of these ions according to their neashdrge ratio. MS techniques
used in the study of bacteriocins include matrigisted laser
desorption/ionization (MALDI) MS and electrosprapnization (ESI) tandem MS
(MS/MS) analyses. MALDI- MS has been utilized toted# the presence

bacteriocins in a sample matrix and to determine mholecular weights of
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bacteriocins. ESI-MS/MS analysis has been usedséguencing bacteriocins.
This technique has also been used in studying d@ammodifications (e.g., post-

translational modification), as well as in the qtifesation of bacteriocins.

2.3.2.1 MALDI- MS

MALDI- MS has been widely used in protein bse& since its first
introduction in 1988 (Karas and Hillenkamp, 1988)is a convenient, sensitive
and accurate method to study proteins (Rose e1299). A major advantage of
MALDI- MS is that it is a soft ionization methodjnse the analyte is co-
crystallized with a matrix, which is usually a UWsorbing weak organic acid to
avoid undesired fragmentation of bacteriocins duytime ionizing process. The
UV-laser irradiates the crystal, resulting in afice#nt transfer of laser energy
transfer from the matrix to the analyte. The mat@n protect the analyte from
fragmentation and can promote the ionization ofahalyte. The analyte ions will
be accelerated by an electric field and separatedrding to their mass-to-charge
(m/z) ratio.

Common matrices employed for bacteriocin ysed includea-cyano-4-
hydroxy cinnamic acid (HCCA), sinapinic acid (SA) ®, 5-dihydroxybenzoic
acid (DHB). Generally, HCCA is suitable for pepsdender 5 kDa, SA for large
peptides/protein above 5 kDa and DHB for protegedts (ProteoChem).

There are different methods to deposit thalya@ and the matrix onto the
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sample plate for analysis: 1) the matrix is spotiatb the plate and air-dried, a
second layer (matrix: analyte = 1: 1) is appliedt@m of the first layer, air-dried

and rinsed with water drop to remove salts in tharix that can interfere the

analysis (two-layer method); 2) similar to 1) excémt the second layer only
contains analyte (thin-layer method); and 3) maarmxl analyte are mixed at 1: 1
ratio, spotted onto the plate and air dried (nsing). This method is also referred
to as dried-droplet method (Kussmann et al., 199Ethod 1 is commonly used
but Method 2 provides a greater tolerance to sanmppeirity such as salts and
detergents. Method 3 is simplest but analyte deteachay be easily interfered

with by impurities in the sample.

MALDI- MS is usually done in conjunction with a tevof-flight (TOF)
analyser. In MALDI-TOF MS, ions generated are aexdkd by an electric field
of known strength (Stephens, 1946). Thus, all itk the same charge have the
same kinetic energy (KE). According to the equal@= %2 mV, ions of smaller
masses have higher velocity. The time that takesoano reach the detector
(fixed distance) is therefore dependent on the simsbkarge (m/z) ratio. TOF
analysers include linear and reflectron types (REJI@n linear TOF, ions travel
in straight line to the detector. In RETOF, ion® aleflected by an energy-
focusing mirror and then reach the detector. Gdliyel@ETOF provide better

resolution of ions than linear TOF.
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2.3.2.2 ESI- MS/MS

ESI is a different ionization method than MALDI. EBSI, a solution that
contains the analyte passes through a high-voltagédlary and forms charged
droplets. These charged droplets are evaporatadeoly gas (e.g, nitrogen) and
become smaller and smaller. When the droplet staehes the point that the
droplet surface tension can no longer withstandcthdomb repulsion between
the analyte ions within the droplet (the Rayleighit), the droplet breaks into
even smaller droplets. This process repeats. Kindie solvent-free ions are
released.

With an ESI-MS/MS detector, usually a triple quambie (Q) analyzer is
used. This analyzer consists of Q1, Q2 and Q3.9Qiséd to select the analyte
ion (parental ion), Q2 is a collision cell wherergrgal ions are fragmented into
daughter ions by colliding with e.g., argon gaddasthe collision cell, and Q3
filters and scans the daughter ions produced irfid@#heir m/z. The m/z of ion
fragments can be used for peptide sequencing.

The parental ion can be identified based on thdragmentation pattern (the
masses of the fragments), since ions from diffeemdlytes have unique ion
fragmentation patterns. In most cases of low-enegjiisions, only the amide
bonds of a peptide break. The peptide breaks wbop@arts, one part contains the

N-terminus and the other contains the C-terminbe gart of peptide with the N-
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terminus is referred to as b-ion and that with@ierminus is referred to as y-ion
(Roepstorff and Fohlman, 1984). The mass informasioall the b- and y- ions of
a peptide can be compared to theoretical fragmentgattern of peptides with
known sequences from database to determine theoaaumd sequences of a
peptide. The difference between theoretical mask experimentally measured
mass may also indicate a specific type of chemuadlification of the peptide
(Delta Mass, the Association of Biomolecular Reseufacilities).

The limit of MS/MS method in peptide sequencingwhuer, includes that
Leu and lle cannot be differentiated, since leu¢lreat) and isoleucine (lle) have
the same mass. In this case, other techniquestoeael employed to determine
whether this residue is Leu or lle, e.g., from dle@e that codes the peptide.

ESI-MS/MS has been widely employed for proteinspeptides analyses
because of its high sensitivity and accuracy. Bangle, the accurate mass
spectra of protein digests at a picomole levelisigitg can be acquired by nano-
ESI Fourier Transform lon Cyclotron Resonance (ER) MS (Kosaka et al.,
2000). The Bruker 9.4T Apex-Qe FTICR used in thislg has mass accuracy of
+ 2 ppm over m/z range from 100 to 10,000 and cdieae accuracy of < 1 ppm

upon internal calibration.
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2.3.3 Circular Dichroism

Circular dichroism spectrometry (CD) is a fast wiy obtain structural
information of proteins or peptides. Proteins ae@tmles are made of chiral (L-
or D-) amino acid residues (except glycine). Thusytare optically active and
have CD absorption. CD records the differentialogbon of the left- (L-) and
the right- (R-) handed circularly polarized ligmoin an optically active (chiral)
molecule. The CD absorption of proteins and peptiddargely influenced by the
spatial arrangement of their amino acid residué®rdfore, a protein or peptide
adopting different configurations (secondary suues$) or conformations (tertiary
structures) will generate different CD signals. €fectra are usually represented
as the molar ellipticity as a function of waveldngthe CD signals in the near-
UV range (250-350 nm) are influenced by proteirtidey structure, while the
signals in the far-UV range (190-250 nm) are inficed by the secondary
structures ¢-helix, p-sheet or random coil).

The percentage ai-helix, B-sheet or random coil in a protein or peptide is
usually calculated using computer software sucB@Bro. The percentage of the
a-helical content can also be calculated from foanydercentage odi-helical
region = (-p]222nm + 3000) / 39000, in which is the molar ellipticity (Juban et
al., 1997). Since bacteriocins normally containyoshelical (structured) and

random coil (unstructured) regions, the percentfge-helix in a bacteriocin is
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estimated using the formula above.

CD is a useful tool to monitor the conformationhnge of a bacteriocin after
it transfers from an aqueous environment to a Ipfasbic environment. In other
research, CD technique can also be used in they shedthermal stability of
bacteriocin, as bacteriocin will change its seconddructure ¢-helical region
will become random coil during heating) and resultdifferent CD signals
(Montalban-Lopez et al., 2008).

However, CD experiments have limitations: i information on which
region in the bacteriocin is either coiled or isoahelix; 2) some common organic
solvents are not compatible with CD analysis, eagetonitrile, chloroform and

dichloromethane.

2.3.4 Chiral analysis of bacteriocins

Chiral chromatography is a type of chromaapiy in which special
stationary phases are used to separate chiral aordpoChiral chromatography
includes LC- and GC- based methods, both of whakelbeen widely applied to

screen and separate enantiomers.

Chiral GC analysis is a conventional methodLfdD- screening of peptides
because of its robustness and short analysis tinee a method is validated, it

can be used to screen any hydrolyzed peptidesstmmgsthe common 20 amino
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acids. Data processing is greatly simplified, as Bffectra of compounds that
elute from the column are recorded in real-timehe TMS spectrum of each
chromatographic peak can be linked to a libraryalbase, which allows

identification of compounds from electron ionizati®lS spectra.

In chiral GC analysis, a peptide sample idrblyzed into free amino acids
and derivatized. Derivatization is used to increasenple volatility through
alteration of the compound functional groups. Tleewatized amino acids pass
through a GC column. As L- and D- amino acid ddies interact differently
with the stationary phase, they elute at differemes from the column, thus

separation is achieved.

The GC columns used for L-/D- screening mayeha chiral or non-chiral
stationary phase. Common stationary phases inchmgmeric matrices of
dimethylsiloxane or (2-carboxypropyl)-methylsiloxafFrank et al., 1978). This
type of stationary phase is thermal stable andbeansed at a temperature up to
230 °C. The column allows for the separation ofta## racemic protein amino

acids in one chromatogram in about 30 min.

Depending on the choice of column, varioushoés have been developed to
derivatize amino acids. For example, amino acids derivatized taN-(O, S)-
pentafluoro-propanoyl-isopropylesters for separatom a Chirasil-Val column
(Abdalla et al., 1987). The Chirasil-Val column teastationary phase made from

a copolymer of dimethyl-siloxane and (2-carboxyptppmethylsiloxane. It is
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coated with chiral selector L-valirntebutylamide, which separates amino acid
enatiomers through hydrogen bonding (Abe et al95)19 Amino acids are
derivatized toN-(O, §)-ethoxycarbonyl 2-chloropropylesters for separatbm on

a CP-Sil 19 CB column (Bertrand et al., 2007).

Effective separation of L- and D- amino aderivatives also depends on
other factors such as temperature program and fé&des of carrier gas. These
conditions need to be optimized to achieve the regipa of amino acid

enantiomers.

2.4 The enter ococci

2.4.1 Overview

Enterococci belong to familfEnterococcaceae of LAB under phylum
Firmicutes. They are gram-positive, facultative exodic diplococci of intestinal
origin (Thiercelin and Jouhaud, 1903). By 1997,sp@cies of enterococci had
been identified (Stiles and Holzapfel, 1997), inohg E. faecalis, E. faecium,

E. durans andE. munditii.

Enterococci can be found in a large rangenefrenmental niches, including

food (Eaton and Gasson, 2001), birds (Martin-Pdatr al., 2006) and plants
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(Mundt, 1963). Enterococci have also been isolétesh human intestinal tract

(Noble, 1978).

2.4.2 Bacteriocins from enterococci

Many enterococci are bacteriocin-producetsesg bacteriocins are usually
referred to as enterocins. Most enterocins belanglass Il bacteriocins, for
example, enterocin L50A and L50B frdgafaecium L50 (Cintas et al., 1998) and
enterocin AS-48 fronk. faecalis S-48 (Martinez-Bueno et al., 1994). There are
some enterocins that do not belong to Class Il ébmxiins. For example,
cytolysin from clinical strains dE. faecalis (Huycke et al., 1991; lke et al., 1987)
is a lantibiotic and belongs to the Class | baot#ns. Enterolysin A from
E. faecalis LMG 2333 (Nilsen et al., 1993) belongs to the €ldkbacteriocins.
Some enterocins exhibit strong antimicrobial atyidgainst a broad spectrum of
foodborne pathogens, includingListeria spp., Clostridium spp. and

Saphylococcus aureus (Franz et al., 2007).

Generally enterococci were regarded as foodtarninants and can be
associated with virulence factors for human diseasech as endocarditis and
septicemia. However, certain strainsksfterococcus spp. are beneficial and are

used in food fermentations. For example, enteracaec predominant strains in
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the starter cultures in the manufacturing of sauthi&uropean cheeses like Greek
kefalotyri, Spanish cebreiro and Portuguese picatde beira baixa cheese
(Tsakalidou et al., 1993). Other strainsemterococcus spp. have been suggested
to have probiotic effects. These effects includstaeation of intestinal flora,
reduction of serum cholesterols, reduction of Isetmtolerance and stimulation
of immune systems (Havenaar et al., 1992). One phkaia. faecium SF68, has
been found to shorten the period of diarrhea inigied patients and accelerate
the normalization of the intestinal flora (Bellonet al., 1980). In addition,
bacteriocin-producing enterococci have a broadtsp®cof antimicrobial activity
against food spoilage bacteria. Whether thesensti@iEnterococcus spp. can be
directly added to food as preservative or not neeastious consideration.
However, the use of purified bacteriocins from emtecci may provide a very

effective hurdle to control the growth of pathogenseady-to-eat foods.
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2.5 Resear ch Objectives

The objective of this study was to purify amentify enterocins from
E. faecalis 710C. The bacteriocins from this strammve a broad spectrum
antimicrobial activity against common food pathogeand some spoilage

organisms. To achieve the objective, the studydessgned:

1. To isolate enterocins (ent7A and ent7B) framfaecalis 710C and purify

them to homogeneity.

2. To determine the amino acid sequences, chemical ificattbns,
secondary structures and configurations of amind aesidues of the

isolated enterocins.

3. To determine the sequences for the structural amduinity genes of th

enterocins.

4. To test the antimicrobial activity of purified endeins.
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3. MATERIALSAND METHODS'

3.1 Bacterial strainsand culture.

Bacterial strains used in this study are listedable 3.1E. coli AW1.7 was
isolated from a commercial beef slaughter plantre/teattle are processed at a
rate of 250 heads/h (Asla al., 2004). E. coli GGG10 (isolated from a
commercial slaughter plant 20 years ago, prior e tommercial use of
decontamination interventionsitock cultures of bacteria were maintained at -
74°C in the appropriate broth with 40% v/v glycerl faecalis 710C was

obtained from the University of Alberta collectiohlactic acid bacteria.

E. faecalis 710C was grown at 37°C in All-Purpose Tween (ABIQth
[Difco, Becton Dickinson (BD) Microbiology SystemsSparks, MD].
Lactobacillus spp. were grown at 25°C on APT agar or in APTHordfiable cells
of Clostridium spp. were grown anaerobically at 39°C in Reinfdr€ostridial
Medium (RCM; Oxoid, England)Campylobacter jguni ATCC 700819 and
Brevundimonas diminuta were grown on modified charcoal cefoperazone
deoxycholate Agar (NCCDA) agar plates (Oxoid). r kEse in antimicrobial

activity assaysCampylobacter spp. andB. diminuta were grown on Tryptic soy

1 A version of this chapter has been submitted for publication in the Journal of
Agricultural and Food Chemistry.
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agar (Difco) supplemented with 0.5% yeast extr&afc) incubated at 39°C in
an anaerobic jar flushed with a mixture of 4.98%2C@ith a balance of nitrogen
to create microaerophilic conditions. All other icator strains (Table 3.1) were

grown in TSB (with 0.5% yeast extract) or on TSBRuaplates.

The cultivation ofC. botulinum spores and viable cells was performed by
Melissa Haveroen as follows: Proteolytic strainsGofbotulinum used in this
study wereC. botulinum 368B, 1IB ATCC 13983, A6, and A62, and non-
proteolytic strains were DB2, 2B, and 17B (Univiersiof Alberta Food
Microbiology lab collection). Medium for spore phaction for strain DB2 was
Sporulation Medium (SM; Health Protection Branclntining 50 g litet
tryptone (Difco) and 10 g litér peptone (Difco), while Reinforced Clostridial
Medium (RCM; Difco, Becton Dickinson, Sparks, MDpasvused for strain A6.
Spores of all other strains were produced in Togste-Peptone-Glucose-Yeast
Extract Broth (TPGY; USDA) containing, per litelQ § tryptone, 5 g peptone, 20
g yeast extract (Difco), 4 g glucose (Fisher Sdien€anada, Ottawa, ON), and 1
g sodium thioglycollate (Sigma-Aldrich Canada Li@akville, ON). Before use,
all media was incubated in an anaerobic chamberatoleast 24 h (Coy
Laboratory Products Inc., Grass Lake, MI) undeatmosphere of 5% C0O10%

H,, and balance N(Praxair Canada, Edmonton, AB) to ensure anaerobic

conditions.
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For spore production, 100 ul of spore susjpers were inoculated into 5 ml
of appropriate medium, heat-shocked in a water battl5 min at either 55°C
(non-proteolytic) or 75°C (proteolytic), and inctda at 37°C under anaerobic
conditions for 48 h. The 5-ml culture was then usehoculate a 250-ml volume
of the appropriate medium, and the culture washated at 37°C under anaerobic
conditions for 14 days with periodic monitoring pitase contrast microscopy.
Spores were harvested by centrifuging at 162%0far 20 min, followed by 5
washes (100 ml) and a final resuspension (10 méfenle 0.9% NaCl, and a 1-h
heat treatment at 65°C to destroy residual toxird aregetative cells.
C. botulinum strains were stored as spore stocks in 0.9 % ¢WtNaCl at 4°C,

and were enumerated using RCM (Difco) containirkg?92.(wt/vol) agar.



Table 3.1: Bacterial strains used in thislg.

Strain Source
Brochothrix campestris ATCC 43754 ATCC!
Brevundimonas diminuta UFM1 UAFM?
Campylobacter jgjuni ATCC 700819 ATCC
Carnobacterium divergens UAL9 UAFM
Carnobacterium maltaromaticum UALSA, UALSB,
UAL8C2, UAL26, JG126 UAFM
Clostridium botulinum spores and viable cells UAFM
Clostridium butyricum ATCC 8260, viable cells ATCC
Clostridium difficile 3195, 76; viable cells UAFM
Clostridium perfringens CL5626, R783; viable cells UAFM
Clostridium sporogenes 25779, 7955; viable cells ATCC
Enterococcus faecalis 710C UAFM

Aslam et al.
Escherichia coli AW 1.7 (2004)
AAFC

Escherichia coli GGG10 Lacombé
Enterococcus faecium BFE900 and VRE strains UAFM

Vancomycin resistariEnterococcus faecium CL3745,
E2155, E2217, E2352, M1008, S769, R493, R704, R84@rov Lab

Lactobacillus sakei DSM20017, 706 UAFM
Leuconostoc gelidum UAL 187 UAFM
Listeriainnocua ATCC 33090 ATCC
ATCC and
Listeria monocytogenes ATCC 15313, CDC7762, FS-15  UAFM
Pediococcus acidilactici PAC 1.0 UAFM
Salmonella enterica serovar Typhimurium 18 UAFM
Staphylococcus aureus ATCC 23235 ATCC

Methicillin resistantSaphylococcus aureus R468, R507,
R667, R719, R776, R870, R948, R1230, R1262, R1578 Prov Lab

!American Type Culture Collection

2University of Alberta, Food Microbiology LaboratoGulture Collection

% Data provided by Melissa Haveroen. Proteolytiaiss ofC. botulinum used in this
study wereC. botulinum 368B, 2B, A6, and A62, and non-proteolytic straiese DB2,
IIB ATCC 13983, and 17B

* Agriculture and Agri-Food Canada, Lacombe ReseStation. Culture obtained from

Dr. G. Gordon Greer.
® Provincial Laboratory for Public Health, Edmonté®. Data provided by Denise
Carlson (CanBiocin Inc., AB)

31
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3.2 Activity assays.

Bacteriocin activity was monitored by spoHawn assays (Franz et al.,
2000). Supernatant of a 24 h cultureEofaecalis 710C was filtered through 0.22
um 25 mm mixed cellulose ester syringe filter (EisBcientific, Edmonton, AB)
and spotted onto solid (1%) agar and allowed todgyr Soft (0.5%) agar was
inoculated with the indicator organism (1.2%) arauned onto the solid agar.
Plates were incubated at appropriate temperatueeendiing on the indicator

strain. After 24 to 48 h of incubation, plates wexamined for zones of clearing.

3.3 Isolation and purification of bacteriocins.

E. faecalis 710C was grown in 1 L of APT broth (Difco; 5% inbgem) at
37°C for 22 h. The culture was centrifuged at 10,09 in for 20 min at 4°C. The
supernatant was filtered through Millipore ExpreB&US polyethersulfone
membrane (Millipore Corporation, Billerica, CA). f@m-exchange purification
of ent7A and ent7B were carried out on an AKTA™exet Fast protein liquid
chromatography (FPLC) system (Amersham Pharmaciateéh, Uppsala,
Sweden). The cell supernatant was loaded onto @neaxchange column
(HiPrep™ 16/10 SP FF, GE Healthcare Life Scientfspsala, Sweden; pre-

conditioned with 50 mM sodium acetate buffer, p)4at 8 mL/min. Detection
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of peptides was monitored by a UV-detec@of280 nm. The column was washed
with 5-column-volumes of sodium acetate buffer mfiapernatant was loaded
onto the column. Bacteriocins were eluted in a igiratdof 2 M NacCl in the same
buffer. Active fractions were desalted using Cl8tradges [Sep-Pak® C18,
Waters CorporationMilford, MA; pre-washed with 2-propanol containigl%
trifluoroacetic acid (TFA, Sigma-Aldrich, Oakvill&N), conditioned with 0.1%
TFA] and eluted in 40% to 70% 2-propanol with 0.T%A. The 2-propanol was
removed by RotaVAP (Buchi Corp., New Castle,)dE 35°C. Active peptides
were separated by reverse-phase HPLC (model 12§i6erA Technologies Inc.,
Palo Alto, CA). The column used was an Eclipse XOB3 (Agilent) with a
particle size of 5 um, length 150 mm and inner @&tn4.6 mm. The column was
pre-conditioned with 40% acetonitrile (Fisher Stigrn Fair Lawn, NJ) with
0.1% TFA. The peptides were separated in a lineadignt of 40% to 70%
acetonitrile containing 0.1% TFA, at a flow rate bfmL/min. Detection of
peptides was monitored by a UV-detec&dr280 nm. Antimicrobial activity in
flow-through and fractions from each purificaticles was tested using spot-on-
lawn assays. Protein concentration measured at r280with a NanoDrop

spectrophotometer (NanoDrop® ND-1000, Thermo sifient
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3.4 Mass spectrometry analyses.

Active peptides were analyzed by MALDI-TOF M& molecular weight
detection. a-cyano-4-hydroxycinnamic acid (HCCA, Sigma Chemi&l Louis,
MO) or 2, 5-dihydroxybenzoic acid (DHB, Sigma Cheat) were used as
matrices. Spectra were obtained on a Voyager BMitd.DI-TOF MS system

(Applied Biosystems, Foster City, CA) operatinghggative ion mode.

Peptide sequence information was obtainedao®-TOF Premier nano-
infusion ESI system (Waters). Active fractionsnrdRP-HPLC were further
purified by C4 ZipTip (MilliPore) to remove TFA. lkents from C4 ZipTips were
infused to the Q-TOF Premier mass spectrometer dyo4nfusion ESI to
produce MS/MS spectra. Data were processed usityase MassLynx 4.1. The
MS/MS spectra of ent7A and ent7B were compared thightheoretical fragment

ions of enterocin MR10A and MR10B

The exact mass of the intact peptide was measuyredflssion on a Fourier
transform ion cyclotron resonance mass spectronfETiICR-MS, model Bruker
9.4T Apex-Qe, Billerica, MA) by co-infusing with kme insulin (Sigma-
Aldrich) to provide an internal calibration. Theptides were dissolved at a
concentration of approximately 0.5 uM in 1:1 acédtde/water with 0.2% formic

acid for analysis.
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3.5 Gene amplification and sequencing.

Total DNA ofE. faecalis 710C was isolated using DNeasy Blood & Tissue
Kit (Qiagen, Valencia, CA). To amplify nucleotident position 1-275 of
MR10A-MR10B gene rtr10) (GenBank: DQ366596.1¢nt 7F forward primer:

5-ATGGGAGCAATCGCAAAATTAG-3 and ent L50B reverse primer:

5-TAGCCATTTTTCAATTTGATC-3 were used. The gene wamplified with
30 cycles of 94°C for 30 s, annealing at 44°C fbs3and elongation at 72°C for
30 s. PCR product was purified by using a QIAquR&R purification kit
(Qiagen) and subjected to 2% agarose gel electrepisoin TBE buffer. The
PCR product was ligated into pGEM®-T vectors (PrgmeSan Luis Obispo,
CA) and cloned intcE. coli DH5a cells by electroporation (0.2-mm cuvettes,
field strength 1.8 kV, 20@, capacitance of 25 uHE. coli cells were screened
for theinsert using X-Gal/IPTG (Isopropy-D-1-thiogalactopyranoside) method
(Sambrook and Russell, 2001). To amplify pGEM®-Tonfr T7 to SP6
transcription initiation site including the inserf,7 promoter primer: 5'-
TAATACGACTCACTATAGGG-3 and SP6 promoter primer. -5
TATTTAGGTGACACTATAG-3' were used. Amplification was performed by
colony PCR with 30 cycles of 94°C for 45 s, anmgplat 45°C for 30 s, and

elongation at 72°C for 30 s. The PCR product wasatied and purified as above
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and sequenced using an ABI Big Dye version 3.1 Treatar sequencing kit
(Molecular Biology Service Unit, University of Alo@). Nucleotide sequence of
ent7 was compared to that of MR10 using BLASTN paog [National Center for
Biotechnology Information (NCBI)].

The immunity gene of ent7A and 7BEnt/Imm) was amplified using total
DNA of E. faecalis 710C as well. The forward primer 710CImF:. 5'-
GCAGAATTAGCAGGAGCGATAACAGCAT-3' and the reverse pmer
710CIMR: 5- CGTAGTCAGGAAGTGATTGTTTG-3' were degsigd from the
upstream and downstream of enterocin immunity gBael (NCBI accession
AB292312, unpublished data) with the aid of PCRmer design software
(Primer3). The PCR was programmed with 35 cycle348€ for 1 s, annealing at
53°C for 2 s, and elongation at 72°C for 1 min 8A8ds. The PCR product was

sequenced as above using 710CImF as the sequemuiTey.

3.6 Activity assays of purified ent7A and ent7B.

Purified ent7A and ent7B (dissolved in wategre tested against foodborne
pathogens and spoilage organismis:jguni ATCC 700819 andB. diminuta
UFML1 (isolated from a pig processing plant), viablexellC. sporogenes ATCC
25779, viable cells and spores@fbotulinum (purified ent7A tested onlyg. coli

AW1.7, E. coli GGG10, Listeria monocytogenes FS-15 andSaphylococcus
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aureus ATCC 23235 using spot-on-lawn assays. Activityeoit7A and ent7B
were evaluated by measuring the diameter of gromtitbition zones using spot-

on-lawn method.

The antimicrobial activity of purified ent?#as tested by Melissa Haveroen
against both spores and viable cellsGfbotulinum. Briefly, 5 pL of purified
enterocin 7A (1.8 mg nit) was spotted on APT agar (1.5% wi/vol), dried for 1
min, and overlaid with 5 mL semi-solid (0.75% w/v8ICM (Difco) seeded with
either 3 x 16 CFU mL* heat-shocked clostridial spores or 50 pL of anrmigat
culture of vegetative cells. For the spore inlpittest, proteolytic and non-
proteolytic strains were heat-shocked for 15 mi@%ftC and 55°C, respectively.
Plates were incubated at 37°C in an anaerobic caa(imy Laboratory Products
Inc.) under an atmosphere of 5% £@0% H, and balance NPraxair Canada)

for 24 h. Plates were then examined for clear gafénhibition.

3.7 Circular dichroism analysis.

Circular dichroism (CD) spectra of ent7A aedt7B were obtained on a
spectrophotometer [model DSM17, On-Line Instrum@mstems (Olis), Bogart,
GA] in a thermally controlled quartz cell with a0@-cm path length. The

instrument was checked against a 1 mg/ml solutfan 10-camphorsulfonic acid.
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The peptide concentration for analysis was 0.5 rhdhaptides were prepared in
100% 20 mM sodium phosphate buffer (~ pH 6) or ifoS€@fluoroethanol (TFE)
and 50% of the same buffer. The CD spectra wererded at 20°C. Data were
collected at every 1 nm. The bandwidth was set.@tritn. For both sets of
experiments, baseline spectra of the appropridieesbsystem were subtracted
from the sample spectra prior to calculating maHipticities. Point-by-point
integration was performed as a function of the higiitage readings on the
photomultiplier detectors. The results were exprdga units of molar ellipticity
(0; degrees cimdmol™) and plotted against the wavelength. THeelical content
of the peptide was calculated according to the malgoticity at 222 nm §22nm)
by using the following equation (Morrow et al., 200 percentage-helix =

(—[0222nn] + 3000) / 39000 x 100%.

3.8 Chiral GC-MS analysis

3.8.1 Preparation of L- and D- amino acid standards

Amino acid residues ient7A and ent7B include Ala, Gly, Asn, Asp, Glu,
GIn, lle, Leu, Lys, Thr, Tyr, Val, Met, Trp, Arg,r& Phe and His. Gly does not

have enatiomers so it was included in amino a@ddsrds. Two standards, one
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containing the above amino acids in L- form, ane t¢ither standard, contained
the amino acids in D- form, were prepared by mixagag 0.02 mmol of each
amino acid. The L-amino acid standard and D-amaiwd standard were dissolved
separately in 3 mL of 0.2 N HCI and heated for % i 100°C. The standards
were dried under argon gas. Acetyl chloride (115 mas slowly added to 5 mL
of 2-propanol, and the solution was added to etaidard. The resulting mixture
was heated in a pressure vessel for 45 min at 108f€r cooling on ice, the
mixture was dried as above. Three mL of dichlordraeé and 1 mL of
pentafluoropropyl anhydride (derivatizing reage®igma Chemical) were added
and the mixture was heated in pressure vesselSanih at 110°C followed by

cooling and argon gas drying.

3.8.2 Preparation of ent7A and ent7B

The peptides were prepared in the same fasksoabove except that instead
of heating for 5 min at 100°C in 3 mL of 0.2 N H@l,to 3 mg of ent7A and
ent7B were separately dissolved in 5 mL 6 N HCI ddted overnight in

pressure vessels at 110°C.
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3.8.3 Instrumentation.

The analysis was performed on a 5890 serigad chromatograph (Agilent)
instrument coupled with 7070EVG analytical orgamicass spectrometry
(Waters). The MS instrument has: 1) m/z range upO@0; 2) mass accuracy of
0.2 u; 3) resolving power of ~1,000 (10% valley) @@ Gwhm. A Chirasil-Val
50 m x 0.25 mm x 0.16 pm capillary GC column (Grdaeerfield, IL) was used
in this analysis. The sample was injected throygitsplitless mode with helium
as the carrier gas with head pressure of 17 psn fBmperature programs were
used: 1) the oven temperature was initially seB&IC and ramped to 90°C at
15°C/min followed by increasing to 180°C at 4°C/mR) oven temperature
increased from 80°C to 190°C, 3°C/min. The analytese ionized by electron

impact and detected by the mass spectrometer opgnmatiow resolution mode.

3.8.4 GC-MS data processing

MS spectra of derivatized amino acids thatewetuted from the column were
recorded in real-time. MS spectrum of each peaklimied to National Institute
of Standards and Technology (NIST) Mass Spectratdry, which allowed for

interpretation of the peaks from the chromatogram.
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4. RESULTS?

4.1 Bacteriocin activity and purification

4.1.1 Antimicrobial activity ok. faecalis 710C cell-free supernatant

Spot-on-lawn assays were used to monitomacitbbial activity of the cell-
free supernatant of an overnight culture Ebffaecalis 710C and the purified
ent7A and ent7BE. faecalis 710C supernatant had strong antimicrobial activity
against gram-positive foodborne pathogens suchistsria, Clostridium spp.,
MRSA, and gram-negativB. diminuta (Table 4.1) The cell-free supernatant Bf
faecalis 710C hadonly very weak activity against. maltaromaticum UAL 307
andL. mesenteroides Y105. E. faecalis 710C supernatant had no activity against

C. jguni, E. coli or Salmonella spp.

2 A version of this chapter has been submitted for publication in the Journal of
Agricultural and Food Chemistry.
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Table 4.1: Antimicrobial spectrum &t faecalis 710C against a wide spectrum
of indicator organisms.

Indicator strain Result
Brochothrix campestris ATCC' 43754 +
Brevundimonas diminuta UFM?1 +

Campylobacter jgguni ATCC 700819 -
Carnobacterium divergens UAL9

Carnobacterium maltaromaticum UAL8SA, UALSB,
UAL8C2, UAL26, UAL307, JG126

Clostridium botulinum spores and viable cells
Clostridium butyricum ATCC 8260, viable cells
Clostridium difficile 3195, 76; viable cells
Clostridium perfringens CL5626, R783; viable cells
Clostridium sporogenes 25779, 7955; viable cells

Escherichia coli AW 1.7 -

Escherichia coli GGG'10 -

Enterococcus faecium BFE900 and VRE strains

Vancomycin resistarfnterococcus faecium® CL3745,

E2155, E2217, E2352, M1008, S769, R493, R704, R846

Lactobacillus sakei DSM20017, 706

Leuconostoc gelidum UAL 187

Listeria innocua ATCC 33090

Listeria monocytogenes ATCC 15313, CDC7762, FS-15

Pediococcus acidilactici PAC 1.0

Salmonella enterica serovar Typhimurium 18 -

Saphylococcus aureus ATCC 23235

Methicillin resistanSaphylococcus aureus R468, R507,

R667, R719, R776, R870, R948, R1230, R1262, R1578 +
+: inhibition; - : no inhibition.

+ + 4+ + ++ 4+ + + 4+ + ++ 4+

+

!American Type Culture Collection

2University of Alberta, Food Microbiology LaboratoGulture Collection

% Data provided by Melissa Haveroen. Proteolytiaiss ofC. botulinum used in this
study wereC. botulinum 368B, 2B, A6, and A62, and non-proteolytic straiese DB2,
[IB ATCC 13983, and 17B

“ Agriculture and Agri-Food Canada, Lacombe Rese&takion. Culture obtained from
Dr. G. Gordon Greer.

® Provincial Laboratory for Public Health, Edmonté®B. Data provided by Denise
Carlson (CanBiocin Inc., AB)
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4.1.2 Partial purification of bacteriocins by catiexchange column and solid-
phase extraction

Ent7/A and ent7B were partially purified usingation-exchange
chromatography from the supernatant of a cultur&.dbecalis 710C grown in
APT medium (Figure 4.1).

[NaCl] (M)
2.0 Active Peptides
1.6 [NaCl]
1.2

0.8

0.4
A2s0

0.0
20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

Retention Time (min)

Figure 4.1: Cation-exchange chromatography forimiebry purification of
ent7A and ent7B from the culture supernatanEofaecalis 710C. Elution of
peptides used a linear gradient up to 2 M NaCl wad monitored by a UV-
detector at 280 nm. Activity of each fraction wasstéed againsi. sakei
DSM20017. All active peptides were eluted from 59000 min.

The active peptide fraction was desalte @18 reverse-phase cartridge and

subject to RP-HPLC purification.
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4.1.3 Purification of bacteriocins by RP-HPLC

Ent7A and ent7B were further purified by RP{C (Figure 4.2) using a

linear gradient of 40% to 70% acetonitrile contagnD.1% TFA.

A280(mAU)

200
 Ent 7A
4

i Ent ?B\j \ f\ "l,\

Fraction\Z } lll'\.l \
Fraction 1
L )/“‘J \L_
'?p T T T E L N T T b T H T X T uf T LANRIL AL UL e | (i T T H b T I'-nil-l
oa 50 10.0 150 200 250 300 35.0 400

Retention Time (min}

Figure 4.2: Separation of ent7A and ent7B by RP-HPLC. Elutibpeptides was
monitored by a UV-detector at 280 nm.

Ent7B and ent7A eluted with retention timet @9 and 11.6 min,
respectively. Fraction 1 and fraction 2 indicatadFgure 4.2 are the oxidized

forms of ent7B and ent7A, respectively (see 4.2.1).
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4.1.4 Production and activity of purified ent7A aent7B

Typically, one liter of culture yielded aboll0 mg of ent7A and 8 mg of
ent7B. The concentration of ent7A and ent7B thatewseeded to inhibit the
indicator strain_. sakei DSM20017 on a spot-on-lawn assay were 4 pg/mL6and
pna/mL, respectively. Ent7A and ent7B were not aadjive against gram-positive
bacteria C. sporogenes 25779,L. monocytogenes FS-15 andS. aureus 23235),
but also against the gram-negative bacteri@mevundimonas diminuta UFM1
(Figure 4.3). Ent7A was tested against all the epaand viable cells of.
botulinum in this study. Ent7A was active against the spéngsnot viable cells
(tested by Melissa Haveroen). No synergistic effettveen ent7A and ent7B was
observed wheh. sakei DSM20017 was used as the indicator organism.

In this study, both HPLC Fraction 1 (oxidized &t and Fraction 2 (oxidized
ent7A) were active againkt sakei DSM20017. However, the activity of oxidized

ent7A/7B was only 25% of that observed for the oaitdized ent7A/7B.
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A: ent7A B: ent7B

Clostridium sporogenes 25779

Listeria monocytogenes FS-13

Staphylococcus aureus 23233 -
. . . ﬂ

Figure 4.3: Antimicrobial effect of purified ent7Aand ent7B on different
indicator strains.
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4.2 M S based analyses of bacteriocins

4.2.1 MALDI-TOF MS

MALDI-TOF spectra of ent7A/ ent7B showed dengeaks at 5199.5 Da and
5205.3 Da, respectively (Figure 4.4a and b). TheLMIATOF MS spectra were

acquired in negative mode, hence the molecular w®igre for the deprotonated

forms ([M — HJ) of ent7A and ent7B.

More accurate molecular weight determinations d¥7Amand ent7B, as well
as HPLC Fractions 1 and 2 (Figure 4.2) were dona @TOF Premier Nano-
ESI mass spectrometer. The molecular weight fer peaks observed were
5200.85 Da (ent7A, monoisotopic molecular ion), @86 Da (ent7B,
monoisotopic molecular ion), 5222.60 Da (Fractignnionoisotopic molecular

ion), and 5216.60 Da (Fraction 2, monoisotopic roalar ion).
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Figure 4.4: Negative-ion-mode MALDI-TOF MS spectrainHPLC-purified [M
— H] ent7A. (a) [M — Hj ent7B (b).

4.2.2 ESI-MS/MS

4.2.2.1 Amino acid sequences of ent7A and ent7B

The molecular weights of ent7A and ent7Badose to the reported molecular
weights of bacteriocin MR10A and MR10B (Martin-Rlat et al., 2006). It was
suspected that ent7A and ent7B might have simitama acid sequences as
bacteriocin MR10A and MR10B. To confirm this hypesis, the MS/MS ion

patterns of ent7A and ent7B were compared to therétical MS/MS ion patterns
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of bacteriocin MR10A and MR10B. Comparison of MS/Nt&gment peaks of
ent7A with theoretical fragments from MR10A (Marftatero, 2006) showed
that the observed y-ion series matched the theatltipredicted MR10A y-ion
series from the yto ys3 ions (miss y,). Similarly, MS/MS fragment peaks of
ent7B with theoretical fragments from MR10B (MasBfatero, 2006) showed
that the observed y-ion series matched the theattipredicted MR10B y-ion
series from the yto ys3 ions (MIsS ¥, Yao- Ya3). This suggested that ent7A and

MR10A, ent7B and MR10B, may have identical aminiol aequences.

4.2.2.2 N-terminal formylation of ent7A and ent7B

The b-ion series of ent7A was compared teehaf MR10A. Every ent7A b-
ion observed (from bto hyz, by was missing) was 28 Da higher than the
corresponding theoretical MR10A b-ions. This suggeschemical modification
on the N-terminal amino acid residue of ent7A, lasg an increase of 28 Da on
b, ion [Figure 4.5 (a)]. Chemical modification withfunctional group of 28 Da in
mass can be either dimethylation (addition of 2He)Xor formylation [Figure 4.5

(b), DeltaMass, _http://www.abrf.org/index.cfm/dmnhg. Dimethylation and

formylation can be differentiated, since the masa dimethyl group is 0.036 Da
higher than that of a formyl group.
The masses of;kb, ions of ent7A were compared to theoretical mas$és-

b, ions of MR10A (Table 4.2). The;don of ent7A is 160.043 + 0.003 Da,
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compare to 160.043 Da (formylated) and 160.079ddadthylated). The Q-TOF
instrument was pre-calibrated for an accuracy ofcl®0 ppm for masses of 100-
500 Da. It was clear that the chemical modificatom ent7A bion (N-terminal
amino acid residue) is formylation. The same areasysere performed on ent7B.
Results revealed that ent7B has the same sequenic®RiLOB with a

corresponding formylated Met on the N-terminus.

Table 4.2: Experimental molecular weights af tb b4 ion series of ent7A
determined by nano-ESI -MS/MS and theoretical mdbeecweights
of the formylated or dimethylated MR10A.

lon Series (Da)

Sample b 07 b3 b4

160.043 217.062 288.098 401.178

Experimental  ent7A +0.003 +0.004 +0.006 +0.008
Metl
. 160.043 217.065 288.102 401.186
Theoretical formylated
MR10A
Metl

Theoretical  dimethylated 160.079 217.101 288.138 401.222

MR10A
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Figure 4.5: (a) The theoretical methioninedn structure. (b) Formyl-methionine
structure.
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N-terminal formylation of ent7A and ent7B was fuatltonfirmed by accurate
mass measurements of the entire peptides. Theaimnsiit, Bruker 9.4T Apex-Qe
FTICR was internally calibrated with bovine insulmman accuracy of 1 ppm. The
theoretical m/z value of N-terminal formylated ehtffM+6H]6+) is 867.82405
Da and analysis revealed a mass of 867.823 Dafferetice of 0.88 ppm.
Similarly, the theoretical m/z value of N-termiratmylated ent7B ([M+7HT) is
744.83993 Da and analysis revealed a mass of 774&3 a difference of 0.78
ppm. The resulting empirical formula calculated &mt7A (GsH39dN60055,)
and ent7B (@siH3sNe20553,) match with those of formylated MR10A and

MR10B, respectively.

4.2.2.3 Oxidation of ent7A and ent7B

The molecular weights 06222.60 Da (HPLC Fraction 1, monoisotopic
molecular ion) and 5216.60 Da (Fraction 2, monaigmt molecular ion) differ
from those of 5206.85 Da (ent7B, monoisotopic malecion) and 5200.85 Da
(ent7A, monoisotopic molecular ion) by 16 Da, retpely. MS/MS analysis
was performed on the sample peaks of 5222.60 D&2ah6.60 Da to determine
whether they were chemically modified ent7A and’8ntThe y-ion series of the
5222.60 Da peak matched with those of ent7B frefy (Yao-Ya3 NOt observed),

indicating that: 1) The compound with a mass of52@ Da has the same amino
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acid sequence as ent7B; and 2) chemical modificadid not occur on the C-
terminus of ent7B. Each of the-bsg ions of the 5222.60 Da peak was 15.99 Da
(atomic weight of oxygen) more than the correspogdo-ion series of ent7B
(bso-bsz Not observed), indicating that Fraction 1 contditiee mono-oxidized
form of ent7B, and that the site of oxidation wag tN-terminal methionine
(which was also formylated). The same analysis peaformed on the 5216.60
Da sample, indicating that Fraction 2 contained7&nwith an oxidized N-

terminal formylated Met.

4.3 Sequencing the bacteriocin structural and immunity genes

The structural gene=iit7) for ent7A and ent7B [nucleotide (nt) 1-275, cafin
for the total 44 amino acid residues in ent7A amglftrst 40 amino acid residues
out of 43 in ent7B] was amplified bnt 7F forward primer anént L50B reverse
primer (Figure 4.6). The PCR product was purified digated into pGEN®P-T
vectors, which were cloned int6. coli DH5a cells by electroporation. Positive
clones were screened and the SP6 to T7 region &MT with insert was
amplified yielding a PCR product with size of apymoately 400 bps (Figure
4.7). The PCR product was sequenced. @&ht& nt 1-275 matched 100% with

mr10 gene (287 nts) from position 1-275 (Figure 4.8).
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1 - 1kb plus DMA ladder
2 - PCR product of ent? nt 1-274

Figure 4.6: Amplification ofent7 nt 1-275. The ent 7F forward primer and ent
L50B reverse primer were used for PCR. The PCR ymbevas subjected to
electrophoresis using 2% agarose gel in TBE buBex in lane 2 indicates the
PCR product.
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1 2
|: '.|"'
PR
400 bp I_
300 bp —
200 bp ——
100 bp

1 -2-log DMA ladder
2 - PCR product of SPG-ent/-T7

Figure 4.7: Amplification of SP6 and T7 region @BM®-T with insert ent7 nt
1-275. The SP6 and T7 primers were used for PCR. HER product was
subjected to electrophoresis using a 2% agarose J&E buffer. Box in lane 2
indicates the PCR product.
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Figure 4.8: Nucleotide sequence alignmengrd? andmr10 from nt 1-275.

ATGGGAGCAATCGCALL AT TAGTAGCALL CTTTGGATGGCCAATTGTTAALLS GTATTAC

Frerrrrrrerrerrrrrerrere et et ettt et e e e bt e et
ATGGGAGCAAT CGCALL AT TAGTAGCALL CTTTGGATGGCCAATTGTTALLLS GTATTAC

ARLCALATTATGCALTTTAT TOGAGAAGGATGGECAATTAACSAAATTATTIGATIGEATC
Frereerrrrerrre et e et et et e et e et et e ettt
ARnCAR A TTAT AL TTTAT TEGAGAAGGATGGLGCALTTAACAARATTATTCGATTGEHATC

Annaah CATATTTALLS AT AT CTCT TAATGTATGG ZAGC AATCGCALRA TTAGTLR

Frerrerreerterrrrrerrerrr et ettt e ettt e e bt e et
ARnaad CATATTTALLS AT AGGAT GTCT TAATGTATGG AGC AATCGCALRA TTAGTAR

CAaaTTTGA TG CATTTATTAL AL AL TTCTACALLCALLTTATGCAGTITATCGAC
FErrrerrrrerrre e errrerrrr et errrr et e ettt ettt
CAMAGTTTEA TG CATTTATTALAAAL TTCTACALLCAALT TATGCAGTITATCEFAC

AAGGATGEACLATAGATCALATTGAARALTGGCTE 275

FEEEEErrererrr et e e e
AAGGFATGGACAATAGATCALATTGARALATGGCTE 275
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The immunity gene of ent7A and 7&1{/Imm) was amplified using primers

from up- and downstream of the immunity gene. TI@RPproduct (961 bps,

Figure 4.9) was observed on a 2% agarose gel follpwlectrophoresis. The

sequence of the immunity gene (543 bps; data notvish of ent7A and 7B

matched 100% with that of ent NA and NB (GenBanB282312.2).
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& - PCE product of F10CTmE -ent 7 Trm- 7 10CTmE.

Figure 4.9: Amplification oent7Imm. The 710CImF and 710CIMR primers were
used for PCR. The PCR product was subjected torefdwresis using 2%
agarose gel in TBE buffer.

4.4 Circular dichroism

CD spectroscopy was performed to explorestnectural characteristics of
ent7A and ent7B. Peptides were prepared in bote@aiand more hydrophobic
(upon addition of TFE) solutions. CD spectra of7énfFigure 4.10 (a)] and
ent7B [Figure 4.10 (b)] were obtained.

Under aqueous conditions, CD results indatdteat both ent7A and ent7B

have defined structures and are largeliyelical (approximately 21% and 23%,
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respectively). Upon the addition of TFE, a membrammicking solvent (Kaur et
al., 2004), thex-helical content of ent7A and ent7B was slightijha&nced (up to

23% and 25%, respectively).
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Figure 4.10: CD spectra of ent7A (a) and ent7B @)t7A and ent7B were
dissolved in 20 mM sodium phosphate buffer and 5®aoroethanol (TFE) and
50% of the same buffer at 20°C.
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4.5 Chiral GC-MS

Initial assessment was performed to ensuagé lth amino acid derivatives
could be separated from their corresponding D- emaers by the chiral column.
The L- and D- amino acids were mixed and co-inga®eto the instrument. The
D- amino acid derivatives were eluted before tlcemesponding L- amino acid
derivatives. All L- and D- amino acid derivativeem separated except for Pro.
His, Arg and Trp were not observed on the chronraiog indicating that they

could not be eluted from the column.

The hydrolyzed and derivatized ent7A or entvds co-injected onto the GC-
MS instrument with L- amino acid standards. Theraswo broadening or
splitting of peaks from the L- amino acid standauygesting that the amino acid
residues in ent7A and ent7B were in L- configumratxcept for Pro, His, Arg and
Trp, which were not resolved. This was confirmedbyinjecting ent7A or ent7B
with D- amino acid standard. The peaks from ent7&ri7B amino acid residues

separated from those of the standard.

The Asn/ Asp (derivatized into the same couma) could not be fully
resolved. However, peak broadening was observed Wwhand D- Asn/Asp were
mixed, whereas this was not seen in analyte mixtareprised of L- amino acid
standard and ent7A/7B. This suggests that the AgmiA both ent7A and ent7B

are all L- form.
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In this analysis, 13 out of 18 amino acid$a(AGlu, Gin, lle, Leu, Lys, Thr,
Tyr, Val, Met, Asn, Asp and Phe) were identifiedo® L- amino acids (Gly does
not have enantiomer). The configurations of Pra,Atis and Trp residues could
not be resolved. Both L- and D- Pro were coelutieds no conclusions regarding
the form of Pro in the peptides can be made. P&aks Arg, His and Trp were
not observed on chromatogram. In literature onatt@nalysis of peptides using
Chirasil-Val column (20 m), these amino acid camteelfrom the column in a
temperature program from 80°C to 190°C, 3°C /minngisHydrogen gas
(Allenmark and Schurig, 1997). To assess whethisr ¢thange in temperature
program aided the elution of Arg, His and Trp, Imiao acids were analyzed

using this temperature program but no elution eéhamino acids was observed.



62

5. DISCUSSION

Lactic acid bacteria have played an importaig in food industry for many
years. They not only participate in food fermemtatibut also protect food from
spoilage. One of the protective effects comes fitbm bacteriocins that LAB

produce and their activity against foodborne pagimsgand spoilage organisms.

Enterococci are a group of LAB, many of whiphoduce bacteriocins
(enterocins) that have a broad antimicrobial spettragainst foodborne
pathogens such assteria, Clostridium spp. andtaphylococcus aureus (Franz et
al.,, 2007). Enterococci have been participated e food industry for
fermentation; however, there are concerns regarti@gise of these organisms in
ready-to-eat food, as many of tBeterococcus spp. are associated with virulence
factors for human diseases including gelatinaseesidn to collagen, aggregation
substance and endocarditis antigen (Franz, C. NP. Apersonal communication).
In light of this, it may be more promising to apphe purified enterocins to foods
rather than using a live culture dénterococcus spp. With this in mind,

purification of enterocins becomes important.

This study proposed a method for purifyingeeocins using chromatographic
columns (cation-exchange and RP-HPLC). The entene@ducing strain used
wasE. faecalis 710C, which secretes ent7A and ent7B. The pufitgnd7A and

7B was examined through MALDI-TOF MS. The MS spactf Ent7A and
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Ent7B showed a single peak, at 5199.5 Da and 520&, 3espectively, indicating

that the enterocinsad been purified to homogeneity.

For further study of ent7A and ent7B, cheriaad molecular biology
techniques were employed. The amino acid sequenicesit7/A and 7B were
determined via ESI-MS/MS and genetic sequencing. Oéu and lle residues of
ent7A and ent7B were confirmed by sequencing thé gane from nucleotide
position 1-275, which codes for ent7A and by segiumnpart of the ent7B gene

that has Leu and lle residues.

During the ESI-MS/MS study, it was observiedlttthe mass of;bons (i.e. for
the N-terminal residue) from both ent7A and 7B ®8<Da higher than that of the
theoretical values. High-resolution MS data conéidhthat this 28 Da increase in
b; ion mass in both ent7A and ent7B were a resuibiohylation. A Ry ion is not
usually observed for most peptides because its dbom would require the
presence of a carbonyl group from the non-exiskéiit amino acid (Schlosser
and Lehmann, 2000). However, if an acetyl or fdrigmpup is present on the
amino group at the N-terminus, a lmn can be observed, as the carbonyl is
available to form the cyclic oxazolone structure af b-ion. In contrast,
dimethylation on Met could not lead to formationtbis type of stable structure.
Although the formylated bion peak of ent7A/B is weak, its presence can be
confirmed and distinguished from an N,N-dimethyl dification by the

differences in exact mass and isotope patternsvimiCH, groups vs. a CO group.
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In most eukaryotes and prokaryotes, N-formylmetimen(fMet) is the first
amino acid in a nascent peptide chain, because iBMabded by the start codon
(AUG). The fMet in eukaryotes is usually cleavedeTrormyl group of fMet is
removed or fMet is cleaved as a whole. In prokayotMet can be either cleaved

or retained in the peptide.

As reviewed by Giglione et al. in 2004, the fMet bacteria is generally
processed co-translationally through N-terminal Niedcision (NME), during
which the formyl group of fMet is removed by pegtidleformylase (PDF),
followed by the cleavage of Met by methionine ampieytidase (MAP). NME
requires the N-terminus of peptide to be exposdeD& and MAP. When the N-
terminus is buried inside of the peptide, or iinserted into the membrane, or is

sterically hindered, PDF/MAP cannot excise fMet (Dt al., 1996).

Other N-formylated bacteriocins have been discal,dige example, enterocin
L50A/B from Enterococcus faecium L50 (Cintas et al., 1998), enterocin A5-
11A/B from Enterococcus durans (Batdorj et al., 2006), enterocin F-58A/B from
Enterococcus faecium F58 (Achemchem et al., 2005), lacticin Q from
Lactococcus lactis QU 5 (Fujita et al., 2007) and possibly entero@nfrom
Enterococcus faecium L50 (Cintas et al., 1998). Very recently, entenscL50A
and L50B fromEnterococcus faecium IT62, which have high sequence similarity
(ca. 90%) with ent7A/MR10A and ent7B/MR10B, wer@wh to be formylated

on the N-terminal Met (lzquierdo et al., 2008). BMR10A and MR10B front.
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faecalis MRR10-3 are in the SwissProt Public protein databa
(UniProtKB/TrEMBL entry Q1A2D3 for MR10A and Q1A2D%r MR10B).
Their amino acid sequences were deduced from thetstal genes that encode
MR10A and MR10B (Martin-Platero et al., 2006). Tehehors observed a 28 Da
difference between the masses based on genetiersggjand those seen by mass
spectrometry, but these were “ascribed to oxidatiothe methionine residues or
other alterations in the molecules produced dutimg purification process.”
However, oxidation of methionine would give onlyi@& Da increase in mass. In
our study, we observed oxidized ent7A and ent7B,tbey eluted in different
HPLC fractions from ent7A/ent7B and their N-termiiet is both oxidized and
formylated. Oxidation and formylation of Met wereesult from distinct
mechanisms. Oxidation of Met is mainly due to okida stress of the peptide,
whereas formylation can a result from failure téod@ylate the peptide. The first
10 residues of MR10A and MR10B were successfullyusaced by Edman
degradation, which implied that the N-terminal amgroup was not modified.
However, it should be noted that N-formyl groups aasily removed by mild
agueous acid treatment in contrast to most othacyl-groups (Dong et al., 1996;
Sheehan et al., 1958). Because such conditioneayeently used during HPLC
purification of peptides (e.g. TFA/water/@EN), partial deformylation to liberate
the N-terminus as a free amino group can occur atdection of peptide-
containing fractions if they are permitted to stamdhe solvent even for modest

periods of time. When ent7A and ent7B were expase® N HCI at room
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temperature for 5 days, a 28 Da decrease in the wfasnt7A and ent7B was
observed in the MALDI-TOF MS spectra. Hence, weppse that MR10A and
MR10B fromE. faecalis MRR 10-3 are also formylated at the N-terminal raoi

group of methionine.

A similar situation exists with the closely homodwg enterocins L50A and
L50B, which were recently found to be N-formylatadd in part oxidized at
methionine sulfur when isolated froe faecium IT62 (lzquierdo et al., 2008).
When these bacteriocins were initially isolatednfranother straing. faecium
L50, only a single bacteriocin (“pediocin L50") wiits N-terminus blocked for
Edman sequencing and having a mass of 5250 Da eypasted (Cintas et al.,
1995). Subsequent revision by the authors repotted currently accepted
sequences of enterocins L50A and L50B, but witiass spectral data and with
the statement that the N-termini were blocked, ipbs®y an N-formyl group on
the methionine (Cintas et al., 1998)terestingly, the addition of two oxygen
atoms (one on each of methionine sulfur) as welamdN-formyl group to the
sequence of L50A would give the mass of 5250 ttet initially reported, and in
accordance with the modifications recently seea different strain by Izquierdo
et al.in 2008. Enterocins 62-6A and 62-6B frof faecium 62-6 have been
reported to be N-formylated at their terminal metfme and to have the identical
amino acid sequence as L50A and L50B (the regiotheir plasmid-encoded

operon containing the structural genes has thrismtsnucleotide mutations)
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(DeZwaan et al.,, 2007). Oxidation of methionine dosulfoxide was also
observed. In this regard, enterocin Q, a 34 amiad &acteriocin with an
unrelated sequence isolated from the same strdib@ and L50B, was reported
to have a cysteine disulfide as well as two oxidireethionines (Cintas et al.,
2000). However, the predicted mass difference ichsnodification would be 30
Da, whereas the observed difference was 28 Da \agut to an N-formyl
group). Enterocin Q was amenable to Edman sequgnitittially indicating no
block at the N-terminus, but its prior purificatisras done under acidic aqueous
conditions. As indicated above, this can lead 83 lof the N-formyl group from a
portion of the peptide to give a free amino termsinBecause Edman sequencing
is very sensitive, and a small fraction of deforatgtl species in mostly N-
formylated peptide, would not be seen by mass speetry, we propose that

enterocin Q might be N-formylated.

An fMet appeared to be present in ent7A, Bnehterocin L50A/B, enterocin
F-58A/B, enterocin Q and lacticin Q. It has beeggasted that bacteriocins that
lack a leader peptide are expected to have fM#éteat N-terminus (Fujita et al.,
2007). The presence of formyl group on the N-teahmethionine of ent7A and
7B indicated that the secretion of ent7A and ert@8ld be through a mechanism

that does not require the recognition of the leqdptide.

During the aerobic growth & faecalis 710C, Met was prone to oxidation by

active oxygen species (AOS) into methionine sutdlex{Grimaund et al., 2001).
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This oxidation process was reversible because pratie sulfoxide reductase
(Msr), an enzyme present in all living organismso{Bet al., 1981; Brot et al.,
2000), can reduce methionine sulfoxide to methien(@rimaund et al., 2001).
Oxidation of Met can also occur following exposwe ent7A and ent7B to
environmental oxidizing agents (Stadtman, 1992¢hsas ozone (Berlett et al.,

1991).

Addition of oxygen to ent7A/ent7B decreagesrthydrophobicity. Therefore,
oxidized ent7A/ent7B eluted with a lower concenmnbratof acetonitrile than

ent7A/ent7B during the RP-HPLC purification procezlu

In the current study, the secondary strustofeent7A and 7B were examined.
CD data revealed that both ent7A and ent7B have 20% of structured (alpha-
helical) region in aqueous solution, whereas madsts< Il bacteriocins have
random coils in aqueous solution except for baotans like carnocyclin A from
Carnobacterium maltaromaticum UAL307 (Martin-Visscher et al., 2008). The
alpha-helical content of both ent7A and 7B did marease significantly upon
addition of TFE. Since the mechanism by which TleE mduce an alpha-helical
structure in a protein/peptide remains an unknothe, reason why the alpha-
helical content of ent7A and 7B did not increagmigicantly upon addition of

TFE is yet unknown.

The configuration of amino acid residues of7é& and ent7B was screened

using chiral GC-MS. The configuration of most amiaocid residues were



69

resolved except for Pro, His, Arg and Trp. This Idobe due to the upper
temperature limit of the column. These amino adds:ot readily elute at low
temperatures. While the temperature limit of tbkien is reported to be 230°C,
column bleed is excessive above 180°C such thapconu detection is very
difficult as they must be present above the le¥ddazkground coming from the
column. As a result, detection of Pro, His, Argl dmp, which elute above 180°C,

is difficult.

Although chiral GC analysis is efficient fio#/D- screening of amino acids, in
this study, it was found that chiral GC analysis haaumber of limitations: 1) it is
not efficient for screening Arg, His and Trp, asgl amino acids have difficulty
passing through the column; 2) a peak correspordirgD- amino acid does not
give information on which amino acid is D- form.rFexample, if a peptide has 4
alanines and only one is in the D-form, and a D-p&ak is observed, it is
impossible to determine which Ala is in D- form. this situation, additional
experiments must be performed; if the amino acigueece of the peptide is
known, specific peptidyl enzymes such as trypsin ba selected to digest the
peptide, so that the four alanines can be sepacatiedseparate fragments. These
fragments can be screened separately using ch@aioGind out which fragment
has a D-Ala. Alternatively, enzymes that specificakcognize D-Ala and its
adjacent amino acid residue can be employed tdddoaala in this peptide, 3)

chiral GC columns are generally more susceptibledimmn bleed than other
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types of GC columns due to the manufacturing pcédhen the oven
temperature rises above 160°C, column bleed becoimasus and a rise in the
baseline of the chromatogram baseline and peaks fie stationary phase
material, can suppress signals from analytes ansesadifficulty in interpretation
of the chromatogram, 4) chiral GC columns are \gnysitive to air leaks, which
generally prevents the use of a guard column. Egebtle installation
imperfections in the junction between a guard caliemd a chiral GC column
can cause complete dysfunction of the chiral colurtfrcompounds that cannot
be eluted enter into the column, the only way &anlthe column is to trim off the
part of column where these compounds are trapped®y@Golumns are costly and
when columnsare taken out of the GC instrumentsforage, the open end must

be sealed to prevent impurities from entering.

Purified ent7A and ent7B were active agacwhmon gram-positive food
pathogens. Ent7A was tested against spores anti\dalls ofC. botulinum, and
was active against both spores and viable cell&Aand 7B were against gram-
negativeB. diminuta, which has been suggested to cause infectionsmmune-
suppressed population, such as cancer patientsgithndrade, 2005). Neither
ent7A nor ent7B was not active agair8t Typhimurium or E. coli. Most
bacteriocins from gram-positive bacteria are eifectagainst gram-positive
bacteria and only a few have been shown to be tefeeagainst gram-negative

organisms (Jack et al., 1995). One explanatiorihfier observation is that gram-
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negative bacteria have an outer membrane that mevibe entry of most
bacteriocins into the cell. In additios, Typhimurium 18 has a deformylase,
which removes the formyl group on the N-terminaltMéent7A and ent7B, so
that peptidase M, which can target peptides beggqmiith Met followed by Gly

(Miller et al., 1987), can degrade both enterocins.

This study has confirmed the amino acid seqeef ent7A and 7B frork.
faecalis 710C. The configuration of the majority of aminoicaresidues from
these two bacteriocins has been determined. Bu#fAeand 7B have 20-25% of
defined structures (alpha-helix) in aqueous and SRR solution. The above
information leads to further study on ent7A andi@@ude: 1) complete sequence
of ent7 structural gene; 2) secretion mechanism of ent74 ant7B; 3) the
mechanism of ent7 activity and how it is relatedhe partial or overall structure

of ent7A and ent7B molecules.
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