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This thesis describes an analysis of the structure/function relationship of the
phage infection protein (Pip) in Lactococcus lactis. Pip is a protein required for phage

infection of L. lactis exclusively by phage c2 species. Pip, which shares no significant

homology to previously studied proteins, contains 6 hydrophobic regions; one residing

at the N-terminal region is a putative signal sequence, and the other five located in the

C terminus, comprise the putative membrane-spanning domain (MSD). No other
motifs or domain structures are identified in Pip. Facing outward from the cells lies a

hydrophilic region including amino acids 100 to 700 of Pip (Pip 100-700).

When purified, Pip 100-700 inactivated phage c2 in vitro. No other component

was required for the inactivation. The inactivation of phage c2 was inhibited by adding

Pip antiserum to the reaction, indicating that phage c2 inactivation is caused by Pip.

The amino acid residues or regions required for inactivation of phage c2 were

mapped by mutagenic analysis. A large deletion in Pip removes 451 amino acids from

amino acid #193 to #644 of Pip resulting in full resistance to phage c2. An insertion
mutation at amino acid #108 resulted in partial resistance to phage c2. These data
suggest that the conformation of Pip is important for the binding.

An island of charged amino acids from amino acid #227-231 (EIKEK) in Pip

was site-directedly mutated into the neutral group AIAAA. When the plasmid
containing these missense mutations was electroporated into JK1O1, the transformant

remained sensitive to phage c2, indicating that the missense mutations were not critical

for phage infection.
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The Pip gene was randomly mutated, expressed in a Pip negative background,
and screened for phage resistance. Fully resistant, partially resistant and temperature

sensitive mutants of Pip were identified. All of the mutants created from nonsense or

frameshift mutations, resulted in truncations of Pip. Apparently, missense mutations in

Pip do not cause phage resistance, at least under the conditions used for screening.

All of the mutants have partial or total deletion of the MSD. While the partially

resistant and totally resistant mutants have the MSD totally deleted, only parts of MSD

in temperature sensitive mutants are deleted, suggesting that the MSD is required for

phage infection, but not for inactivation. The lack of the MSD might cause
mislocalization of Pip, resulting in partial or total resistance.

The mechanism of resistance of the mutants was characterized by measuring
absorbance of phage to cells expressing the mutated Pip. Phage c2 adsorbed to all of
the mutants collected, suggesting that adsorption of phage c2 is not the cause of
resistance.

Pip expression was verified in all mutants selected by slot blot and Western
blot. For partially or totally resistant mutants, Pip was found in both the whole cell
extracts and the cell-free supernatants. The attached Pip enabled partially resistant and

temperature-sensitive mutants to form plaques with phage c2. In addition to the Pip

attached to the cells, Pip was also released into the growth medium in the mutants with

a deleted MSD, shown by Western blots of cell-free supernatants of those mutants. Pip

released in the cell-free supernatant was shown to inactivate phage c2, which was
similar to the effect of purified Pip 100-700 on phage c2.

In a previous report, a 35kDa protein was shown to inactivate c2 (Valyasevi,

1991). In this thesis, the 35kDa protein was further analyzed using a recently made
antiserum to PiplOO-700. Western blot analysis of the 35kDa protein using Pip
antiserum showed a signal at 94kDa, which was the full length Pip. There was no
signal at 3 5kDa, suggesting that 3 5kDa protein is not the proteolytic product of Pip and

the "purified" 35kDa sample was contaminated with Pip wild type. The contaminating

Pip was probably the component that caused phage c2 inactivation.
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Functional and Structural Characterization of Phage Infection Protein (Pip)
in Lactococcus lactis

1. INTRODUCTION

1.1 LACTIC ACID BACTERIA

Lactic acid bacteria (LAB) are an evolutionarily related group of low guanine+

cytosine (GC) content, Gram-positive microorganisms most frequently used in food and
feed fermentations. They play crucial roles in fermentation of milk products such as

cheese and yogurt, vegetables such as sauerkraut and soy sauce, and meat products such

as sausages. LAB are considered as GRAS (Generally Recognized As Safe). LAB are

facultative anaerobic bacteria with a fermentative metabolism. The group of LAB
consists of non-sporulating, acid-tolerant, catalase-negative, carbohydrate-fermenting

lactic acid producers. They are non-motile, and do not form spores.

Members of LAB include lactococi, lactic streptococci, and lactobacilli.

Industrially, the most important LAB are: Lactococcus (milk), Lactobaccillus (milk,
meat, vegetable, cereal), Leuconostoc (vegetables, milk), Pediococcus (vegetables, meat),

Oenococcus oeni (wine) and Streptococcus thermophilus (milk) (Klaenhammer et al.,

2002). LAB not only have a preservative effect in many cases, but also serve as an
asthetic and nutritional contributor/modifier in a wide array of foods. Other symbiotic
members of the LAB, found in the normal, healthy intestinal flora of both humans and

animals, produce host beneficial bi-products. (Ouwehand et al., 2002; Vaughan et al.,
2002). Due to their ability to tolerate a wide variety of environments, studies have also

been conducted considering LAB as a transportation vessel for therapeutic agents, such

as digestive enzymes and vaccine antigens (Steidler et al., 2000).

The importance of LAB in food industry has strongly stimulated research of thees

bacteria, in which, Lactococcus lactis is the best-studied lactic acid bacterium. Strains of

Lactococcus lactis (L. lactis) are widely used in the dairy industry as starter cultures for

fermentation of milk and subsequent production of variety of cheeses and other milk
products. Cells of L. lactis have a spherical morphology and produce lactic acid during

fermentation growth. In the fermentation process of yogurt, milk and lactic acid bacteria
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were incubated for several hours at 30-37°C. Milk was fermented and become thickens

(curdles). Lactose was converted to lactic acid, producing a sour taste.

The development of starter bacteria may be affected by a series of factors, such as

the presence of growth inhibitors in the raw materials, disinfectants from inappropriately

rinsed equipments and contamination with bacteriophage. Of all these, phage

contamination is the most important source of fermentation failure, caused by starter cell

lysis after bacteriophage infection, consequently interrupting the fermentation of milk
sugar into lactic acid (Josephsen and Neve, 1998). Because of the economic significance,

substantial research has been conducted to characterize lactococcal phages and the
mechanisms that protect lactococcal cells from phage infection.

1.2 BACTERIOPHAGE

Bacteriophages of LAB are a threat to industrial milk fermentation. Owing to
their economical importance, many different types of phages have been isolated.
Bacteriophage was classified according to phage composition, morphology and DNA
homology (Jarvis, 1984), but with the development of molecular technology, they are
now also classified on the basis of DNA homology (Jarvis et al., 1991).

According to Bradley (1967), phages of LAB are differentiated into 3 main
classes: i. morphotype A (contractile tails), ii. morphotype B (long, non-contractile tails)

and iii. morphotype C (short, non-contractile tails). Further distinguished by head sizes,
morphotypes B and C are ftirther separated into subclasses Bi, B2, Cl, C2 and C3
defined by isometric small prolate or large prolate phage heads. Phages were also
separated into 12 species, each represented by a type phage (Jarvis et al., 1991). Only 3

species are frequently isolated from dairy fermentations. Fifty percent of all isolates
belong to species 936, which are virulent, small-sized, isometric- headed phages. The
next group is the c2-species of virulent phages with prolate heads. The last group isolated

from industry is small isometric phages of P335 species, which includes both virulent and

temperate phages (Neve, 1996).

The DNA of the representatives of phage species c2, 936 and P335 has been
completely sequenced: c2- a c2 species phage (Lubbers et al., 1995), bIL67- another c2

species phage (Schouler et al., 1994), ski- a 936 species phage (Chandry et al., 1997) and
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r1t- a P335 species phage (van Sinderen et al., 1996). A review about phage genomes in

LAB can be found in Desiere et al. (2002).

1.3 CYCLE OF PHAGE INFECTION

Phage can be either lytic or lysogenic (Garvey et al., 1995). In the lysogenic

pathway, DNA may become integrated into bacterial chromosomes, leading to DNA
transduction. The DNA first is injected in to the bacteria, followed by a brief period of

phage mRNA synthesis. By a single site-specific reciprocal recombination event, the
phage DNA integrates as prophage into the bacterial chromosome. The bacteria will
continue to multiply and the phage DNA will replicate and express as a part of the
bacterial chromosomes (Neve, 1996).

In contrast to lysogenic cycle, phages that enter the lytic cycle lead to the
breakdown of the bacterial chromosome after infection. The lytic cycle usually consists

of four steps: adsorption of phage to bacterial surfaces, infection of phage DNA,
replication of phage DNA, and burst lysis of the cells. For the lytic cycle to occur, firstly,

the phage adsorbs to specific receptors on the bacterial surface. The receptors are
different for different phages, but typically phage receptors are proteins or carbohydrates

on the surface of bacteria that normally serve purposes other than phage adsorption. Next,

the phage injects its DNA into bacterial cells. After infection by phage, bacteria often

lose the ability to replicate and transcribe their own DNA. The infected bacterium is
turned into a phage-producing cell. Phage directs the synthesis of a replication system

that specifically copies the phage nucleic acid. Transcription of DNA and expression of
proteins occur sequentially. The phage particles will be assembled with the following

steps: aggregation of phage structural proteins, condensation of the nucleic acid and entry

into a head, and attachment of a tail to a filled head. In the final step, the newly
synthesized phage will be released from the bacterium (Sanders, 1987; Maloy et al.,

1994; Neve, 1996).

A phage capable of only the lytic cycle is called a lytic or virulent phage. A phage

that can undergo both lytic and lysogenic cycles is called a lysogenic or temperate phage.

Lactococcal phages can be either virulent or temperate. Phage species 936 and c2 contain

only lytic phages. Phage of P335 species can be either virulent or temperate. However,
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phage that are important for industry are only lytic phages (Jarvis et al., 1991). Therefore,
in this research, only phages of lytic cycle will be considered.

1.4 PIIAGE RESISTANCE IN LACTOCOCCUS

As for the importance of LAB in the industry and the damages caused by
bacteriophages, interactions between LAB and their bacteriophages have been intensively

studied. With respect to the phage life cycle described above, phage insensitivity can act
at four subsequent steps: adsorption inhibition, blocking of DNA penetration,
restrictionlmodification, and abortive inhibition.

1.4.1 Adsorption inhibition

The first barrier in the phage prevention process is the inhibition of adsorption.

Adsorption inhibition is the resistance due to the failure of the phage particles to attach to

the cell surface. The phage receptors are usually specific and are host and phage species-

dependent. The receptor sites can be randomly distributed or evenly spread out on the
surface of bacteria (Budde-Niekiel & Teuber, 1987). Failure of a phage to adsorb to a

host cell is usually due to either lack of appropriate phage receptors on the cell surface or

physical blocking of the receptors (Hill, 1993).

Madera et at. (2003) collected wild L. lactis strains resistant to phage infection
and tried to establish whether those strains can be used as components in the starter
formulation. Inhibition of adsorption appeared to be the most frequent mechanism
leading to phage resistance of the strains isolated. The advantage of having the adsorption

inhibition mechanism is because it is the first barrier of defense against phages.
Moreover, this mechanism usually results in complete resistance while other

mechanisms, such as R/M or abortive inhibition only result in a reduced efficiency of
plating (EOP), a reduced plaque size and a loss in cell viability.

Because of the relatedness between the adsorption inhibition mechanism and the

phage receptors of the cells, a more detailed information about phage adsorption
inhibition will be found in the "Bacteriophage receptors" section.
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1.4.2 Phage DNA injection blockage

Blockage of phage DNA injection is another way to prevent phage infection.
After adsorbing onto a host surface, phage injects its DNA into the host. The first DNA

injection blockage mechanism was found in Lactobacillus casel (Watanabe et al., 1984).

Electronic microscopy revealed the normal binding of phage in a tail-first orientation, and

retention of DNA in the phage capsids after phage adsorption. However, in the wild type

strain, an increasing number of empty capsids were observed with a prolonged incubation

with phage.

The most thorough study concerning DNA blockage mechanism was in L. lactis

ssp lactis c2 against phage c2 (Valyasevi et al., 1991; Geller et al., 1993; Monteville et

al., 1994). Spontaneous phage resistant mutants of L. lactis were selected and further
characterized for their mechanism of resistance. The binding of mutant cells to c2 was
found to be at the same extent as the parental strain. This suggests that the resistance is

not due to loss of cell surface receptors (Valyasevi et al., 1991). The injection of phage

DNA was temperature dependent, occurring rapidly at 30°C but not that at 4°C
(Monteville et al., 1994).

The first DNA blockage mechanism encoded by plasmid in lactococci was
reported by Garvey et al. (1996). In this study, a plasmid, pNP4O, provided resistance of

host L. lactis MG1614 against phage c2. The results showed that pNP4O encoded an

early-acting phage resistance mechanism but there is no evidence of adsorption inhibition

or RIM systems. Phage c2 adsorbed normally to cells containing pNP4O, but injection
was slower. This blockage mechanism is powerful but it may be specific to a particular

species or kind of phages.

In a recent study about phage resistance in Streptococcus thermophilus, the cells

were submitted to mutagenesis with the thermolabile insertional vector pGhost9:ISS 1
followed by a challenge with lytic phage Sf19. Three phage resistant mutants, R7, R71

and R24, were characterized and they all adsorbed to phages normally. However, no

intracellular phage DNA synthesis was observed with mutants R7 and R7 1, while mutant

R24 showed a delayed phage DNA synthesis (Lucchini et al., 2000), suggesting the
function of this protein in phage DNA injection process.



1.4.3 Restriction modification

Following successful adsorption of a phage particle and penetration of phage
DNA, the next barrier of phage resistant mechanism is restriction! modification
mechanism (RIM). The main biological role of the R/IVI system is to protect a host from

viral attacks. R/M was first discovered in the early 1950s (Bickle et al., 1993) and was
the most common phage resistance mechanism found in bacteria.

The RIM systems involve at least two distinct enzymatic activities. The restriction

enzyme component of the systems recognizes and cleaves DNA that is not modified at

specific sites. The target usually composes of 4 to 8 defined nucleotides, which can be

continuous or discontinuous, symmetric or asymmetric (Wilson Ct al., 1991). The cell
itself remains protected by modifying its own DNA through the methylation activity. An

enzyme, methyltransferase, adds a methyl group into specific sites of the host DNA and
makes the DNA protected from restriction activity.

Numerous R/M systems are classified into 4 major groups, type I, II, III and IV

according to the complexity of the enzyme structure, co-factor requirement, and
recognition sequence symmetry and cleavage characteristics (Backer & Colson, 1991,
Wilson and Murray, 1991). The severity of restriction is dependent on the system and the

phage. Usually the efficiency of plating (EOP) decreases when phage encounters a host

R/]V1 system (Wilson & Muray, 1991).

While a majority of phage DNA will be digested by the host R/M systems, a small

number of phage genomes will escape the selection and become methylated. At this point

the methylated phage DNA will be protected by the RIM systems and are no longer
recognized as "foreign". The phage DNA will not be degraded and continue to multiply

using the host machineries. Other ways that phage can use to escape RIM include:
elimination of restriction sites in genomes, modification of bases, production of
methylease, or proteins that inhibit host endonucleases (Klaenhammer & Fitzgerald,

1994).

1.4.4 Abortive infection

Among Lactococci, abortive (Abi) infection includes a broad range of
mechanisms that suppress intracellular phage development. Abortive infection may
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involve one in a series of actions, including interference with genome replication,
transcription, translation, packaging and assembly of phages. Abortive infection usually

results in either a total absence of plaques, or a reduction of plating efficiencies and
plaque sizes. The infected cells usually commit suicide because the functions of the cells

are corrupted by the phage activity (Djordjevic et al., 1997). However, since one of the

activities of the phage is altered by host abortion function, the cells do not burst, the
phage number does not increase. In a liquid culture, strains with abortive systems do not

lyse, instead they grow slower, or stop growing, when phages are added. When burst size

is smaller, EOP and plaque sizes will be reduced.

The first Abi plasmid to be identified was the 64kb nisin resistance plasmid
pNP4O (McKay & Baldwin, 1984). Since then, more than 20 Lactococcal abortive genes

(Abi) have been discovered. Most of the Abi genes are located in the chromosome.
According to Garvey et al. (1995), Abi systems can be classified based on the levels of

actions: early- actions prior to or at level of DNA replication, late- after replication has

occurred.

In many other cases, more than one Abi system can exist within a given strain
(Garvey et al., 1995). Studies of phage mutants capable of overcoming abortive
mechanisms are intensifying and valuable information about the modes of actions has
been gained.

1.5 BACTERIOPHAGE RECEPTORS

1.5.1 Gram-negative bacteria

Bacteriophages recognize and bind to host bacteria through highly specific
receptors located on their surface. Studies of phage receptors have been carried for a long

time, especially for Gram negative bacteria. The outer membrane of Gram-negative
bacteria lies outside the cytoplasmic membrane and the peptidoglycan layer. The
receptors of bacteriophage can locate in the outer membrane of Gram-negative bacteria.

The receptors can be several species of proteins or the bacterial lipopolysacharide (LPS).

The study of phage adsorption in Gram-negative bacteria has characterized in E.

co/i K12 and E. co/i B. OmpA is a transmembrane major protein of E. co/i and was
known to combine with the lipoprotein for the structural integrity of the outer membrane
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and for normal shape of the cell. The isolated OmpA proteins were first found to be a
receptor for phage TuII* in the presence of LPS (Datta et al., 1977). By cloning and
sequencing analysis of a series of T4 resistant mutants, none of which was able to either
irreversibly or reversibly bind the selected phages, OmpA was found to be a
bacteriophage receptor (Morona et al., 1984).

The porin proteins OmpC and OmpF were found to involve in the adsorption of

the temperate phage PA-2 to E. coil K12 (Schnaitman et al., 1971). Purified OmpC and

OmpF proteins inactivated this phage. Moreover, the strains that did not express OmpC
became resistant to phage PA-2.

LamB was a protein isolated from the cell wall ofE. coil K12 and was found to be

required for the infection of phage X to E.coIi K12 (Randall-Hazelbauer & Schwartz,

1973). More studies were attributed to the binding of phage X to the host. It was found

that the inactivation of phage lambda by its receptors occurred in a two-step process. In

the first step, phage adsorbs reversibly to the receptors and these interactions are strongly

dependent on the concentration of divalent cations in the medium, leading to the
formation of phage-receptor complex. The reversible interaction is followed by an
irreversible reaction leading to phage DNA injection. The LamB mutations were isolated

and believed to block a step in phage adsorption, and this blockage could be overcome by

mutations in J protein (the tail fiber of phage X) (Werts et al., 1994).

LPS also acts as a receptor for phage infection. LPS can be of a smooth form
(composed of the 0 antigenic side chain, the core polysaccharide and the lipid A), or a

rough form (without 0 side chains). Many phages adsorb onto smooth LPS but with a
very narrow host range. The phages interacting with rough LPS have larger spectra.
Many other phages are specific for smooth LPS only, suggesting the receptors in the 0
side chains. The strains that have smooth LPS can become resistant to the phages by
masking their receptors located in the 0 side chains. The T phages have long been known

to recognize receptors in the LSP of E. coil. Those phages recognized rough LPS only,

suggesting that the receptors are in the core (Weidel, 1958).

1.5.2 Gram-positive bacteria

Gram-positive bacteria lack the outer membrane that is present in Gram negative

bacteria. Instead, there is a thick cell wall consisting of a thick multilayered
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peptidoglycan structure to which other components such as teichoic acids (TA) and
polysaccharides are covalently attached. The peptidoglycan of the Gram-positive cells is

frequently associated with receptor activity, where receptors can be found in the teichoic

acid-peptidoglycan complex, or in the C-Carbohydrate-peptidoglycan complex.

Receptors of Gram-positive bacteria can also be found in surface proteins.

TA was found to play an important role in phage infection of Staphyloccci. The

cell wall of S. aureus were shown to inactivate several bacteriophages but teichoic acid
and glycopeptide, prepared by trichloroacetic acid (TCA) extraction from the cell walls,

did not inactivate the phages (Coyette & Ghuysen, 1968). Reversible attachment of

phages was observed to a complex of TA linked to the entire glycan strand. However, TA

by itself cannot inactivate phages. The receptor sites for some S. aureus phages are thus

to be in the TA! peptidoglycan complex with the requirement of N-acetyl-D-glucosamine

(Coyette & Ghuysen, 1968; Murayama et al., 1968). In Bacillus subtilis W23, the
receptor for phage SP5O consists of wall materials, which contain TA. As for
Staphylococcus, the integrity of both the TA and peptidoglycan is necessary for phage

adsorption (Archibald, 1976).

Receptors can also be found in the C-Carbohydrate-Peptidoglycan complex. The

streptococcal cell wall contains a polysaccharide, also known as C-carbohydrate, which

contains the receptors for some streptococcal bacteriophages. Polysaccharide is

composed of rhamnose, galactose, glucose, glucosamine and phosphate. It was found out

that heat-killed group A streptococci did not achieve irreversible adsorption to the phage

but still allowed reversible binding. This reversible binding is specific and peptidoglycan

is necessary for phage A25 adsorption. Phage A25 adsorbed to group A streptococci
occurs in two-step reaction: the first step is the reversible attachment of the phage tail to

peptidoglycan exposed on the cell surface, followed by the irreversible inactivation of the

phage particle (Cleary et al., 1977).

Receptors were also found to be located in the external polysaccharides
(capsules), pili and flagella of hosts. Masking of phage receptor sites is common in those

receptors. More information about the adsorption of phage to capsules, pili and flagella

can be found in the review by Lindberg (1973).
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1.5.3 Bacteriophage adsorption and receptors in Lactic acid bacteria

Receptors play critical roles in inhibition of adsorption, the first line of defense
against phage infection. Many studies have been conducted in order to identify and
characterize receptors for infection of phages to lactococcal bacteria. According to Budd-

Niekiel & Teuber (1987), receptors for phage adsorption can be randomly distributed as

specific "hot spots" or evenly cover the cell surface. The attachments of phage to the cell

receptors usually occur in a tail-first orientation.

The first studies of adsorption in lactococci (Oram & Reiter, 1968), phage m13

adsorption involved the presence of a lipoprotein in the plasma membrane receptor. In
another early study (Watanabe et al., 1977), phage PL-1 was found to adsorb specifically

to cell walls extracted from Lactobacitlus casei ATCC 27092. Not much information
about the cell wall receptors of phage has been found. However, it was proved that the

binding of phages to cell wall fragments was reversible and regulated by the equilibrium

between free phages and adsorbed phages (Watanabe et al., 1977).

Studies of receptors demonstrate that most of the receptors for phage infection
compose of a carbohydrate component in cell walls. Sijtsma et al. (1988a) found that the

phage resistance of L. tact/s ssp. cremoris SKI 10 against phage ski 1G was due to
blockage of the receptor sites, but not because of the absence or defect of receptors. In

those studies, galactosyl-containing components were present in resistant mutants SKI 10

but not in sensitive variants SKi 12. Lipoteichoic acid (LTA) was extracted from the
sensitive and resistant variants and assayed for the presence of galactose in each sample.

Galactose was found in the resistant strain but not in the sensitive variant. From the
results, it was proposed that galactosyl- containing LTA was involved in preventing
phage adsorption to L. tact/s ssp. cremoris SKi 10 (Sijtsma et al., 1990). The way in
which LTA is involved in the adsorption of phage skllG to L. tact/s was further
characterized. Phage ski 1G did not bind to LTA isolated from the sensitive strain SKi 12

in vitro (Sijtsma et al., 1988a). This suggests that the location of LTA in the cell envelop

is so close to the receptor, which interferes with binding of phage to the receptor (Sijtsma

et al., 1988a; 1988b; 1990).

In the case of L. tact/s ssp. cremoris KH, galactose is considered to play an
essential but indirect role in phage kh binding as proved by inhibition assays. Galactose
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was suggested to maintain the required structures of the polymers or to act as a secondary

binding site to stabilize the phage to the receptors (Valyasevi et al., 1990). Rhamnose of

the extracellular polysaccharide was thought to be the primary binding site for phage kh
and m13. Purified cell walls inactivated the phages, this inactivation was irreversible and

required divalent cations.

Valyasevi et al. (1994) also characterized the binding of phage ski (a 936 species

phage) to L. lad/s ssp. lactis C2. The specificity of the inhibition by rhamnose in the
adsorption assay suggested that rhamnose is an important component in the cell surface

receptor of L. lad/s C2. Glucose and galactose interfere with phage adsorption in a lesser

extent.

For strain L. lactis ssp. diacelylactis F712 and Wg2- 1, a carbohydrate component

embedded in the peptidoglycan matrix is part of the phage receptor (Schafer et al., 1991).

The different between strain F7/2 and Wg2-i was the distribution of receptors on the

surface and the status of binding. Phage P008 bound irreversibly to uniform adsorption

sites on the cell walls of L. lad/s ssp diacelylactis F7/2 while phage P127 adsorbed
reversibly to a limited number of receptor sites on the cell walls of strain Wg2.-1. The

binding was affected when cell walls were treated with lysozyme or acids.

Most of studies used isolated cell walls or membranes to identify the surface
components involved in phage adsorption. In another method, loosely associated material

(LAM) was extracted gently from the cell surface of bacterial strains and was thought to

represent the outermost layer of the cell envelop. LAM from the cell surface ofL. lactis

ssp. cremoris E8 and its phage resistant derivative strain 398 were characterized and
found to actively interact with phages (Gopal & Crow, 1993). Three phages 852, 618 and

833 bound to LAM from the sensitive parent strain E8 but not to the resistant strain 398.

Treatment of LAM from E8 with sodium metaperiodate totally eliminated the binding
ability, which suggested the importance of polysaccharide portion of LAM.

There were about 2-3 fold more LAM extracted from the resistant strain than
from the parental strain. Both strains showed the same sugar components including:
rhamnose, galactosamine, glucosamine, glucose and galactose. However, the mutant
strain had 5 fold more rhamnose and 2 fold more galactose than the parent. Hence, LAM

was thought to prevent the mutant strain from phage adsorption and further steps in an
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infection cycle (Gopal & Crow, 1993). The competitive adsorption assays in the presence

of lectins as a competitor showed that both galactose and glucosamine were essential for

the binding of phage to receptors on the cell wall of strain E8 (Gopal & Reilly, 1995).
This finding is similar to two other findings about the importance of galactose in phage

resistance of L. lad/s ssp. cremoris SKIIO with phage skllG (Sijtsma et al., 1988a;
1988b; 1990) and of L. lad/s ssp. cremoris KH with phage kh (Valyasevi et al., 1990;

1994).

A study by Crow & Gopal (1995) compared the cell surface properties of 15 pairs

of lactococcal strains (the phage sensitive strains and their resistant derivatives).

Hydrophobicity patterns, protein profiles and the concentrations of extracellular
lipoteichoic acid, protein, hexose and rhamnose, loosely associated cell surface materials

are different in two strains. This study showed the complexity and variable nature of
lactococcal cell surface and component properties. Receptors in the cell walls, therefore,

can be really complex and more than one component might involve.

A number of plasmids have been identified to encode phage receptors or involve

in phage adsorption. The first study about plasmid-encoded adsorption inhibition of
iactococci was done by Sanders & Klaenhamer (1983). The plasmid pMIE003O mediated

adsorption inhibition of L. lactis ssp. lactis ME2 against phage 18. Since then, many

other plasmids encoding the same mechanism have been identified.

Those plasmids responsible for adsorption inhibition so far have been found to be

involved in modifying or blocking of the receptor sites. Four plasmids were transferred in

to L. lactis ssp. cremoris H02 by DNA conjugation (Forde et al., 1999). A 58 kb plasmid

pCI658 was shown to mediate resistance against phage c2 (c2 species) and phage 712
(936 species) by blocking the receptor sites. The agent that prevents the phage from
accessing to the surface receptor is extracellular coating exopolysaccharide (EPS). EPS
largely composed of an acidic carbohydrate, and acted as strands of fibrillar material

extending outward from the cell surface. A 46 kb plasmid pCI528 (Lucey et al., 1992)

also encoded a similar mechanism of blockage. pCI528 was shown to be responsible for

inhibiting phage attachment by synthesizing a non-covalently bound hydrophilic polymer

rich in galactose and rhamnose. A further study of Forde and Fizgerald (1999) indicated

the differences of the EPS encoded by plasmid pCI528 and pCI658. EPS from pCI528
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contains polymers rich in galactose and rhamnose, giving the cell a "hard" colony. EPS
from pCI658 is rich in galactose and glucuronic acid, resulting in "fluffy" colonies.
However, the mechanisms of blocking the receptor sites by the DNA material encoded in
plasmids are still poorly understood (Forde & Fizgerald, 1999). In a recent study,
examination of the nucleotide sequence of a 21.8 kb region of plasmid pCI658 revealed a
large genetic cluster consisting of at least 23 putative EPS biosynthetic determinants
(Forde & Fitzgerald, 2003). The predicted products had a high homology to EPS,
capsular polysaccharide (CPS), and lipopolysacharide (LPS) from many Gram positive
and negative bacteria.

In the case of plasmid pKC5O (Tortollo et al., 1990) and p2520L (Akcelik &
Tunail, 1992), the mechanism that inhibits phage adsorption is the production of antigens
of surface receptors. The 80 kb plasmid, pKC5O, from L. lactis ssp. lactis 57150, encodes
a 100KDa cell surface antigen. A 37.5kb conjugative plasmid from L. lactis ssp. lactis
P25, p2520L encoded a 3OkDa cell surface antigen.

1.6 PHAGE C2 AND PHAGE INFECTION PROTEIN (PIP)

Phage c2 is a prolate-headed phage, which infects industrial strains of L. lactis. A
plasma membrane protein Pip (phage infection protein) was identified and found to be a
receptor for phage c2. This is the first time the receptor for phage infection has been
characterized as a plasma membrane protein. Pip and infection of phage c2 will be
discussed in details in this section.

The mechanism of the initial steps of bacteriophage infection in Lactococcus
lactis ssp. lactis Lm230 1 was studied. The results indicate that c2 adsorbs initially to the
cell wall carbohydrates and not to the cell membrane. It was found that c2 and 6 other
phages ml3, kh, 1, h, 5 and 13 all adsorbed to the same sites on the host cell wall that are
composed of rhamnose (Valyasevi et al., 1990; Monteville et at., 1994). Rhamnose was
demonstrated to inhibit the binding of phages to the cells, and the lysis of phage-
inoculated cultures. Glucose and galactose also have some inhibition effects to the phages
but at a lesser extent compared to rhamnose. This initial adsorption to the cell wall is a
reversible process: upon dilution of the adsorbed phage, the phage dissociates from the
cell wall components and form plaques with indicator strains.
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After the initial reversible attachment, phages irreversibly attach to components in
the cell membrane. In phage c2 infection of L. lactis ssp. lactis Lm2301, the Pip protein
(phage infection protein) is essential for phage adsorption and DNA transfer. To our
knowledge, Pip is the only known plasma membrane protein used as a phage receptor in
Gram positive bacteria.

The pip gene is 2703 bases in length with potential promoters starting 206 and
212 bases upstream of the open reading frame. A consensus lactococcal ribosome binding
site and a seven-base spacer precede the GTG (Va!) translation initiation codon. A
potential promoter with two possible 35 regions starts upstream of the open reading
frame. The amino acid sequence deduced from Pip is a protein with 901 residues and a
Mr of 99,426 (Geller et al., 1993).

Hydropathy analysis shows four to six potential membrane-spanning regions. One
is located near the amino terminus and is a candidate for a signal sequence. The other five
are in the carboxyl terminal region (Geller et al., 1993). The deduced amino acid
sequence of Pip predicts multiple membrane-spanning domains at the C terminus,
suggesting that Pip may be anchored in the plasma membrane. However, a near-
consensus sortase recognition site and cell wall anchoring motif may also present near the
carboxyl end of Pip, suggesting a covalent linkage of Pip to the cell wall. According to
the recent research (Mooney & Getter, 2003), Pip is an integral, membrane protein that is
not anchored to the cell wall.

Homologous protein of Pip were searched using the software Vector NT6. When
the whole sequence of Pip was submitted, grpl was the gene that shared the highest
homology to Pip, with 77% positive. The grpt is the gene for the production of the
capsule, which is not produced in L. lactis. This explains why the Pip strain does not
affect the growth and viability of the cells. The protein was also analyzed in other protein
analysis program to identify the motif, structure, and domains of Pip. Except for the 6
hydrophobic domains, no other motif or domain structures were identified.

To further study the functions of Pip, plasma membranes prepared from a

sensitive strain of L. lactis inactivate phage c2 and other related phages. This interaction

of phages to plasma membranes involves adsorption to a membrane protein. Treatment of

membrane with proteinase K reduces the phage inactivation ability. The reversibility of
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membrane adsorption was tested by mixing phage c2 with membrane. Then plaque-
forming units of the mixture before and after spinning were determined with indicator
strains L. tact/s. From the correlation between inactivation and adsorption, the membrane
adsorption was proved to be an irreversible process (Monteville et al., 1994).

Mutations in Pip do not affect viability, growth rate or acid production of the cell.

However, the Pip mutants were totally resistant to phage c2. The Pip mutants of L. tact/s
were also found to become resistant to other 10 phages of the c2 species (Kraus & Geller,

2001). This observation, together with the competition between phage c2 and other
phages for adsorption to the cells, suggests that the Pip is required for infection by all
phage of the c2 species. A mutated allele of pip gene was used to replace the wild type

allele in L. tact/s. The mutated allele is completely resistant to phages of c2 species but

was frilly sensitive to small isometric phage skl (936 species), small isometric phages

mm2lOb and 31 (p335 species), and a large isometric phage 949 (949 species). These
indicate that Pip is only required for phage c2 species but not for other species of phages

(Kraus & Geller, 2001).

Although recent investigations have revealed a more detailed understanding of the

structure and subcellular localization of Pip, little is known of the function/structure
relationship of Pip. The homologous search of Pip did not give more details about the
functions and structure of Pip. All of the results come up from the homologous search are

the non-identified proteins. Moreover, the lack of motif and domain structures also makes

the characterization of Pip more difficult. This research was conducted, trying to
understand more about Pip and the function/structure relationship of Pip.
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1.7 AIMS

The project is aimed to identify the regions of Pip required for phage infection.

L Mutate Pip and express from plasmid in Pip L.iaciis.
2. Screen or select for Phage resistant, partially resistant, or temperature-sensitive

mutants.

3. Screen phage-resistant, partially resistant ad temperature-sensitive mutants for
expression of Pip.

4. Sequence mutant Pip alleles.
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2. MATERIALS AND METHODS

Table 1: Table of strains, plasmids and bacteriophages used in the project

Strain & Plasmid Also known as Description Source
Strain______________
L.laciis C2 Wild type Pip Geller lab
L .iactis Lm2301 Wild type Pip, plasmid Geller lab

free
L. lactis JK1O1 Pip strain, plasmid free Garbutt et al. (1997)
E. co/i DH5ct Cloning strain Life Technologies
E. co/i XL red Muf strain, to generate Stratagene
competent cell random mutations

pUC 19 Cloning vector Geller lab
pTRKH2 High copy-number shuttle Geller lab

vector
pTRKI-12 pip pip gene from pUC Geller et al. (1993)

subcloned into pTRKH2
pTRKH2 Pip(A)/X pPip pip ORF and its promoter Mooney & Geller

cloned into pTRKH2 (2003)
pTRKH2 pipABsml pPip ABsmI pip with deletion of BsmI This work

fragment in pTRKH2
pTRKH2 pip pPip emmác pip with insertion of Geller et al. (2001)
emm6c emmóc fragment in

pTRKH2
pTRKH2 pip pPip emm6c pip with emm6c insertion Geller et al. (2001)
emm6c zXBsmI ABsmI and BsmI deletion in

pTRKH2
pUC pip XbaI-BamHI fragment of Geller et al. (1993)

pBRO4 cloned into pUC
pUG pip (A)/X pip ORF and its promoter Mooney & Geller

cloned into pUC (2003)
pUC pip pip with emm6c insertion This work
emm6cABsml and BsmI deletion in pUC
pTRKH2 pPip AIAAA Site directed mutation of This work
pipAIAAA Pip at amino acid 227-231
pTRKH2pip Ahy pPip Ahy Site-directed mutation of Mooney & Geller

Pip, MSD was removed (2003)

c2 c2 species, requires Pip for
infection

ski 936 species, does not
require Pip
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2.1 PHAGE PREPARATION

Phage purification One hundred p1 of an overnight culture of Lactococcus lactis

subs. lactis Lm2301 was mixed with 100 tL phage c2 (-1000 pfu/ml), 10p1 of CaC12

(1M) and 3m1 of liquefied M17GCa top layer agar in a sterilized small test tube before
being poured onto an M17G- CaCl2 plate. The plate was set at room temperature for 30
minutes and incubated at 30°C overnight. A single plaque was cut from the top layer agar
and put into imi ofMl7G. The phage was resuspended by vigorous vortex until the agar
was broken up. This phage suspension was used for amplification.

Phage amplification A log-phase culture was prepared by making a 1%
inoculation from the overnight culture of L. lactis into a fresh Ml 7G broth. The culture
was incubated at 30°C for 2hrs.

All the phage suspension obtained after purification was then added to the 2Oml
of a fresh log-phase culture. CalCl2 was added to a final concentration of 10mM. The
mixture was then incubated at 30°C until the cells lysed. The supernatant was filtered
through a 0.2 tm Millipore filter. The sterilized phage preparation was then transferred to
sterilized microtubes and stored at 20°C.

Titration and Efficiency of Plating An overnight culture of L. lactis Lm23 Olin
M17G was prepared. The phage solution was serially diluted in M17G at i0, 106, l0,
and 10. A mixture of phage (100.il) with different dilutions, a host culture (200.i1),

CaCl2 (1M) (l0p1), and liquefied M17G top layer agar (3m1) was then made and poured
onto a M17GCa plate. The plates were incubated overnight at 30°C, and the plaque-
forming unit (pfu) per ml of phage was determined from the number of single plaques
formed.

The efficiency of plating (E.O.P) could also be determined by using the equation
as listed below:

EOP pfu in the tested strain
pfti in the sensitive strain
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2.2 MUTAGENESIS

XL Red competent cells XL Red competent cells (Stratagene, 2002) were used
to mutate pPip. XL red competent cells have defective mut genes, which are responsible

for DNA proofreading and repairing. Plasmid pPip was transformed into XL Red
competent cells and incubated. Because of the muf genotype, plasmid DNA would be

replicated in XL red competent cells without proofreading and repairing, resulting in
mutations of the plasmids. Procedure for using XL Red competent cells can be found in

Stratagene catalog (2002).

Spontaneous mutants Overnight culture of L. lactis Lm2301 was diluted 1:100

in a M17G broth and incubated at 30°C until OD at 600 nm = 0.4. Phage c2 was added at

a MOl of 10:1. CaC12 was added to get a final concentration of 10mM. The mixture was

10-fold serially diluted. One hundred il of each dilution was spread over an M17GCa
plate and incubated overnight at 30°C. Colonies that grew in the plates were phage

resistant mutants and randomly picked for further characterization.

UV mutation The UV light with a wavelength of 254 nm was used as the source

of energy for random mutation. The light was put 15 cm away from the DNA sample
where its energy was 318 .iW/cm2. The DNA was taken out from the UV source after 0

sec, 20 sec, 30 sec, 60 sec, 2 mm, 5 mm, 10 mm, 20 mm. The DNA after UV mutation

was transformed into E. coil DH5 alpha competent cells. The reductions in

transformation frequency were calculated for different time points. Since, there was no

direct way to calculate the mutation frequency; the reduction in transformation frequency

was assumed to be proportional to mutation frequency.

Site-directed mutation Plasmid pUCpip(A)/X (Mooney & Geller, 2003) was

subjected to mutagenesis using the Chameleon Double-Stranded, Site-Directed

mutagenisis Kit (Stratagene, La Jolla, CA). PipAIIAAA was created with the mutagenic

oligonucleotide: CA TGGTAAA TGCTGCAA TCGCAGCAGCACTGGCTTAAGGCTAACG.

The mutant pip gene was transferred from pUC19 to pTRKH2/SacI as a Sad fragment.

The pUC19 vector with mutant pip was digested with Sad. The 3.2 kbpip fragment was

gel-purified and ligated into pTRKH2/SacI. The mutant was designated pPip-AIAAA.
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Construction of pPip ABsmI The pUC Pip ABsmI emm6c was used to contruct
the pUC ABsmI. The pUC Pip emm6c ABsmI was digested with BspEJ. The DNA
fragment without the emm6c insertion was gel-purified and religated. The pip ABsmI
fragment was digested from pUC vector and cloned into pTRKH2 digested with XbaI.

The resulted vector was named pPip ABsmI.

2.3 SELECTION

Streak test A phage suspension was streaked repeatedly as a line across the
center of a M17GCa plates and let dried at room temperature. Bacterial isolates were
streaked once from left to right across the phage line. The sensitive control JK1O1(pPip)

and resistant control JK1O1(pTRK}-12) were included. The plate was incubated at 30°C

overnight. Cells that continue to grow after crossing the phage line were scored phage

resistant.

Dot test A dot test was used to check the sensitivity of the mutants to different
concentrations of phage. The cells were grown overnight in M17G medium. A lawn of

cells was made by mixing 200 iL of cells, 30 1.tL CaC12 1M and 3 mL of liquefied top

layer agar, which was then poured onto MI7GCa plate. 10 fold dilution series 101106 of

j c2 were made. I .tL of each dilution was dotted on the lawn of cells. The plates were

incubated overnight at 3 0°C. The morphology of the phage-testing zone was observed.

Clear zones indicated phage-sensitivity. Blurry zones indicated partially resistance.

Temperature-sensitive test A minimal amount of phage required to kill L. lactis
cells was identified by titration. The same amount of phage c2 was mixed with M17GCa

hot agar and then poured onto plates. The plates were solidified at room temperature.
Plasmid pPip after mutagenesis was electroporated into JK1O1 and incubated at 30°C.
Single colonies were picked and grown overnight in Ml 7G broth. The overnight culture

was back diluted and incubated until 0D600 reached 0.4. One il of resuspended cell was

dotted in duplicate into 2 c2 plates, which were then incubated at 30°C and 37°C. If an

isolate grows at one temperature but not at the other, the isolate is a temperature-sensitive

mutant.
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2.4 CHARACTERISATION

Liquid culture with or without c2 Overnight cultures of mutants were back-
diluted 1:50 into 2 culture tubes with Ml7GTris and grown at 30°C until 0D600 reached

0.15 . CaC12 was added to make the final concentration of 10mM. Phages were added to

one tube at a MOl (multiplicity of infection) of 3: 1. OD at 600nm was measured
immediately after phages added. The cultures were incubated at 30°C and OD was read

every 1 hour. For temperature-sensitive mutants, the cells were also grown at 37°C with

or without phage c2 in order to compare with the growth at 3 0°C.

Growth curves were constructed based on OD of phage at different time points

with or without phage. After phage infection, sensitive strains would die, and the OD
decreased. The resistant strains would continue to grow after phage added.

Adsorption assay The adsorption test was used to check if the phage binds
normally to the cell surface. Overnight cultures were back-diluted and incubated until

OD600 0.4. One mL of each culture was spun at 13000 rpm, for 1 mm then washed

twice with M17GCa. The cell pellet was then re-suspended in lmL M17GCa. The culture

was adjusted to OD = 0.4 and held on ice. The cells (50 iL) were mixed with c2

suspension (i0 pfu) in a 100 j.tL reaction and incubated on ice for 2 to 4 hours. After that,

the mixture was spun at 13000 rpm, 10 mm at 4°C. The supernatant was diluted 1:10,

1:100 and 1:1000, and 100 .tL of each dilution was titrated in duplicate with

JK 101 (pPip). A reaction where a cell culture was replaced by the buffer was included as

a no-cell control. Cells from JK1O1(pPip), Lm2301 and JK1O1(pTRKH2) were used to

examine the adsorption of Pip wild type and Pip strains. The percentage of adsorption
was calculated by dividing the pfu of the reaction by the pfu of the no-cell control,

subtracting the resulting ratio from 1, and then multiplying by 100.

Cell-free supernatant inactivation assay This assay was used to examine if
functional Pip was released into growth medium. The overnight cultures of mutants were

back diluted and incubated until OD600 = 0.4. Cells were removed from the supernatants

by centrifugation at 13000 rpm for 10 mm. The supernatant was filtered with 0.2 tm

filters. Bacteriophage c2 at 1-2x107 pfu was added to 10 ml M17GCa and put on ice. A

reaction of 300 1iL cell-free medium and 700 tL phage was mixed and held on ice for 2
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hours. The solution was diluted 1: 1000 and 100 1iL was titrated in duplicate with L. lactis

Lm2301 as an indicator strain. Reaction without any cell-free culture was included as the

no cell control. Cell-free cultures from JK1O1(pPip), Lm2301 and JK1O1(pTRKH2) were

included to examine Pip wild type and Pip strains. The percentage of inactivation of c2

by the cell-free supernatant was calculated by dividing the pfu of the reaction by the pfu

of the no cell control, subtracting the result from 1, and then multiplying by 100.

A reaction of c2 with boiled cell-free cultures was studied to examine effects of
heat in cell-free supernatants. The cell-free supernatants were heated for 10 mm before

mixing with c2 and incubation. The titer of the mixture with boiled cell-free culture was

determined. The percentage of inactivation was calculated as for samples without boiling.

Test for center of infection (COl) Center of infection assay examines if phage
c2 is still able to form a productive infection with the sensitive strain after being
incubated with mutant strains. In this test, an overnight culture of tested cells was back

diluted, and incubated for 3 hours at 30°C. The 0D600 of the back-diluted culture was

measured and adjusted to 0.4 with M17GCa. Phage was added at a MOl of 1:1000 and

the mixture was incubated at 30°C for 15 mm. The mixture was immediately put on ice

and diluted 1:10, 1:100 and 1:1000. One hundred p1 of each dilution was titrated in
duplicate using JKIO1(pPip) as an indicator strain. A no cell reaction and reactions with

JK1O1(pPip) and JKIO1 were used at controls. COT was calculated by dividing the pfii of

the reaction with a mutant by the pfu of the no cell control.

Purified Pip activity A purified Pip inactivation assay studies the ability of Pip to

inactivate c2 in vitro. Pip solution (10.tg/ml) was 10-fold serially diluted to the last
dilution of i0. Reactions with a total volume of 25 .tL were set up by mixing 10 ML of
c2 (l0 pfu/ml), 1 ML of Pip from different dilutions, and M17GCa (solution of M17G

containing 10 mM CaC12). The reactions were held on ice for 2 hours. The pfu of the
solution was then determined using L. lactis Lm2301 as an indicator strain. The reaction

where 1 ML of Pip was replaced by the buffer was included as a no Pip control. The
percentages of inactivation were calculated assuming the no Pip control has 0%
inactivation.
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Slot blot Overnight cultures of mutants were back diluted 1:50 and grown to
OD600 approximately 0.3. The cells were centrifuged at 13000 rpm, for 1 mm at room

temperature and washed twice in TBS (a solution of 20 mM Tris, 500 mM NaCl, pH 7.5).

Three hundred p.L of the sample was loaded into the slot blot. Lm2301, JK1O1(pPip),
purified Pip were used as positive controls. Strain JK1O1(pTRKH2) was used as a
negative control. The protocol for using the slot blot apparatus could be found in
Operating Instructions: PR600 & PR 648 Slot Blot Filtration Manifolds (Hoefer
Pharmacia Biotech mc, 1992).

After the samples were blotted onto the membrane, 1 ml TBS was filtered through

the system. The membrane was then unassembled from the slot blot apparatus and
blocked with 5% non-fat dried milk (pre-dissolved in TBS) for 2 hour at room
temperature. The membrane was then washed 3 times (10 mm each) with TTBS (solution

of TBS plus 0.05% v/w Tween). The membrane was then incubated with Pip antiserum

solution diluted in TTBS for a minimum of 4 hours. The membrane was washed again

before it was incubated for at least 1 hour with secondary antibody (goat anti-rabbit IgG-

I-IRP, 200.tgI0.5 ml, Santa CruzBiotechnology, 2002) diluted 1:50000 in TTBS. The final

washing steps include 2 washes with TTBS, then 2 washes with TBS, 5 mm each.

The slot blot was incubated for 5 mm with Super Signal West Pico
Chemiluminescent Substrate (Pierce, 2002) and then developed using Kodak Biomax MR

Scientific Imaging Film (Kodak, 2002).

LeLoir extract Overnight cultures of mutant cells were diluted 1:50 in I ml of
Ml 7G, and incubated to get the OD of 0.4. The cells were centrifuged at 13000 rpm, 4°C

for 2 mm. Both the supernatant (Sup) and the cell pellet (Pel) were saved and continued

with the extraction process.

The Pel was washed twice with ice-cold TES solution (a solution of 25% sucrose,

1mM EDTA and 50mM Tris-HC1 pH 8.0), and then resuspended in 900 jiL of TES. Five

tL of 7mg!ml PMST, 10 1iL of 100X Protesase inhibition cocktail, 100 1iL of 100% TCA

was added. The mixture was incubated on ice for 1 hour, and then spun at 13000 rpm,

4°C for 10 mm. The Pel was washed with I ml cold acetone 100% and then spun again

for 5 mm. The Pel was dried at room temperature for about 30 mm. The dried Pel was

resuspended in the solution of 70 iL of TES with 1 mg/ml lysozyme, then reacted at 37°C
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for 30 mm. Thirty p.L 20% SDS and 100 tL 2X sampling buffer were added. The sample

was ready for Western blot or could be stored at -20°C.

The Sup was filtered with a 0.2 1iL filter. Five p.L of 7mg/mi PMST and 10 p.L of

bOX Protease inhibition cocktail were added. After that, 176 L of 100% TCA was
added and then incubated on ice for 1 hour. The mixture was spun at 13000 rpm, 4°C for

10 mm then washed with cold acetone 100% and let dried. The dried pellet was
resuspended in 75111 of lx sampling buffer and ready to be analyzed by Western blot.

Western blot Proteins or samples from LeLoir extracts (LeLoir et al., 1998) were

boiled in SDS sampling buffer and then loaded onto SDS gel with the protein markers.

The proteins were run at 100V for approximately 2 hours or until the stain line got to
bottom of the gel. Proteins were transferred to a cellulose membrane at 200 mA for 90

mm. The membrane was then washed in TBS solution for 5 mm and then put into the

imumoreaction with Pip antiserum as the membrane from the slot blot, starting at the

blocking step.

2.5 DNA MANIPULATION

In E. coli A plasmid purification kit from Qiagen was used. E.coli cells were

grown overnight at 37°C with shaking, collected by spinning at 13000 rpm for 1-2 mm

then resuspended in 250j.iL of the binding buffer. Lysis buffer (3501.iL) was added. The

tube was inverted for 3 times and incubated on ice for 5 mm, then centrifuged at 13000

rpm, at 4°C for 10 mm. The High Pure Filter tube and Collection tube were combined

and the supernatant was transferred to the upper tube, centrifuged for 1 mm at 13k rpm,

4°C. Wash buffer I (500i.iL) was added to the tube, which was then centrifuged at 13k

rpm for 1 mm and wash buffer was removed. Wash buffer H (7OOiL) was added and

centrifuged. The tube was centrifuged again to remove the residual wash buffer. The

High Pure Filter tube was transferred to a fresh 1.5 ml tube. Water (40-100 11L) was

added to the tube, which was centrifuged, the DNA was collected and stored at 20°C.

In Lactococcus The kit and the protocol were similar to that for E. coil except for

the first step in the protocol, lysozyme was used to break the cell walls of Gram positive

Lactococcus. Instead of the binding buffer, the cell pellets were lysed in 25011L of fresh
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lysozyme solution (30mg/mi in sucrose 25%). The reaction was incubated at 37°C for 30
mm. After that, lysis buffer was added and subsequent steps of the above protocol were
continued.

Preparation of L. lactis competent cells The overnight culture was back-diluted
1:50 in SM17 (M17 containing 0.5M sucrose) or SM17G (SM17 plus 1% glycine) and
incubated without shaking at 30°C until OD at 600nm ranging from 0.2 to 0.7. 10 ml of
the culture was needed to make lOOjiL of electro-competent cells. Cells were cooled on
ice and centrifuged at 5000 rpm JA-14 rotor, 10 mm, 4°C. The cell pellet was
resuspended in 1/10 volume (of the initial culture) of ice cold 0.5M sucrose and 10%
glycerol, and centrifuged as above. The cells were washed and spun again. Finally, the
pellet was resuspended in 1/100 volume of ice-cold 0.5 M sucrose + 10% glycerol.
Aliquots of 100 ..tL were made and stored at 85°C.

Electroporation of Lactococcus Electro-competent cells were thawed and held
on ice. 100 ng to 10 p.g DNA was mixed with competent cells and incubated on ice for 30

mm. The mixture was transferred to an ice-cold electroporation cuvette and pulsed at
25j.iF at 2.5 kV, 200 ohms. Time constant was recorded. 0.9 ml ice cold SM17G-MC
(SM17G containing MgC12 and CaCl2) was immediately added to the electroporated cells
and transferred to an ice cold microfuge tube which was incubated on ice for S mm,
followed by an incubation at 30°C for 2 hours. Cells were spread onto a selective
medium and incubated at 30°C for 2-4 days.

Heat shock for E. coli Competent cells were thawed on ice. DNA was added and
incubated on ice for 30 mm. The mixture was heat- shocked at 42°C for 20sec. The heat-

shocked cells were incubated on ice for 2 mm. Recover medium SOC (950j.iL) was

added. Cells were incubated at 37°C for 1 hour with shaking, and then spread into
selection plates.

Plasmid cure Plasmids were cured from mutant strains to confirm that mutation

phenotypes were due to mutations in Pip from the plasmids, not because of mutations in

JK1O1. Single mutant colony was incubated in a medium without antibiotic at 30°C. The

mutants were repeatedly passaged to new media. After 7 times, the cells were put back
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into medium with antibiotic. If the cells are able to grow, the cells still contained
plasmids and the passage steps were continued. If the cell could not grow, the cell might

lose the plasmid. A plasmid preparation of the sensitive isolates was performed to
confirm that plasmids were cured from the mutant strains.

Homology search The DNA and protein sequence of Pip was searched to find the

homologous DNA or proteins that have been studied. The sections of Pip 100-700 (100

amino acids each) were also submitted to Blast search to find homologies for small
sections of Pip.

Sequencing The plasmid DNA from the mutants was purified and transferred into

E. co/i DH5alpha competent cells in order to multiply the DNA. The DNA was
sequenced with 6 forward primers and 7 reverse primers specific for pip gene.

Primer Position in pip gene Sequence
Forward__________________
pI9AR4 196 ATC CAG CAA GAA AAA TTT ACA ATA G
pl9AR2 757 GAC CTT TTA AGT TTT ACA ACC GGT G
p19AR1 1093 GCT AAC GAA TTT ATT ACT TAT TTA C
ppF 1603 1603 ATC GCC CGA CAA AGA GAA GC
p19BR6 2139 TTC CCT ATC CTT AAA ACT AAG TTG G
pl9B4 2552 CAG AGG TTC ATC TAT CAG ATA AAG A
Reverse_____________________
pl8B3-2 3130 AAT TAC TGG TCA CAA GGT CAG CAA T
p18B4-2 2719 GAG GAC GCT GTA GAA TGG GTC
pI8BR3 2328 GAA TGC CCG TAA TGA TTT CAG GCC A
p18BR2 1934 ATA AAC CTT TGG CAT CAG CGA TTG
ppRl 521 1521 AAT AAC AGC GAG AAC TGA GG
ppRlO23 1023 AAT GGT TCC TAG ATT ATC G
pl9A3 496 AGG GAA TTA TCA TTA AGG CAA CGA T

Analyses of the sequence Mutant pip genes were analyzed using Vector NT6
program. The forward and reverse sequences of the DNA were aligned in the program to

get the mutant pip sequences. The mutant pip sequences were compared with the wild
type pip to find the mutations of the gene and the deduced protein.



3. RESULTS

3.1 PURIFIED PIPIOO-700 ACTIVITY

Purified Pip 100-700 inactivated phage c2 in vitro. Various concentrations of
purified Pip were mixed and incubated with a fixed amount of c2. The phage titer of each

mixture was measured and the percent reduction in plaque forming unit was calculated.
The control was the reaction of c2 without Pip.

Inactivation of phage c2 by purified PipI 00-700

100

80L ir
60

20I ri

0

4E-8 4E-7 4E-6 4E-5 4E-4 4E-3 4E-2 4E-1

PiplOO-700 (ug!rnl)

Figure 1: Percentage inactivation of c2 by purified Pip 100-700. The soluble region of
Pip was purified by His-Tag column. Reactions of phage c2 and Pip (of different
concentrations) were mixed and incubated on ice. The titer of each reaction after
incubation was determined using Lm2301 as an indicator. The percentage inactivation of
phage c2 was calculated by comparing with the titer of the no-Pip control.

As seen in Figure 1, percentage inactivation of phage was proportional to the
amount of Pip added, from 4x108 to 4x10' tg/ml. At concentrations of PiplOO-700
higher than 0.04 j.tg/ml, more than 99% of phage (5x108 pfu/ml) was inactivated.

In another experiment, Pip was mixed with Pip 100-700 antiserum and incubated

on ice for 1 hour before c2 was added. The mixture of Pip, Pip antiserum, and c2
continued to incubate on ice and then the titer of the mixture was measured. Reactions of

c2 only, c2 and Pip were included as positive and negative controls. Reaction of Pip and

c2 showed no plaques. However, the reaction containing Pip antiserum had the same

plaque forming unit (pfu) as the reaction containing c2 only. Therefore, Pip antiserum
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prevented Pip from inactivating c2. We reasoned that Pip antiserum blocked the
interaction between Pip and phage c2. This shows that the inactivation of phage c2 is

caused by Pip.

In summary, the purified Pip 100-700 alone could inactivate c2 in vitro. No other

membrane component was required for inactivation.

3.2 DELETION AND INSERTION

After purifying Pip protein and showing that Pip 100-700 can inactivate phage c2

in vitro, we wanted to study further the functionalities of Pip and regions of Pip required

for phage infection. Pip was mutated by site-directed mutations, including missense,
deletion and insertion. Random mutagenesis of Pip was also performed using UV light

and XL Red competent cells. Phage resistance, partial resistance and temperature-
sensitive mutants were screened and characterized; mutations of Pip were then analyzed.

For deletion mutations, the ABsmI fragment was deleted from the wild type pip

gene, which contained 2 BsmI sites at nucleotide number 579 and 1931. A ABsmI

fragment, a 1400 base-pair fragment between the 2 BsmI sites, was deleted; then the

vector was religated in frame. The DNA construct was also performed in pUC and

subcloned into pTRKH2 as for the insertion mutation, resulting in a plasmid pPipABsml

(Figure 2). JK1O1(pPipABsml) was totally resistant to c2 with the EOP < 1x108 (Table

2).

For insertion mutations, emm6c fragment was inserted into pip gene at the BspEl

site (nucleotide number 324). The emm6c fragment is a 312 base pair fragment of the

gene for M6 protein in Streptococcus pyogenes. The pip gene with an insertion of emm6c

fragment was constructed in pUC then subcloned into pTRKH2 shuttle vector using XbaI

restriction enzyme. The resulting plasmid, designated pPipemm6c (Figure 2), was

electroporated into JK1O1 Pip strain and tested for phage sensitivity. JK1O1(pPip

emm6c) was partially resistant to c2 with an efficiency of plating (EOP) of 0.05 5 (Table

2). The strain was sensitive to ski, which did not require Pip for infection (Kraus &

Geller, 1998). It showed that the strains were not contaminants. The plaque size (1-2 mm

in diameter) of the partially resistant strain JK1O1(pPip emm6c) was slightly smaller than

that of the wild type (2-3 mm in diameter).
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The ABsmI fragment was also deleted from pPipemm6c plasmid, which was then

subcloned into pTRKH2 to make pPipemm6cABsml (Figure 2). Similar to

JK1O1(pPipABsml), JK1O1(pPipemm6cABsml) was totally resistant to c2 and sensitive to

ski (Table 2), suggesting that deletion of ABsmI fragment resulted in full resistance to c2,

whether emm6c fragment was inserted or not.

0 324 W9 pp 1932 2703

A B'

Strains of L. lad/s Description Sensitivity Sensitivity EOP to c2
toc2 toskl

Lm2301 Positive Sensitive Sensitive 1

control
JK1OI(pTRKH2) Negative Resistant Sensitive <E-8

control
JK1O1(pPip) Positive Sensitive Sensitive 0.9

control____________
JK1O1(pPip emm6c) Mutant Partially Sensitive 0.055 ± 0.007

resistant
JK1OI(pPip ABsmJ) Mutant Resistant Sensitive <E-8
JK1O 1 (pPipemm6cABsml) Mutant Resistant Sensitive <E-8
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3.3 MISSENSE MUTATION

Missense mutations in Pip were created by the site-directed mutagenesis. Three
islands of charged amino acids were identified by inspection of the charged amino acid
series of Pip: EIKEK (amino acid #227-23 1), KGEKE (amino acid #654-658) and KESD

(amino acid # 675-678). I attempted to change the charged to neutral amino acids in the

islands using the Chameleon Site-Directed Double-Stranded mutation kit (Stratagene).

The plasmid used in this site-directed mutation was pUCPip(A)/X. After mutation, Pip
was transferred into the shuttle vector pTRKH2. Island 227-23 1, EIKEK was
successfully mutated to AIAAA using the Chameleon Site-Directed kit. Attempts to
mutate the other two charged islands were not successful.

aa0 108 701 901

bpo 324 579 pip 19322100 MSD 2703

Bs1 B,rñ1 N Bsml
N

ZWE1KEINNVMIItAXAAA
C

Figure 3: Pip with missense mutation ALAAA. Amino acids #227-231 of Pip (EIKEK)
were mutated to AIAAA by a site-directed mutation method. Pip is 901 amino acid long
and is presented as a stick. The nucleotide and amino acid numbers are presented on top
of Pip. The shaded box at the N terminus represents the putative signal sequence. The 5-
shaded box at the C terminus represents the putative membrane-spanning domain. The
soluble region of Pip includes is the region form amino acid number 100 to amino acid
700. Pip's own promoter is located upstream of the start codon.

The plasmid containing missense mutation (amino acid #227-231), designated
pPip AIAAA, was electroporated into JK1OI. JK1O1(pPipAIAAA) was sensitive to both

c2 and ski (EOP1). Therefore, the missense mutations at amino acid number 227-231
did not change phage c2 sensitivity of the mutant.

3.4 UV MUTAGENESIS

UV mutation was chosen to randomly mutate the pip gene because it is simple,

easy to handle and provides random mutations. The plasmid pTRKH2 PipA/(X) (also

known as pPip) was directly put under UV for different time lengths from 5 seconds to 20

minutes. The mutated DNA was then transformed into F. coil DH5alpha. Because there
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was no direct way to calculate mutation frequencies, reduction in transformation
frequencies of UV mutated DNA in E. coil was assumed to be proportional to mutation
frequencies. Reduction in transformation rate was calculated by comparing with the same
amount of wild type DNA.

The longer the DNA was exposed under UV light, the lower the transformation
frequency was. A thirty second interval under UV light was chosen for mutating Pip. In
this case, 90% of DNA was not able to transform into E. coil. With this high percentage
of mutations, it was expected to find phage mutants with useful mutations in Pip.

3.5 XL RED MUTAGENESIS

Random mutations of Pip were also created in the XL Red, a Muf strain of E.

coil. As XL Red cells are defective in the DNA repair system, the longer time the cells
grew, the higher the frequency of mutations of the inserted plasmids. The plasmid pPip
was transformed into XL Red competent cells. The cells were incubated for 2 days; DNA
was extracted and transformed into E. coil DHS alpha. The frequency of transformation
was reduced 90% compared to the same amount of DNA without going through XL Red
cells. The DNA was electroporated into JKIOI Pip cells and screened for mutants.

3.6 SCREENING FOR PIIAGE RESISTANT MUTANTS

Pip that was randomly mutated was screened for its ability to resist phage c2
infection. After UV or XL red mutagenesis, pPip was isolated from growing cultures, and
then electroporated into JKIOI. Colonies were selected on erythromycin plates and
screened for phage resistance by the "streak" test. In this test, single colonies were picked
and streaked once perpendicular to a phage line, which was made by streaking phage
(l0'° pfu/ml) across the center of a Petri dish. Streaks of growth that continued past the
zone of phage were scored phage resistant. The phage resistance was confirmed by other
tests including dot test, phage titration, and liquid cultures with or without the presence of
bacteriophage.

Isolates shown to be phage resistant were screened further to determine if they
expressed Pip. First whole cells were analyzed for Pip expression by slot blot. Following
this, Pip cultures were extracted and total proteins analyzed by Western blot using Pip
antiserum.
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Table 3: Screening for phage resistant mutants

Sources of Isolates Resistant Pip positive Mutants with
mutations screened mutants mutants full-length Pip
UV mutagenesis 600 100 8 0
XL Red 3000 500 14 0

competent cells

Table 3 reported numbers of mutants after each selection step. As seen in the

Table 3, for every 6 colonies screened, I found I resistant mutant. The resistant mutation
frequency was, therefore, 17%. However, the frequency of phage resistant mutants
expressing Pip was lower, at 3% to 8%. The rest of the phage resistant mutants (more

than 90% of isolates screened) did not express Pip. The phage resistant mutants that

expressed Pip were selected and characterized. Details of the screening, selection and

further characterization of each mutant were described in "Resistant Mutants" section.

3.7 RESISTANT MUTANTS

3.7.1 General information

A summary of the characteristics of the 7 of 22 resistant Pip isolates is shown in Table 4.

Table 4: Summary table of phage resistant mutants

Strain Streak Dot EOP Growth in
liquid
culture
with c2

Slot blot
signal

Pip in
Western
blot

Lm2301 S S 1 Lysed Medium 94.5 kDa
JKIO1(pPip) S S 0.89 Lysed Strong 94.5 kDa
JK1O1(pTRKH2) R R <E-8 Normal No signal No signal
B2.3 I R R <E-8 Normal Strong 65 kDa
B3.5 K R <E-8 Normal Strong 65-70 kDa
B2.69 R R <E-8 Normal Medium 65 kDa
463.1 R R <E-8 Normal Strong 70 kDa
342 R R <E-8 Normal N/A 70-75 kDa
1.43 R R <E-8 Normal Strong 60-65 kDa
408 R R <E-8 Normal N/A 40 kDa

5: Sensitive R: Resistant N/A: Not Available
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In general, all resistant mutants were totally resistant to c2 as determined by
streak test, dot test, and EOP test. in the streak test, mutants continued to grow after
meeting the line of bacteriophage. In the dot test, single colonies were picked, grown
overnight, and used to make a lawn of cells. Phage c2 (1 9 pfu/ml) was 10-fold serially
diluted and then 1 tl of each dilution was dotted onto the lawn and incubated overnight.

Zones of clearance were invisible with any dilution of phage c2 in the dot test, suggesting

resistance. In EOP test, cells and phage c2 of different dilutions were mixed with
liquidified M17 top agar, which was then poured onto a plate and incubated. Plaque
forming units (pfu) were determined and EOPs were calculated by dividing pfu of c2
phage using a mutant as an indicator by pfu formed by a sensitive strain. All resistant
mutants did not form plaques with the highest concentration of c2 (1010 pfu/ml), which

made the EOP smaller than 108. Details of liquid culture, slot blot and Western blot
analyses were described in the following sections.

3.7.2 Growth in a liquid culture with and without phage c2

The liquid culture with or without the presence of c2 examines the actual growth

and lysis of the cells in the liquid environment. This test is used not only to confirm the

resistance of the cell cultures, but also to check the viability and growth rate of cells with

mutated Pip. The overnight cultures were back-diluted and incubated in duplicate at

3 0°C. When 0D600 of the cultures reached 0. 15, phage c2 were added at a multiplicity of

infection (MOl) of 3: 1 to one sample. The OD of each sample was measured every hour

and a graph of 0D600 vs. time was drawn.
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Figure 4: Growth of mutant 463.1 in a liquid culture with or without c2. The cultures
were back diluted in duplicate and incubated at 30°C. Phage c2 and CaCl2 were added to
I culture when 0D600 reached 0. 15. OD of cultures were read every hour and plotted
against time.

Figure 4 shows growth of resistant mutant 463.1, and the controls with or without

the presence of c2. All three strains grew at similar rate when c2 was not present. When

phage c2 was added, there was no obvious change in the growth rate of the resistant
control JK1OI(pTRKH2). On the other hand, cells from the sensitive strain JK1O1(pPip)

stopped growing and the OD decreased from 0.2 to 0.05 after 3 hours. Strain 436.1 grew

similar to JK1O1(pTRKH2) and reached the stationary phase at the same time whether c2

was present or not, suggesting c2 has no effect on mutant 436. 1. These results also

suggest that the Pip mutations of strain 463.1 do not affect viability and growth speed of

the culture without phage.

Liquid cultures with phage c2 were also analyzed for the other mutants present in

Table 4. All of the resistant mutants had a similar growth pattern as 436.1 when c2 was
added to the cell cultures. This suggests that all of the mutants selected are resistant to c2

and mutations in Pip do not affect the growth of any cell culture.

3.7.3 Slot Blot

Slot blot was used to screen for phage resistant mutants that expressed Pip.
Overnight cultures were back diluted and incubated until 0D600 = 0.4. Samples were



35

washed and then run through slot blot assembled with a nitrocellulose membrane. The
membrane was probed with Pip antiserum and then detected with the secondary antibody-

HPR conjugate and chemiluminescent substrates.
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Figure 5: Slot blot of phage resistant mutants. Whole cells of resistant mutants,
positive and negative controls were blotted onto a nitrocellulose membrane, which was
detected with Pip antiserum.

Figure 5 shows the slot blot results of resistant mutants. Positive controls L. lactis

Lm203 I and JK1O1(pPip) showed signals to Pip antiserum. The same amount of samples

was loaded onto each slot. With eye visualization, the signal from JKIO1(pPip) was
observed to be about 5 times stronger than the signal from Lm2301, suggesting 5 times

more Pip was expressed from plasmid pPip than from the chromosomal gene of Lm2301.

Pip strain did not show any signal, suggesting the lack of Pip expression. All resistant
mutants selected had fairly strong signals to Pip antiserum. Mutants B2.31, B3.5, 1.43

and 463. 1 showed strong signals in slot blot, which was as strong as the signal from
JKIO1(pPip). Mutant 2.69 had a medium signal, which was slightly darker than the signal

from Lm2301.

3.7.4 Western blot

The size of Pip expressed in each resistant strain was analyzed by Western blot.

Mutants that had strong or medium signals in slot blot were selected and Western blot

was performed. Western blot analyses of cell pellets and cell free supernatants provided

information about Pip attached to the cells and Pip released into the medium. Overnight

cultures were back-diluted and incubated until 0D600 reached 0.4. Cells were separated

from the culture by centrifugation. Total proteins were extracted from the cells using the
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LeLoir method (1996). Total proteins in the cell-free culture supernatant were isolated
and concentrated by trichloroacetic acid precipitation. Proteins were separated by SDS-

PAGE, blotted to cellulose nitrate membrane and detected with Pip antiserum.
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The results of the Western blot analysis were shown in Figure 6A and 6B. A

94kDa band was detected in the wild type strain L.iactis Lm2301, which was close to the

theoretical size of Pip (94.3kDa), assuming the putative signal sequence at the N-terminal

was removed. In the strain JK1O1(pPip), a band was detected at the same position as Pip

from strain Lm2301. However, the density of the band from the strain JKIO1(pPip) was

about 5-fold more than that from strain Lm2301. The cell-free supernatant of
JK1O1(pPip) did not have any signal to Pip antiserum, which suggested that the wild type

strain of L. lactis did not secret Pip into growth medium. JKIO1 and JKIO1(pTRKH2) are

the Pip strains. No signal was detected in the analysis of the two strains in both the cell

extract and the cell-free supernatant, suggesting the lack of Pip expression. Purified

Pip 100-700 was detected at -6O-70 KDa, which was closed to the molecular weight of

Pip 100-700 at 66kDa.
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Mutant 463.1 (Figure 6A) showed multiple signals in ranging from 45 to 75 kDa.
The cell pellet had 2 bands of about 70-75kDa. The bigger band was about 20 times
darker than the smaller band. The supernatant had 4 bands, ranging from 45 to 75kDa.

As seen in the Figure 6B, all of the mutants expressed Pip but with shorter length

compared to the wild type Pip from JK1O1(pPip). Mutants B2.31, B3.5 and 408 showed

multiple bands in both supernatant and pellet samples, all of which were less than full
length, suggesting proteolytic degradation of Pip. For B2.3 1, the multiples band spanned

the region of 45kDa to 75 kDa. The supernatant showed smaller bands than the cell
pellet. Bands in 1.43 samples were in the region of 4OkDa to 5OkDa. Cell pellet of B3.5

gave only two bands of close sizes 70-75kDa. The supernatant had 3 bands with the

biggest band at the size of the smallest band of the cell pellet samples. The sizes of 3
bands from B3.5 supernatant ranged from 45 to 70 kDa.

3.7.5 Plasmid cure & electroporation of mutant plasmids

Plasmids were cured from resistant isolates that expressed Pip from pTRKH2.
This was done to prove that resistance was caused by mutations in plasmid-borne Pip and

not because of genetic changes in the host. Plasmids were cured from mutants by
repeatedly passaging the mutants in the medium without any antibiotics selection.
Individual colonies were screened for erythromycin sensitivity. Plasmid mini-preparation

was performed on erythromycin sensitive isolates to confirm that there were no plasmids

in the cured strains. The erythromycin-sensitive strains were tested for phage sensitivity

using dot test and "streak test". They were all totally resistant to c2, but all remained
sensitive to phage ski, which confirmed that there was no contamination of the mutants.

Mutated plasmids were purified and re-introduced by electroporation into fresh
JKiO1 competent cells. Transformants were screened for phage c2 sensitivity. The results

were that all transformants were fully resistant to phage c2 and fully sensitive to phage
ski. This shows that mutations of Pip in the plasmids are real resistant mutations.

3.7.6 Sequencing

Plasmids from mutants 342, B3.5, B2.3l, 408, 2.69, 1.43 and 463.1 were
sequenced with primers specific for the pip gene. Six forward primers and 7 reverse
primers were used to cover the entire coding sequence of pip gene, which is 2703 base
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pairs. The sequences were aligned in both directions using the Vector NTI Suite 6
program. The resulting sequences were compared with the wild type pip gene. The
mutation sites in each mutant were identified and the protein sequences were deduced.
The mutation sites and the proteins of the seven mutants were listed in Table 5.

Table 5: Mutations of Pip in resistant mutants

Strain Mutations at Mutation type Stop Protein Molecular
nucleotide number site length weight (kDa)

B2.31 #2357: insertion of Frameshift #2367 659 aa 72.5
A

B3.5 #2327: deletion of A Frameshift # 2372 661 aa 72.7
2.69 #1887:A*C Silentplus

#23 52: deletion of A Frameshift #23 72 661 aa 72.7
463.1 #2425: T G Nonsense #2427 679 aa 74.7

#2427: deletion of G
342 #2519:GA Nonsense #2519 7lOaa 78.1

408 #0999: A -p G Silent

#1052: T -f C Missense (L*P)

#1541: A -* G Missense (NS)
#1584:TA Frameshift #1588 400aa 44.0

#1581: insertion of A Frameshift

#1585: C -p A
#1586: C -+ T
#1589: deletion of C

1.43 #2360: deletion of A Frameshift #2367 659 aa 72.5

The nucleotide number was based on the published sequence (Geller et al., 1990)

where the start codon ofpip begins at nucleotide number 385. The upstream region of pip

includes Pip' own promoter.

The results of sequences indicated that all of the mutations were either frameshift

or nonsense. Mutant 408 had multiple mutations resulting in a small protein, 44 kDa.

Other mutants had only 1 or 2 mutation(s) and the truncated proteins were approximately

7OkDa. This was correlated with results from Western blots where no full-length pip was

detected in the mutants. The sizes of the predicted proteins were consistent with the sizes

of Pip from Western blot. Except for mutant 342, all of the mutants had deletions of the

membrane-spanning domain (Figure 7).
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Figure 7: Truncated Pip of the resistant mutants. The predicted Pip from the resistant
mutant strains was aligned with the wild type Pip (901 amino acid long).

3.8 SPONTANEOUS MUTATIONS

Spontaneous mutations in the chromosomal copy of Pip in L. lactis Lm23 01 were

selected on M17GCa plates that included phage c2. In this approach, L. lactis ssp. lactis
Lm2301 was mixed with phage c2 at a multiplicity of infection 10:1 and then 10-fold
serially diluted. The mixture was spread on M17GCa plates and incubated overnight at

3 0°C. The cells that grew on the plates were the phage resistant mutants.

Assuming that 1 0D600 of L. lactis gave 2x109 cells, the frequency of mutation

was calculated to be 1x104. One hundred colonies were picked and tested for phage
sensitivity. All of the colonies were c2 resistant and ski sensitive as expected since the

cells were mixed with c2 before incubation. Slot blot analysis (data not included) showed

6 mutants with detectable signals for Pip, which was 6% of the mutants. However,
Western blot analysis (Figure 8) showed that none of them had a full-length Pip, and all
were either truncated or deleted. The fact that all 6 mutants were truncations or deletions

and not missense mutations (which would be indicated by full-length Pip) suggests that

single amino acid changes in Pip do not lead to a fully phage-resistant phenotype, or
these occur infrequently.
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Because all of the spontaneous mutants appeared to be truncations or deletions,
which is similar to the UV and XL Red mutants already characterized, none were
sequenced. Instead, I changed tactics to isolate Pip missense mutations.

3.9 SCREENING FOR PARTIALLY RESISTANT MUTANTS

In all of the phage resistant mutants from IJV mutations, XL red competent cells,

spontaneous mutations in Lm2301, only a small portion was shown to express Pip. In
those Pip strains, none was full-length Pip. The Pip found in those resistant mutants were

either truncated or deleted. We reasoned that screening for totally resistant mutants might

be too stringent, resulting in the isolation of only truncations or deletions of Pip.

To find in pip a missense mutation that can change the sensitivity of the host
strain, the stringency of phage resistance was reduced. Partially resistant or temperature-
sensitive mutants were identified. To screen for partially resistance, a dot test was
employed. After mutagenesis by UV mutagenesis and XL Red, the plasmids were
extracted and transformed into JK 101. Single colonies were picked, grown overnight, and
used to make a lawn of cells. Phage c2 (1 0 pfu/ml) was 10-fold serially diluted and then

1 tl of each dilution was dotted onto the lawn and incubated overnight. Lawns of
JK 101 (pPip) and JK 101 (pTRKH2) were included as sensitive and resistant controls,

respectively. Partial resistance was identified by comparing the clearness of zones where
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phage was dotted on mutant lawns to that of the sensitive and resistant controls. Partially
mutants were further tested by EOP. EOP larger than 0 and smaller than 1 indicates
partially resistance. The partially resistant strains were further characterized for Pip
expression by slot blot and Western blot. Table 6 indicates the number of colonies
selected after different steps of the screening procedure.

Table 6: Screening for partially resistant mutants

Sources of Colonies Partially Pip positive Full length pip
mutations screened Resistant mutants

UVmutagenesis 1100 15 15 0
XL red
competent cells

Approximately, 1100 colonies were screened, only 15 were partially resistant.
The frequency of finding partially resistant colonies was only 1.3%, which was about 13

times lower than that of totally resistant mutants. However, all of the partially resistant
mutants expressed Pip. This was expected because in order to form plaques, mutant
strains needed to express Pip for the binding of phage c2 to bacteria. In the 15 mutants
expressing Pip, none showed a full-length Pip in Western blot analyses. Characteristics of
partially resistant mutants were described in the next section.

3.10 PARTIALLY RESISTANT MUTANTS

3.10.1 General information

In 15 partially resistant mutants screened, 5 best candidates were selected and
studied further. EOP of mutants varied from 0.0003 (mutant B 1.163) to 0.07 (mutant
121.5). For the dot test, zones of c2 bacteriophage were not clear, indicating partial
resistance. Because of low EOPs, some cells escaped destructive effects of phage and
continued to grow, producing fewer plaques. In the "streak" test of mutants 121.5 and

B3 .9, cells still grew after crossing the phage line, although growth of mutants became
weaker. For mutant B2.35, cells still grew normally after infected with phage. It was
because of the small EOPO.001, a large number of cells escaped infection and grew
normally.
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Table 7: Summary table of partially resistant mutants

Strain Dot test Growth EOP Growth Plaques Slot Western
in streak in liquid Morphology blot blot
test culture

with c2
JKTO1 No zone Strong 1 Strong No plaques No No signal

signal
JK1O1 Clear No <E-8 No 2-3 mm in Strong 94kDa
(pPip) zone growth growth diameter,

clear.
121.5 PR Faint 0.07 Plateau Small 0.1- N/A Truncated

(faint 0.5 mm, or deleted
zone) faint

B3.9 Hazy Faint 0.03 N/A Faint, fuzzy Faint Truncated
faint

B2.35 PR Strong 0.001 N/A Small, clear Strong Truncated
520.1 Really N/A 0.05 Slow Medium, 1 N/A Truncated

faint growth mm, faint or deleted
zone

B3. 163 PR N/A 0.0003 N/A Medium N/A Truncated
size, clear

PR: Partially Resistant N/A: Not Available

The plaque phenotypes of the mutants varied between different mutants.
Morphologically, plaques of mutants B3. 163 and 520.1 looked similar to the wild type

plaques (2-3 mm in diameter). Plaques formed by B3 .9 had a regular size but were very
faint and hard to see. B2.35 plaques were clear but small (0.5 mm in diameter). Plaques

of 121.5 were not only small but also really faint. Therefore, partially mutants showed a

variety of plaque morphologies, including the wild type, different sizes, and different
levels of turbidity.

3.10.2 Growth in a liquid culture with and without c2

For partially resistant mutants, growth of cells with or without the presence of c2

was also studied as for totally resistant mutants. Figure 9 shows the growth of mutant

520.1 with or without the presence of phage c2.
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Figure 9: Growth of 520.1 in a liquid culture with or without phage c2. Mutants
520. 1 and the sensitive control were incubated at 3 0°C. Phage c2 was added at 0D600 =

0.15 and the growth of culture was plotted as a function of 0D600 vs. time.

As seen in the Figure 9, mutant 520. 1 grew slower than the sensitive control
JK1O1(pPip). When c2 was added, mutant 520.1 did not die but grew much slower. In

fact, the culture stalled for a while then continued to grow, suggesting that even though

the culture was not totally lysed by phage c2, its growth was definitely affected.

3.10.3 Slot blot

Slot blot results (Figure 10) were available for 2 strains B2.35 and B3.9. The slot

of B2.35 showed a strong signal, which was similar to the signal from JKIOI(pPip). Slot

blot of B3.9 showed a much weaker signal, which was about the same strength as Pip

expressed from the chromosomal gene ofLm23Ol.
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Figure 10: Slot blot of partially resistant mutants. Whole cells of partially mutants
B2.35, B3.9, positive and negative controls were blotted onto a nitrocellulose membrane
and detected with Pip antiserum.

3.10.4 Western blot

Similar to resistant mutants, Western blot analyses of cell-free supernatants and

cell extracts of partially resistant mutants were used to examine the sizes and the release

of Pip into the growth medium.
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Figure 11: Western blot of cell-free supernatants and cell extracts from partially
resistant mutants. A. Western Blot of cell-free supernatant (Sup) and cell extract (Pel)
samples ofB2.35, B3.9, and B3.163. B. Western blot of samples from 520.1 and 121.5
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Figure hA shows the Western blot of 3 mutants B2.35, B3.9 and B3.163. The
B2.35 cell extracts (Pel) showed multiple bands from 45 kDa to 75 kDa. The cell-free

culture of B2.35 also showed multiple bands. Similarly, both supernatant and pellet
samples of mutant B3.163 showed multiple bands of 35kDa to 5OkDa, which again
suggested that there were many proteolytic products of Pip. Signals from supernatant of

both B2.35 and B3.163 were stronger than from the cell extracts, suggesting a large
proportion of Pip expressed in B2.35 and B3.163 was released into the medium during
growth. Different from B2.35 and B3.163, supernatant and pellet samples of mutant B3.9

had only 1 band of the same size of about 30 kDa. The signal intensity of the band from

the supernatant was about half of that from the pellet. While only one band of about 65

kDa was detected in the Western blot of the 121.5 pellet sample, the supernatant did not

produce any immunoreactive band (Figure 1 1B). Mutant 520. 1 showed multiples bands

ranging from 5OkDa to 8OkDa, with much stronger signals from the cell extracts than

those from the supernatant.

3.10.5 Plasmid cure

Plasmids were cured from partially resistant mutants. Resulting strains after loss

of plasmids were totally resistant to c2 and remained sensitive to ski. Therefore, the
partially resistant characteristics were proved to be caused by mutated Pip located in

plasmids.

The mutated plasmids were transformed into fresh JK1O1 Pip competent cells.

Transformants were tested for phage sensitivity with dot test, streak test, titration, and

liquid cell culture lysis. The transformants demonstrated the same phage sensitivity
characteristics as the parent strains: partially resistant to c2 and sensitive to ski.

3.10.6 Sequencing

In order to identify the mutation sites of pip causing changes in phage sensitivity

to c2, pip genes of 3 mutant strains 2.35, 3.9 and 3.163 was sequenced. The results of

sequencing are presented in Table 8.
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Table 8: Mutations of Pip in partially resistant mutants

Strain Mutation Mutation
type

Stop site Protein
length

Molecular
weight (kDa)

B2.35 #2346: insertion of A Frameshift 2355 655 aa 72.1
B3.9 #1417: deletion ofA Frameshift 1532 377 aa 40
B3.163 #1807: C T Nonsense 1807 473 aa 51.7

As seen in Table 8, while mutants B2.35 and B3.9 have frameshift mutations with

a deletion or insertion of a single nucleotide, B3. 163 has a nonsense mutation. All of the

mutations resulted in truncations of Pip (Figure 12). B2.35 has an insertion at nucleotide

number 2346, giving a truncated protein of 72.1 kDa, which is of the same size as seen in

the Western blot. B3.9 has a deletion of A at nucleotide number 1417. The size of the
protein is really small, only 28 kDa. With this small protein, B3.9 was still able to form

plaques with c2 at the EOP=0.03. Different from B2.35 and B3.9, mutant B3.163 has a

nonsense mutation at nucleotide number 1807, resulting in a truncated protein of -5 1

kDa.

aa0 108 701 901

bp 0 324 519 1932 2100 MSD 2703

EI1J J
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EOPat 30°

B3.9 0.03

B2.35 o_0o1

B3..163 __________________________________ 0.0003

Figure 12: Truncated Pip from partially resistant mutants. Pip from partially resistant
mutants is aligned with wild type Pip.

3.11 SCREENING FOR TEMPERATURE-SENSITIVE MUTANTS

Temperature-sensitive screening is another way to screen with reduced stringency

for mutations in Pip. Plasmid DNA after mutagenesis by XL Red was extracted from E.

coil strain, and electroporated into JK1 01. The electroporation mixture was spread onto
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M17GCaEm plates and incubated at 30°C. Single colonies to be screened were picked
and grown overnight. One .t1 of cells was dotted onto each of 2 plates spread with phage

c2. The concentration of phage c2 on the plate was previously determined to get the
minimum required for complete killing of the sensitive strain Lm2301. One plate was
incubated at each of the two temperatures, 30 and 37°C. Controls included the fully
sensitive strain JK1O1(pPip) and the fully resistant strain JK1O1(pTRKKH2). The fully

resistant strain grew at the same level at both temperatures. The fully sensitive control did

not grow at any temperature. Temperature-sensitive mutants were identified by

comparing the growth of each isolate at the two different temperatures with each other,

and with the growth of the sensitive and resistant controls. When an isolate grew better at

one temperature than at the other temperature, it was selected as a temperature-sensitive

mutant and was further characterized. Western blot of temperature-sensitive mutants was

performed to examine expression and size of Pip at the two different temperatures.

Table 9: Screening for temperature-sensitive mutants

Colonies Temperature- Pip positive Full length
screened sensitive mutants pip

XLred 1100 2 2 0
competent cells

As in Table 9, the frequency of temperature-sensitive was low, 0.15%, which was

much lower than frequencies of totally resistant mutants and partially resistant mutants.

Two mutants expressed Pip but neither was had full-length Pip.

3.12 TEMPERATURE-SENSITIVE MUTANTS

3.12.1 General information

The two temperature-sensitive mutants 91.2 and 547.1 were selected.

Characteristics of temperature-sensitive mutants are summarized in Table 10.
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Table 10: Summary table of temperature-sensitive mutants

Strain Growth of Growth in streak Dot test EOP
cells on a lawn test, after meeting
of c2 with c2 line

30°C 37°C 30°C 37°C 30°C 37°C 30°C 37°C
JK101 Strong Strong Strong Strong No No <E-8 <E-8

zone zone
JK101 NG NG NG NG Clear Clear 0.9 0.9
(pPip) zone zone
91.2 NG Weak NG NG Clear Clear 0.1 0.02

zone zone
547.1 Weak Strong Medium Strong Faint Faint 0.05 0.000 1

zone zone
N/A: not available NG: No Growth

As seen in Table 10, mutant 91.2 expressed all the characteristics of a
temperature-sensitive mutant. Mutant 91.2 was selected because 91.2 did not grow at
30°C but slightly grew at 37°C on the lawn of c2. Mutant 91.2 showed sensitive
phenotypes at 30°C and 37°C in the dot test and in the "streak" test, because in those two

tests, a great excess amount of phage c2 was used. The temperature-sensitive test for
mutants was designed such that a minimal amount of c2 required to kill the wild type

strain was spread on top of a M17GCa plate. Therefore, a change in efficiency of plating

at two different temperatures could result in different levels of growth. Titration of 91.2

at two different temperatures confirmed that 91.2 was a temperature-sensitive strain. The

EOP of 91.2 reduced from 0.1 at 30°C to 0.02 at 37°C.

Similarly, strain 547.1 acted as a temperature-sensitive mutant in the same way as

the 91.2 did. In the test for temperature sensitivity, cells were able to grow on the
bacteriophage lawn, and they grew better at 3 7°C. Strain 547. 1 had a larger EOP at 30°C

than that at 3 7°C. However, because of the much smaller EOP compared to 91.2, strain

547. 1 acted as a partially resistant strain in dot test and streak test, in which strain 547. 1

showed a stronger level of growth at 37°C than that at 3 0°C.

The morphologies of plaques at two temperatures were different from each other

and different from the wild type plaques. Mutant 91.2 had very faint plaques with the

regular size (2-3 mm in diameter); which became smaller (1 mm in diameter) and hazier
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at 37°C. Mutant 547.1 formed small (0.5 mm in diameter), clear plaques at 3 0°C. At
3 7°C, plaques formed by 547.1 were even tinier (0.1-0.3 mm in diameter).

3.12.2 Growth in a liquid culture with or without c2

Liquid cultures of two mutant strains 91.2 and 547.1 with or without c2 were
studied at two different temperatures. These studies examined the growth rate of the
mutants without bacteriophages and their behaviors in term of growth and lysis when c2
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Figure 13: Growth of a temperature-sensitive strain 547.1 with or without phage c2.
Cells were incubated at two different temperatures. When 0D600 reached 0. 15, c2 was
added at a MOl of 3:1. The graph of 0D600 vs. time was plotted

Figure 13 shows the growth of mutant 547.1 at 30°C and 37°C. Cells at 30°C grew

slightly slower than growth at 37°C, which was equal to the growth of the wild type strain

at 3 0°C. When c2 was added, growth of 547.1 did not stall nor did the culture lyse at

either temperature. However, growth was slightly slower at either temperature without

phage. This suggests that some but not most of the cells were infected at either
temperature.
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Figure 14: Growth of strain 91.2 with or without phage c2. Cells were incubated at
two different temperatures.

Growths of 91.2 at the two temperatures were similar and slightly slower than the

sensitive strain. When c2 was added to the culture growing at 3 0°C, the strain continued

to grow for about two hours. After that, 0D600 of the culture decreased to 0.05,
suggesting that the culture was lysed by bacteriophage. At 37°C, the cells were not lysed

in the presence of phage c2 but grew much slower than the culture without the presence

of c2.

3.12.3 Western blot

The Western blot of the temperature-sensitive mutants was performed with cells
incubated at two different temperatures to compare the expression and release of Pip at

the two temperatures. Cell-free supernatants and cell extracts of temperature-sensitive
mutants 91.2 and 547.1 grown at 30°C and 37°C were prepared by Le Loir method and

Western blot analyses were performed.
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At 3 0°C, mutant 547.1 pellet showed one dark band at -80-85 kDa. The other 2

bands from the pellet sample were really faint and much smaller. The supernatant did not

contain any Pip proteins. At 3 7°C, the pellet had only one medium band of --80kDa and

the supernatant again did not show any signals.

In all of the mutants that had been studied, cell pellets from mutant 91.2 showed

the closest signal (90kDa) to the full length Pip. The pellet of 91.2 at 30°C also had a

band at -90kDa and other bands of smaller sizes. At 37°C, the pellet showed signals at

the same positions with the cells from 37°C. However, the signals were really faint,

indicating that Pip was produced much less at 37°C.The supernatant of9l .2 at 30°C had 3

or 4 bands with the molecular weights ranging from 45 to 70 kDa. Signals of the

supernatant from cells grown at 37°C were invisible in the Western blot. Results of

Western blot analyses at two different temperatures indicated that Pip was expressed at

different levels, and with different proteolytic products.
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3.12.4 Plasmid cure

Plasmids were cured from the temperature-sensitive mutants 91.2 and 547.1.
Resulting cells were totally resistant to c2 and sensitive to ski, suggesting the loss of
sensitivity to phage c2 when plasmids were not present.

The effect of mutant plasmids from strain 91.2 and 547.1 in fresh JK 101 strain

was also studied. The plasmids were purified from the mutant strains and then
transformed into JK1O1. The resulted transformants were tested for phage sensitivity with

c2. Like the parent strains, transformants were also found to be temperature-sensitive to

phage c2.

3.12.5 Sequencing

The pip genes from mutants were sequenced to identify mutations causing phage

temperature sensitivity. Plasmids from strains 91.2 and 547.1 were sequenced with
primers specific for the pip gene. The mutations of the two strains were analyzed.

Table 11: Mutations of Pip in temperature-sensitive mutants

Strain Mutations at
nucleotide number

Mutation type Stop site Protein
length

Molecular
weight (kDa)

#2954: G A Nonsense #2954 856 aa 94.2
547.1 #2590: removal of A Frameshift #2630 747 aa 82.2

Table 11 showed the sequencing results of mutants 91.2 and 547.1. As being seen

in the table, 91.2 had a Pip protein of 94 kDa, which was really close to Pip full length.

By comparing with the Pip wild type (Figure 16), both temperature-sensitive mutants had

truncated proteins with a MSD partially deleted. The last hydrophobic region of the
putative MSD was removed in 91.2, while the last three hydrophobic regions were

deleted in 547.1.
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Figure 16: Truncated Pip from temperature-sensitive mutants. Pip from temperature-
sensitive mutants is aligned with the wild type Pip.

3.13 ADSORPTION TEST

The adsorption test examines if mutants adsorb normally to phage c2. In this
assay, cells were mixed with c2 and incubated on ice for 2 hours. The mixture was

centrifuged and titer of the supernatant was measured using a sensitive strain

JK101(pPip) as an indicator. The percentage of adsorption was calculated by comparing

with the sample without cells. Because of the irreversible nature of the adsorption
between c2 and wild type Pip, c2 would bind to the cells and sink to the bottom of the
microcentrifuge tube after spinning, leaving the supernatant with a low plaque-forming

unit. If the supernatant had high pfti, the cells did not adsorb to c2 as well as the wild type

strain.

Table 12: Percentage of adsorption of different mutants to phage c2.

Strain Description % Adsorption ± SD (n=3)
No cells No-cell control 0 (by definition)
JK1O1(pPip) Wild type Pip, plasmid 90 ± 5.89
JK1O1(pTRKH2) Pip strain 3.25 + 4.27
B2.31 Resistant 93±.4.36
B3.5 Resistant 92.5±7.78
463.1 Resistant 91 ± 4.24
520.1 Partially resistant 90.67 ± 1.53
B2.35 Partially resistant 87.33 ± 10.21
B3.9 Partially resistant 94.5 +3.54
3.163 Partially resistant 84
547.1 Temperature-sensitive 87.33 ± 3.51
91.2 Temperature-sensitive 93 ± 4.58
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Table 12 showed the results of the adsorption test for mutant strains together with
the positive controls JKIO1(pPip), Lm23Oland the negative control JK1OI(pTRKH2). In
this test, wild type strains Lm2301 and JK1O1(pPip) got 90% adsorption. The resistant
strain JKJO1(pTRKH2) did not adsorb to c2. All of the mutants included in the assay
(resistant, partially resistant, and temperature-sensitive mutants) showed more than 84%
adsorption, indicating normal adsorptions to c2.

3.14 CELL-FREE CULTURE INACTIVATION ASSAY

The cell free culture inactivation assay tests if mutant strains release any
functional Pip into the medium. Overnight cultures were back-diluted and then incubated
until 0D600 reached 0.4. The growth medium after removing cells was filtered and mixed
with c2. The titer of the mixture after 2 hour incubation on ice was measured using a
sensitive strain JK1O1(pPip). If Pip was available in the medium, c2 would bind
irreversibly to Pip. The titration of c2 in the mixture would reduce because c2 was
inactivated by released Pip.

3.14.1 Cell-free culture inactivation assay of resistant strains

The cell free culture inactivation assay of resistant mutants was performed. To
study the effect of heat on Pip, the cell free culture before mixing with c2 was divided
into 2 parts. One part was boiled for 10 minutes. The cell-free cultures before boiling and

after boiling were mixed with c2 and incubated. The titer of each reaction was then
measured with a sensitive strain.

Table 13: Percentage inactivation of c2 by cell-free supernatants from resistant
mutants.

Strain % Inactivation of c2 by cell-free cultures
before boiling + SD (n = 3) after boiling ± SD (n = 3)

No cell 0 (by definition) 0 (by definition)
Lm2301 1 ± 1.67 2.5 ± 3.54
JK1O1(pPip) 3.3 ± 4.16 2.67 ± 3.06
JK1O1(pTRKH2) 1.3±1.53 3±3
B2.31 76.67 ± 9.87 3.33 + 3.51
B3.5 52.33+6.66 2±2
463.1 29.67 ± 2.65 3.33 ± 2.08
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Table 13 shows the inactivation of c2 by cell-free cultures from mutants B2.3 1,

B3.5 and 463.1. JK101(pPip) and Lm2301 are two sensitive strains which were included
as the controls. Cell-free cultures from LM2301 and JK1O1(pPip) showed no inactivation
of c2, suggesting that the Pip wild type strains did not release any functional Pip into the
medium. The cell-free culture from Pip strain JK1O1(pTRKH2) also did not inactivate
c2. Cell free cultures from three resistant mutants included in Table 13 all showed
inactivation of c2. Three mutants inactivated 30% to 77% of phage added to the
reactions, suggesting that Pip was released into medium in the growing process. The
released Pip was functional and able to inactivate phage c2. This result was supported by
the Western blot analyses where Pip signals were detected from supernatants of the
mutants but not from the controls.

The ability to inactivate c2 of cell-free cultures from 3 mutants was abolished
when the cell-free cultures were boiled for 10 minutes before mixing with c2. This test
was used to confirm that the inactivation of the cell-free cultures was caused by Pip
released into the medium. Because Pip was a protein, boiling of Pip destroyed the
protein, resulting in the abolishment of the ability to inactivate phage c2.

3.14.2 Cell-free culture inactivation assay of partially resistant strains

Table 14: Percentage inactivation of phage c2 by cell-free supernatants frompartially resistant strains.
Strain % inactivation of c2 by cell-free cultures

before boiling + SD (n=3) after boiling ± SD (n= 3)
No cell 0 (by definition) 0 (by definition)
Lm2301 1.67 + 0.58 2.5 + 3.54
JK1O1(pPip) 2.67 ± 3.06 2.67 ± 3.06
JK1OI(pTRKH2) 1.33 + 1.53 3 ± 3
B2.35 83.67 ± 3.06 6 ± 7.94
B3.9 35.33 + 1.53 2 ± 1.73

The results of inactivation of c2 by cell-free cultures from B2.35 and B3 .9 are
presented in Table 14. As having been presented before, cell-free cultures from Pip wild
type strains and Pip strain did not inactivate c2. Similar to resistant mutants, cell-free
supernatants from partially resistant mutants B2.35 and B3.9 could inactivate c2. The
medium from B2.35 had a really high activity, where 84% of phage added was
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3.15 PHAGE INACTIVATION BY WHOLE CELLS

Phage inactivation by the whole cells is examined in center of infection test.
Phage c2 after incubation with mutants was tested for the ability to form plaques with the

sensitive strain. Mutant strains were mixed with phage c2 for sufficient time to initiate

infection, but insufficient time for a round of phage replication and burst. The mixture

was diluted with a great excess of a fully-phage sensitive strain, and phage titer was
measured. The titer resulted from the sum of 3 kinds of events: one, a productive
infection of the mutant cell; two, the dissociation of a phage particle from the mutant and

subsequent infection of the sensitive strain; three, infection of the indicator by phage that

never bound to the mutant. Therefore, COT values were always bigger or equal to the

EOP. As controls, phage was also mixed with an equivalent amount of either
JK1O1(pTRKH2) or JK1O1(pPip). Center of infection value was calculated by dividing

pfu of the reaction with mutants by pfu in the reaction without any cells (known as the

no-cell control).

Table 16: Center of infection for 91.2, 547.1 and 463.1.

Strain Description Center of infection (COT) EOP
No-cell control Control
JK1O1(pTRKH2) Resistant control 1 0
JK1O1(pPip) Sensitive control 1 1

91.2 Temperature-sensitive 0.11 0.1
547.1 Temperature-sensitive 0.07 0.05
463.1 Resistant mutant 0.01 <E-8

Table 16 shows center of infection results for 3 mutants 91.2, 547.1 and 463.1

together with controls. Because JK1O1 does not express Pip, all of the phages would be

available and would form plaques with the sensitive strain, resulting in the same pfu as

the no-cell control.
Plaques formed when c2 was mixed with mutants were less than 10% of that

formed with JK1O1(pTRKH2) or JK1O1(pPip). In this test, 91.2 and 547.1 mutants had

the COT values that were very closed to EOP values. This meant, even though mutants

did not form plaques with high efficiency, they could inactivate the phage and make it

unable to form productive plaques in the sensitive strains. Strain 91.2 had the EOP of 0.1,
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which meant 10% of the c2 added could form plaques with the mutant. The COT of 91.2

was 0.11, which suggested that 90% of the c2 added, or 100% of the remaining c2 after

subtracting the amount of c2 forming plaques with 91.2, was inactivated by the mutant.
This result was also observed in mutant 547. 1.

Mutant 463.1, on the other hand, had a measurable COT, but an undetectable EOP.

This suggests that the small amount of detectable titer in the COl assay is the background

level of either dissociation of phage from the mutant strain or an extremely slow rate of

infection.

3.16 THE 35KDA PROTEIN

In an early research by Valyasevi et al. (1991), a protein of 35kDa was identified

and partially purified and shown to inactivate c2 in vitro. However, the role of the 35kiDa

membrane protein in phage infection and the relationship with Pip was unknown. There

is a possibility that this 35kDa protein is proteolytic product of Pip, as Pip was shown to

have many proteolytic products during the purification process. On the other hand, this

35kDa protein may be distinct from Pip, but interact with Pip to inactivate phages.

The protein was purified by Valyasevi (1991) with the first step was the
preparation of C2 membrane. Strains C2 and LM2301 (a strain used in this work) are

related, Lm2301 is a plasmid-free derivative of C2. Membrane sample was applied to a

S300 purification column and fractionated. The fractions were assayed for the ability to

inactivate phage c2. With the highest percentage of inactivation, fractions number 32
through 37 were collected, combined and purified in a secondary column, the DE2
column. The "purified" protein was fractionated again and fractions 13-14 were shown to

contain the largest amount of the 35kDa protein and to have the highest phage
inactivation percentage.

To study the relationship of Pip and the 35kDa protein, SDS-PAGE gels of the
3 5kDa proteins from different fractions together with positive and negative controls were

made in duplicate. One gel was transferred to a membrane, and then probed with Pip

antiserum (Figure 17). The other gel was stained by silver staining method (Figure 18).
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Figure 17: Western blot of the 35kDa protein with Pip antiserum. JK1O1(pPip) cell
extract and L .iactis C2 membrane are the two positive controls that have signal at
-94kDa. RMskl/1 and RMc2/8 are the two negative controls with no signals detected.
Fraction 13 and Fraction 14 are two fractions collected from DE2 purification column.
Fraction 32 is from S300 column. Combined fractions are the combined sample of
fractions 32 to 37 from S300 column.
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Figure 18: Silver staining of the 35kDa protein. JK1O1(pPip) and L.lactis C2 are the

two phage sensitive strains. RMskl/1 is resistant to phage c2. Fraction 13 and Fraction 14

are the "purified" samples of the 35kDa protein.
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As seen in the blot, JK1O1-pPip is the control to mark the position of wild-type
Pip (94kDa). The C2 membrane showed a signal at the exact position with Pip wild type

and two other smaller signals, which are probably proteolytic products of Pip. Samples

from Rmskl/1 and Rmc2/9 were included as negative controls and no signal was detected

in those two membrane samples. The Combined fractions showed a band at 94 kDa and

two smaller bands as in the L.lactis C2 membrane. The other samples from DE2 and
S300 purification columns showed only one signal at 94 kDa. The 3SkDa protein did

not show any signals to Pip antiserum. Silver stain of the samples confirmed the presence

of the 35kDa protein (Valyasevi et al., 1991).

The results suggested that the 35kDa was not the proteolytic products of Pip

because this protein did not recognize Pip antiserum. The 35kiDa sample was
contaminated with a small amount of Pip. This suggests that the contaminating Pip in the

samples of the "purified" 35kDa protein inactivated phage c2. Therefore, the correlation

of phage inactivating activity with the 35kDa protein is probably circumstantial and not

cause and effect. There is no evidence to link the 35kDa protein to phage c2 inactivation,

although this possibility has not been eliminated.
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4. DISCUSSION

Purified Pip 100-700 was shown to inactivate c2 in vitro and this inactivation did

not require any other membrane components. As has been discussed earlier, the binding

of c2 to L. lactis involves 2 steps: a reversible binding of c2 to cell wall carbohydrates

and an irreversible binding of c2 to membrane receptor Pip (Valyasevi et al., 1990;

Monteville et al., 1994). In previous studies, phage was added to a solution of membranes

or cell walls. The inactivation of c2 by membranes or cell envelopes (containing Pip) was

demonstrated. However, because of the complexity of membrane and cell wall

components, it was not sure if Pip 100-700 alone can inactivate c2 or other components

might be required. The use of purified Pip in the c2 inactivation assay suggested, for the

first time, that Pip by itself could inactivate c2. Thus, purified Pip could prevent c2 from

forming plaques with a sensitive strain of L. lactis. Without a reversible binding step to

carbohydrates from the cell walls, c2 bound to purified Pip. This binding was irreversible

and inactivated c2 was unable to form plaques with L. lactis. The results of the Pip
inactivation assay also demonstrated that the inactivation of c2 was related to the amount

of Pip added to the assay. When enough Pip was added, 100% of phage present could be

inactivated. Adding Pip antiserum prevented the inactivation of phage c2 by Pip. We

reasoned that Pip antiserum masked the binding sites of Pip, and blocked c2 from binding

to Pip. As a control, PiplOO-700 was added to phage ski suspension, and no inactivation

was observed. This against confirms that Pip is not required for infection of phage ski to

L.lactis (Kraus & Geller, 1998).

The soluble domain of Pip (amino acid 100-700) might play an important role in

the binding of phage c2. Strains containing a Pip plasmid with deletion of a BsmI

fragment or a plasmid with deletion of a BsmI fragment plus an emm6c insertion were

resistant to c2. This was an expected result as the two BsmJ sites of pip gene were located

at nucleotide number 579 and 1932. When an internal fragment of nearly 1400 base pairs

was deleted from a gene of 2700 base pairs, it resulted in a dysfunctional protein. This

shows that the soluble region of Pip (Pip 100-700) is important for phage infection. This

soluble domain may contain the actual binding sites for phage c2. This is supported by

the ability ofPipioo-700 to inactivate c2 in vitro.
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In order to bind efficiently to phage c2, Pip might need to be in the right
conformation. JK1O1, containing a Pip plasmid with the insertion of the emm6c fragment

into a BspEI site (at nucleotide number 324), was partially resistant to c2 with the
efficiency of plating (EOP) of 0.055. Insertion of the 312 base pair fragment reduced the

plaque-forming unit of phage c2 approximately 20 fold. Insertion of the M6C protein
(104 amino acids) might change the conformation of the Pip protein and make it less
accessible for c2, leading to a lower pfu. Another possibility for the effects of the M6C

protein in Pip activity is that the binding of c2 to Pip might include multiple binding sites

at both ends of Pip 100-700 protein. Here, M6C was inserted and separated the two ends

of Pip, resulting in conformational separation of binding sites. Thus, the conformation of

Pip might be important for binding.

Knowing that Pip 100-700 by itself could inactivate phage c2 in vitro, we wanted

to map Pip for its function. We attempted to find missense mutations of Pip that can
change phage sensitivity of the cells and to locate the region of Pip required for phage

infection. Random mutations in the plasmid and chromosomal copies of Pip were
screened for phage resistance, partial resistance and temperature sensitivity.

All spontaneous mutations that were isolated from plasmid pPip were frameshifts

or nonsense mutations. In 100 phage resistant isolates screened from spontaneous
mutagenesis of the chromosomal gene of Pip in L. lactis Lm2301, none showed full
length Pip in the Western blot. Missense mutations were not detected in any screens for

phage resistance, partial resistance, or temperature sensitivity. This suggests that either

missense mutations were not strong enough to change phage sensitivity or that changes in

phage sensitivity by missense mutations were rare events under the conditions that we
used.

After the pip genes from the mutants were sequenced, the mutated proteins were

deduced and analyzed. The frameshifts and nonsense mutations in the pip gene resulted

in truncations of Pip. Because the putative membrane-spanning domain (MSD) is located

at the C terminal region, the MSD was partially or totally deleted in all of the mutants

selected. Phage resistant mutants B2.31, B3.5, 1.43, 408 and 463.1 all had complete
deletion of MSDs. Similarly, partially resistant mutants B2.35, B3.9, B3.163 lost the

MSDs of Pip. The temperature-sensitive mutants 91.2 and 547.1 and a fully resistant
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mutant 342 had part of their MSDs deleted. This suggests that the MSD of Pip is required

for productive infection by phage c2, but not the phage inactivation. The lack of a MSD

might cause mislocalization of Pip, resulting in resistance or partial resistance.

The conclusion about the importance of MSD in phage infection is in agreement

with the study about subcellular localisation of Pip by Mooney & Geller (2003). In this

study, all but one of the hydrophobic regions of the MSD were deleted genetically (Pip-

tthy). Expression of Pip-Ahy in a Pip strain resulted in complete resistance to phage c2.

It was concluded that the MSD is required for productive phage infection.

Reasoning that mislocalization of Pip might be the cause of resistance and partial

resistance, the localization of Pip in mutants was further studied and characterized. It was

found that mutants that had the MSD deleted released Pip into the medium. This is
consistent with the study of Geller et al. (2001) where the soluble region of Pip was

shown to face outside the cell. In many cases, for example resistant mutants B2.35, B3.5

and partially resistant mutants B2.31, B3.9, large amounts of Pip were released into the

medium. Resistance may be caused by some or all of the following: 1) Less Pip attached

to cell surface, making it less probable that phage will react with Pip; 2) Functional

fragments of Pip in cell-free culture supernatant inactivate phage; 3) Distorted

conformation of mutated Pip makes productive interactions thermodynamically and/or

kinetically inefficient.

Partial deletion of MSD resulted in no or very little Pip released into the growth

medium. This is different from mutants with complete loss of MSD. Western blot
analysis of cell-free culture supernatants from two partial MSD deletion mutants 91.2 and

547.1 showed a faint signal in 91.2 grown at 30°C and no signal in 91.2 at 37°C or in

547. 1 at either temperature. This suggests that the hydrophobic region closest to the N-

terminal is important for localization and attachment of Pip to the cells. Without the most

N-terminal MSD, a portion of Pip was released into the medium (mutants B2.31, B2.35,

B3 .5 for example, see Western blot Figure 6 and 11). This is consistent with other work

from our lab that showed that deletion of all but the most C-terminal hydrophobic region

Pip-Ahy caused secretion of a functional Pip fragment (Mooney & Geller, 2003).

The truncated Pip released into the medium was studied for its ability to inactivate

phage c2. Truncated Pip released into the medium was able to inactivate c2 as shown by
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cell-free culture inactivation assays (Table 14 and Table 15). Cell-free supernatants from

resistant, partial resistant mutants and JK1O1(pPip-Ahy) inactivated phage c2. This
inactivation of c2 by cell-free cultures of resistant and partially resistant mutants was
destroyed by boiling the cell-free culture medium for 10 minutes before mixing with c2.

This showed that a protein caused inactivation of phage. Pip protein is destroyed by heat.

Cell-associated Pip inactivated phage c2. This was shown in the center of
infection assay (Table 16). In this assay, phage c2, after incubation with mutant strains
91.2, 547.1 and 463.1, was unable to form plaques on the sensitive strain. This shows that

these mutants inactivated or irreversibly bound phage c2. This result is similar to that
shown for JK1O1(pPip- Ahy) (Mooney & Geller, 2003), which could represent the
situations of other mutants in general. Washed JK1O1(pPip-Ahy) cells reduced the
number of infectious phage c2 when plated on Lm2301. The membrane of JK1O1(Pip-

Ahy) was purified and shown to inactivate phage c2, suggesting that cell-associated Pip

from JK(pPip-Ahy) inactivated c2 without supporting infection.

Adsorption test showed that phage c2 adsorbed normally to cells with truncated

Pip but not to the JK1O1 Pip strain. All resistant, partially resistant and temperature
sensitive mutants were found to adsorb phage c2 (Table 12). Western blot analyses of

whole cell extracts (Pel) from mutants showed signals to Pip antiserum with sizes less

than the full length. This indicated that Pip remained associated with the cells even
though the MSDs were totally or partially deleted, and the cell-associated Pip was
functional and able to support normal adsorption of phage c2.

A question was raised: how were partially resistant mutants B2.35, B3.9 and
B3. 163 still able to form plaques with c2 even though the entire MSD of Pip was
missing? In reply we say that in order to form plaques, c2 has to bind irreversibly to the

membrane, and inject its DNA. Ejection of phage c2 DNA occurs when phage is
incubated with membrane containing Pip (Monteville et al., 1994). In the cases of
mutated Pip that lack MSD, formation of plaques suggest that Pip may not be required for

translocation of phage DNA across the membrane.

It is interesting that Pip mutant B3.9 formed plaques with c2. Pip mutant B3.9 is

only 40 kDa. However, other strains, for example B2.3 1 and B3.5, have longer Pip, but

are not able to form any plaques. The expression of Pip from B3 .9 was less than that from
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B.31 and B3.5 (Figure 6 and Figure 11). Cell-free cultures of B3.9 also showed a smaller

amount of Pip released into the medium than B2.31 and B3.5 Longer but still truncated

Pip may fold in a dysfunctional conformation that prevents phage binding. In order to
understand clearly the situation, a lot more work needs to be done.

Temperature sensitive strains 91.2 and 547.1 had different EOPs at the two

temperatures. One possible explanation is the difference in expression levels of Pip at the

two different temperatures. Less Pip was expressed and the EOP was lower at 37°C than

at 3 0°C. Another possibility is that these truncated Pips were less functional at 37°C than

30°C because of a change in conformation.

In the collected mutants, single nucleotide substitutions (silent, and missense
mutations) were identified. However, all of the silent or missense mutations were
identified upstream or downstream of other frameshift or nonsense mutations. This
showed that the mutagenesis techniques provided all kinds of mutations. However, the

single missense mutations may not be strong enough to change phage sensitivity.

Because the purified Pip 100-700 inactivated phage c2, I re-analyzed samples of

the 35 kDa protein shown by Valyasevi et al. (1991) to inactivate phage c2. The role of

the 35kDa protein in phage infection and its relationship to Pip was unknown. One
possibility was that the 35kDa protein might be a proteolytic product of Pip. To clarify

situation, column fractions from the purification (Valyaseli et al., 1991) of the 35kDa

protein were analyzed by Western blot and then probed with Pip antiserum. The fractions

showed one signal at about 94kDa, but there was no signal at the 35 kDa region. The

35kDa protein was visible in SDS-PAGE gel stained by a silver staining method,
suggesting that the 35kDa protein was not a proteolytic product of Pip because this
protein did not recognize Pip antiserum. The 35kDa sample was contaminated with a
small amount of Pip, giving the signal at wild-type Pip. It is uncertain if the 3 5kDa
protein plays a role in the inactivation of phage c2.

Evidence of the normal adsorption of cells with truncated Pip, the ability of
partially resistant mutants to form plaques with c2 when MSD was deleted, the presence

of truncated Pip in the cell pellets, and the ability to inactivate c2 of the cell-associated

Pip suggests that the functionality and binding of Pip to c2 is not simple. As discussed

earlier, in order to form plaques, c2 needs to bind irreversibly to Pip associated with the
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membrane. In this situation, there must be other ways beside MSDs to keep a portion of
Pip attached to the membrane. The possible explanation might be that the signal sequence
in the N terminal of Pip had not been released from the protein, keeping it associated with

the membrane. Mooney & Geller (2003) found evidence that Pip is an integral membrane
protein, and there was no evidence that Pip is covalently attached to the peptidoglycan

layer. However, the possibility that Pip protein might be connected to the cell wall or

other surface proteins by non-covalent interactions has not been studied. This possibility
might be the reason for the observations and results of this study.

Another possibility is that Pip needs another component to form a productive
infection. This component might act like a bridge between Pip and the cell membrane.

Phage c2 appears to bind reversibly to carbohydrates in cell walls, which is followed by

the irreversible binding to Pip. Pip was found to inactivate c2 in vitro. However, in order

for productive infection to occur, subsequent steps in the infection cycles need to happen

productively. The next step after irreversible binding is the DNA injection step. This may

require a specific conformation of Pip in relation to the cell membrane. The "helper"
component could act to keep Pip in such a conformation, perhaps even when the MSD is

missing. However, the role of MSD in phage infection cannot be eliminated because all

of the mutants selected have deficiency in MSD. A missense mutation in Pip might not be

strong enough to change the sensitivity of the host strain.

From all of the analyses of the resistant, partially resistant and temperature-
sensitive mutants, we have a hypothesis that both released Pip and cell-associated Pip are

present and functional in mutants with defective MSD. There is a competition between

Pip released into the medium and Pip associated with the cell membranes for the binding

to c2. The binding is either supported or suppressed by the conformations and available
binding sites of mutated Pip. If c2 binds to Pip released into the medium, c2 is inactivated

and no plaques can be formed. If c2 binds to attached Pip, provided that other
requirements are met, c2 can form plaques with the mutants.
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5. CONCLUSIONS

Although, the region required for phage infection could not be pinpointed, the study
provides more information about the function of Pip and might be helpful to find ways to
study Pip further. The main points of the study are summarized as below:

1. Soluble region of Pip (PiplOO-700), by itself, can inactivate phage in vitro.
Pip 100-700 may contain the actually binding sites for phage c2.

2. Conformation of Pip may be important for phage infection.
3. Membrane-spanning domain is important for phage infection, but not for

phage inactivation.

4. Missense mutations of Pip apparently do not change the phage-sensitivity of
L. lactis strain.

5. For productive infection, binding of phage c2 to Pip might require multiple
binding sites or multiple components.

6. The 35 kDa protein (Valyasevi, 1991) was not the proteolytic product of Pip.

There is no apparent relationship between Pip and the 35 kDa protein, and
there is no evidence that the 35kDa protein is involved in phage inactivation
or infection.

Future work

As the mutant B3.9 is able to form plaques with the Pip protein of only 40 kDa,
the region of Pip is important for phage infection. The Pip 100-700 inactivates phage c2,
and prevents c2 from forming effective plaques. This suggests that amino acid 100 to 400
is required for phage infection. I will concentrate on this region of Pip and try to gain
more information about this region. Subcloning can be done to find smaller regions of

Pip required for phage infection. More mutations in the region of Pip 100-400 can be
screened by different types of mutagenesis.

A site directed mutant with the deletion of Pip amino acid 401 to 700 will be
conducted and tested for phage sensitivity to c2. This is to characterize the sensitivity of
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the strain with Pip 100-400 when the multiple spanning domains are present. This mutant
will tell exactly the function of the membrane spanning domain. If the efficiency of
plating increases compared to the mutant B3.9, the membrane spanning domain is
important for effective infection.

The multiple spanning domain regions can also be studied further. It was shown
that the MSD is not required for either phage inactivation or phage infection. However, it
is required for effective phage infection. It was also shown that the temperature sensitive
mutants 91.2 and 547.1 have the membrane spanning domain partially deleted. Cell free
culture supernatant from these mutants did not inactivate phage c2 while supernatant
from mutants with MSD totally deleted activated phage c2. This suggests that the MSD is
important for anchoring the Pip into the cell membrane. The mutant pPipAhy (Mooney &
Geller, 2003) with the multiple spanning domains except for the most C terminal domain
deleted showed total resistance to phage c2. The pPipAhy mutant released functional Pip
into the medium. Therefore, the two most N terminal domains may be important for
anchoring Pip into the cell membranes. The site directed mutants of Pip with the deletion
of with the first and the first two membrane spanning domains deleted can be
constructed. The mutants will be tested for phage sensitivity and release of Pip into the
medium.
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