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ABSTRACT

Streptococcus mutans adheres to enamel and may subsequently cause caries. A
previously characterized surface protein releasing enzyme (SPRE), capable of detaching cells
from model biofilms may be a means to detach cells from enamel prior to the development of

caries. This work was undertaken to characterize the SPRE activity, and identify gene(s)
responsible for, or affecting the activity or production of SPRE. Characterization of SPRE
required development of a model system to assay detachment. In detachment experiments
biofilms were formed on epon-hydroxyapatite (EHA) rods, which mimicked enamel. To
mirror conditions in the oral cavity and to provide a specific mechanism for adherence EHA.
rods were conditioned with saliva or salivary agglutinin (SA). Stable biofilms were formed
after 1 hour. Detachment was determined to be temperature dependent, and had a pH
optimum of 5.5-6.0. In comparison to the controls, crude SPRE preparations were able to
induce detachment of significantly greater percentages of cells from model biofilm. The
susceptibility of SPRE to inactivation by pronase, suggested detachment was an active enzyme
mediated process. A pool of transposon mutants was produced and screened. A putative
SPRE defective mutant was isolated. In contrast to the wild type, SPRE prepared from the
mutant lacked the ability to detach cells from biofilms. Genetic characterization revealed a
single transposon insertion adjacent to the -35 region of an operon encoding a P-type ATPase
similar to CopA and CopB of Enterococcus hirae. The ATPase conferred high level (8 mM)
copper resistance to S. mutans. The transposon insertion was postulated to allow increased
expression of the operon by decreasing the affinity of a negative regulator, CopY, for its
binding site overlapping the promoter. Increased expression of the ATPase in the mutant was

believed to lower intracellular copper concentrations which may negatively effect SPRE.



ABBREVIATIONS

AEP Acquired enamel pellicle

ATP Adenosine triphosphate

BSA Bovine serum albumin

CAT Chloramphenicol acetyltransferase
DNA Deoxyribonucleic acid

DEPC Diethylpyrocarbonate

EHA Epon-hydroxyapatite

ELISA Enzyme-linked immunosorbent assay
HA Hydroxyapatite

IgG Immunoglobulin G

MIC Minimal inhibitory concentration
ORF Open reading frame

PBS Phosphate buffered saline

PBP Penicillin binding protein

PBST Phosphate buffered saline / Tween 20
PCR Polymerase chain reaction

PTS Phosphoenolpyruvate: sugar phosphotransferase system
RNA Ribonucleic acid

RCB Resting cell buffer

SA Salivary agglutinin

SPRE Surface protein releasing enzyme
sIgA Secretory immunoglobulin A



ACKNOWLEDGEMENTS

I would like thank my supervisor Dr. Lee; he had all the attributes expected from a
supervisor, most importantly, patience and knowledge. Additionally, his infectious
enthusiasm and belief that anything was possible got me through many tough spots. I
would also like to thank the members my supervisory committee, Drs. Hoffman, Mahony
and Ryding for support and helpful suggestions. I would particularly like to thank Dr.
Hoffman and the members of his research group for welcoming me into their lab and for
all of the help they gave me with the molecular biological techniques; without them I
would still be in the lab struggling with libraries and RNA._

I also wish to thank past and present members of Dr. Lee’s lab for their help and
friendship. Without them graduate school would have been a long, lonely pursuit.

I would also like to extend my thanks to the members of the Department of
Microbiology and Immunology, for all of your help from the time I began my bachelors
degree to suggestions for writing this thesis.

Most importantly I have to thank my family for everything! Ifit wasn’t for their
love, support, and encouragement non of this would have been possible.

Thanks also to everyone at Freewheeling for the good times.

Last, but not least, Karen. Your warm smile made all the difference.



LITERATURE REVIEW

Biofilms.

Many bacterial diseases require that the pathogen adhere to host surfaces. Adherent
bacteria may persist on a surface to form adherent microcolonies called biofilms which are
composed of bacterial cells and their produscts as well as components from the surrounding
environment (44). The adherent microcolo-nies may exist as a monolayer or develop into
multiple layers containing one or numerous bacterial species.

Biofilms are of great importance not only in disease but also in industrial processes.
Biofilm formation can hamper industrial process by causing corrosion, increasing resistance to
flow in water pipes, and reducing heat transfer on the water-cooled side of heat exchangers. In

Cystics fibrosis (CF), Pseudomonas aerugiriosa, can adhere to alveolar epithelial cells and

embed themselves in an exopolymer composed of alginate (44). P. aeruginosa biofilms within
the lungs CF patients may augment the disease state of CF by increasing the turbidity or
thickness of the already thick mucous in the lung (143). Additionally, Staphylococcus
epidermidis infection associated with implarated biomaterials may result in bacterial sepsis or
endocarditis (66). In the human oral cavity, adherent microbial biomass on tooth surfaces is
referred to as dental plaque, which is a multi:species biofilm composed of bacterial cells, their
products and salivary components. Under speecific conditions, dental plaque may lead to the
formation of dental caries and other diseases: (133).

The ubiquity of biofilms and significant effects biofilms have on their environments has
prompted significant research into biofilm formation and biofilm processes. In general, biofilm

formation is a four-step process: (i) The formation of a conditioned surface which involves the

1



2
coating of a surface with organic molecules with which bacteria may interact. This step may

not be necessary if the biofilm is to be formed on an organic surface such as the epithelium. (i)
Reversible adherence of bacteria to the surface through weak interactions such as Van der
Wals or hydrophobic interactions. (jii) Irreversible bacterial adherence to the surface which
requires specific interactions between macromolecules on the bacterial surface such as surface
proteins, carbohydrates, and pili or fimbriae with material on the conditioned surface. (iv)
Growth of the adherent cells to form microcolonies on the immobilised surface (213). Once
established, biofilms are extremely difficult to eradicate. Biofilm bacteria have been described
as more resistant to biocides, antiseptics, antibiotics, antagonistic environmental factors and

host defence systems (44, 68).

Dental plaque is an oral biofilm.
Dental plaque is a multispecies biofilm which forms on the hard surfaces of the oral

cavity (133). The enamel is formed of tightly packed hydroxyapatite crystals, the spaces
between which are filled with water and organic molecules. With the exception of the small
areas between the hydroxyapatite crystals, the enamel is composed of entirely inorganic
components, and is conditioned with organic molecules before biofilm formation may proceed.

Saliva bathing the teeth fulfils this requirement by coating the teeth with a thin layer of
glycoproteins, mucins and enzymes of salivary origin. This thin film of materials is commonly
referred to as the acquired enamel pellicle (AEP). Bacteria subsequently adhere to the surface
to form dental plaque.

By early adolescence, the flora of the mouth (particularly that of dental plaque) reaches

a complex mature state in which more than 200 bacterial taxa are present (72, 147). The

presence of such a diverse group of microorganisms does not mean the population is without
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some form of order. Bacteria exhibit a tropism for specific sites within the oral cavity with

gram-positive, facultatively anaerobic cocci and rods found in occlusal fissures and a
predominance of gram-negative, strict anaerobes in deep periodontal pockets (199).
Streptococcus mutans, for example, only colonises the tooth surface and is absent from the
mouths of predentate infants (32).

Even in the case of dental plaque formation there is temporal and spatial organisation.
The first bacteria to adhere to the surface are primary colonisers, bacteria which adhere to the
tooth via interactions with the acquired pellicle to form a monolayer of cells. After formation of
such a monolayer, the acquired pellicle is effectively masked by adherent bacteria. Subsequently
adhering bacteria, i.e. secondary colonisers, must then adopt another mechanism for adhesion,
i.e. different receptors must be utilised. Secondary colonisers possess intracellular adhesins
which recognise and bind to epitopes on the primary colonisers in a phenomenon known as
coaggregation allowing themselves to incorporate into the biofilm (108).

As previously stated, enamel is composed of hydroxyapatite crystals. The enamel
surface undergoes a dynamic cycle of breakdown and rebuilding (133); however, the balance
between demineralization and remineralization may be tilted in the presence of adherent
acidogenic bacteria whose metabolic end products can lower the PH to a critical pH (5.0 - 5.5)
below which remineralisation cannot occur. Ifthe acid load is too great and the pH remains
low for prolonged periods of time or frequently drops below the critical pH, demineralisation
will soon lead to tooth decay (133). Burne et al. (24) summarised that caries formation is an
ecologically driven process. Transition from healthy to diseased plaque correlates with changes
in the environment (repeated cycles of plaque acidification) which selects bacteria which can

tolerate the new environment.



Streptococcus mutans as an odontopathogen.

To identify dental pathogens (odontopathogens), one must examine the oral
environment of diseased individuals and isolate odontopathogens by finding a specific

bacterium or group of bacteria possessing virulence factors necessary to produce the observed
outcome. To cause caries, a suspect bacterium must be capable of (i) attaching and
accumulating to enamel, (ii) decreasing the near-neutral pH of the oral cavity to 5.0 - 5.5, and
(iii) surviving and proliferating in an acidic environment.

As early as 1924, S. mutans was isolated from carious lesions by Clarke (41).
However, the role of S. mutans in dental caries was discounted by investigators who could not
isolate it from plaque. This was due to the fact that S. mufans is not a normal inhabitant of
healthy dental plaques. If samples were taken from sites of carious lesions, however, a relation

could be drawn between decay and the presence of S. mutans (133, 134).

Adherence and accumulation of S. mutans at the site of dental caries.
S. mutans can adhere to the pellicle by a sucrose-dependent and -independent
mechanism (190).

Sucrose-independent adherence is mediated by the interaction of cell-surface proteins

with components of the AEP or with salivary proteins bound to primary colonisers (16, 115,
116). One of the more important surface proteins is antigen P1. P1, a 1561 residue protein
(185 kD) encoded by spaP (101, 125), is a member of the antigen I/II class of protein
receptors of oral streptococci. P1 has been shown to interact with salivary agglutinin (SA), a
high molecular weight glycoprotein (ca. 400kD) found in saliva and on the tooth surface (56,
91). The importance of P1 in facilitating adherence was illustrated by the inability of an
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isogenic P1-negative mutant 834 of S. nutans to adhere to salivary agglutinin-coated HA-

beads (126). A similar P1 isogenic mutant PC3370 was found to cause fewer carious lesions
than the wild type in a rat model, suggesting P1 is a virulence factor (47).

Members of the antigen I/II class of surface proteins have been the subject of
significant research. Their importance in adherence has prompted research to identify
mechanisms for surface localisation and the SA-binding regions. P1 is covalently linked to the
bacterial cell wall following signal sequence dependant translocation across the membrane (84).
Linkage to the cell wall is mediated by conserved sequences located at the protein’s C-terminus
(discussed below).

Once localised at the surface, two repeating amino acid sequences within P1, an N-
terminal alanine-rich (A-region) and a proline-rich (P-region), play important roles in mediating
the interaction with SA (101). Using truncated P1 proteins, the importance of the A-region
(amino acids 121-447) in binding to SA was first demonstrated (22, 48). Later work
reaffirmed the importance of the A-region in interacting with SA, but demonstrated that the P-
region may also be involved in interaction with SA (151). Munro ez al. (150), confirmed that
amino acids 816-1213, which are highly conserved among the antigen I/II family of adhesins
and include the P-region, mediate the interaction with SA_ Brady ez al. (21) attempted to
dissect the role of the P-region in adherence by engineering a protein with an internal deletion
of the P-region. The construct was successfully produced, but the protein failed to be surface-
expressed and remained in the cytoplasm. It was speculated that the internal deletion caused
misfolding and subsequent aggregation of the protein in the cytoplasm.

Collectively, the results imply that the entire P1 protein plays important roles in
mediating adherence of S. mutans to the AEP, with the P-region being particularly important.
The P-region appears to play a role in surface localisation and in folding of P1 into its native

conformation. When the protein adopts its tertiary structure, the A and P-regions may be
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spatially close and may function co-operatively to mediate a high affinity interaction with SA.

The sucrose-dependent mechanism for adherence of S. mutans to the enamel is

mediated by glucosyltransferases (GTF). S. mutans produces three GTFs of which, GTF-I and
GTF-SI encoded by g#/B and g#fC respectively, produce insoluble glucans composed mainly of
alpha-1,3 linked chains of glucose and shorter branches of alpha-1,6 chains (181, 210).
Although the main products of GTF-SI are insoluble glucans, GTF-SI also produces soluble
glucans (75). The insoluble glucan products may remain associated with the cell, deposited on
the enamel, or cleared from the oral cavity. The third GTF, GTF-S, encoded by g#/D produces
soluble glucans consisting of mainly alpha-1,6 linked glucose that may diffuse through plaque
to be used as an energy source by S. nmutans and other microorganisms (76, 85). The
functional domains of these GTFs enzymes lie at their termini. At the N-terminus is the
catalytic centre that binds and hydrolyzes sucrose (99, 148, 209). The C-terminus binds the
growing polysaccharide chain into which the monosaccharide will be incorporated (2, 97, 220).
The C-terminus is also suggested to aid in the surface localization of the enzyme (98). When
surface localised, the protein may aid in bacterial adherence by binding to polysaccharides in
plaque.

The three GTFs can be found in saliva and on the enamel. In vitro experiments
demonstrated that GTFs can associate with hydroxyapatite, remain active, and produce giucans
that induce adherence of S. mutans (176, 215). Studies with GTF knock-out mutants
confirmed the importance of these enzymes in adherence. Deletion of g1fC resulted in the
greatest impairment of adherence, and was the only enzyme that could restore adherence of a

triple gzf knockout (208). In vivo experiments with similar knockouts demonstrated that gz/B

and g7fC, which encode enzymes that produce insoluble glucans, had a greater impact on the

ability to induce caries, perhaps due to the inability of the bacteria to accumulate on the enamel
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and encapsulate themselves within a layer of polysaccharides (149, 224). The polysaccharides

encapsulating biofilms may be critical for the viability of cells in the biofilm. Without
polysaccharides the biofilm could grow following intercellular adhesion; however, without a
porous polysaccharide layer, the biofilm would just be a dense cluster of cells which nutrients
may not be able to penetrate, thus causing the plaque community to die.

Sucrose-dependent adherence may also be facilitated by cell-associated non-enzymatic
glucan-binding proteins (Gbp) (172, 186). The importance of GbpA was demonstrated by an
S. mutans isogenic mutant. In the absence of GbpA it was expected that fewer bacteria would
adhere, thus decreasing the virulence. However, the results were the opposite of the expected
in that virulence was increased; there was not a marked decrease in adherence, althou'gh a
change in the structure of the plaque was noted (80). Plaques were now light and fluffy in
contrast to the densely packed irregular-shaped plaques of the wild type. GbpA was
hypothesised to mediate the formation of the dense plaques. In the absence of GbpA, the slight
morphological change may have produced a more porous plaque into which more nutrients

could diffuse. This would allow the plaque pH to remain low and lead to demineralisation.

Acid end product of cellular metabolism.

Fifty-five years ago, a relationship was drawn between the availability of a fermentable
carbon source (e.g. glucose) and acid production (191). The pH within plaque was shown to
drop markedly following rinsing with a 10% glucose solution (43, 62). Subsequent experiments
demonstrated that S. mutans and S. sobrinus headed the list of acidogenic bacteria (107, 145,
146). S. mutans metabolizes carbohydrate solely by the Embden-Meyerhof glycolytic pathway
(23, 223). Utilizing the glycolytic pathway in the presence of excessglucose S. mutans can

catabolise more than 80% of the glucose it consumes into lactic acid (33, 197).



Nutrient acguisition.
The outcome of the acidogenic metabolism is clear, but to metabolize the carbohydrate

the bacteria must first acquire the carbohydrate. S. mutans must compete with other
inhabitants of the oral cavity for the carbohydrates available in the environment. Import of
sugars is accomplished by an extremely efficient phosphoenolpyruvate: sugar
phosphotransferase system (PTS). The PTS system of S. mutans can import and
phosphorylate sugars including fructose, glucose, lactose, mannose, mannitol, sorbitol, sucrose,
trehalose and xylitol. This is accomplished by the concerted effort of three components,
cytoplasmic non-sugar specific enzyme I (EI) and Hpr, and a sugar specific membrane bound
enzyme IT (EII) complex. EI accepts a phosphate group from phosphoenolpyruvate and
transfers it to the hisitidine residue on Hpr, which phosphorylates the first phosphorylation site
on EIl. EII has three functional domains that may or may not form a single peptide. The first
phosphorylation site is on EITA, the second on EIIB. The last functional domain, EIIC,
contains the transmembrane channel through which the sugar is translocated and

phosphorylated (212).

Acid tolerance.

The environment colonized by S. mutans is very harsh. S. mutans must respond to
fluctuations in nutrient availability and the type of nutrient supplied. The bacterium is also
faced with significant environmental stress: it must survive in an environment in which pHis
being acidified as a result of its own metabolism. Adaptation to environmental stresses is not a
new phenomenon. Escherichia coli and Bacillus subtilis possess alternative sigma factors
functioning to regulate expression of proteins required for stationary phase of growth, growth

in nutrient depleted environments, and in low pH conditions (12, 168). Evidence for a similar
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adaptive response in S. mutans was uncovered following identification of a heat shock protein,

DnaK, which appears to be regulated by a sigma factor similar to the sigma-f stress response
regulator of B. subtilis (90). The expression of DnaK increases in response to low pH and in
acid-adapted cells which suggests that an alternate sigma factor may regulate the acid response
in S. mutans. Subsequent experiments identified 36 cellular proteins synthesized during the
incubation at the intermediate pH (74). The multiple factors mediating the acidurence of S.
mutans were also demonstrated by the identification of a variety of acid-sensitive transposon
mutants (70). One of these acid-induced proteins is an endonuclease functioning in a RecA
independent manor to protect acid-challenged bacteria from loss of purines and pyrimidines
resulting from decreased stability of the glycosyl bond at lower pHs (132, 167).

Although some proteins are specifically expressed following exposure to low pH, S.
mutans has inherent capabilities that allow it to tolerate acidic pH. Its glycolytic enzymes have

a lower pH optimum and are capable of carrying out glycolysis at extracellular pH values as

low as 4.0 (14, 78, 89, 196). The most important enzyme for acid resistance is the proton
translocating ATPase (104). The ATPase of S. mutans has a low pH optimum and a very high
activity which enable it to pump protons out of the cell and maintain a small ApH (0.5 -1.0 pH

units) across the cell membrane (13, 14, 51, 73, 96, 193).

Detachment of biofilm cells.

Most of the work done on controlling biofilms has focused on limiting adherence or
accumulation. These strategies require modifying the surface or the addition of products (e.g.
surfactants) to interfere with biofilm formation (159). An alternative strategy is to retroactively

remove the adherent population. However, there is limited information available on the



10
processes for detachment of biofilm cells. Detachment is often an “after thought” and has

usually been attributed to four nonspecific processes (30): () Predator harvesting or grazing of
cells from biofilms by protozoa. This type of removal may only come into play in complex
aquatic environments. (if) Abrasion of cells by particles from the environment. (iii) Shear-
related removal caused by the flow of liquids over the biofilm, where a direct relationship
between increased flow rate and detachment of biofilm cells has been observed (38). (iv)
Sloughing, an event where large numbers or entire sections of biofilms detach from the surface.
Sloughing may result from activities deep within the biofilm, such as cell death of primary
colonizers, or changing environmental factors which weaken the structure of the biofilm.

In addition to the above, cell division may result in detachment through the loss of
daughter cells (31, 118). It has been demonstrated that cells detached from growing
microcolonies can recolonize the surface close to the parent colony (117). However, these
studies do little to advance our capabilities to detach adherent populations. While not actually
a strategy to detach biofilm cells, Costerton, et al. (45) used the unique combination of electric
fields and antibiotics to eradicate biofilms from implanted devices. These workers exposed P.
aeruginosa biofilms to tobramycin at concentrations usually unable to affect biofilm cells.
However, when an electric field was applied the efficacy of the antibiotic was increased
allowing eradication of the biofilm cells.

Significant progress came with the demonstration that biofilms could be detached from
surfaces by treatment with enzymes (93, 179). Using serratiopeptidase, a metalloprotease, in
combination with the antibiotic oflaxin, Selan ef al. (179) were able to detach and kill P.
aeruginosa and Staphylococcus epidermidis from biofilms. Johansen, et al. (93) used two
enzyme strategies: the first, Pectinex Ultra SP (a multicomponent enzyme mix containing

protease activity, and a wide range of carbohydrases) was used to detach S. aureus and S.
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epidermidis from biofilms. The second strategy used mutanase and dextranase to detach

biofilms formed on saliva-conditioned hydroxyapatite with an inoculum of an 1:1-1 mixture of
S. mutans, Actinomyces viscosus, and Fusobacterium nucleatum.

While there are limited examples demonstrating detachment of biofilm cells by means
that may be adapted for in vivo applications, enzymatic detachment may be one of the most

promising methods.

Combating dental caries.

In combating dental biofilms, the most widely used method is tooth brushing, which
limits or removes plaque by mechanical means. However, there are currently two schools of
thought on finding methods to decrease the incidence of caries. These are to prevent pH drops

in the oral cavity and to limit bacterial adherence to the enamel.

Physiological approach to control biofilms.

§. mutans takes over sites in the oral cavity following pH changes brought on by the
release of lactic acid. When human volunteers rinsed with buffers of various pH’s, neutral
buffers had no effect on the populations of S.mutans, while low pH rinses led to an enrichment
of these bacteria (194). These findings were also observed in experiments involving controlled
microbial communities growing in a chemostat (19). When a neutral pH was maintained,
glucose pulses had no effect on the populations of S. mutans. However, when the pH was
allowed to fall after glucose pulses, there was an increase in the S mutans population at the

expense of bacteria associated with healthy plaques.

Some researchers have attempted to prevent pH changes prior to the occurrence of
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ecological shifts. The most direct approach is to limit acid production by curbing the

metabolism of S. mutans, e.g., the use of fluoride to impair glycolysis. Studies on microbial
communities in a chemostat demonstrated that low levels of fluoride have no effect on
proportions of individual species at neutral pH (20). At lower pH, fluoride could limit selection
of S. mutans, thus reducing the acid production by the community and allowing acid-sensitive
organisms to persist. Further biofilm studies also showed that the incorporation of fluoride into
the substratum limited growth and accumulation of adherent populations (131). Other
antibacterial compounds such as chiorhexidine and Triclosan, which interfere with sugar
transport and glycolysis, have also had success in stabilizing microbial communities (140, 175).
The advent of sugar substitutes such as aspartame, saccharin and xylitol, which have
potential to inhibit bacterial growth, have positively influenced oral health (67). Afact
capitalized upon by the chewing gum industry is the use of sugar substitute-containing gums to
reduce the introduction of fermentable sugars into the oral cavity and thus decrease the
frequency of dips in pH leading to demineralisation. Additionally, mastication from gum
chewing would stimulate saliva flow which is beneficial to oral health (139). Chemostat and
clinical studies using xylitol or xylitol- containing products demonstrated reduction in acid
production and selective inhibition of S. mutans (18, 88, 195). An alternative to preventing the
pH drop is to raise the pH within the oral cavity. Metabolism of arginine-containing peptides
or urea by organisms such as . sanguis can lead to higher pH’s. Sissons (183), using an
artificial mouth model, has demonstrated that the pH within the biofilm can be sustained at

neutral values when supplemented with urea or arginine (184).

Limiting bacterial adherence.

Efforts have also been made to prevent the incorporation of S. mutans into plaque by
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modifying the adhesion process. Primarily, this has been achieved by using antibodies to block

adhesion of S. mutans. The antibodies may be applied topically or may be the product of an
active immune response. Topical application of antibodies was first demonstrated in monkeys.
By repeated topical applications of anti-P1 monoclonal IgG antibodies directly onto the teeth
of thesus monkeys, investigators were able to show a reduction in caries (127). In humans,
reductions in S. mutans colonisation following application of monoclonal antibody to the teeth
was also demonstrated (138). Following success with monoclonal IgG antibodies, researchers
attempted similar experiments with secretory IgA (sIgA). It was believed that sIgA may be
more relevant for this use as sIgA is the predominant antibody in the oral cavity. The method
by which the antibody was developed is rather interesting: researchers used transgenic tobacco

plants to express sIgA which recognised P1 of S. nutans (136, 137). The ability of the

antibody to agglutinate S. mutans cells suggested that it may be useful in clearing agglutinated
clumps of cells from the oral cavity. Even if the antibodies were capable of limiting
colonisation or decreasing the prevalence of caries, this mechanism is a band-aid remedy. That
is, it requires periodic use of an oral care product containing antibodies in order to prevent
accumulation of the S. mutans. Importantly, the results did fuel the argument that sIgA can
decrease bacterial adherence, and if S. mutans cannot adhere, it cannot cause caries.

To provide long term protection, the best strategy is to induce active Immunity.
Synthetic peptides of the GTF that form insoluble glucan were injected subcutanously into rats
and found to be capable of eliciting an antibody response which could inhibit GTF function
(187). This method for inducing active immunity was promising, but like the passive immunity
strategy, it has some drawbacks. Specifically, the antigens, like the topically applied antibodies,
are quickly broken down or cleared from the oral cavity so only a small proportion of the

antigen may actually get to the gut-associated lymphoid tissue in order to induce mucosal
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immunity. To raise antibodies to an antigen that does reach the lymphoid tissue, researchers

attempted to make the antigens more immunogenic by fusing them to the B subunit of cholera
toxin. Chemical association of the cholera toxin B subunit and P1 was shown to produce an
antibody response capable of limiting colonisation and caries in rats {100). Later studies
demonstrated that the salivary binding domain of P1 associated with the B subunit of cholera
toxin had similar effects (71).

The next step in the development of a caries vaccine was the use of particulate
antigens. Studies in rodents described the delivery of antigens to the Peyer’s patches in
liposomes (36). The liposomes were believed to slowly release their contents to provide
increased exposure of the immune cells to an antigen such that a single dose may provide
primary and secondary mucosal immune responses (170). It was later shown that sIgA.
responses were present following oral immunization of humans with GTF-containing
liposomes (37). In order to insure prolonged exposure to an antigen, researchers turned to live
oral vaccines in which the antigen is expressed on the cell surface of an innocuous bacterium.
The bacteria would colonise the host and the surface-expressed antigen would be available for
presentation to the immune system. This was first attempted with an avirulent Samonella
typhimurium strain expressing P1. Intranasal or intragastric immunisation of mice with these
strains was able to induce the production of anti-P1 sIgA (77). Later work focused on using
organisms naturally present in the oral cavity to express antigens on their surfaces (124). In
this example, the immune response would be mounted at the site of future challenge which may

increase the success of the live vaccine.

The Gram-positive bacterial cell wall.

Beyond the membrane of gram-positive cells one finds a thick cell wall composed of
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peptidoglycan surrounding the cell. The primary function of the wall is to protect the

protoplast from osmotic forces, but it also maintains the shape of the cell. To function in these
capacities the cell wall must be rigid but flexible. Rigidity is provided by glycan chains
consisting of 5-30 repeating units of the disaccharide N-acetylmuramic acid-(Beta-1,4)-N-
acetylglucosamine (NAM-NAG) (111). The D-lactyl moiety of each NAM is amide linked to a
short peptide, the stem peptide, which might in turn be directly or indirectly cross-linked to a
stem peptide of a neighbouring glycan strand creating a three dimensional lattice (200-202).
The elasticity of the cell wall may be attributed to the cross-linking of glycan strands via the
peptides where a fourfold length difference between folded and extended conformation has
been demonstrated (111). While the glycan chain of the cell wall is invariant, the amino acids
comprising the stem peptide can vary from one bacterium to another (111). The structure of
the peptidoglycan of S. nutans is shown in Figure 1A.

Synthesis of peptidoglycan may be divided into three separate stages. Peptidoglycan
synthesis begins in the cytoplasm where the disaccharide stem peptide monomer units are
produced. In these reactions, UDP is first linked to NAG, which is subsequently converted to
UDP-NAM. The stem peptide is subsequently assembled on the UDP-NAM by sequential
addition of amino acids to UDP-NAM. After finding its way to the bacterial membrane the
NAM-pentapeptide is then phosphodiester linked to an undecaprenyl-pyrophosphate lipid
carrier to form lipid I. NAG is subsequently transferred to lipid I, forming lipid I. Amino
acids, L-Ala-L-Ala-L-Lys, which may eventually crosslink stem peptides are also added to the
€ amine of the lysine on the stem peptide to complete the repeating unit of the peptidoglycan
(7, 81). This single unit is then translocated across the cell membrane where it can be
incorporated into the cell wall (142).

Incorporation of this unit into the existing peptidoglycan leading to the maturation of

the cell wall requires the concerted effort of two enzymatic activities catalyzing the formation
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Figure 1. A diagrammatic representation of surface-localization and anchoring of antigen

P1 and release of P1 by SPRE (surface protein-releasing enzyme) in Streptococcus

mutans. A. Detailed S. mutans peptidoglycan structure with P1 attached to the cross-
bridge. Arrows shown are targets of peptidoglycan hydrolases. 1, N-
acetylglucosaminidase; 2, lytic transglycosylase; 3, N-acetylmuramyl-L-alanine amidase; 4,
endopeptidases; and 5, D-alanine carboxypeptidase. B. Steps involved in the anchoring
of P1 to the peptidoglycan and the release of P1 by SPRE. 1: Translocation of P1 across
cytoplasmic membrane via the protein secretion machinery. 2: Temporary “halt” and
association of the precursor P1 with the membrane by the membrane-spanning domain and
charged tail. 3: The LPXTGX cleavage enzyme sortase (S), cleaves the P1 precursor
between the Thr and Gly residues. 4: The linkage of the cleaved P1 to the peptidoglycan
cross-bridge. 5: SPRE makes specific bond cleavage at the C-terminal anchoring

structure to release P1.
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of glycosidic and peptide bonds. Polymerization of the peptidoglycan unit catalyzed by

transglycosylases allows chain elongation. Transglycosylases may be bifunctional enzymes
which are also able to form peptide bonds. These bifunctional enzymes, known as penicillin
binding proteins (PBPs), have been identified in numerous bacteria and are essential for growth
(63, 65). In addition to catalyzing the formation of the glycosidic bond the high molecular
weight PBPs also cross link glycan chains in a transpeptidation reaction (63, 65).
Transpeptidation proceeds following proteolytic cleavage of the terminal D-Ala from the stem
peptide of a neighbouring glycan chain with concomitant formation of a covalent bond between
D-Ala of the stem peptide and the L-Lys of the cross bridge peptide (7). By crosslinking
glycan chains the nascent glycan chain is drawn up into the existing cell wall above. While
crosslinking is necessary for the maturation of the cell wall, not all stem peptides participate in
crosslinking. The degree of crosslinking varies among bacterial species. Those stem peptides
not crosslinked are trimmed by low molecular weight PBPs functioning as carboxypeptidases.

Having a rigid cell wall that resembles an exoskeleton does place constraints on the
cell. While crustaceans shed their exoskeleton, bacteria cannot. Instead the bacterial cell wall
must grow as the cell does. To accomplish this, bacterial cells possess enzymes capable of
digesting the glycan and peptide fractions of the cell wall allowing the rigid structure to expand.
A class of enzymes called autolysins, ubiquitous among bacteria, function in this capacity
(182). Several autolytic enzymes exist and their sites of action are indicated in Figure 1A.
Essentially the autolysins break down the cell wall creating acceptor sites to allow
incorporation of new cell wall materials as the cell grows and divides. As their name suggest,
the autolysins are also capable of lysing bacterial cells by weakening the wall. Autolytic activity
can be affected by the ionic environment, secreted proteases and an energized membrane (35,
94, 95). There are also suggestions that autolysins may be regulated by the conformational

state of peptidoglycan. Autolysins may recognise stressed peptidoglycan at the site of cell
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division and areas of cell growtln where expansion stretches the wall to its limit (102, 106).

The remaining question is the tezmporal activity of the autolysins and peptidoglycan synthases
(transglycosylases and transpept-idases): if peptidoglycan autolysis occurs first, followed by
incorporation of new peptidogly~can, there is a period of time when the cell may be vulnerable
to osmotic pressure. Inside to osutside growth of the bacterial cell wall could circumvent this
dilemma (10S). In this case, nevw peptidoglycan chains formed at the bacterial membrane are
incorporated into the existing streess bearing layer of peptidoglycan above in a “make-before-
break” strategy. In this model, peptidoglycan in the centre of the wall provides support for the
cell and is replaced by peptidoglgcan from below as the cell grows. The outermost layers of
peptidoglycan would then be broken down facilitating growth. The process is hypothesised to
be catalysed by a multienzyme complex that moves along existing peptidoglycan and copies it

in a manner similar to DNA poly-mearse (82).

Anchorage of P1 to the celll surface.

Antigen P1 is one of mary proteins of gram-positive bacteria anchored to the cell
surface via its carboxyl terminus. Other similarly anchored surface proteins include protein A
of S. aureus, M protein of group A streptococci, and internalin of Listeria (152). To mediate
surface localization, proteins posssess several important characteristics at the C-terminus. At the
extreme C-terminal end of the preotein is a short charged tail, preceded by a stretch of 15-22
predominantly hydrophobic memabrane spanning residues. Just past this hydrophobic sequence
towards the N-terminus is a conseerved hexapeptide motif, LPXTGX. N-terminal to the
LPXTGX is a cell wall spanning megion comprised mainly of charged and polar residues
consisting of glycine and proline at regular intervals (57, 177).

Each of the C-terminal staructures is critical for the correct sorting of the protein to the
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cell surface. Deletion of only the charged tail alone abrogates surface localisation as does

deletion of the charged tail and the membrane spanning domain (83, 178). The two domains
likely function to anchor the protein at the membrane allowing subsequent covalent linkage to
the cell wall (Fig. 1B). Data regarding the nature of covalent linkage of the protein to the cell
wall was obtained by studying the linkage of protein A to the staphylococcal cell wall (144,

153, 178, 204, 206). Once in position at the cell membrane, the protein becomes the substrate
of the enzyme sortase, a 206 amino acid protein encoded by the gene srt4 identified in S.
aureus (144). The enzyme appears to be a sulfhydryl-containing enzyme, with analogues in
other gram-positive bacteria including Enterococcous faecalis, B. subtilis and S. mutans.
Sortase catalyzes a two-step transpeptidation reaction (144, 206). In the first step the enzyme
cleaves the membrane-bound protein between the threonine and glycine in the LPXTGX motif
to form a thioester linkage between the carboxyl of threonine and the enzyme sulfhydrol. A
free amino group within the pentaglycine cross-bridge may then act as a neclophile to resolve
the acyl enzyme intermediate (205, 206). The final result of the reaction is the production of an
amide bond between the threonine of the surface protein and a free amino group found on the
cross linking peptide of the cell wall. In S. mutans, the threonine would be linked to a lysine in
the cross-bridge (Fig. 1A). The reaction catalyzed by sortase does not require the presence of
a mature cell wall. The transpeptidation reaction can occur in the presence of cell wall
precursors, as the reaction has been demonstrated in protoplasts (205). In the protoplast, the
reaction would leave the surface protein linked to a cell wall precursor that has not been
incorporated into the peptidoglycan matrix .

The importance of the LPXTGX motifis apparent; however, the significance of the
wall-spanning motif'is uncertain. These polar amino acids have been shown to be buried or
masked by the cell wall, presumably due to their intercalation in the peptidoglycan (84), and are

capable of facilitating weak non-covalent association of the surface protein with the cell surface
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(83). As the charged tail and the hydrophobic membrane-spanning region localized the protein

in a position where sortase may catalyse its linkage to peptidoglycan, the wall-spanning motif
may serve to keep the protein-cell wall precursor complex close to the cell membrane where
the wall precursor could be incorporated into the existing wall by peptidioglycan synthases.
Without the wall-spanning region, the protein-cell wall precursor complex might easily be lost
from the cell surface prior to incorporation of the unit into the peptidoglycan.

These common characteristics of gram-positive surface proteins and the identification
of sortase and its analogues in other gram-positive bacteria implies a universal mechanism for
surface localization among proteins possessing the LPXTGX hexapeptide at their C-terminus
(Fig. 1B). Additional support for the theory comes from experiments demonstrating the ability

to surface localize P1 on the surface of Streptococcus gordonii and E. faecalis (83).

Release of bacterial surface proteins.

The cell surface has been described as plastic, in that it has a variable composition.
Variations have been observed between biofilm and planktonic cells (cells in the fluid phase),
cells in different growth phases and cells grown in the presence of sub-inhibitory concentrations
of antibiotics. One mechanism by which cells could alter their surface characteristics is to
release proteins from their cell surface. Pancholi and Fischetti (161) reported an endogenous
enzyme activity, termed MACE, which liberated M protein from S. pyogenes. Lee (121)
identified a surface protein-releasing enzyme (SPRE) which released full length P1 from the
surface of S. mutans. While both enzymes release full length proteins from the cell surface,
they are slightly different. SPRE had a lower pH optimum (6.0) and was not inhibited by
calcium in comparison to MACE, which was inhibited by calcium and had a pH optimum of
7.4 (121, 161).
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Figure 2. The possible functions of SPRE. 1, SPRE could cleave P1-sIgA complexes
from the cell surface; 2, release P1 from the cell surface to function as immuno-decoys and
3, or cleave P1 from the surface allowing detachment of biofilm cells from a colonized

surface (grey bar) conditioned with salivary proteins (black triangles).
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Additional studies on SPRE activity suggested potentially useful functions of the enzymatic

activity (Fig. 2). In some instances the released P1 was observed to be complexed with sIgA
suggesting SPRE may selectively and actively release P1-sIgA complexes to abrogate

inhibitory effects of sIgA on the adhesion of S. mutans to SA-conditioned surfaces (120).

Alternatively, P1 release by SPRE may increase the pathogenicity of S. mutans by releasing P1
into the saliva, thus providing a mechanism to neutralize sIgA. Active release of P1 by SPRE
may also explain the reported reversibility of sucrose independent adherence as demonstrated
by SPRE’s ability to detach S. mutans cells from biofilms (123).

Unfortunately, SPRE has yet to be isolated and we can only speculate on its identity
and mechanism of action (Fig. 1B). There is a possibility that SPRE is an autolysin that
degrades the peptidoglycan to which proteins are attached. Many of the proteins that are
anchored to the peptidoglycan are released from the surface and often found in the culture
supernatants (53, 152). This release may be due to the breakdown of the cell wall during
growth and cell division. While the relationship of SPRE to autolysins is not known, the fact it
releases proteins anchored to the peptidoglycan suggest it likely has an enzymatic mechanism
and specificity similar to autolysins.

A tightly regulated surface protein releasing enzyme may augment S. mutans ability to
persist in vivo by allowing S. mutans to shed P1 and other antigenic surface proteins.
Alternatively, if the micro-environment was depleted of nutrients or became inhospitable due to
the accumulation of acid produced during the metabolism of sucrose, SPRE could facilitate
detachment of the bacterium thus enabling it to re-adhere elsewhere. Ifisolated, the enzyme

would also be a useful tool for the removal of cells from the enamel.
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During the course of my research a copper transport operon which encodes a P-type

ATPase and two regulatory proteins was identified. This operon appears to play a role in
SPRE activity and detachment of S. mutans cells. Therefore, relevant background on P-type
ATPases is reviewed below.

P-type ATPases and their role in heavy metal homeostasis.

Transition metals such as copper, molybdenum, and zinc are essential to life
because of the catalytic and structural roles they play in proteins and other biomolecules.
At the same time, these ions are very toxic to both eukaryotic and prokaryotic cells. The
ions can bind to proteins and nucleic acids and may cause oxidation of lipids and proteins.

-Most organisms use a redundant array of cellular mechanisms to limit the toxicity of metal
ions. These detoxification systems can be subdivided into reduction of metal uptake,
enhanced metal exportation, and sequestration mechanisms (50).

There are a number of ion-motive ATPases which have arisen during evolution
with varied structures and mechanisms of ion translocation (163). The cation
translocating P-type ATPases, which derive their energy from ATP hydrolysis, are among
the more common pumping mechanisms used to control the flow of ions into and out of
cells and organelles. The P-type ATPases are ubiquitous; to date, 211 ATPases have been
isolated from both eukaryotic and prokaryotic cells (160). Almost all of the heavy metal
transporting ATPase, with the exception of CopA of Enferococcus hirae, are involved in
pumping heavy metal ions out of the cells. In general, P-type ATPases are roughly 90-200
kDa proteins with four functional domains. These pumps are comprised of a single
catalytic subunit which changes conformation upon phosphorylation of an aspartate
residue in the invariant DKTGT sequence of the phosphatase domain. During the
phosphorylation process, ATP is bound by its y-phosphate via a Mg**-mediated salt bridge
to the conserved sequence VGDG in the aspartyl kinase domain (180, 188). F ollowing
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phosphorylation, localized conformational changes occur as the ATPase adopts the E2

conformation allowing translocation of cations across the membrane through a conserved
CPC ion transduction motif. Subsequent dephosphorylation involves the removal of the
phosphate group from the aspartate residue mediated by the phosphatase domain, which
contains the conserved peptide TGES, and leads to a return of the ATPase to the E1 state.

Due to their recent discovery and the difficulty associated with working with
integral membrane proteins, the exact mechanism by which copper-specific P-type
ATPases pump copper ions across a membrane is not known. The best studied of the
heavy metal translocating ATPases are the Wilson and Menkes disease-associated proteins
and the CopA and CopB of E. hirae. Since all the conserved domains are on the
cytosolic side of the membrane, it is simplest to explain the proposed mechanism of action
for the CopB, Menkes, and Wilson proteins. It is proposed that binding of copper ions to
the copper-binding motif{(s) causes a conformational change which exposes the buried
conserved aspartic acid residue within the DKTG motif. Phosphorylation of this residue
by ATP causes a conformational change which allows the opening of the transmembrane
channel and hence translocation of the copper ions away from the cytosol (50). This
model is fairly easy to conceptualize since the copper ions to be translocated and the
copper binding domain(s) are both on the cytosolic side of the membrane, Understanding
how CopA works, however, is considerably more difficult since the copper-binding
domain is intracellular and the ions to be translocated are extr#cellular. For this reason, no
clear mechanism for the activation of CopA has been proposed, but it is conceivable that it
is the dissociation of copper ions from the intracellular copper-binding domain which
causes the conformational change necessary for phosphorylation and hence ion

translocation into the cytosol to occur.
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Regulation of P-type ATPase.

In bacteria, the expression of P-type ATPase is regulated. The E. hirae cop
operon is a well-studied operon. The operon contains four genes, cop¥, copZ, copA, and

copB (155, 157). CopY and CopZ are two regulatory proteins, and CopA and CopB are
two P-type ATPases which respectively function to import and export copper from the
cell (155-157). Expression of the operon is minimal at physiological copper
concentrations but induction occurs at high (>100uM) copper concentrations or after
copper chelation with o-phenanthroline (10 uM) (222). Repression of the operon is
mediated via binding of a CopY dimer to an inverted repeat sequence overlapping the -35
and -10 region of the promoter (192). At high copper concentrations, repression is
relieved by CopZ which is believed to deliver copper to the heavy metal-binding site of
CopY (42). Copper binding is believed to induce a conformational change in CopY bound
to the inverted repeat sequence causing the disssociation of the CopY - DNA complex and
thereby de-repressing transcription (42). The expression of the operon is also induced in
low copper environments, however the mechanism of this induction is not completely
clear. Induction of the operon by low copper concentration would facilitate import of
copper by CopA. However, this would also result in more CopB being produced, which
would pump copper out of the cell the moment it was transported in by CopA. Perhaps,
there is another mechanism to control the activity of the two ATPases under this

condition.
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Roles of the P-type ATPases in virulence.

The primary function of the P-type ATPase is to regulate intracellular
concentrations of heavy metals. However, these ATPases appear to play a role in other
cellular activities including virulence.

Francis et al. (58, 59) showed that a Listeria monocytogenes strain devoid of a P-
type ATPase was less virulent than the wild-type. The mutant was not impaired in
intracellular growth. However, when it was used to infect mice, dramatically fewer
bacteria of the mutant strain were recovered from tissues of the animal as compared to the
wild-type strain (59). Unfortunately, there were no concrete explanations for the
observed differences between the wild type and the mutant. Perhaps without the ATPase,
the bacteria may simply have not been able to survive the extracellular phase of infection.
Alternatively, without the ATPase increased intracellular copper concentrations may have
altered gene expression by modifying the activity of PrfA. PrfA is a positive regulatory
protein that controls expression of numerous virulence genes in L. monocytcgenes (128).
PrfA has been shown to respond to iron (15). It is possible that excess copper may also
affect its activity at the promoters of virulence genes leading to the results observed in the
animal experiments.

On the other hand, Lai ef al. (113), showed that a P-type ATPase may be involved
in cell swarming of Proteus mirabilis. These workers demonstrated that the expression
of the ATPase was maximal in swarmer cells, and that cells lacking the P-type ATPase did
not swarm. Examination of the gencs involved in flageller biogenesis revealed their
expression was reduced in the cells that did not express the ATPase (113). However, the

direct link between the P-type ATPase to flagellar biosynthesis is not known.



29
In Mycobacterium tuberculosis, eleven P-type ATPase have been identified ). It

is not clear why this bacterium possesses so many different P-type ATPases. It is known
that superoxide dismutase and catalase which contain copper or iron as cofactors, are
important factors for intracellular survival of M. tuberculosis. Perhaps, an efficient

ATPase activity may be necessary for the bacterium to produce these enzymes.



RESEARCH OBJECTIVE

Biofilms are ubiquitous and are of great importance in disease. In the oral cavity
biofilm formation by S. nmutans may lead to the development of dental caries. F inding a means
to remove adherent bacteria from biofilms may have significant implications in medicine and in
industrial processes. Previous findings from this laboratory have shown that S. nmuzans can
actively detach from a hog gastric mucin-conditioned surface. The detachment was suspected
to be mediated by an endogenous enzyme activity termed surface protein-releasing enzyme
(SPRE).

Although the previous work provided preliminary characterization of the enzyme, the
exact nature of SPRE and factors affecting its activity were still unknown. Additionally, the
model biofilms used in the previous work were not relevant to the oral cavity. Hence, the
prime objective of my research was to further characterize the SPRE activity, identify factors
affecting its activity, and determine its role in detachment of S. mutans cells in a model system.

The specific goals were to (a) improve the model biofilm by mimicking conditions in
the oral cavity, (b) to characterize the SPRE, and (c) to isolate a genetic locus affecting the
SPRE and detachment.

The results obtained may provide better insight into how S. nuutans can detach from

surfaces. Understanding detachment processes for S. mutans may eventually allow us detach

S. mutans and other bacteria with similar mechanisms of adherence from biofilms.
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MATERIALS AND METHODS

Bacterial strains, media, plasmids and culture conditions.

Streptococcus mutans NG8 and JH1005 (serotype c) were grown in Todd-Hewitt
broth (THB) or TYG broth (1% Na,HPO.H,0, 1% trypticase peptone, 0.5% yeast
extract, and 1% glucose, w/v) without agitation or on Todd-Hewitt agar (THA) in candle
Jjars. In one ocassion, S. mutans, was also grown in the chemically defined medium (FMC)
described by Terleckyg et al. (199). Escherichia coli XL-1 Blue was grown in Luria-
Bertani (LB) broth. All strains were cultivated at 37°C unless harboring pTV1-OK in which
case they were grown at 28°C due to the temperature sensitive origin of replication on pTV1-
OK. Where required, antibiotics (Sigma Chemical Co., St. Louis, Mo., USA) were added
to the media as follows: ampicillin (100 pg/mL for E. coli), kanamycin (50 ug/mL for E.
coli and 400 pg/mlL for S. mutans), erythromycin (300 pug/mL for E. coli and 10 pg/mL
for S. mutans), tetracycline (10 pg/mL for E. coli and 15 ug/mL for S. mutans) and
chloramphenicol (10 pg/mL for E. coli and 5 pg/mL for S. mutans). The plasmids used
throughout this work are listed and described in Table 1.

Preparation of epon-hydroxyapatite rods.

Hydroxyapatite (HA) powder was prepared essentially as described by Anderson and
Elliot (6). Briefly, 0.5 L of 0.246 M ammonium orthophosphate (pH 10) was added drop-wise
to 2.5 L of 0.082 M calcium nitrate at 70°C, while maintaining the pH at 11 by the addition of
ammonium hydroxide and stirring with a magnetic stir bar. A fluffy white precipitate formed
which was allowed to settle. Excess fluid was drawn off by aspiration, and the remaining
supernatant was removed after centrifugation at 2,000 x g for ten minutes at 4°C. The pellet

was washed twice with 400 mL of distilled water and dried at 135°C overnight.
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Table 1. Plasmids used throughout this work.
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Plasmid Relevant features Reference
pTV1-OK Carries Tn9/7. Temperature sensitive origin of (70)
replication
pDL276 E. coli, S. mutans shuttle vector. kan® (54)
VAOSI tets (203)
pNV4 2.5 kb HindIII fragment of mutant A with 3’ end of This study
Tn917 and adjacent chromosomal DNA
pWH4 cop promoter and upstream region, and copY “
pWH4 4 pWH4 devoid of promoter and upstream sequences
pWH4/PDL | pWH4 insert subcloned into pDL276 «
pNV5 Second 2/3 of copB and first 2/3 of copZ “
pNV6 cop promoter, copYB and first 2/3 of copZ «
pNV7 copYBZ operon including the promoter “
pNV7B Insert of pNV7 subcloned into pDL276 «
pNV7/S4 Insertion of tet™ cassette from pVA981 in place of «
copYBZ
pNV8 cop promoter «
pPNVS PNVS insert cloned into pDL276 «“
pZ1 copZ amplified using SL.146 and SL150 “
pNV10 cop operon promoter (pPNV8), fused to copZ “
pMH109 Promoterless cat gene, tet™ and kan® (87)
pHTL1 cop operon promoter fused to CAT gene in pMH109 (122)
pSL2 __| AppG and spaP genes (122)
PHSL2/pUC | cop promoter CAT fusion, fragment of spaP for “

insertion into chromosome and tet®
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Approximately 5 g of dry HA powder was routinely produced using this method. HA powder

was ground in a mortar to break up the dried chunks and was milled for 8 minutes in a Fritsch
planetary Micro Mill Pulversette 7 (Laval Lab Inc., Laval, PQ, Canada). The milling process
was repeated 7 times. Following milling, particle size analysis showed the HA had a mean
particle size of 6 microns.

Epon-hydroxyapatite (EHA) rods (60% hydroxyapatite and 40% epon resin) were
produced as described by Li and Bowden (131). Resin was first prepared by combining 1.5
g TAAB 812 resin, 0.816 g nadic methyl anhydride, 0.78 g dodeceny! succinic amhydride, and
0.05 g dimethyaminomethyl phenol 30 (Marivac Ltd., Halifax, N.S , Canada). The resin
components were mixed thoroughly after which 2.63 g was placed in a mortar, and 3.89 g of
HA powder was slowly mixed into the resin to produce a viscous slurry. The slurry was put
into a syringe and injected into a mold comprised of tygon tubing (3 x 30 mm) fitted over the
end of glass rods of equal internal diameter. The resin was cured by successive 16 h
incubations at 37°C, 45°C and 60°C after which the tubing was cut away using a_razor blade
exposing the EHA rod. The EHA rods were wet sanded lightly prior to use. Following each
use the rods were washed in 10% SDS (w/v) and rinsed with sterile water. F igure 3 shows one

of the EHA rods produced according to the above procedure.

Saliva and salivary agglutinin.

Whole unstimulated saliva was routinely collected on ice from two male donors in
the morning before breakfast, pooled, and clarified by centrifugation (10,000 x g, 4°C, 20
minutes). For salivary agglutinin (SA) purification, clarified saliva was stored. at -70°C
until needed (usually not more than two days). SA was purified from saliva efither by

chromatography or by adsorption to S. mutans cells. Chromatography was performed as

described by Demuth ez al., (52). Fifty milliliters of clarified saliva was lyophilized and



Figure 3. Picture of an EHA rod made in the laboratory.
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resuspended in 25 mL of 50 mM Tris (pH 8.0) and 50 mM NaCl, clarified by centrifugation,

and applied to a DEAE Sepharose FF column (2.5 by 50 cm)(Pharmacia, Baie d’ Urfg,
Québec, Canada). The column was equilibrated with 220 mL of 50 mM Tris (pH 8.0)
containing 50 mM NaCl at a flow rate of 18 mL/h, and SA was eluted with a linear gradient of
NaCl (50-500 mM) in 50 mM Tris (pH 8.0). Five milliliter fractions were collected. SA was
detected with an anti-SA antiserum (1/500, see below) by dot blotting 50 uL from every third
fraction on a 96-well dot blotter (Bio-Rad Laboratories, Ltd, Missussauga, Ont., Canada). SA
was found in fractions at the base of the NaCl gradient (65 - 175 mM NaCl). The fractions
from three DEAE Sepharose FF runs were pooled, loaded onto a Sepharose 4B column (2.5
by 100 cm)(Pharmacia) and eluted with 500 mL of 50 mM Tris (pH 8.0), 50 mM NaCl and
1mM CaCl; at a flow rate of 12 mL/h. Five milliliter fractions were collected and SA was
detected by dot blotting as described above. Samples from fractions containing SA were run
on non-reducing sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gels. Fractions free
of lower molecular weight proteins were pooled, lyophilized, resuspended in 50 mM Tris (pH
8.0) containing 50 mM NaCl, and dialyzed against the same buffer. From 150 mL of whole
saliva, 7.69 mg of protein was obtained.

Alternatively, SA was also prepared by a modification of the method of Rundegren and
Amold (171) as previously described (126). Briefly, cells from 1.5 L of an overnight culture of
S. mutans NG8 were harvested by centrifugation, washed twice with KPBS (2.7mMKC], 1.5
mM KH,POq, 137 mM NaCl, 6.5 mM Na,HPO, [pH 7.2]), and resuspended in 150 ml of
KPBS. Clarified saliva (75 mL) was diluted with an equal volume of KPBS and added to the
cell suspension. The cells and saliva were placed on a shaker and incubated at 37°C for 1 h.
Following the incubation, the mixture was centrifuged at 2,000 x g for 15 minutes and the cell
pellet was washed once with 35 mL of KPBS and then once in KPBS with 1 mM EDTA to
remove absorbed SA from the cells. The cells were pelleted by centrifugation, and the SA-
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containing supernatant was filtered through a 0.45 pum pore size membrane and freeze dried.

The dried material was resuspended in distilled water, dialyzed against KPBS, and stored at -
70°C.

The purity of the SA obtained by both methods was evaluated by non-reducing SDS-
PAGE followed by silver staining. Results showed that the SA appeared as a single band of
approximately 400 kDa similar to that previously described (126).

Conditioning of epon-hydroxyapatite rods with saliva and salivary
agglutinin.

EHA rods were conditioned with clarified whole saliva or SA prior to the
formation of S. mutans monolayers. We found that EHA rods were more suitable for our
experiments than the conventional HA beads because these rods could be washed free of
carry-over proteins and cells more quickly than the HA beads. To condition EHA rods
with whole saliva, freshly collected saliva was diluted in resting cell buffer (RCB, for
recipe see appendix A) and sterilized by successive filtration through a 0.45 pumand a 0.2
um membranes. Dilution of saliva was necessary due to the lack of large quantities of
whole saliva and the difficulty in filter-sterilizing viscous saliva. Sixty milliliters of the
filter-sterilized saliva was pre-warmed to 37°C, placed in a 150 mL beaker and covered
with a sheet of aluminum foil. Eight holes were punched in the aluminum foil to facilitate
lowering 8 EHA rods into the beaker, exposing 1.6 cm? per rod to the solution for 15
minutes at 37°C. A magnetic stir bar provided gentle mixing. To determine the
composition and quantity of salivary proteins adhering to EHA, individual EHA rods were
removed from the solution, rinsed with 300 L of fresh RCB by dispensing the RCB from

the top of the rod and allowing it to flow down over the entire surface. This process
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removed any carry-over and weakly adherent proteins from the rods. Adherent proteins

were recovered from the rods by successively vortexing each of the eight rods vigorously
for 1 minute in a glass tube (12 x 75 mm) containing 1 mL of distilled water. The method
quantitatively removed the proteins as no additional proteins were recovered by boiling
the vortexed rods in 0.1 % SDS (w/v) for 10 minutes. The amount of adherent proteins
was quantified using the method of Bradford (17), with bovine serum IgG as the standard.
The recovered proteins were also examined by SDS-PAGE. Attempts were also made to

identify specific proteins among those recovered from the rods. The presence of SA, IgG
and secretory IgA (sIgA) was determined by enzyme-linked immunosorbent assay
(ELISA), and amylases were detected by the reducing sugar assay of Nelson- Somogyi
(8), using 1% (w/v) starch as the substrate.

Control rods were conditioned in a solution of bovine serum albumin of similar protein
concentration to that of the clarified 1/10 diluted filter sterilized saliva or in RCB alone.

In the conditioning of EHA rods with SA, each EHA rod was placed in 1.2 mL of
SA solution in a glass tube to expose 1.6 cm? of the rod. The volume used in these
experiments was reduced in order to conserve the limited amount of the purified SA. The
concentrations of SA used is indicated in respective experiments. After 15 minutes at
37°C, SA was recovered from the rods by vortexing as above. Recovered proteins were

quantified and western immunoblotting was performed to assure adherent protein was SA.

Biofilm formation and detachment of biofilm cells.

S. mutans cells (100 mL) in early exponential phase of growth (ODggo = 0.3) were
harvested by centrifugation, washed once with cold RCB, and dechained by rapid passage
through a 27 gauge needle (120). The dechained cells were diluted with RCB to 2 x 10
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CFU/ml (ca. ODgoo = 0.2). Following this treatment, S. mutans cells were found to have a

constant viable cell count and optical density at 600 nm for 2 h and hence were considered
to be resting (viable but not dividing; (123)). Prior to biofilm formation, saliva- or SA-
conditioned EHA rods were blocked with 1% BSA (w/v) in RCB for 1 h at 37°C. For
biofilm formation conditioned, BSA blocked rods were lowered into 60 mL of celi
suspension exposing 1.6 cm? of the surface and incubated at 37°C. After incubation, EHA
rods were removed from the cell suspension, each rod was rinsed with 300 puL of RCB to
eliminate carry-over planktonic cells, and adherent cells were removed by vortexing rods
inin 1 mL of RCB. To monitor biofilm formation, two EHA rods were removed from the
cell suspension at increasing time points over the course of the experiment, and the
adherent cells on each rod were quantified and averaged.

In detachment studies, each rod was removed from the cell suspension, rinsed with
RCB and gently placed in 2.0 mL of RCB at pH 6.0. This pH value was used because it
was the optimum pH for SPRE (121). The rod was incubated at 37°C for 30 or 60
minutes without agitation. Results from pilot experiments showed that the detachment
rate was linear up to 60 minutes of incubation and that the effect of pH on the viability of
cells was negligible within this length of time. After incubation, the rod was gently
removed from the solution, leaving behind the detached cells, and gently rinsed with 300
UL of RCB. The rod was then placed in a second glass tube containing 2 mL of fresh
RCB and vortexed to dislodge the remaining adherent cells. Viable cell counts for the two
cell populations were determined. The sum of the adherent and detached cells provided
the total number of cells on the rod. The quotient of the detached cells and the total

number of cells gave the percentage of cells detaching from the EHA rod.
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Surface protein-releasing assay.

Endogenous SPRE activity was assayed using a surface protein-releasing assay as
previously described (121). Briefly, cells were grown to an optical density of 0.4 @ 600 nm,
harvested by centrifugation, washed twice with phosphate buffered saline (PBS, 8.7 mM
Na,HPO,, 1.2 mM NaH,POs, 0.15 M NaCl) and resuspended to a cell density equal to 10°
CFU per mL in 0.1 M sodium phosphate buffer, pH 6.0. The cells, 0.2 mL, were incubated for
90 minutes at 37°C, pelleted by centrifugation and the supernatant was analyzed by SDS-
PAGE to visualize the released surface proteins. P1 was detected among released proteins

using western blotting and ELISA.

Preparation of the Surface Protein-Releasing Enzyme.

A crude preparation of the SPRE was prepared from cell membranes of S. nmutans as
initially described by Vadeboncoeur and Gauthier (211) and modified by Lee et al. (123).
Membranes were isolated from S. nutans 834, an isogenic P1 knock-out mutant of NG8 as to
prevent the introduction of P1 into the system. Briefly, 2 L of S. mutans 834 were grown to an
optical density of approximately 0.45 @ 600 nm, harvested by centrifugation at 10,000 x g for
15 minutes and washed once with KPBS and subsequently with PEMPP (10 mM KPO, [pH
7.5], 1 mM EDTA, 14 mM B-mercaptoethanol, 0.1 mM phenylmethylsulfonyl fluoride, 0.1
1M pepstatin A). The cells were frozen at -70°C for 45 minutes and then ground at room
temperature for 20 minutes in a pre-chilled mortar in the presence of alumina type AS (3 gof
alumina/g of cells wet weight). Alumina was removed by washing the lysate twice with 12 mL
of cold PEMPP. The lysates were centrifuged at 5,000 x g for 10 minutes between washes.
Supernatants from the two centrifugations were collected, pooled and re-centrifuged at 20,000

x g for 20 minutes to sediment the cell walls. The supernatant was further centrifuged at
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200,000 x g for 16 h at 4°C (Beckman Cent Rotor SW-40). The pellet containing the cell

membranes was resuspended in PEMPP containing 0.5 M KCl and centrifuged at 4°C for S h
at 200,000 x g. The supernatant obtained was used as the crude SPRE.

Production of a poly-clonal rabbit anti-salivary agglutinin antibody.

Two New Zealand white rabbits were each given subcutaneous injections of 35 ug
of SA in Freund's incomplete adjuvant. Three weeks later, each animal was boosted with
half the amount of the same antigen in adjuvant by the same route. Six days later the
animals were sacrificed and sera were obtained. The titer of the antisera was determined
by ELISA (described below). The antibody was determined to be monospecific by western

blotting.

ELISA.

For the determination of anti-SA titer, two-fold serially diluted rabbit sera were
added to 96-well polystyrene microtiter plates which had been previously primed with 100
ng SA diluted in ELISA coating buffer (12 mM Na,CO;, 35 mM NaHCOs;, 4 mM
MgCl,*6H;O, pH 9.8) for 60 minutes at 37°C, and blocked with 200 ul of 1% gelatin (w/v) in
PBST (8.7 mM Na,HPOq, 1.2 mM NaH,POy, 0.15 M NaCl, 4 mM MgClL*6H,0 and 1 ml
Tween 20/ L) for 60 minutes at 37°C. Following incubation with the rabbit sera for 1 h at
37°C, the wells were washed 4 x with PBST, and 100 uL of an alkaline phosphatase-
conjugated goat anti-rabbit IgG antibody (1/30,000, Sigma) was applied. Following four
washes with PBST, Sigma 104 (1 mg/mL) (Sigma) diluted in alkaline phosphatase buffer (100
mM NaCl, 5 mM MgCl,, 100 mM Tris, pH 9.5) was added to the wells and the A4s was
measured using a BioRad Plate reader (Model #3550). The antibody titres, expressed as the

reciprocal of the dilution giving a Ass reading 0.03 above the same dilution of the pre-immune
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sera, were 64,000 and 32,000 for rabbit one and two, respectively.

Additional ELISA procedures were performed essentially as described above. For
the detection of sIgA present among salivary proteins recovered from EHA rods,
microtiter plates were primed with 100 uL of a mouse anti-human IgA monoclonal
antibody (a-chain specific, 1/1000, Sigma) diluted in ELISA coating buffer and incubated
for 1 h at 37°C, blocked with 1% BSA and washed with PBST. Protein samples (90 uL)
recovered from the rods were added to the plates for 60 minutes. Wells were
subsequently washed with PBST and sIgA was detected using an alkaline phosphatase
conjugated goat anti-human sIgA antibody (1/3000, Sigma).

IgG was detected by direct coating of protein samples on the plates followed by
reaction with an alkaline phosphatase-conjugated rabbit anti-human IgG antibody (y-chain
specific, 1/3000, Bio/Can Scientific, Mississauga, Ont., Canada).

In whole-cell ELISA for the screening of Tn9/7 mutants, cultures grown in sterile
96-well plates were harvested by centrifugation (850 x g, 7 minutes, 4°C, Beckman,
Model TJ-6). The cells were washed once in PBS and resuspended in 100 uL of PBS.
The Asss of the cell suspensions were measured with the Bio-Rad plate reader, the cell
suspensions were adjusted to the same cell density (Asss = 0.05) with PBS and 100 uL
triplicates aliquoted to fresh microplates. The cells were fixed to the plates with 2.5%
glutaraldehyde (w/v) for 60 minutes at room temperature. Antigen P1 on the cell surface
was detected with the monoclonal anti-P1 antibody 4-10A (1/7000; (10)) and the alkaline
phosphatase-conjugated rabbit anti-mouse IgG (1/3000, Sigma). Potential clones (A4os

readings 0.05 higher than parent JH1005) were grown up in 5 mL cultures and re-tested.
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SDS-PAGE and Western blotting.

Analysis of proteins on 7.5% SDS-PAGE gels was conducted as described by
Laemmli (112). In the case of non-reducing SDS-PAGE, proteins were boiled in sample
buffer without B-mercaptoethanol prior to separation on the gel. Western blotting was
performed as described by Towbin (207). Briefly, proteins were transferred to nitro-cellulose
membranes (Millipore Corp. Bedford, MA_, USA) at 200 mA for 1 h at 4°C, blocked with 1%
gelatin (w/v) in PBST for 1 h at room temperature, incubated with the primary antibody in
PBST for at least 1 h at room temperature, washed four times (10 minutes each) in PBST,
incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (1/30,000, Sigma), and
washed 4 x (ten minutes each) in PBST. Bands were visualized using nitro blue tetrazolium

and 5-bromo-4-chloro-3-indoyl phosphate (Sigma).

Scanning electron microscopy.

Following biofilm formation, EHA rods were fixed with 2 mL of freshly prepared 2.5%
glutaraldehyde in RCB for at least 2 h at 4°C and washed 3 x in 0.1 M sodium cacodylate
buffer (pH 7.3). The rods were then stained in 1% OsO, (v/v) for 2 h and washed twice with
distilled water, dehydrated through a graded series of acetone washes (50-100%), critical point
dried with liquid CO, and finally sputter coated with gold. The surface was examined with a

Bausch and Lomb ARL Nanolab 2000 electron microscope.

DNA isolation.

Plasmids were isolated from E. coli by an alkaline lysis method. Briefly, cells from

1.5 mL of an overnight culture were harvested by centrifugation, and resuspended in 186
uL of H,O and 10C pL of GTE (50 mM glucose, 25 mM Tris, pH 8.0, 10 mM EDTA).
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Cells were lysed by the addition of 10 uL of 10% SDS (w/v) and 4 puL of 10 M NaOH.

The solution was neutralized by adding 150 uL of KAc (3 M potassium acetate, 2 M
acetic acid) and then incubated on ice for ten minutes. The tubes were centrifuged and the
supernatant was collected and treated with 2 pLL of RNase (10 mg/mL) at 37°C for 30
minutes. This was extracted once with chloroform and precipitated with 95% ethanol.
The pellet was washed with 70% ethanol and resuspended in TE buffer (20 mM Tris
buffer, pH 8, containing 1 mM EDTA).

To isolate chromosomal DNA from S. mutans, 10 mL of an overnight culture was
harvested by centrifugation, washed once in GTE, resuspended in 300 uL. GTE and
incubated with 10 kU lysozyme (Boeringher Manheim, Laval, PQ) and 1 kU mutanolysin
(Sigma) at 37°C for 1 to 2 h. The cells were then lysed with 2% SDS at room temperature
for 10 minutes. The cell lysates were extracted once with phenol, followed by
phenol:chloroform (1:1, v/v), and chloroform. RNA was removed by RNase treatment

and DNA was precipitated by ethanol and redissolved in TE buffer.

Isolation of RNA.
RNA was isolated from S. mutans using a modified method of Lunsford (135).

Briefly, 20 mL of an S. mutans overnight culture was added to 200 mL of prewarmed
THB and grown to early exponential phase (ODsqo of 0.25). Glycine (5%, w/v) was
added to the culture which was further incubated for 90 minutes at 37°C. The cultures
were then split into two 100 mL aliquots: Cu®* (CuSO,) was added to the first aliquot at a
sub inhibitory concentration (1 mM), the second aliquot remained untreated serving as the
non-induced control. Both groups were incubated for a further 20 minutes at 37°C. Cells

were harvested by centrifugation, washed with PBS and resuspended in 1 mL of PBS
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containing 30% raffinose (w/v) and 1 kU of mutanolysin. After incubation at 37°C for 15

minutes, the cells were harvested by centrifugation, solublized in 700 uL of TRIZOL
reagent (GIBCO/BRL Life Technologies, Inc., Burlington, Ont., Canada), and vortexed.
After incubation on ice for 5 minutes, the mixture was extracted with chloroform. RNA
was precipitated from the aqueous layer with one volume of isoamyl alcohol and washed
with 70% ethanol. The pellet was resuspended in 200 pL of diethyl pyrocarbonate
(DEPC)-treated water and 20 units of RNase-free DNase (Promega Corp., Madison, Wi.,
USA) were added. The RNA was further cleaned by extraction with phenol-chloroform,
followed by chloroform and precipitated with two volumes of 95% ethanol. The RNA

was dissolved in 200 uLL DEPC-treated water and stored at -70°C.

Southern, Northern and RNA dot blotting.

DNA was routinely separated on 0.8% agarose gels (174). RNA (20 pg) was
separated on formaldehyde agarose gels prepared as described by Kroczck and Siebert
(110). Briefly, a 1% gel was prepared by dissolving 0.5 g of agarose in 36.7 mL of sterile
DEPC-treated water and 5 mL of 10 x MOPS/EDTA (50 mM MOPS, 10 mM EDTA, pH
7.0). The gel was cooled and 8.3 mL of formaldehyde was added and the gel was quickly
poured. The gel was pre-electrophoresed for 30 minutes in 1 x MOPS/EDTA at 60 V
prior to sample loading.

Electrophoresed nucleic acids were transferred from the gels to nylon membranes
(Biodyne A, GIBCO/BRL) using a Vacu-Blot apparatus as per the manufacture’s
instructions (Amersham Pharmaca Biotech, Baie d’ Urfé, Québec, Canada). For RNA dot
blotting, a 96-well dot blotter (Bio-Rad) was used. Following the transfer, nucleic acids
were cross-linked to the nylon membranes (Biodyne A, GIBCO/BRL) by incubation at
80°C for2 h
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Blots were incubated in a hybridization oven at 42°C for 2 h in glass tubes
containing 20 mL of pre-hybridization solution (50% formamide, 0.0625 M sodium
phosphate buffer, pH 7.2, 10 mM NaCl, 1 mM EDTA, 7% SDS). Following
prehybridization, blots were placed nucleic acid side down onto 500 pL of hybridization
solution (denatured DNA probe diluted 1:20 in pre-hybridization solution) on a siliconized
glass plate prewarmed to 42°C. The glass plate was wrapped with plastic wrap and
incubated for at least 16 h at 42°C. Following hybridization the membranes were washed
4 x for 15 minutes each in 5 x SSC and 0.5 % SDS (w/v) at 65°C, and 2 x for 20 minutes
eachin 0.1 x SSC and 1% SDS (w/v) at 50°C. SSC was prepared by diluting a twenty
times stock solution (3 M NaCl, 0.3 M sodium citrate dihydrate, pH 7.0). For non-
radioactive probes, signal was visualized by exposure to X-Ray film (Kodak XOmat AR),
following detection with a Photogene Nucleic acid detection system Version 2.0
(GIBCO/BRL). With o**P-dCTP labeled probes, hybridization was visualized by
exposure to X-Ray film (Kodak XOmat AR), following washing.

Colony Blot Hybridization.
Colony blot hybridizations were performed as described by Sambrook ez al. (174).

Sterile nylon membranes (Biodyne A, GIBCO/BRL) were over laid on LB agar plates and
colonies were replica plated on the nylon membranes and to a master plate. The plates
were incubated overnight at 37°C and colonies on the nylon filters were lysed by
successively transferring the filters across four sheets of Whatman 3MM paper
impregnated with 10 % SDS (w/v) for 3 minutes, denaturing solution (0.5 N NaOH, 1.5
M NaCil) for 5 minutes, neutralizing solution ( 1.5 M NaCl, 0.5 M Tris, pH 7.4) for 5

minutes, and 2 x SSC for 5 minutes. The filters were dried at room temperature for 30
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minutes and nucleic acids were fixed to the nylon membrane by incubation at 80°C for 2 h.

In preparation for hybridization, the filters were placed in prewash solution ( 5 x SSC,
0.5% SDS, 1 mM EDTA pH 8.0) at 65°C and the cellular debris was gently scraped from
the surface with Kimwipes soaked with prewash solution. Hybridization was performed

as described by Southern (189).

Synthesis of DNA probes.

Probes for hybridizations were synthesized according to use. For non-radioactive
detection, 1 pg of DNA was labeled with biotin-14-dATP using the BioNick Labeling
System (GIBCO/BRL). Briefly, 5 pl of a 10 x INTP mix (0.2 mM each of dCTP, dGTP,
and dTTP; and 0.1 mM each of dATP and biotin-14-dATP) was added to the DNA. Five
microliters of an enzyme mix (0.25 U DNA polymerase I and 0.0037 U DNasel) was
added (total volume 50 uL) and the labeling reaction was allowed to proceed for 1 h at
16°C. The reaction was terminated by the addition of 1.5 mM EDTA.

For radioactive detection, 50-100 ng of DNA was routinely labeled with c->2P
dCTP by random priming (174). The DNA was denatured by boiling and quenched on
ice. The following were added to the reaction tube; 3 pL. dNTP mix (0.5 mM each of
dATP, dGTP, and dTTP), 2.5 uL 10 x Klenow buffer, 2 uL 1 pug/uL (N)s random
primers, 2 puL of 3,000 Ci/mmole o-**P dCTP, and 5 U Klenow large fragment DNA
polymerase (GIBCO/BRL). The tube was incubated at room temperature for 30 minutes.

Unincorporated nucleotides were separated and removed from the labeled probe using

spun-column chromatography (174).
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Polymerase chain reaction.

One hundred microliter polymerase chain reaction (PCR) mixtures containing 1 x
Taq reaction buffer, 0.2 mM of each of the dNTPs, 2.5 mM MgCl,, 100 pM of forward
and reverse primers, 0.5 U Taq polymerase (GIBCO/BRL), and approximately 1 nM of
template DNA were routinely prepared. PCR was performed using a Corbet Research
FTS-320 thermocycler (Bio/Can Scientific., Mississauga, Ont., Canada). PCR contained
30 cycles with the following steps: denaturation at 94°C for 1 minute, annealing at 50°C

for 1 minute, and extension at 72°C for 1 minute. The primers used are shown in Table 2.

Primer extension.

The reverse primer SL159 (Table 2) corresponding to nucleotide positions 813 -
830 (140 nucleotides downstream of the -35 region) of the cop operon was end-labeled
with (Y"?P) ATP with T4 polynucleotide kinase (174). The full length labeled oligo was
separated by electrophoresis on a 20% polyacrylamide gel and purified using a SEP-PAC
Light C18 column (Waters, Milford, MA) according to the manufacturer’s directions.
Eighty micrograms of total RNA was added to 12 million cpm of the radiolabeled primer
in a total volume of 30 pL annealing buffer (0.25 M KCl, 10 mM Tris-HCI, pH 8.3).
Annealing was carried out in a thermocycler: 80°C for 5 minutes, 65°C for 5 minutes,
42°C for 10 minutes, 37°C for 20 minutes. Annealed material was precipitated with two
volumes of 95% ethanol, washed with 70% ethanol, vacuum dried and resuspended in 20
uL of reverse transcriptase buffer (30 mM Tris buffer, pH 8.3, 20 mM MgCl,, 10 uM
dithiotreiotol, 1 mM dGTP, 0.5 mM each of dATP, dCTP and dTTP, and 15 pg/mL
actinomycin D). Two hundred units of Muloney murine leukemia virus reverse

transcriptase (GIBCO/BRL) was added and the reaction was incubated at 37°C for 1 h.



Table 2. PCR primers.
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Primer

Sequence (5’ -3%)

Nucleotide
number®

Specificity/Use

SL118

TACGGATCCTTGACGGTACATC

162-187

Forward primer, for
amplifying the Erm gene
on Tn9/7

SL119

TACGAATTCCTTGGAAGCTGTCA
G

1527 -1545

Reverse primer, for
amplifying the Erm gene
on Tn9/7.

SL120

TACGGATCCATCGAAATATTGAT

3808 - 3828

Forward primer, for
amplifying the 3’ end of
Tn917.

SL121

TACGAATTCTAAACCAATGITTIC
AAGG

5282 -5300

Reverse primer, for
amplifying the 3’ end of

Tn917.

SL147

GCATGCCAGAAGATGAGCGAAT
GA

790 to 774
nucleotides
upstream of
position 1

Forward primer, for

amplifying the cop
operon promoter.

SL148

GTCGACGCTCCTTTCATCTACAT
T

726 to 743

Reverse primer, for

amplifying the cop
operon promoter.

SL145

GGACCTTTGCTGGATCC

3317 to 3333

Forward primer, in copB.
Used to clone
downstream ORFs
directly from JH1005
chromosome.

SL146

GTAGAATTCAAAAGCGTGCCATC

3906 to 3922

Reverse primer,
downstream of copZ,
designed from S. mutans
UAB159 sequence, used
to clone genes from the
chromosome of JH1005.

SL150

GTCGACATGGAAAAAACATATC
ATAT

3418 to 3442

Forward primer for copZ,
starting from ATG start
codon. Used with SL146
to produce an amplicon
to be fused to the cop
promoter.

SL159

GCAATAATTTCACTGCTG

830 to 813

Reverse primer in copY
used for primer
extension.

* For primers SL118 - SL120 the numbers are for the Tn9/7 (Accession #

M11180). For the remaining primers the numbers correspond to those in Figure 26.
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After 1 h, 1 uL. of 0.5 M EDTA and 1 puL of RNase (10 mg/mL) were added and

incubated for 30 minutes at 37°C. The volume was then brought up to 100 uL with water
and the mixture was extracted with phenol:chloroform:isoamyl alcohol, precipitated,
washed, resuspended and analyzed by electrophoresis on a denaturing polyacrylamide

sequencing gel.

DNA sequencing.

DNA sequence of the cloned cop fragments were determined with an automated
DNA sequencer (Applied Biosystem, Dalhousie University-NRC Joint Lab facilities). For
the primer extension experiment, the DNA sequence of copY and the cop promoter was
generated with a DNA sequencing kit (T7 sequenase version 2, Amersham Pharmacia

Biotech) using the same primer as for the primer extension and pWH4 as the template.

Transformation of E. coli and S. mutans.

Competent E. coli XL.1-Blue cells were prepared by treatment with CaCl,. Briefly, 45
mL of LB broth was inoculated with 1 mL of an overnight culture, grown to early exponential
phase (ODsgo = 0.35), harvested by centrifugation, washed once with 50 mL of cold Tfin 1 (10
mM Tris pH 7.2, 150 mM NaCl), resuspended in 50 mL of Tfm 2 (50 mM CaCl,) and
incubated on ice for 45 minutes. Cells were centrifuged and resuspended in 3 mL of Tfm 3 (10
mM Tris pH 7.2, 50 mM CaCl,, 10 mM MgSO;) and 2 mL of 50% glycerol (v/v), aliquoted,
and stored at -70°C.

For transformation, 0.2 mL of competent E. coli cells were added to 0.1 mL of ice cold
Tfm 3 containing 40 ng of DNA. The cells and DNA were incubated on ice for 45 minutes,

heat shocked for 2 minutes at 37°C, incubated at room temperature for 10 minutes, and 0.5
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mL of LB broth was added. The cells were incubated at 37°C for 1 h and then plated on

selective LB agar.

Natural transformation of S. mutans was performed by a modified method of Perry and
Kuramitsu (83, 164). Four milliliters of THB containing 5% (v/v) heat-inactivated calf serum
(THBS) was inoculated with 50 pL of frozen culture and grown overnight at 37°C. Fresh
prewarmed THBS was then inoculated (1:40) with the overnight culture and incubated at 37°C
until the cells reached an ODsgo of approximately 0.2. An aliquot (0.75 mL) of the culture was
removed to an eppendorff tube containing 0.5 - 1 ug of DNA and incubated at 37°C. After 30
minutes, 0.75 mL of fresh prewarmed THBS was added and the culture was incubated for 1.5

hat 37°C. The cells were subsequently plated on selective TH agar.

Tn917 mutagenesis and isolation of SPRE-defective mutants.

Tn9/7 mutagenesis of S. mutans JH1005 with pTV1-OK (Fig. 4A, 11 kb, Kan®,
Em®) was performed as described by Gutierrez ef al. (70). Strain JH1005 was used in this
study because transposon mutants were relatively easy to obtain from this strain and a
number of attempts to generate transposon mutants from strain NG8 were unsuccessful.
S. mutans JH100S (pTV1-OK) cultures grown overnight at 28°C in THYE broth (THB
supplemented with 0.3 % [w/v] yeast extract) were diluted 1/200 into fresh THYE
containing 0.04 pg/mL erythromycin. The diluted cultures were incubated at 42°C for 16
to 24 h to allow insertions of Tn9/7 into the chromosome to occur. Following the

incubation, potential transposon mutants were isolated on THYE agar containing 10
ug/mL erythromycin. Colonies were replica plated onto THYE agar containing either 10

pg/mL erythromycin or 300 pg/mL kanamycin. Kan® and Em® colonies were presumed



Figure 4. (A) Physical map of the plasmid pTV1-OK (71), (B) Map of Tn917, the
positions of PCR primers used to generate amplicons for use as probes is indicated by

arrows.
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to have lost the plasmid backbone and were used for the screening of potential SPRE-

defective mutants by whole-cell ELISA as described above.

Mapping of the Tn917 insertion site in S. mutans mutant A.

Chromosomal DNA from the Tn9/7 mutant A was restricted to completion by HindlIIl
and separated on a 0.7% agarose gel. DNA fragments of 2 to 3 kb were recovered from
the gel by electroelution (174), and cloned into E. coli XL1-blue using the vector

pBluescript (Stratagene, La Jolla, Ca). Transformants were screened by colony
hybridization (see above), using a (*’P)-labeled probe prepared by random priming of a 1.5
kb amplicon of the 3' end of Tn9/7 (Fig. 4B). The amplicon was generated by PCR using
the primers SL.120 and SL121 (Table 2) and the conditions described above. The plasmid
from a positive clone, NV4, was sequenced using primers to pBluescript (Applied
Biosystem, Dalhousie University-NRC Joint Lab facilities). The sequences were

compared to that of Tn9/7 (Genbank accession # M11180).

Cloning of the cop operon from S. mutans.

Southern blot analysis of HindllI-digested S. mutans JH1005 chromosomal DNA
using a probe prepared from the 2.5 kb HindlIll insert on pNV4 yielded a signal of
approximately 3 kb. To clone this 3 kb fragment, DNA fragments of 2 to 5 kb were
recovered from an agarose gel, ligated into HindllI-digested and dephosphorylated
pBluescript, and transformed into E. coli XL.1-blue. Transformants obtained were
screened by colony hybridization using the same 2.5 kb HindIIl insert from pNV4 as a

probe. A positive clone (NVD20) was obtained. DNA sequencing showed that the DNA

in clone NVD20 did not contain the entire gene. Therefore, a partial library consisting of
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3 to 6 kb HindIll fragments of partially digested S. mutans JH1005 chromosomal DNA,

which were isolated by a sucrose density gradient (10-40%, (174)), was prepared using
pUCI1S8 as the vector. From screening the library by colony blotting using the 2.5 kb insert
of pPNVD20 as a probe, a positive clone (WH4) was found to carry the same 2.5 kb
HindIll insert of pNV20 and an additional 1.5 kb HindIII fragment. Using the 1.5 kb
HindIIl fragment as the probe, a 1.4 kb Hincll fragment was identified by Southern
blotting and this fragment was cloned into Smal restricted and dephosphorylated pUC18
(Amersham Pharmacia Biotech, Inc.) to obtain clone NV5. From a homology search of
the database of the partial genome sequence of S. mutans UAB159

(www.genome.ou.edu) using our sequence as an query, a positive match within a 7.5 kb
DNA fragment was identified. The sequence data from strain UAB159 was used to

design the forward PCR primer SL145 and the reverse primer SL146 for amplification by
PCR of a 500 bp amplicon carrying the last portion of the cop operon. The amplicon was
blunt end cloned into Smal-restricted and dephosphorylated pUC18 to obtain the plasmid

pNV46.

The entire cop operon was reconstructed from the cloned DNA fragments. A 2.5
kb Pstl - Xbal fragment from pWH4 containing upstream sequences, the promoter, copY
and part of copB was cloned into pNV5 which had been cut with the same enzymes. The
resulting plasmid, pN'V6 carried on it all but the last half of copZ. The second half of
copZ contained within a 0.5 kb BamHI - EcoRI fragment was isolated from pNV46 and
ligated into pNV6 cut with the same enzymes. The new plasmid, pNV7, consisted of 450

bp of sequence upstream of cop?, the 2.9 kb operon, and 280 bp of sequence downstream

of the stop codon of copZ.
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Construction of a cop operon knock-out mutant.

PNV7 was restricted with HincIl to drop out the three ORF’s comprising the cop
operon. A 4 kb Hincll fragment containing the tetracycline resistance gene from pvVA981
(203) was ligated to the remainder of pNV7. The resulting construct, pNV7/84, carried
454 bp of sequences upstream of copY and 377 bp of sequence downstream of copZ.
pNV7/84 was linearized with Scal and used to transform S. mutans JH1005.
Transformants were selected on THA containing tetracycline. One transformant, S4, was
chosen for further study. Chromosomal insertion of the tetracycline cassette and loss of
the operon sequences in S4 were verified by Southern blotting with two different probes.
The first was specific for the 2 kb Ss7I - Xbal fragment pWH4 encompassing copY and
copB, and the second probe was produced by labeling pVA981, from which the

tetracycline resistance gene was derived.

Construction of plasmids for complementation of cop knock-out mutant
S4 and Tn977 mutant A.

A plasmid with the entire cop operon was constructed by subcloning the SpAl -
EcoRI fragment from pNV7 into the E. coli-Streptococcus shuttle vector pDL276 (54),
yielding pNV7B (Fig. 5).

A plasmid carrying copY was constructed by taking the SphI (on the multiple
cloning site of pUC18) - Xbal fragment from pWH4 and ligating into similarly digested

pDL276 (54) to produce pWH4/PDL (Fig. 6).
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Figure 5. Outline of the construction of pNV7B. A shuttle vector carrying the entire cop

operon.
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Figure 6. Outline of the construction of pWHA4/PDL. A shuttle vector carrying the cop?

gene.
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Construction of a recombinant plasmid carrying copZ was a multistep process (F ig.

7). In the first step, the cop operon promoter was amplified using the forward primer
SL147, and the reverse primer, SL148, (Table 2) and ligated into Smal-digested bacterial
alkaline phosphatase treated pUC18 (Amersham Pharmacia Biotech, Inc.) to make pNVS.

The promoter was then excised from pNV8 with BamHI and EcoRI and subcloned into
PDL276 producing pPNVS. Secondly, copZ was amplified using the forward primer
SL150, and the reverse primer, SL146 (Table 2). The amplicon was then ligated into
EcoRV-digested and dephosphorylated pBluescript producing pZ1. Finally, pZ1 was cut
with Sall, blunt ended with Klenow (GIBCO/BRL), and digested with EcoRI. copZ was
then cloned into pPNV8, previously digested with KpnlI, blunt ended with the Klenow

fragment and digested with EcoRI to make pNV10.

Fusion of the cop operon promoter with a reporter CAT gene.

The plasmid pNV8 carrying the cop operon promoter was digested with
Kpnl, blunt ended with Klenow and digested with Xbal to yield a 1.7 kb fragment carrying
the promoter. This 1.7 kb fragment was ligated into the Smal and Xbal site of pMH109
(87). This ligation placed the promoter immediately upstream of the promoter-less
chloramphenicol acetyltransferase (CAT) gene. The ligated plasmid (pHTL1, Fig. 8) was
transformed into £. coli and expression of the CAT gene was confirmed by selection with

chloramphenicol.

The plasmid pHSL2 (Fig. 8) was constructed by first digesting pHTL1 with
HindlIl, blunt ending with Klenow and digesting with Xbal. The 4 kb fragment of pHTL1



Figure 7. Construction of pNV10. A plasmid shuttle vector expressing copZ.
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Figure 8. Construction of a cop operon promoter - CAT gene fusion.
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was isolated and ligated to a 6.5 kb fragment of pSL2 generated by digestion with BamHI

(followed by Klenow treatment) and Xbal. pSL2 was a plasmid constructed in our
laboratory which contained a 0.4kb DNA fragment coding for a non-essential oligopeptide
transport gene (/ppG) originated from Streptococcus gordonii DL1 (92). pSL2 also
carried a 1.5 kb of the spaP gene which codes for the major surface protein antigen P1
from S. mutans NGS (101). The presence of the ippG and spaP fragment would facilitate
the integration of pSL2 into the streptococcal chromosome via homologous
recombination. Finally, pHSL2/pUC (Fig. 8) was produced by digesting pHSL2 with
HindII1, blunt ending the overhang with the Klenow enzyme followed by digestion with
Xbal yielding a 4 kb fragment encompassing the promoter/CAT fusion and a fragment of
the spaP. The 4kb fragment was ligated to the 1.7 kb Scal-Xbal fragment of pUC18

which provided an origin of replication.

Introduction of pHSL2/pUC into the S. mutans cop operon knock-out
mutant S4.

pHSL2/pUC was naturally transformed into S. mutans S4. Chloramphenicol
resistant transformants were selected on THA. Colonies appearing after 24 h were picked
and used to inoculate TH broth containing chloramphenicol. One of the transformants
obtained, S4/CAT, was then used as the recipient for the plasmids pNV7B, pWH4/PDL,
and pNV10. These plasmids carried the entire cop operon, cop¥, and copZ respectively.
The growth of S4/CAT and complemented strains in the presence of chloramphenicol or

copper was determined.
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Determination of minimal inhibitory concentration (MIC) to heavy metal

ions.

S. mutans were grown overnight in THB and diluted in fresh THB to a
concentration of approximately 10° CFU/mL. Aliquots (0.5 mL) of the cultures were then
added to aliquots (0.5 mL) of THB containing two-fold dilutions of metal ions to be
tested. The tubes were then incubated at 37°C for 20 to 24 h and scored visually for
growth. The tube containing the lowest concentration of the metal ions still able to inhibit

growth was recorded as the MIC.

Effect of Cu’** on growth of S. mutans.

Fresh TYG was dispensed into sterile cuvettes and inoculated (1:10) with
overnight cultures grown in the same medium. THB was not suitable in this growth study
because the higher concentrations of CuSQ, required to inhibit growth were found to
interfere with optical density measurements. The cultures were placed in a 37°C water
bath and growth was monitored by measuring the optical density (ODgooum) at hourly

intervals.

Cellular autolysis and osmotic fragility assays.

Cellular autolysis and osmotic fragility assays were performed as described by
Massidda e al. (141). Ten milliliters of THB were inoculated (1 :25) with an overnight
culture and cells were grown to exponential (0Dgoonm = 0.65) or stationary (ODsgo ym =
1.15) phase of growth. Cells were harvested by centrifugation, washed twice with distilled

water and once with 10 mM sodium phosphate buffer, pH 6, and resuspended in 5 mL of
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the same buffer. The cells were dechained by rapid passage through a 27 gauge needle,

centrifuged and resuspended to the same density (ODsoonm = 1) with 10 mM sodium
phosphate buffer, pH 6.0. The ODgogmm of 1 mL aliquots was measured and recorded as
100%. The aliquots were subsequently incubated at 37°C and removed at intervals to
monitor the ODggonm.

For the osmotic fragility assay, stationary and exponential phase cells were
centrifuged and washed once in the protoplast buffer (10 mM sodium phosphate, pH 7.2
and 30% raffinose). Cells were then dechained by rapid passage through a 27 gauge
needle and adjusted to the same cell density (ODgoonm = 1) and incubated in the protoplast
buffer (1.5 mL) containing 1 kU of mutanolysin per milliliter at 37°C. Starting at time O
(immediately after mutanolysin addition) and at intervals thereafter, 20 uL aliquots of the
cell suspension were rapidly diluted in 1 mL of 10 mM sodium phosphate buffer pH 7.2
and the optical density was measured. The ODgooum of a diluted sample at time 0 was

taken as 100%.

Statistical analysis.
The significance of the difference between samples was determined by ANOVA

at a 95% level of confidence.



RESULTS

Formation of a model S. mutans biofilm using epon-hydroxyapatite rods

and salivary proteins.

Production of smooth cylindrical EHA rods (Fig. 3) provided a surface for biofilm
formation. The surface was well suited for our experiments due to its calcium phosphate
composition. Subsequent conditioning of the rods with salivary proteins provided a surface
mimicking the enamel following acquisition of the acquired enamel pellicle. Since the rods
were “lab-made”, the initial experiments were to define the parameters for their conditioning
with salivary proteins. Biofilm formation on the conditioned surface was subsequently

characterized.

The parameters of conditioning EHA rods with salivary proteins.

The binding capacity of the EHA rods was determined by conditioning EHA. rods with
bovine serum albumin (BSA), and vortexing the rods to recover adherent protein which could
be quantitated. The amount of BSA recovered from rods by vortexing following conditioning
with 10 and 0.83 mg/mL of BSA was 4.3 and 3.6 ug/cm’ respectively (Table 3). The minute
difference in the recovery of proteins from rods exposed to solutions whose protein content
differed by one order of magnitude suggested that the binding capacity of EHA is very small
(4 pg/cm?®), in comparison to the total protein in the system. The lack of large quantities of
saliva and the difficulty in filter sterilizing viscous undiluted saliva required that saliva be diluted
prior to use in conditioning EHA rods. Three dilutions of saliva (1/5, 1/10, and 1/15) were
made. Upon conditioning EHA rods with 1/5, 1/10, or 1/15 dilutions of saliva (0.28, 0.14 and

0.09 mg of protein /mL), 3.2, 2.1, and 1.5 pg/cm’ of protein was found on the respective rods
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Table 3. Differential conditioning of EHA rods with bovine serum albumin or whole

unfiltered clarified saliva.
Concentration Dilution Protein recovered
(mg/ml) (concentration, from rods
mg/ml) * (ng/cm®)
Bovine Serum 10 - (109 430+04
Albumin
1/12 (0.83) 3.63+0.6
Unfiltered Saliva 1.40+0.16 1/5 (0.28) 3.22+0.07
1/10 (0.14) 2.08 +£0.20
1/15 (0.09) 1.46 +0.28
N Concentration of the diluted sample was estimated by dividing the concentration of

the undiluted sample by the dilution factor.
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(Table 3). Although saliva diluted 1/5 allowed the highest protein-coating on EHA, it was still

too viscous to be efficiently filtered. Saliva diluted 1/10 could be easily filter-sterilized and
allowed protein—coating to reach half the binding capacity of EHA. Therefore, 1/10 diluted
saliva was chosen for use in subsequent experiments.

To ensure that filtration did not drastically alter the composition of saliva,
qualitative and quantitative comparisons of filtered and unfiltered saliva were made. SDS-
PAGE analysis showed that the filtered and unfiltered saliva exhibited similar protein
profiles with the same relative intensities for all the protein bands except the 45 kDa band
(Fig. 9, lanes 2 and 4). Total proteins present in 1/10 diluted unfiltered saliva and filtered
saliva were 0.21 % 0.05 and 0.17 + 0.07 mg/mL, respectively (Table 4). These results
suggest that filtration reduced the total protein content in saliva but did not significantly
alter the composition.

When EHA rods were conditioned with filtered and unfiltered saliva, 1.5 pg/cm? and
2.3 ug/cm? of protein, respectively, was found to adhere to the rods (Table 4). SDS-PAGE
analysis of proteins recovered from filtered and unfiltered saliva-conditioned EHA rods showed
similar protein profiles (Fig. 9, lanes 3 and 5). Among the proteins adhering to filtered saliva-
conditioned EHA, sIgA (26.4 ng/cm®), and SA (126.5 ng/cm®) were detected by ELISA.
Amylases were also detected by the reducing sugar assays.

To examine the stability of the conditioning film on EHA, two sets of rods were
conditioned with the same batch of filtered saliva for 15 minutes. The adherent proteins from
one set of rods were immediately recovered and quantified (2.7 ng/cm?). The second set of
rods was incubated in RCB buffer lacking exogenous protein for 1 hour prior to recovery of
adherent protein. The 60 minute incubation in RCB buffer resulted in a slight decrease in

protein recovered from rods (2.2 pg/cm?).
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Figure 9. A silver-stained SDS-PAGE gel showing the proteins present in saliva and
proteins recovered from EHA. Saliva was collected, clarified, diluted and filtered where
required. Eight EHA rods were then immersed in either filtered or unfiltered saliva for 15
minutes. Adherent proteins were recovered by successively vortex rods in 1 mL of
distilled water. Four hundred microliters of 1/10 diluted filtered or unfiltered saliva and the
proteins recovered from EHA rods conditioned in the solutions were precipitated in 10%
trichloroacetic acid (TCA, w/v), suspended in 20 uL of non-reducing sample buffer,

boiled and loaded onto a 7.5% SDS-PAGE gel. Lanes: 1. Protein marker, 2. Unfiltered
saliva, 3. Proteins recovered from rods conditioned in unfiltered saliva, 4. Filtered saliva,

S. Proteins recovered from rods conditioned in filtered saliva.
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Table 4. Amount of proteins recovered from EHA rods after coating with 1/10 diluted

unfiltered or filtered-clarified saliva.

Salivary protein Protein recovered
(mg/ml) from roczis
(ug/cm’)
Unfiltered saliva 0.21 £0.05 2.28+0.25
Filtered saliva 017 £0.07 1.47£0.45

The data presented is the average of three experiments done on separate days with freshly

collected saliva.
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When EHA rods were conditioned with purified SA (80 pg/mL), 1.3 +0.2 pg/cm®

protein was recovered from the EHA rods. Protein adhering to EHA was confirmed to be SA.
by its reactivity with the monospecific polyclonal anti-SA antibody in western blots (Fig. 10).

The immuno-reactive band was estimated to be in the range of 400 kDa.

Biofilm formation on EHA conditioned with salivary proteins.
After establishing that salivary proteins and SA. could adhere to EHA surfaces, the

adherence of S. mutans NG8 cells was investigated on saliva- or SA-conditioned rods as
well as on control rods conditioned with BSA or RCB (bare rods). As shown in Figure 11,
S. mutans cells quickly adhered to the rods and the number of accumulated cells reached a
plateau after 20 minutes. After 75 minutes, the total number of S. mutans cells

accumulated on bare rods, BSA-, saliva-, or SA-conditioned rods were 6.23 [£0.31]x

10%, 231 [£0.31] x 10, 1.60 [+ 0.07] x 10°, and 3.28 [+ 0.97] x 10° CFU/cm?,
respectively. The kinetics and degree of adherence to the bare rods was surprising and
may be due to nonspecific interactions between bacterial surface proteins and the bare
surface of the EHA.

The results clearly indicate that after 60 minutes of incubation, a relatively stable S.
mutans biofilm was formed on EHA and this time point was used for all subsequent
biofilm experiments. Scanning electron microscopy showed that biofilms formed on the
saliva-conditioned EHA rods provided a sparse monolayer coverage of the surface (F ig. 12).
Similar biofilms were observed on BSA- and RCB-conditioned EHA rods (not shown). These
biofilms are similar to those previously reported (123, 130).

The role of antigen P1 in biofilm formation on SA-conditioned EHA rods was

investigated by comparing adherence of S. mutans NG8 and its isogenic P1-negative mutant
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Figure 10. Western immunoblot of SA recovered from EHA rods following conditioning

for 15 minutes in RCB containing 1 ug/mL SA. SA was recovered from the rods by
vortexing. Five hundred microliters of proteins recovered from eight conditioned EHA
rods (Lane 1) and 500 pL of the 1 ug/mL SA solution used to condition the rods (Lane 2)
were precipitated in 10% TCA (w/v). Protein was resuspended in 1 x non-reducing
sample buffer, run on a 7.5% SDS-PAGE gel, transferred to nitrocellulose and probed

with a polyclonal rabbit anti-SA antibody (1/500, see Materials and Methods).
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Figure 11. The accumulation of S. mutans NG8 on EHA. EHA was conditioned with

clarified whole saliva (A, 0.17 mg/ml), SA (@, 1 ug/mL), BSA (W, 0.18 mg/mL), or RCB
buffer (o).
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Figure 12. Scanning electron micrograph of S. mutans biofilms formed on saliva

conditioned rods.
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834 (126) to EHA rods conditioned in RCB with increasing concentrations of SA. At low SA

concentrations (1 - 10 ug/mL) there wesre negligible differences in the ability of the two strains
to adhere to the SA-conditioned rods (Fig. 13). Increasing the concentration of SA (20-80
ug/mL) used to condition the rods resutted in an increased adherence of NGS, but not 834, to
SA-conditioned EHA rods.

Our model system provided a swarface to examine biofilm formation. The adherence of
S. mutans to the surface diminished following conditioning of the EHA with protein. The
greatest decrease in adherence was obsexrved following conditioning of EHA. with saliva. This
decrease suggested that while saliva pos:sesses proteins capable of mediating specific
interactions with bacteria resulting in irreversible adherence, saliva may also play a protective
role by limiting non-specific bacterial adkerence to enamel. By conditioning EHA with SA we
provided a specific system for adherences (SA-P1 interaction) of S. mutans to the EHA that

would be useful in detachment experiments.

Detachment of adherent S. mutans NGS8 from the model biofilms.

Detachment mediated by endogenous enzymatic activity.

Detachment experiments were insitially performed with biofilms formed on saliva-
conditioned EHA rods. Detachment was assayed as a function of pH and temperature.
Following biofilm formation, individual reods were placed in culture tubes containing 2 mL of
RCB adjusted to pH's ranging from 4.5 - 7.5 for 30 minutes. Detachment from biofilms took
on a characteristic bell shape curve with @ maximum detachment at pH 5.5 -6.0 (Fig. 14A).

The effect of the pH of the medium on the viability of cells during this incubation was found to
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Figure 13. Effect of SA concentration on the accumulation of S. mutans NG8 (®) and

its P1 deficient mutant 834 (O) on EHA rods. EHA rods were conditioned for 15 minutes

in the SA solutions and biofilms were formed. Results shown are the average of two rods

+ SD.
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Figure 14. Effects of pH at 37°C (A) or temperature at pH 6.0 (B) on the detachment of

S. mutans NG8 from saliva-conditioned EHA. Results shown are the average of two rods

+ SD.
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be negligible. At pH 6.0, detachment of cells from biofilms was also found to be temperature-

dependent (Fig. 14B). The influence of temperature and pH on detachment suggests that

detachment may be an active enzyme-mediated process (121).

Detachment mediated by an exogenous SPRE enzyme preparation.
To further support the notion of enzymatic detachment, SPRE was prepared from the

mutant 834 and used to detach S. mutans cells adhering to SA-conditioned EHA surfaces.
Mutant 834 was used as the source of SPRE simply to eliminate the addition of exogenous
P1 to the system. The extent of detachment responded to increasing quantities of the crude
SPRE preparation in a dose-dependent fashion (Fig. 15A). Incrementally increasing the
amount of SPRE added from 10 to 88 pug/mL resulted in an increase in the detachment of
biofilm cells. The addition of more than 88 pg/mL SPRE did not result in significant increases
in the detachment of cells from biofilms. The detachment activity of the SPRE preparation
could be inactivated by pretreatment of the SPRE with pronase followed by boiling (20
minutes). Boiling was necessary to inactivate the pronase whose protease activity may
have induced detach of biofilm cells. As shown in Figure 15B, live enzyme induced a
detachment which was significantly higher than that induced by pronase-treated SPRE,
BSA, and the buffer control (p<0.05). The detachment induced by the pronase-treated
SPRE was not significantly different from the BSA and buffer controls (p >0.2). Inability
of BSA, buffer control, or the pronase treated enzyme to induce detachment ruled out the
possibility that detachment resulted from the addition of protein or salt derived from the
SPRE preparation added to the RCB during the detachment experiments.

The above results strongly suggest that detachment is an active enzyme mediated

process warranting further investigation.
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Figure 1S. Detachment of S. mutans NG8 cells adhered to SA-conditioned EHA as a

function of exogenously supplied SPRE (A). Detachment of adherent S. mutans NG8 cells
in the presence of active SPRE (Enzyme, 200 pug/mL), pronase-inactivated SPRE (1
mg/mL pronase, 37°C, 1 h), BSA (200 pg/mL), or buffer control PEMPP) (B).
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Isolation of “detachment - defective” mutants by Tn9/7 mutagenesis.

Isolation and preliminary characterization of mutant A and E.
To further confirm that detachment was enzyme-mediated and to isolate genes

affecting or controlling detachment, putative SPRE-defective mutants were generated by
Tn977 mutagenesis. Transposon mutants were produced by delivering Tn9/7 into S. mutans
JH1005 on pTV1-OK. S. mutans JH100S, not strain NG8, was used due to the low
transposition frequencies observed in S. mutans NG8. Following transposition, 3600 colonies
were patched to THYE plates containing Kan or Em, from which 1039 Kan® Em® colonies
were obtained. These Kan® Em® mutants were screened for an increase in cell-associated
P1 by whole-cell ELISA. The assumption is that a higher amount of P1 on cells is an
indication of a deficiency in SPRE and, therefore, detachment-defective. Two mutants, A

and E, that gave consistently higher A, readings (0.1) than the parent strain JH1005

were identified.

The effect of the transposon insertions on the growth of the mutants was found to
be very slight (Fig. 16). The only apparent difference was a slightly increased (30
minutes) lag phase for mutant A and E.

Southern hybridization using Tn9/7 as the probe demonstrated the insertion of
Tn977 into the chromosome of mutants A and E (Fig. 17). The probe hybridized to a
single EcoRI fragment of 8.5 and 7.4 kb from DNA of mutant A and E, respectively, but it
did not hybridize with the JH1005 DNA. The probe also hybridized to 2.5 kb and 7.4 kb
HindIII fragments from mutants A and E DNA, respectively, in addition to a common 1.2
kb band. This common 1.2 kb fragment appeared to be the same 1.2 kb internal HindIIT
fragment in Tn9/7 (Fig. 4). These results suggest that mutants A and E each carries a

single and distinct Tn9/7 insertion within the chromosome.
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Figure 16. Growth of S. mutans JH1005 (A), mutant A (9), and mutant E (®) in

Todd-Hewitt broth. Overnight cultures were used to inoculate prewarmed THB (1:25)

and growth was monitored by measuring the ODgoonm at hourly intervals.
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Figure 17. Southern blot analysis of chromosomal DNA from S. mutans JH1005 (lane 3),
mutant A (lane 1), and mutant E (lane 2). C: Kpnl digest of pTV1-OK. E: 5 ug of EcoRI
digested DNA. H: 5 ug of HindIllI digested DNA. The probe was 3?P-labeled DNA

obtained by random priming of the 4 Kb KpnI fragment of pTV1-OK containing Tn9/7
(Fig. 2).
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When the mutants were analyzed for their ability to release surface proteins, they

were found to release comparable amounts of low molecular weight proteins, but much
fewer high molecular weight proteins than the wild type (Fig. 18A). Western blotting
showed that P1 was released by the wild type, but was released to a much lesser extent or
at undetectable levels by mutant E and mutant A, respectively (Fig. 18B). Figure 18C
showed that the mutanolysin extracts prepared from mutants A and E contained an
immuno-reactive band of approximately 185 kDa indicating that P1 was produced in its
full length form by the mutants. The P1 band was slightly less intense in the mutant A
extract than in the mutant E and wild type extracts. This observation may be explained by

the incomplete action of mutanolysin on mutant A cells.

Impaired detachment ability of mutant A and E.

To determine if decreased release of surface proteins translated into decreased

detachment of cells from surfaces, detachment of wild type JH1005, mutant A, and mutant E

from SA-conditioned EHA (80 pg/mL) was quantified (Fig. 19). While there was no

difference in the number of cells accumulated on the surface (ca. 3.5 x 10° CFU/cmz), a
difference in the degree of detachment between the mutants and JH1005 was noted. After
60 minutes incubation at pH 6, mutant A gave a 20.9 + 2.9 % detachment which is
significantly lower than that by JH1005 (36.5 £ 2.5 %) and mutant E (30.5 £ 5.5% )
(p=0.05). The difference in % detachment between JH1005 and mutant E was not
statistically significant (p>0.2).

SPRE from mutant A and JH1005 was prepared and used to detach adherent S.
mutans NG8 celis from SA-conditioned EHA rods (Fig. 20). Mutant A SPRE induced a
37.8 = 0.2% detachment which was significantly lower than the 50.9 + 4.9% detachment
induced by the JH1005 SPRE (p<0.05) and is similar to the detachment induced by
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Figure 18. SDS-PAGE and western immunoblotting of proteins released from S. mutans

JH1005, mutants A and E. Panel A: a silver stained SDS-PAGE gel (7.5%) of the proteins
obtained by the surface -protein releasing assay. Each lane consists of 15 ul from the 200
ul released proteins. Panel B: a western blot of the same proteins as in panel A using a
rabbit polyclonal anti-P1 antibody (1/2000; Lee, (121)). Panel C: a western blot of
mutanolysin extracts (83) from the cells using the same anti-P1 antibody. Lanes 1, mutant

A; 2, mutant E; and 3, JH1005.
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Figure 19. Detachment of S. mutans JH1005, mutant A, and mutant E from biofilms

formed on SA-conditioned (80 pug/mL) EHA rods. Cells were allowed to detach for 60

minutes in RCB at pH 6.0, in the absence exogenously supplied SPRE.
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Figure 20. Detachment of S. mutans NGS8 from biofilms with exogenously supplied
SPRE. Biofilms were formed on SA-conditioned (80 pg/mL) EHA rods. Following
biofilm formation, crude SPRE prepara-tion (200 pg/mL) from mutant A, the wild type

JH1005, or PEMPP (buffer control) was applied to biofilms. Detachment was allowed to

proceed for 60 minutes in RCB at pH 6.0.
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PEMPP, the buffer control (SPRE was extracted from the membranes of mutant A and the

wild type using PEMPP).
Collectively, the decreased release of surface proteins and the impaired detachment

of mutant A suggest that transposon inserted into a locus required for SPRE activity.

Genetic characterization of the putative “SPRE - negative” mutant A.

Identification of the Tn917 insertion site.

Phenotypic data demonstrated mutant A may be “SPRE - negative,” further
characterization of mutant A would require identification of the genetic locus disrupted by
Tn917. Results from an aforementioned Southern blot (Fig. 17) of mutant A
chromosomal DNA probed with a radiolabeled fragment of pTV1-OK highlighted two
HindlII bands of approximately 2.5 and 1.2 kb. The latter is an internal Tn917 HindIIl
fragment, while the 2.5 kb band is likely comprised of transposon and chromosomal
sequences. Hence, mutant A DNA was digested with HindIIl and DNA fragments of
about 2.5 kb were recovered from an agarose gel and cloned into E. coli XL-1 Blue using
pBluescript as the vector. Transformants (330 clones) were screened by colony
hybridization using a 1.5 kb probe specific to the 3’ end of Tn9/7 (Fig. 4). Eleven
positive colonies were identified. Of these, nine positives were verified to contain a 3.0 kb
HindIIl insert which hybridized to the 1.5 kb probe of the 3’ end of Tn9/7 following
Southern hybridization. One positive clone (NV4) was chosen for further analysis. The
plasmid pN'V4 harboured by this clone had a 2.9 kb insert comprised of 1 kb of Tn9/7
sequence followed by a 1.9 kb of chromosomal DNA (Fig. 21). The insert was sequenced

and the transposon insertion junction between the 3’ end of Tn9/7 and the chromosomal
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Figure 21. Physical map of pNV4, the plasmid containing a fragment of chromosomal

DNA from §. mutans mutant A containing Tn9/7 and chromosomal DNA sequence.
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DNA was identified (see below, Fig. 28). No open reading frames (ORFs) were identified

on the chromosomal DNA immediately adjacent to the 3’ end of the Tn9/7; however, an
ORF with homology to translational initiation factor two (IF-2) was found at the distal
end of the chromosomal DNA (Fig. 21). Subsequent cloning and sequencing of the locus
from the wild type JH100S (see below), revealed the transposon had inserted into an AT
rich region just upstream of the -35 region of an open reading frame later identified as

copY, a negative regulator of the cop operon (Fig. 28).

Cloning of the cop operon adjacent to the Tn917 insertion site.
To identify the 1.9 kb mutant A DNA in the wild-type JH1005 chromosome,

pNV4 was labeled and used as a probe in Southern hybridization. The blotting
demonstrated the probe hybridized to a 11 kb BamHI fragment, an approximately 12 kb
EcoRlI, a 2.5 kb HindIII fragment, and a 7.5 kb Xbal fragment from the respective digests
of JH1005 DNA (Fig. 22). Since the HindlII fragment was smaller in size and should be
easier to clone than the other fragments, a partial-library was constructed with 2 - 5 kb
Hindlll fragments. Two putative colonies (NVD20 and F9) were identified following
screening of the partial-library by colony hybridization. Southern blotting verified these
two clones carried an insert of 2.5 kb (Fig. 23). Clone NVD20 was chosen for further
study. DNA sequencing revealed the insert on pNVD20 was identical to that on pNV4
and it possessed an additional 400 bp DNA. A promoter and a truncated open reading
frame were identified in this 400 bp sequence.

The remainder of this ORF and downstream genes, which formed the cop
operon, were subsequently cloned in three overlapping fragments. Screening a partial
library prepared from 3 to 6 kb partial HindlIlIl fragments of JH1005 chromosomal DNA
yielded a positive clone (WH4). The plasmid harbored by WH4 contained a 4 kb insert
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Figure 22. Identification of DNA fragments adjacent to the Tn9/7 insertion site by
Southern hybridization. S. mutans JH1005 chromosomal DNA was digested with BamHI
(lane 2), EcoRI (lane 3), HindIII (lane 4) or Xbal (lane 5) and probed with the insert of
pNV4 which was **P-labeled DNA by random priming. Lane 1, Hindlll digested pNV4.
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Figure 23. Southern hybridization of plasmid DNA from clones NVD20 (lane 1) and F9

(lane 2). DNA was digested with HindlIII and Sacl and probed with the >?P-labeled insert
of pNV4. Lane 3, Hindlll, Scal digest of pNV4.
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carrying the same 2.5 kb HindIII insert of pNVD20 as evidenced by Southern blotting and

an additional 1.5 kb HindIIl DNA fragment (Fig. 24). Sequencing the insert on pWH4
identified the remainder of the truncated ORF of pNVD20 and part of a second ORF.
Probing HincII digested chromosomal DNA with the 1.5 kb HindIll fragment identified
two bands at 1.3 and 1.4 kb (Fig. 25). The 1.3 kb band was an internal fragment within
pWH4 while the 1.4 kb band contained an additional 0.6 kb of chromosomal DNA. The
1.4 kb fragment was cloned in pUC18 yielding pNV5. Sequencing the insert on pNV5
provided the remainder of the second ORF cf pWH4 and the beginning of a third. The
final fragment of chromosomal DNA comprising the operon was identified by searching
the partial genome sequence of S. mutans UAB159. The sequence facilitated the design
of PCR primers to amplify and clone the final fragment of S. mutans JH1005 chromosomal
DNA to make the plasmid pNV46, as outlined in the Materials and Methods. In addition
to the sequence overlapping pNVS5, the amplicon encoded the second half of the third
ORF followed by a factor-independent terminator.

The genetic organization of the entire cop operon and a map of the
overlapping fragments cloned into the various plasmids are depicted in Figure 26. The
overlapping nature of the clones allowed the operon to be reconstructed easily on a single

plasmid pNV7 (Fig. 27).

Analysis of the nucleotide and amino acid sequence of the cop operon.
From the DNA sequence of the inserts carried by pNVD20, pWH4, pNV5, and pNV46,

three putative ORFs encoding proteins of 147, 743, and 66 amino acids were identified
(Fig. 28). The sequence contained a single promoter, which was found upstream of the
first ORF, each ORF was preceded by a Shine-Dalgarno sequence, and a factor-

independent terminator was located approximately 100 bp downstream of the stop
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Figure 24. An agarose gel (A) and a Southern blot of HindIIl digested pWH4 (B). Lane

M, 1 kb ladder; lane 1, pWH4. The blot was probed with a 0.8 kb PstI fragment of the
insert of pNV4 which was **P-labeled by random priming.
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Figure 2S. Southern blotting of S. mutans JH1005 to identify the final ORF of the cop
operon. Lane 1, HindIIl digested pWH4.4; Lane 2, S ug of S. mutans JH1005
chromosomal DNA digested with HincIl probed with biotin-labeled pWH4 (Bio-Nick
labeling kit, GIBCO/BRL).
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Figure 26. The genetic organization of the S. mutans JH1005 cop operon, the three open
reading frames copYBZ are indicated. The positions of relevant restriction sites are
shown; (B) BamHl, (E) EcoRl, (H) Hindll, (Hc) Hincll, (P) Pstl, and (X) Xbal. Below
the operon are drawings depicting the cloned cop fragments carried by the different

plasmids constructed in this study.
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Figure 27. Flowchart outlining the reconstruction of the entire cop operon. The entire cop
operon was reconstructed from the cloned DNA fragments. A 2.5 kb Ps7I - Xbal
fragment from pWH4 containing upstream sequences, the promoter, copY and part of
copB was cloned into pNV5 which had been cut with the same enzymes. The resultant
plasmid, pNV®6, carried on it all but the last half of copZ. The second half of copZ
contained within a 0.5 kb BamHI - EcoRI fragment was isolated from pNV46 and ligated
into pNV6 cut with the same enzymes. The new plasmid, pNV7, consisted of 450 bp of
sequence upstream of cop?, the 2.9 kb operon and 280 bp of sequence downstream of the

stop codon of copZ.
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Figure 28. DNA and the deduced amino acid sequence of the cop operon and the open
reading frames, respectively. In the nucleotide sequence the position of the transposon
insertion is indicated by a vertical arrow head, the inverted repeats are represented by the
horizontal arrows above and below the sequence the -35, -10 region, the Shine-Dalgarno
(SD) sequences and the terminator are in bold face. In the amino acid sequence the
conserved functionally important residues are in bold face. The eight predicted

transmembrane helicies (TM) are labeled and underlined.
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A ML DI I KATIL K I S RV T I I N I K
. . TM7 . . .
AAGAAAATCTTTTCTGGGCATTTATTTATAATGTTCTGTCAGTTCCTATTGCTATGGGAG
E NL FWAUFTI VYNV L S V P I A M G Vv
. . . ™8 . .
TACTTTATCTCTTTGGCGGACCTTTGCTGGATCCAATGATTGCTGGTCTAGCCATGAGCT
L Y L F 6 6 P L L D P M T A GL A M S F
. . . . . SD
TTAGCTCTGTTTCTGTTGTTCTAAATGCCCTGCGTCTTAAAGTTGTAAAATTATAAAGGA
S S VS V VL NATL R L K VvV VvV R 1 =*
. copZ . . . .
GAATTATCATGGAAAAAACATATCATATTGATGGCTTAAAATGCCAAGGCTGCGCTGACA
M E KT Y HI DG L K C Q G ¢C A D N

ATGTCACCAAACGCTTTTCAGAATTAAAGAAAGTCAATGATGTCAAAGTTGACCTTGATA
V... K R F S E L K K V N D V K V D L D K

AAAAAGAAGTCAGGATTACAGGAAATCCAAGCAAGTGGTCTCTTAAACGAGCACTGAAAG
K E V R I T 6 N P s K W s L K R A L K ¢

GAACCAAITATGAATTGGGAGCAGAAATTTAAGTAGGCTTCATATACCTTAAAAACTGTA
T N Y E L G A E 1 =*

. . . . . . Terminator

AAGACACAGTTAITTCATTGCATCTTATCAGATGGTCACAAAGAGGGAGAAGACTGGGAA

ACCAGTTTTTTTTCTGCTGTAAAATGAATTTAIAGCAITGTCATAGTTATCTGTTTCAAT

TATTGTAGAATATACAGAATTATAATAACTTGCTGTGCCAGTTTCCTTGATTTGTGATAC

ACTAGATAGTGGAATGTTTTAGAAAAGGTTATATGATTATGGTTAAACTGATTGCTATTG

ATATGGATGCACGCTTTTGAATT 3922
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codon of the third ORF. These features suggest that the three ORFs form an operon.

The first ORF encoded a small protein of 147 amino acids named CopY. A
putative heavy metal binding motif CXCX4CXC was identified at the C-terminus of
CopY. A similar motif was also present in CopY of E. hirae and OrfY of Lactobacillus
sake (Fig. 29). At the N terminus of CopY two stretches of conserved sequence which
shared high homology to E. hirae CopY, L. sake OrfY, Staphylococcus aureus Blal, S.
aureus Mecl, and Bacillus licheniformis Penl were present (F ig. 29). The amino acid
identity of S. mutans CopY to E. hirae CopY, OrfY of L. sake, S. aureus Blal, S. aureus
Mecl, and B. licheniformis Penl was 34, 33, 21, 20 and 23%, respectively.

The second ORF encoded a 743 amino acid protein (CopB), which shared
homology to a large group of evolutionarily conserved ion motive ATPases, including
CopA and CopB of E. hirae, and CopA of Helicobacter pylori. Analysis of the deduced
sequence of CopB revealed several features that are hallmarks to P-type ATPases. These
include: (a) an N-terminal heavy metal binding motif GXXCXXC (Fig. 30A), (b) eight
transmembrane regions (Fig. 28), (c) a TGES motif that forms part of the phosphatase
domain which mediates phosphorylation of an aspartic acid within the DKTGT motif
permitting the protein to transduce ions via a CPC motif located in a hydrophobic
transmembrane region (Fig. 30B), and (d) a C-terminal VGDGINDAP motif (Fig. 30C)
that is predicted to form a Mg?** salt bridge with the y-phosphate of ATP, placing the

phosphate in a position where it can be transferred to the aspartic acid.
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Figure 29. Sequence alignments of S. mutans CopY (copYSm) with other negative regulatory
proteins. CopY was aligned with CopY of E. hirae (CopYEhirae, accession # Z46807) a
negative regulator of the cop operon which regulates intracellular copper homeostasis, and
OrtY of Lactobacillus sake (OrfLsk, accession # 007127) a putative negative regulator of an
P-type ATPase similar to copB of E. hirae. The remaining proteins PenI and Blal of B.
lichenformis (penIBlichen and blaIBlic, accession numbers P06555 and B28183), S. aureus
MeclI (meclSaur, accession # P26598), and S. aureus Blal (BlaISa, accession # P18415)
regulate B-lactam resistance. The proteins were aligned using ClustalW. Identical residues are
shaded black, conserved residues in at least 60% of the sequences are gray, and similar residues
are in lower case. In the consensus line, identical residues are indicated by ! and conserved or
similar residues by *. Setting the value for conserved residues at 60% prevented the shading of
the metal binding motif (CXCX,CXC), residues135 — 145, of CopY of E. hirae and S. mutans

and OrfY of L. sake.
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Figure 30. Sequence alignments of the N-terminal metal binding sites (A), the phosphatase
domain (B), or the ATP stabilization domain (C) of S. mutans CopB (SmutanCopB) to other
P-type ATPases. CopA and CopB of E. hirae (EhiraeCopA and EhiraeCopB, accession #
L13292). CopA of H. felis (HfelisCopA accession # 032619), and CadC of L. sake
(LsakeCadC accession # 007127) were aligned using ClustalW. CopB was not included in the
alignment of the N-terminal binding region as it possesses an alternate metal binding motif
(HXXMXGM). Identical residues are shaded black, conserved residues in at least 60% of the
sequences are gray, and similar residues are in lower case. In the consensus line, identical

residues are indicated by !, and conserved or similar residues by *.
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The third ORF of the operon encoded a 67 amino acid protein (CopZ), which also

contained a heavy metal binding motif, CXXC, at the N terminus. Homology searches
provided matches to four known small proteins involved in copper or mercury resistance:
(a) CopZ of E. hirae , (b) CopP of H. pylori, (c) CopP of Helicobacter felis, and @
MerP of Pseudomonas alcaligenes (Fig. 31). The amino acid sequence identity of CopZ
to these proteins was 17, 21, 30, and 17 %, respectively. The S. mutans CopZ also
showed homology to another small hypothetical protein, SynCh of Synechocystis sp with
an amino acid identity of 27 % (Fig. 31).

At the promoter-operator region of the operon was a pair of inverted repeats; the
first repeat overlapped the -35 region and the second immediately followed the -10 region
(Fig. 28). Similar repeats were also present at the promoter-operator region of the £.
hirae copYZAB and §. aureus cadAC operons (154, 155), where they function as binding
sites for the regulatory proteins CopY and CadC respectively (55, 192).

To summarize, Tn9/7 had inserted itself in the chromosome of mutant A upstream
of the first gene of an operon which encodes two putative regulatory proteins and a
membrane protein hypothesized to transport heavy metal out of the cytoplasm. While the
transposon did not disrupt the ORFs, the transposon insertion had an effect on the operon

which affected SPRE activity of mutant A.
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Figure 31. Sequence alignments of S. nutans CopZ (CopZSmutans) to other proteins. CopZ

was aligned with CopP of H. pylori and H. felis (copPHpylori and copPHfelis, accession
numbers Q48271 and 0032620), MerP of P. alcaligenes (PalcMerP, accession #
AAC33271), SynCh of Synechocystis sp (SynCh, accession # BAA17240), and CopZ of
E. hirae (copZEhirae, accession # Z46807) using ClustalW. Identical residues are shaded
black, conserved residues in at least 60% of the sequences are gray, and similar residues are in
lower case. In the consensus line identical residues are indicated by !, and conserved or similar
residues by *. Helicobacter CopP and enterococcal CopZ are metal binding proteins
postulated to regulate the activity of ATPases and function as anti-repressors of the cop
operons, respectively. MerP is a mercury binding protein aiding mercury resistance by

sequestering mercury. SynCh is a hypothetical protein acting as a chaperone.
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Generation of a cop operon knock-out mutant.

An isogenic mutant (S4) of S. mutans JH1005 devoid of the cop operon was
produced by homologous recombination using the construct, pNV7/S4 (Fig. 26 and 32).
Results of Southern blotting showed that chromosomal DNA from mutant S4 did not
hybridize to the probe made from copYB DNA while the wild type DNA showed an
expected 1.8 kb band with this probe (Fig. 33A). When the DNA was hybridized with a
probe made from the tetracycline cassette specific to pNV7/84, two bands of 7 kb and 2.5
kb were noted in the S4 DNA, but were absent in the wild-type DNA (Fig. 33B). These
results indicate that the tetracycline-resistant transformant, S4, lacked the cop operon and
had the tetracycline cassette in its place. The strain S4 would allow us to explore the

function of the cop operon in SPRE activity.

Analysis of the cop transcript.

- To aid in determining if the three genes, copYBZ, form an operon the size of the
transcript and the transcriptional start site were determined. Northern dot-blotting using a
probe made from copYB showed a positive signal with RNA samples from JH1005, but
not from the mutant S4 RNA (Fig. 34A) further indicating that the cop operon was
inactivated in mutant S4. Interestingly, a much stronger signal was observed with RNA
prepared from Cu**-induced JH1005 cells than from non-induced cells. These
observations were confirmed by Northern hybridization (Fig. 34B). In the Cu**-induced
sample, three bands of 4, 3.2, and 1.3 kb were observed. Weak transcripts were detected

in the non-induced sample and no transcripts were observed in the S4 RNA samples.
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Figure 32. Construction of a cop knock-out S, mutans mutant. The flow chart depicts the
construction of the knock-out construct pNV7/S4 used for insertional activation of the
cop operon with a tetracycline cassette (A). Scal linearized PNV7/S4 was transformed
into S. mutans JH1005 and the chromosomal cop operon is envisioned to be inactivated

via homologus recombination (B).
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Figure 33. Southern hybridization verifying the lack of cop genes in mutant S4. HindIIl
digested JH1005 wild type (lane 1) and the mutant S4 (lane 2) chromosomal DNA (5 pug)
were hybridized with probes specific for cop¥B (A) or the tetracycline cassette of pVA981
(B). Probes were prepared by labeling plasmids pWH4.4 or pVA981 using the Bio-Nick

labeling kit and signals were detected by a Photogene detection system (GIBCO/BRL).
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Figure 34. Analysis of the cop operon transcript. (A) RNA dot blotting. Total RNA
from JH1005 or S4, were dot-blotted and cross-linked to a Biodyne A filter
(GIBCO/BRL). The filter was probed using a probe produced by biotin labeling pWH4.4
using the Bio-Nick labeling kit (GIBCO/BRL). (B) Northern hybridization. Total RNA
(20 pg) was separated on a formaldehyde agarose gel, transferred to a nylon membrane
and probed as above. Lanes: 1, non-induced JH1005 RNA; 2, 1 mM Cu**-induced JH1005

RNA; 3, non-induced S4 RNA; 4, S4 1 mM Cu**-induced RNA.
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The transcriptional start site of the cop operon was determined by primer extension

using RNA prepared from the Cu**-induced wild-type cells. The first base of the
transcript was identified as the thymidine located 6 nucleotides downstream of the -10
region (Fig. 35). Assuming transcription terminates at the terminator identified
downstream of copZ (Fig. 28) the postulated size of the transcript encoding the three
ORFs would be 3 kb, which corresponds to the approximately 3 kb signal observed in the

Northern blot.

Role of the cop operon in copper resistance of S. mutans.
Effect of copper on growth of S. mutans.

The sequence similarities of the ORFs to the E. hirae cop operon suggested that
the cop operon of S. mutans was also involved in copper transport. Hence, the effect of
copper on growth of S. mutans wild type, S4, and mutant A was determined. The wild
type cells exhibited impaired growth as the copper concentration increased and growth
was inhibited at 800 uM Cu®* (Fig. 36A). Interestingly the Tn9/7 mutant A was able to
tolerate higher Cu®* concentrations than the wild type. Although growth was impaired,
mutant A was able to grow better in the presence of 800 uM Cu?®* than JH1005 (Fig.
36B).

Complementation of mutant A with copY carried on plasmid pWH4/PDL resulted
in growth inhibition by 400 uM Cu®" (Fig. 36B, graph with open squares symbols). In

comparison, growth of the cop knock-out mutant S4, was severely impaired by 200 uM
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Figure 35. Mapping the transcriptional start site of the cop operon by primer extension.
Eighty micrograms of total RNA isolated from Cu**-induced JH1005 cells was annealed
with the primer which was end-labeled with (y>)P ATP using T4 polynucleotide kinase. A
reverse-transcriptase reaction was performed on the annealed sample. A Sanger
sequencing reaction, using the same primer as in the primer extension assay, was also
performed on the template pWH4. The reaction products (A, C, G, T) were resolved on a
7% polyacrylamide gel alongside the primer extension product (P). The DNA sequence is

shown on the left and the transcriptional start site is indicated with an asterisk.
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Figure 36. Growth of S. mutans JH1005 (A), mutant A (B), S4 (0), and S4
complemented with the cop operon on pNV7B (D). Overnight cultures were inoculated
1:10 into 1.5 mL of TYG and incubated at 37°C for 1 hour. After 1 hour, Cu®*" was added
to a final concentrations of 400 (A), 600 (@), or 800 (M) UM of Cu®*. One tube (#)
with no added copper served as a control. In panel B, (0) represents mutant A

complemented with pWH4/PDL grown in 400 uM Cu?®".
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Cu® and completely inhibited by 400 M Cu?" (Fig. 36C). As expected, the ability of S4

to grow in higher Cu®" concentrations was restored by complementation with the cop

operon (Fig. 36D).

MIC of copper and other divalent cations.

The observations on the effects of Cu*" on growth were further confirmed by

results from susceptibility studies. The MIC values of JH1005, mutant A, and cop knock-
out mutant S4 to Cu** were 8, 9, and 2 mM, respectively. These values are higher than
that in the growth studies and can be attributed to the use of a more complex medium.
Complementing S4 cells with the cop operon restored the MIC value to wild type level.
When JH1005 and mutant A were complemented with copY alone, the MIC values of Cu®
decreased slightly to 6 and 7 mM, respectively; while a similar complementation of S4 did
not change the MIC value. The sensitivity of JH1005 and the mutants to other heavy
metal ions was also examined. There was no difference in MIC for JH1005 and the
mutants to Ag> (175 pM), Cd>* (40 uM), Cr** (> 20 mM), Zn** (5 mM), and Hg?" (50
uM).

These data suggest that the cop operon mediates S. mutans’s resistance to high

extracellular concentrations of copper.
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Regulation of the cop operon.

Production of a cop promoter-CAT fusion gene.

The results of the transcript analysis suggest that the expression of the cop operon
is regulated by Cu®" concentrations. To assist in the study of cop expression, a
promoterless CAT gene was fused to the cop promoter. This fusion was accomplished
with the construction of pHTL1 (Fig. 8). The promoter function was confirmed by
selecting for chloramphenicol resistance following transformation of the ligated plasmid
into E. coli. The cop promoter-CAT fusion gene was further subcloned into pSL2 which
carried a fragment of the spaP gene that would allow homologous recombination with the
chromosomal counter-part of S. mutans. The resulting plasmid pHSL2 carried a
kanamycin resistance gene which would hamper attempts to complement the strain created
with shuttle vectors (pDL276, kan") carrying the cop genes. Hence the plasmid
pHSL2/pUC was constructed by ligating the fusion gene and a fragment of the spaP gene
fragment into the pUC18 backbone. The plasmid pHSL2/pUC was transformed into the
S. mutans cop knock-out mutant S4 and transformants were selected with
chloramphenicol. Chloramphenicol resistant transformants were assumed to have the
fusion gene integrated into the chromosome since the plasmid did not have an origin of

replication that is functional in S. mutans. The new strain was named S4/CAT.

Expression of the cop promoter-CAT fusion gene.

Plasmids carrying the entire operon, cop¥, or copZ were transformed into S4/CAT

and the ability of the strains to grow in a chemically defined medium (198) in the presence
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of chloramphenicol or chloramphenicol and copper was determined. The results are

shown in Table 5. All the strains grew equally well in the absence of chloramphenicol.
The addition of chloramphenicol to the media did not affect the growth of S4/CAT or
S4/CAT complemented with copZ. However, strains carrying either the entire operon or
copY were unable to grow in the presence of chloramphenicol. Inclusion of 0.01 mM or
0.10 mM CuSO4 did not have any effect on the growth of S4/CAT or S4/CAT with copZ.
However, at 1 mM CuSO, growth of S4/CAT and S4/CAT with copZ was impaired,
presumably by the toxicity of 1 mM CuSOs. Growth of S4/CAT complemented with the
entire cop operon was facilitated by the addition of copper to the chloramphenicol
containing media. In the presence of ImM copper growth of S4/CAT copYBZ was
comparable to S4/CAT in the presence of 1 mM CuSO,. S4/CAT complemented with
copY showed no significant growth in the presence of copper in the chloramphenicol
containing media. The results imply that the gene products of the cop operon control their
own expression, with CopY functioning as a negative regulator, and CopB, CopZ, or

CopB and CopZ functioning as anti-repressors.

Effect of the cop operon on detachment and cell wall related properties

of S. mutans.
Ability of SPRE from S4 to detach biofilm cells.

To determine whether the cop operon has a direct role in detachment of biofilm
cells, SPRE was prepared from mutant S4 and cop-complemented S4. The ability of the

SPRE preparations to detach S. mutans NG8 biofilm cells formed cn SA-conditioned
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Table 5. Growth of S. mutans S4/CAT and cop genes complemented strains in FMC in the

presence of copper and chloramphenicol. FMC is a chemically defined medium as

described by Terleckji (198).

No [Cu®'T°
additions®

Strains® 0 mM 0.01 mM 0.10 mM 1 mM

S4/CAT 1.262° 1.191 1.242 1.203 0.562

S4/CAT 1.198 0.073 0.102 0.215 0.659

copYBZ
S4/CAT copY 1.163 0.072 0.078 0.083 0.112
S4/CAT copZ 1.191 1.194 1.167 1.116 0.509
2 S4/CAT is the cop operon knock-out assumed to have the cop promoter-CAT

gene fusion integrated into its chromosome.

S4/CAT copYBZ is S4/CAT complemented with the entire cop operon.
S4/CAT copY is S4/CAT complemented with copY.

S4/CAT copZ is S4/CAT complemented with copZ.

Chloramphenicol and copper were not included in the media.

¢ Chloramphenicol (5 pg/mL) was included in the media

ODéoonm readings following 18h incubation at 37°C.
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EHA rods was tested. The results showed that SPREs from S4, cop-complemented S4,

and wild type JH1005 yielded 30.8 +2.3 %, 30.2 +£0.6%, and 33.1 £ 0.6% detachment,
respectively (Table 6). In contrast, SPRE from mutant A effected 23.6% =+ 0.2%
detachment which was significantly lower than that by JH1005 and cop-complemented S4
(p<0.05), and was similar to the PEMPP buffer control 0of20.3 + 0.6%. The inability of
mutant A SPRE to effect detachment is consistent with results from earlier experiments

(see Fig. 20).

Autolytic activity and osmetic fragility of the mutant.

Possible relationships between decreased SPRE function and cell wall-related
properties were examined by cellular autolytic and osmotic fragility assays. Lysis resulting
from the activity of cellular autolysins was first determined. Cells from the exponential or
stationary phases of growth were suspended in 10 mM sodium phosphate buffer, pH 6.0,
the optimal pH of the SPRE, and the optical density was monitored. As shown in F igure
37, the ODgoonm Of exponential and stationary phase cell suspensions decreased by
approximately 30% of the initial values after a four hour incubation. The wild-type and
mutant A displayed identical rates of decrease.

The osmotic fragility of bacterial cells following treatment with mutanolysin was
also examined. Cells were incubated in protoplast buffer containing mutanolysin (1
kU/mL) and incubated at 37°C. At various time intervals aliquots were removed and
quickly diluted in 10 mM sodium phosphate buffer (pH 7.2) to induce cell lysis. As shown

in Figure 38, both the exponential and stationary phase cells of mutant A were slightly
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Table 6. Detachment of S. mutans NGS8 cells from biofilms in the presence of SPRE

prepared from various strains.

Rod 1 Rod 2

Total Det. % Det® | Total Det. % Det. | Avg. %

CFU* CFU® CFU CFU Det.
PEMPP 2.69 0.53 19.7 43 0.9 20.9 203 +

0.6

JH1005 4.80 1.56 325 5.62 1.89 33.6 33.1+
SPRE 0.6
Mutant A 6.08 1.45 23.8 6.8 1.60 234 236+
SPRE 0.2
S4 7.37 2.1 28.5 6.22 2.06 33.1 308+
SPRE 2.3
cop- 4.72 1.46 309 6.40 1.90 296 302 +
complement 0.6
ed
S4 SPRE

a Total CFU (x 10° per rod) adhered to epon-hydroxyapatite rods. Prior to biofilm
formation rods were conditioned with 80 pg/ml SA for 15 minutes and blocked
with 1% (w/v) BSA for 1 h.

b Cells detached (x 10° per rod) from biofilms after 1 h incubation at pH 6.0 in the
presence (200 ug/mL) or absence of exogenous SPRE.

c % detachment = (Det. CFU / Total CFU) x 100.
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Figure 37. Cellular autolysis of S. mutans JH1005 (¢), mutant A (M. Cells were grown
to: A, exponential (0Dgoo.m = 0.65); or B, stationary (ODggo ny = 1.15) phase of growth.
Cells from 10 mL cultures were harvested by centrifugation, washed twice with distilled
water and once with 10 mM sodium phosphate buffer, pH 6, and resuspended in 5 mL of
the same buffer. The cells were dechained by rapid passage through a 27 gauge needle
and the cells were resuspended to the same density (ODgooum = 1) with phosphate buffer.
One milliliter aliquots were incubated at 37°C. The ODgqo at time 0 minutes was taken as

100%.
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Figure 38. Osmotic fragility of mutanolysin treated S. mutans JH1005 (W), and mutant
A (®). Cells were grown until: A, exponential (0Dgg0 um =0.65); or B, stationary (ODgqo
om = 1.15) phase of growth. Cells from 10 mL cultures were harvested by centrifugation,
washed once in protoplast buffer, dechained by rapid passage through a 27 gauge needle
and was adjusted to the same cell density (OD600 = 1) with protoplast buffer containing 1
kU of mutanolysin per milliliter. The cells were incubated at 37°C. At intervals, 20 uL of
the cell suspension was diluted in 1 mL of 10 mM sodium phosphate buffer pH 7.2. The

optical density of the time 0 sample was taken as 100%.
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more osmotically fragile than JH1005. After 70 minutes of incubation with mutanolysin

the ODsooum of exponential phase mutant A and JH1005 decreased to 35% and 51%
relative to the zero time samples. The ODgggng Of stationary phase mutant A and JH1005
cell dropped to 44% and 61% of the time zero samples. The data demonstrate that the
transposon insertion had little affect on autolysis but the osmotic fragility was increased in
mutant A. This suggests the transposon insertion affected other cellular processes in

addition to the SPRE activity.



DISCUSSION

Formation of model biofilms.

Biofilm formation is a multistep process culminating in the formation of adherent
microcolonies on surfaces exposed to a fluid environment. A prerequisite for biofilm formation
is the availability of a substratum which may or may not be conditioned with macromolecules
from the environment. Cells are then actively or passively transported to the substratum with
which they can interact. The primary interaction between cells and the substratum mediates
reversible adherence in which the cells are believed to be able to move in two dimensions
across the surface until they detach or bind irreversibly to the substratum (213). Following
irreversible adherence of the primary colonizers, the adherent population becomes more
complex. Thick, multi-species biofilms may develop and cells can produce copious quantities
of extracellular polysaccharides which may encapsulate the microcolony. For our experiments
we have designed a model system mimicking the surface that S mutans might encounter in the
oral cavity. To this end, we have used EHA as the substratum which mimics the tooth enamel
whose primary chemical constituents are hydroxyapatite. Since the enamel is always coated
with saliva, we have also mimicked this condition by coating EHA with saliva or purified SA in
biofilm formation. Hence, the model system used in this study is more relevant to the natural in

vivo conditions than those used by others involving glass cover slips.

Conditioning of EHA rods.

Surfaces immersed in fluid environments are quickly conditioned by macromolecules

157
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adsorbed from the fluid phase (34), and the oral cavity is of no exception. In the oral cavity

saliva bathes the enamel, depositing on it a pellicle of salivary proteins referred to as the
acquired enamel pellicle (AEP). Early reports on the acquisition of the AEP examined pellicles
of at least two hours old (79, 166, 185). These studies demonstrated that the complexity of
adherent salivary proteins increases with time. Looking into the initial protein deposition on
contact lenses, Sack ez al. (173) found that the limiting factor for the initial rate of protein
deposition on the surface was the rate at which tear fluid could deliver proteins to the surface.
Using transmission electron microscopy to examine enamel slabs conditioned with saliva (2
mg/mL), Busscher ez al. (28) showed that proteinous films of multiple layers in thickness
formed within 10 seconds and developed into heterogeneous structures after 5-10 minutes.
Similarly, Vassilakos e al. (214) found that the kinetics of adsorption of saliva to silica was a
very fast process. After 30 minutes exposure to 1% saliva in water, 0.2 ug/cm’ of protein was
detected on silica. Additional work by others also supported the rapid formation of a pellicle
within 15-30 minutes, after which the protein composition does not drastically change (185,
214). Our results are consistent with these findings. We showed that significant amounts of
protein could be recovered from EHA rods after immersion in BSA, diluted saliva or SA for
only 15 minutes. In addition, we found that following conditioning in 1/10 diluted saliva 80%
of salivary proteins could be retained on the EHA after a one hour incubation in a protein free
buffer. This result is similar to that reported by Vassilakos ez al. (214), that pellicles could be
washed for 30 minutes with only a 10% loss of adherent protein. The stability of the pellicle
suggests that the majority of the proteins firmly adhere to the surface. With respect to the

constituents of the conditioning film formed on saliva-conditioned EHA rods, we found that
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they correlate with those reported by Al-Hashimi and Levine (4), i.e,, that sIgA, amylases and

high molecular-weight mucins such as MG1 were recovered from 2 h in vivo-conditioned
enamel.

In preparation for latter experiments requiring more specific mechanisms for the
adherence of S. mutans to the substrata, EHA was conditioned with SA. In these instances, a
less concentrated protein solution was used to condition EHA_ However, the quantities of
protein recovered from SA-conditioned rods was not dramatically affected, reaffirming that the
deposition of proteins on EHA was a rapid and efficient process. Unfortunately the stability of
the SA conditioning film on the EHA rods was not determined. It would have been interesting
to compare the stability of the SA conditioning film to the stability of the whole saliva
conditioning film. Since SA. is known to adhere to enamel, the SA conditioning may have a
greater stability than the saliva, a complex mixture of proteins which may have varying affinities
for the EHA rods. Differential stability’s of individual salivary proteins may also affects

subsequent detachment of biofilm cells from the conditioned surface (see below).

Biofilm formation on conditioned EHA.

Our results of biofilm formation on EHA rods showed a decrease in adherence of S,
mutans to surfaces after conditioning with salivary proteins. These results are consistent with
previous work reported by others (1, 26, 27, 39, 40, 158, 216). The similarities also include
the kinetics of adherence in which a rapid initial adherence followed by a period of slow or little
increase in bacterial cell accumulation to unconditioned surfaces and a slow adhesion rate to

conditioned surfaces. Interestingly, the accumulation of S. mutans cells on the saliva-coated
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surface was lower than that on the BSA-coated surface, even though the rods had been

conditioned with the same concentration of saliva and BSA. When monolayers were
formed on EHA rods coated with 80 pg/ml SA, the number of S. mutans cells
accumulated was higher than on the saliva-conditioned surface. The differences between
the saliva-, BSA- and SA- samples were not, however, statistically significant. The results
demonstrate how different surface pretreatments can affect subsequent bacterial adherence
to surfaces.

Researchers examining the adherence of bacteria to a device to be implanted between
the esophagus and the trachea found that preconditioning the surface with salivary proteins
greatly decreased bacterial adherence to the surface (27). A correlation between the decreased
lifespan of implanted devices observed in patients with decreased salivary flow, which was not
observed in normal patients, suggests saliva plays a protective effect within the oral cavity to
limit adhesion by depositing a pellicle of salivary proteins on enamel. Saliva may provide
nonspecific mechanisms to limit adherence, but it is possible that some proteins or
polysaccharides from saliva may behave as surfactants to limit adherence. The precise
mechanism for the decreased bacterial adherence is unclear. Some reports suggest that the
acquisition of a conditioning film makes the interaction electrostatically unfavorable due to
charge repulsion between the negatively charged pellicle and bacterial surface (2 13). Others
theorize that in the presence of a pellicle bacteria may adhere to the bare, positively charged,
areas of the surface (1). While there may be some electrostatic repulsion, the idea of bacteria
adhering to unconditioned “spots” on a conditioned surface was addressed by Gibbons and

Etherdon (64). Experiments using bovine serum albumin as a blocking reagent following
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conditioning with saliva diluted up to 1/25 did not affect adherence. However, increasing the

dilution factor of saliva (1/125 and 1/625), prior to BSA blocking did result in decreased
adherence. Decreased adherence may have been caused by a decreased number of binding sites
resulting from sparse conditioning of the surface with salivary proteins. Two conclusions were
drawn from this: (a) due to the efficiency of the formation of the conditioning film, a protein
solution of relatively low concentration (1/25 diluted saliva) may be used to condition a surface
such that there are few bare spots. In relation to the binding capacity of our rods this suggests
that relatively small quantities of protein are required to provide a thin uniform layer of proteins
on a surface. (b) BSA can be used to block any bare sites allowing one to measure adherence
to surfaces conditioned with dilute protein solutions. These conclusions are critical when
comparing the adherence of S. mutans NG8 and 834 to EHA conditioned with SA (1-80
ug/mL), since it was necessary to distinguish between specific and non-specific adherence. The
equal adherence of NG8 and 834 to EHA conditioned with lower concentrations of SA, and
the SA-dependent increase in adherence of NG8, but not 834, imply that the P1 - SA
interaction mediates specific adherence to SA-conditioned EHA.

From a topographical point of view, a logical explanation for decreased bacterial
adherence to conditioned surfaces is that the surface becomes irregular after a thick
heterogeneous conditioning film forms on it, making it difficult for bacteria to adhere (26). In
this instance the bacteria may reversibly associate with the surface prior to specific interactions

with a component of the pellicle allowing firm attachment (213).
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Detachment of adherent S. mutans NG8 from model biofilms.

Detachment of biofilm cells is considered a nonspecific event resulting from predator
harvesting, shear-related removal, cell division, abrasion, or periodic sloughing of biofilm cells
(5,31, 38, 169). Recent research from this laboratory challenged this belief suggesting
detachment of S. mutans from EHA rods conditioned with hog gastric mucin is induced by the
activity of SPRE (123). However, the dental relevance of this detachment was unclear due to
the conditioning films used in the model biofilms. The model biofilm developed in this study
offers a more relevant system to examine S. mutans detachment than the hog gastric mucin
model. Furthermore, additional advantages of the present model include: minimization of non-
specific detachment due to shear forces, formation of monospecies biofilms to prevent
competition for available binding sites or the possibilities of neighboring organisms secreting
inhibitory compounds (29), and the cells used were viable, non-dividing bacteria to eliminate
cell division as a source of error.

The optimal pH for detachment from saliva-conditioned EHA rods supported previous
results demonstrating maximum detachment and surface protein release occurred between pHs
of 5.5-6.0 (121). Detachment was also found to respond to increasing temperature. The
increasing proportion of cells detaching as the temperature increased and the pH decreased
may be mediated by SPRE.

At 10°C, 39 % of cells detached from the surface. This is similar to but slightly greater
than the 25% detachment at pHs 7.0 and 7.5 at 37°C at which the SPRE activity is minimum.
Hence, detachment at pH 7 at 37°C and pH 6 at 10°C may be the basal level of detachment in

our system. Basal detachment could be attributed to SPRE-independent detachment of cells
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reversibly or weakly associated with the substratum (46, 213). Unfortunately, the percentage

of cells detaching from bare or BSA-~conditioned rods was not determined. However if the
percentage of cells detaching from the bare or BSA-conditioned rods was determined and
found to be approximately 30%, it would support the theory of nonspecific detachment
resulting from detachment of nonspecifically adherent cells. Alternatively, basal detachment
may result from the loss of cells due to the detachment of the underlying conditioning film. In
measuring the stability of the conditioning film we found 20% of the protein was lost during a
one hour incubation in a protein free buffer. If a similar losses occur during the detachment
experiment it is possible that cells adhering to the detaching conditioning film may also be lost.
However, I favor the detachment of nonspecifically adherent cells to explain basal detachment.

If there is a loss of a proportion of the conditioning film this loss would likely occur very
quickly after removal of the rods from the protein solution in which they were conditioned, i.e
during the biofilm formation phase of the experiment immediately following conditioning of
the EHA rods.

The pH and temperature data collectively suggest that an active enzyme mediated
process, in addition to a nonspecific phenomenon, results in the observed detachment. The
dose-dependent release of biofilm cells by the SPRE and the abrogation of the SPRE activity
by pretreatment of the SPRE with pronase further support the notion that SPRE functions
enzymatically to release cells from biofilms. The active enzyme is likely to be the SPRE.

The complex nature of the salivary protein conditioning film made it difficult to draw
conclusions on the mechanism of detachment as the specificity of cellular adherence to the

substratum was uncharacterized. In monolayers formed on saliva-coated EHA, detachment
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may be attributed not only to SPRE cleavage of P1 but also of other surface proteins, as a

number of proteins (in addition to P1) can be released by SPRE (121). To impose
specificity on adherence as to make conclusions regarding detachment, purified SA was used to
condition EHA rods. The SA - P1 interaction was indicated by the increased adherence of S.
mutans NG8, but not the isogenic P1-negative mutant 834, to EHA rods conditioned with SA.

In this system where adherence is postulated to be facilitated by P1, detachment may be
attributed to SPRE-mediated cleavage of P1 from the cell surface, allowing the bacterium to
detach.

In the release of P1 from cells, SPRE apparently cleaves at or near the C-terminal
structure that links P1 to the cell wall. This argument is made from the fact that P1
released from cells by SPRE is an intact 185 kDa molecule (Fig. 18), and that P1 is
anchored to the S. mutans cell surface by its C terminus (83, 84). At this time, the exact
site of P1 cleavage and the biochemical nature of the SPRE remain unknown.

Many surface proteins of gram-positive organisms share structural characteristics
within the C-terminus which determines their surface localization. One of the characteristics is
a LPXTGX consensus sequence (57). The conserved threonine within the hexapeptide repeat
has been shown to anchor protein A of S. aureus to the cell wall and may play a similar
function in other Gram-positive bacteria (83, 204). A significant proportion of surface proteins
with the conserved C-terminal features are involved in adherence to surfaces via the
recognition of specific surface structures, and have been reported to be released into the culture
medium (53). It is tempting to speculate that SPRE may be a conserved enzyme among Gram-

positive bacteria possessing similar C-terminal motifs and that it is responsible for cleaving
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these surface proteins from the bacteria. If so, there would likel-y be a conserved sequence

within the proteins which SPRE may recognize as its substrate. However, the LPXTGX is the
only sequence conserved among all of the surface proteins. Itis possible that SPRE may
cleave within the LPXTGX thus cleaving the protein at the site of it’s linkage to the cell wall.
The possibility of a unique enzyme cleaving all gram-positive sur-face proteins with the
LPXTGX motif may be ruled out since the enzyme that liberatess M protein from S. pyogenes is
different from SPRE in sensitivity to PH and inhibitors (121, 161 ). Other than within the
protein, there are two additional sites at which SPRE may act. T he enzyme may cleave the
polysaccharide backbone of the peptidoglycan or it may cleave thne stem peptide which the
protein is covalently linked to. The later activity would be favore=d since it may be more
efficient. By cleaving the stem peptide, the enzyme would only h:ave to cleave one substrate to
release the protein. Conversely, if the enzyme cuts within the pol-ysaccharide backbone two
enzymatic reactions may be required, one cleavage upstream and the other downstream of the
N-acetyalmuramic acid residue the protein is linked to. Both of tEhese activities are similar to
that mediated by cellular autolysins (182).

While other researchers have targeted the degradation of extracellular polysaccharides
encompassing the bacterium as a means to induce detachment of biofilm cells (93, 179), we
have taken a different approach. Through our experiments we demmonstrated that an
endogenous enzyme detaches biofilm cells. Although we studied amonospecies biofilms formed
of resting cells that were not producing copious amounts of extracsellular polysaccharides, it is
possible that SPRE could detach more complex biofilms from surfces. It has been said that

the interaction between primary colonizers and the conditioning filsm is very strong (25).



166
Whether a biofilm will remain adhered to the surface then hinges upon the strength of the

interaction between the substrata and the conditioning film. In experiments in which biofilm
cells were detached by shear forces, an all-or-none phenomena was noted and there was no
loss of proportions of the biofilm population. The detachment of the entire biofilm by a critical
shear force may result from cohesive failure of the conditioning film (25). Since SPRE would
disrupt the link between the conditioning film and the cells, SPRE activity would weaken the
biofilm resulting in detachment of the biofilm at lower shear rates normally unable to induce
detachment of the biofilm. This type of detachment may result in the clearing of the detached
biofilms from the oral cavity, as large detaching clumps of biofilm cells may be cleared from the
oral cavity. This type of detachment may provide an explanation for Byers’ theory of the
sloughing off of a large aggregates of biofilm cells resulting from uncharacterized intrinsic
cellular processes (30). Conversely if the detaching bacterium was a secondary colonizer on
the periphery of a biofilm, the bacterium may sense that the environment is becoming

inhospitable and thus may employ the enzyme in order to detach and colonize another site.

Isolation and characterization of “SPRE-negative” mutants.

Once established, biofilms are extremely difficult to eradicate. In the conclusion of a
literature review on biofilms, Gristina (69) stated that "The best strategy to prevent biofilm-
resistant infection is to avoid microbial contamination." Without a doubt there would be
immediate applications for an enzyme such as SPRE, which may be able to cleave proteins

from numerous gram-positive bacteria. The cleavage could prevent planktonic organisms from
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adhering to surfaces or possibly be instrumental in detachment of adherent populations. The

enzyme only needs to be found! Once isolated, SPRE could be used daily as a component of a
toothpaste or an oral rinse. However, use in toothpaste or oral rinses may not allow the
enzyme sufficient time to function. An alternative may be to have dental professionals apply
SPRE during regular dental check ups in a method similar to the application of fluoride.
Fluoride is often administered as a paste dispensed onto a bite plate which is subsequently left
in the mouth for a few minutes thus placing the paste and therefor the enzyme in direct contact
with the enamel.

In this study, I have taken a molecular approach in an attempt to identify this enzyme.
Using Tn9/7, two putative SPRE-negative mutants, A and E, were isolated. These mutants
were identified by an increased surface - localised P1. Mutants A and E appear to be distinct
mutants based on Southern hybridisation evidence. In comparison to the wild type, both
mutants were impaired in their ability to release proteins, although the impairment was less
pronounced for mutant E. Differences in surface protein release also translated into a decrease
in detachment of biofilm cells. Detachment experiments showed that mutant A and mutant E
detached less effectively that the wild type. These results strongly suggest that mutant A was
SPRE - and detachment-deficient.

Genetic analysis of mutant A revealed that the transposon had inserted at an AT-
rich region immediately upstream of the -35 region of an operon that we named copYBZ
that appeared to be involved in copper transport in S. mutans. The role of this cop operon

in detachment and cellular physiology will be discussed later.
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The cop operon.

The cop operon of S. mutans JH1005 consists of three genes encoding a putative
negative transcriptional regulatory protein (CopY), a cation transporting P-type ATPase
(CopB), and a small globular protein (CopZ). To the best of our knowledge, this is the
first report of a copper transport operon in the genus Streptococcus. The cop operon was
also found in the genome of . mutans UAB159, currently being sequenced at the
University of Oklahoma. A comparison of the S. mutans JH1005 cop operon and the
operon from strain UAB159 showed 98% sequence identity at the nucleotide level. The
similarity began 380 bp upstream of cop¥ and continued past the postulated terminator
and into the beginning of the next open reading frame.

Overall, the S. mutans cop operon shares the most homology with the E. hirae
copYZAB operon which has been demonstrated to confer high-level copper resistance to
E. hirae (155-157). The E. hirae cop operon encodes two P-type ATPases, CopA and
CopB, which respectively transport copper into and out of the cells, and CopY and CopZ,
which regulate the expression of the ATPases and themselves (155). However, the
vgenetic organization and the number of genes in the S. mutans copYBZ operon is different
from that of E. hirae (copYZAB). Other characterized bacterial operons such as the S.
aureus cadAC operon (49, S5, 119, 154) or the H. pylori copAP operon (61) encode
structurally similar ATPase but, respectively, lack a copZ or a copY homologue.

The results of northern blotting suggest that the cop operon is transcribed as a
single polycistronic message. A small hybridization band was observed at 1.4 kb, but this

was too small to be the ATPase and too large to be copY. I thus concluded that this small
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hybridization band was a degradation product. Of the larger signals, the 3.2 kb band

matches the size of the cop operon while the 4 kb band may have resulted from inefficient
termination. Primer extension results, which map the start site of transcription, reaffirmed

the presence of the promoter at the -10 and -35 regions identified from the sequence.

Analysis of the open reading frames and function of the gene products.

CopB
The S. mutans CopB is a P-type ATPase which shares similarities with other

ATPases that have specificity for copper or cadmium (11, 60, 154, 157, 162, 165). The
similarities include a number of conserved structural and functional domains. The
ATPases of S. mutans, E. hirae, H. felis, H. pylori and L. sake are each postulated to have
eight transmembrane spanning hydrophobic regions as evidenced by hydropathy plots (Fig.
39). This group of heavy metal-transporting P-type ATPases are members of a larger
superfamily of P-type ATPases. A recent study by Axelson and Palmgren (9) identified
211 P-type ATPases in the databases and sequence alignments showed 265 amino acids
always aligned and contained minimal additions or deletions. The conserved amino acids
were clustered around amino acids situated in the cytoplasmic loop between the fourth and
fifth transmembrane segmeats, within the sixth transmembrane segment, and within the
large cytoplasmic loop between transmembrane segments 6 and 7 (Fig. 40). These regions

are responsible for binding ATP, phosphorylation of an aspartic acid, ion translocation and
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Figure 39. Hydropathy plots of P-type ATPases, from S. mutans, E. hirae, H. felis and

L. sake.
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Figure 40. Predicted membrane topology of S. mutans CopB. The amino acid sequence

was input into TmPredict, which identified transmembrane regions indicated in Figure 26,

allowing prediction of membrane topology.
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subsequent dephosphorylation of the aspartic acid. In relation to the topology of the

protein, the conserved motifs can also be mapped to similar locations in each of the
proteins. For example, the metal binding motif immediately precedes the first
transmembrane domain, the TGES occurs just before the fifth transmembrane domain, the
CPC transduction motif'is within the sixth transmembrane domain, and a large cytoplasmic
region between the sixth and seventh transmembrane domains contains the DKTG and the
VGDGINAP motifs (Fig. 40). On average, the bacterial proteins are approximately 40%
identical at the amino acid level. Not including the extended N-terminus in the
comparison, the Menkes and Wilson proteins are 38% and 37% identical to CopB at the
amino acid level. While the ATPases have similar sequences and structure, the ion
specificity of the proteins may differ. CopB of E. hirae can transport Cu>* and Ag®";
CadA of S. aureus transports Cd**; and the CopA from H. pylori and H. felis transports
Cu®* (11, 154, 15 7). The results of our heavy metal susceptibility experiments suggest
that CopB of S. mutans mainly transports copper. The ATPase enables the bacterium to
tolerate extracellular copper concentrations of up to 8 mM. Without the ATPase, S.
mutans S4 failed to grow in copper concentrations greater than 2 mM. Similar MIC’s
were noted for the wildtype E. hirae strain that could grow in 8 mM copper, but a copB
knockout mutant was sensitive to 6 mM (155, 157). The ability of the wild type S.
mulans strain to grow in higher copper concentrations than S4 implies that the S. muzans

CopB functions to transport copper out of the cell.
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CopY

CopY is similar to a few other bacterial negative transcriptional regulatory
proteins. These proteins are bifunctional, with an N-terminal domain that interacts with
DNA while the C-terminal domain allows the proteins to dimerize and interact with their
respective effector molecule or ion. Examples of these regulatory proteins include MecI
and Blal of S. aureus, and Blal and Penl of B. licheniformis, which regulate B-lactam
resistance. The S. mutans CopY shares 31%, 29%, 28%, and 29% amino acid identity,
respectively, to these proteins. However, CopY of E. hirae that regulates the expression
of P-type ATPases which control intracellular copper homeostasis are of greater relevance
to this analysis. CopY of S. mutans shares 35% amino acid identity to E. hirae CopY.
These regulatory proteins have been shown to repress transcription by binding to inverted
repeat sequences overlapping the promoter when the effector molecule (B-lactam
antibiotics) or ions (Cu®") are respectively absent or at physiological levels . An ACA
triplet at the promoter appears to be the recognition sequence for E. hirae CopY, the
lambda repressor and B. lichenformis Penl (109, 192, 219, 222). For the ARC repressor
of phage P22, the DNA sequence is AGA (103). The ACA triplet is also present within
the inverted repeats of the S. mmutans cop operon promoter. The regulatory proteins
appear to have two different amino acid motifs that function to recognize the ACA in the
promoter. The phage 434 repressor and E. hirae CopY have a glutamine pair at positions
30/31 and 29/30 respectively which are critical for DNA binding (109, 155). However,
the glutamine pair is absent from S. mutans CopY, Penl, and the ARC repressor of phage

P22. Research with the ARC repressor showed that the first nine amino acids of the
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protein function to bind DNA (103), and Penl possess a similar sequence (218).

Sequences similar to PenI and the ARC repressor are absent from the N-terminus of .
mutans CopY. However, S. mutans CopY does have a glutamine pair at position 82/83,
and a glutamine-arginine-glutamine at positions 62-64, which may function similarly to E.
hirae CopY if the protein adopts a slightly different tertiary structure.

The C-terminal CXCX,CXC motif is shared by heavy metal binding proteins such
as CopY of E. hirae, CopP of H. felis, and the hypothetical protein encoded by orfY of L.
sake. This motif may play an important role in de-repressing transcription of the cop
operon as evidenced by studies with E. hirae. Results of experiment with CopY of E.
hirae demonstrated that the binding of copper to CopY, presumably at the CXCX,CXC
motif, caused dissociation of the protein-DNA complex as the copper concentration
increased, thereby allowing transcription (155, 192, 222). As expected, this heavy metal
binding motif is absent from transcriptional regulators (eg. Mecl) not involved in heavy

metal transport.

CopZ

CopZ is similar to the putative positive regulator CopZ of E. hirae. Cobine et al.
(42) recently demonstrated the E. hirae CopZ protein could function as a chaperone
delivering copper to CopY bound to the operator. In this capacity CopZ appears to
function as an anti-repressor of the cop operon. However, previous results by the same
group suggest that de-repression of the cop operon could be CopZ-independent at high

concentrations of Cu®* (192). Ina gel mobility shift experiment, where increasing
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concentrations of copper were added to a constant concentration of the promoter-CopY

complex, the complex could be dissociated in the absence of CopZ (192). Our
experiments with the CAT reporter gene showed that the growth of S4/CAT
complemented with copYBZ, but not S4/CAT complemented with copY, could be restored
by Cu®". This result indicates either CopB or CopZ can de-repress the cop promoter
activity. Given the finding by Cobine et al. (42), CopZ is likely the anti-repressor. In our
system, the role of CopZ in de-repression may be confirmed by constructing two
additional plasmids, one expressing CopY and CopB, and the other expressing CopY and
CopZ. Upon transformation of the plasmids into S4/CAT, these strains (plus those used
in this study (Table 5) could be tested for growth in the presence of chloramphenicol and
increasing concentrations of Cu®>*. If CopZ is the anti-repressor, we would expect that
growth of S4/CAT complemented with copYZ would be induced at similar Cu2*
concentrations as S4/CAT complemented with copYBZ. Growth of S4/CAT
complemented with cop¥B at higher Cu®** would demonstrate two points: (i) the
importance of CopZ for activation of transcription and (ii) that de-repression can be CopZ
independent. Alternatively, the inability of S4/CAT complemented with copYB to grow at
higher concentrations would imply CopZ is required for de-repression.
A possibility remains that CopZ could directly regulate the activity of the ATPase.

In order to transduce ions, the ATPase must switch from the E1 (inactive) to the E2
(active) conformation. The E1 - E2 switch could be regulated by CopZ. Interaction
between the Cu®**-bound CopZ and the ATPase may induce the switch to E2.

Alternatively, binding of CopZ alone to the ATPase may trap the ATPase in the E1
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conformation and prevent ATP binding or the interaction between the large cytoplasmic

loop containing the bound ATP and the phosphatase domain.

Regulation of the S. mutans cop operon.

The results of transcript analysis suggest that the expression of the cop operon is
regulated. This statement is further supported by the results from the CAT reporter gene
experiments (Table 5). In the transcript analysis experiments, we showed that a higher
level of cop transcript was expressed by Cu**-induced cells than by the non-induced cells
(Fig. 34). In the CAT reporter gene experiment, we showed that S4/CAT, but not
S4/CAT complemented with copY or copYBZ, could grow in the presence of
chloramphenicol. Furthermore, the growth of S4/CAT complemented with copYBZ could
be restored by Cu®**. These data collectively suggest that CopY is the negative regulator
repressing the cop promoter activity. The repression can be de-repressed by Cu®*. As
indicated earlier, we suggest CopZ is the anti-repressor by delivering Cu®* to CopY. In
general, the mechanism of cop operon regulation in S. mutans is similar to that in E, hirae.

This model of regulation, however, appears to be different from that of the S. qureus
cadAC and the H. pylori copAP. The S. aureus cadAC does not have a CopZ analogue,
so regulation may only be mediated at the level of transcription. The H. pylori copAP
lacks a CopY homologue, hence, regulation may be controlled by some uncharacterized
regulatory proteins. Alternatively, the expression of the H. pylori ATPase may be

constitutive and CopP, the CopZ analogue, may regulate copper transport by controlling
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the conformational state of the ATPase. In S. mutans and E. hirae there may be greater

potential for more stringent regulation of intracellular copper, especially for E. hirae
which also has an ATPase functional for copper import.

The results of the growth studies of mutant A also suggest that the cop promoter
activity is regulated. We showed that mutant A is more resistant to Cu?* than the wildtype
(Fig. 36). The increase in resistance implies an increase in CopB activity. Such an
increase may be due to an increase in transcription of the cop operon which may be the
result of a decreased affinity of CopY for the inverted repeats overlapping the promoter.
The decreased affinity of CopY to the promoter may be caused by the insertion of Tn9/7
into the AT rich region immediately upstream of the promoter. In other systems, it is
known that upstream sequences play a role in promoter activation (114). Hence, it is
conceivable that the upstream sequence of the cop operon is also important for promoter
activity. However, in this case, the upstream sequence is required for efficient binding by

CopY.

Effect of the cop operon on physiology of S. mutans.

The primary function of the cop operon is likely to regulate intracellular copper
concentrations. In this capacity the cop operon may be important for the ability of S.
mutans to thrive in the oral cavity. Wataha et al. (217) have demonstrated that significant
quantities (40 pg/cm?) of copper ions could leech out of dental casting alloys. Similarly,

Leirskar (129) showed that copper ions could also leech out from dental amalgam. In
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light of these findings, it is safe to say that S. mutans is constantly exposed to Cu®" and

that by possessing a functional ATPase capable of pumping copper out of the cell, S.
mutans would definitely have a competitive advantage over other bacteria.

As indicated in the literature review, P-type ATPase of L. monocytogenes and P.
mirabilis are associated with virulence and swarming phenomena, respectively. These
findings suggest that the cop operon may have other physiological roles in addition to
copper transport. In.S. mutans, one such role may be in modulation of SPRE activity.
We demonstrated that the cop operon enables S. mutans to tolerate high concentrations of
extracellular Cu**. The ATPase may also be important for the bacterium to tolerate the
changing environment it occupies in the oral cavity. The cell depends on the ATPase to
regulate the cytoplasmic concentration of heavy metals. Heavy metal concentrations must
be within a range that is non-toxic and provides the copper as a cofactor necessary for
cellular enzymes to function properly. The cell may also count on the ATPase to regulate
copper or other metal ions in such a way that will allow the cell to sense how much copper
is in the environment. For example if the copper concentration is high enough to induce
the ATPase, the copper concentration may also be a signal for regulation of other genes
such as the SPRE gene. So while the cell membrane allows cells to maintain a certain
intracellular environment, changes in that environment as a result of extracellular process
must be able to occur for the bacteria to respond to them. In this case, the response may
be the induction of SPRE, allowing S. mutans to detach and colonize other sites.

Our results clearly showed that mutant A has a deficiency in SPRE activity,
suggesting a role of the cop operon in this activity. However, the cop-knock-out mutant
S4 did not show an altered SPRE activity (Table 6). This result makes it difficult to
explain the relationship between the cop operon and SPRE activity. However, I think

there are two possible mechanisms which could account for the decreased SPRE activity
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in mutant A: (i) CopY could directly or indirectly affect the expression of SPRE or (ii)

increased CopB production in mutant A may result in decreased cytoplasmic
concentration of heavy metals resulting in decreased expression or activity of SPRE. As
discussed earlier mutant A is likely to have an increased expression of the cop proteins due
to the Tn9/7 insertion. Excess copies of CopY in the cells may have negatively regulated
the expression of SPRE, either by directly binding to the SPRE promoter or by repressing
transcription of a factor that is required for SPRE expression. Alternatively, SPRE may
require heavy metals for activity or its expression. With an increased expression of CopB,
it is conceivable that mutant A may have a lower intracellular Cu®, or other heavy metal
ion concentration, than the wildtype and mutant S4. This condition leads to a decrease in
SPRE activity if SPRE is a metalloenzyme. Alternatively, the low intracellular metal ions
may have affected the ability of ion-dependent factors to express SPRE. In the case of the
wildtype cells, because of the tightly-regulated nature of the cop operon, excess copies of
CopY and CopB are probably not present under low Cu?* conditions to downregulate
SPRE activity or expression. In S4, CopY and CopB are not present at all. These
explanations may account for the same SPRE and detachment activity displayed by the
wildtype and mutant S4 cells.

The cop operon also appears to have some effects on cell wall-related properties of
S. mutans. We showed that mutant A was osmotically more fragile than the wild type.
Osmotic fragility is a function of cell wall strength. Increased osmotic fragility will result
from a weakened cell wall unable to tolerate osmotic shock. The observed difference in
the cell wall strength between JH1005 and mutant A may be the result of a decreased
activity of peptidoglycan synthases or an increased activity of autolysins. We did not find
any difference in cellular autolysis between JH1005 and mutant A (Fig. 37), suggesting the

total autolytic activity in mutant A has not been altered. On the other hand, a decrease in
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peptidoglycan synthases activity is possible in mutant A. There are reports of cell wall

carboxypeptidases that are metallo(zinc) enzymes (86, 221). In mutant A, functional cell

wall metalloenzymes may not be able to function due to the increased CopB activity.



CONCLUSIONS

Improvements made to model biofilms provide evidence that detachment of biofilm
cells is an active enzyme mediated process. Future purification of SPRE, the enzyme
postulated to cause detachment, would be very beneficial as it may allow us to detach S,
mutans from enamel. SPRE may also have the ability to detach other bacteria from a wide
variety of surfaces. As with any enzyme, the cell must be able to control SPRE. Further study
may allow us to learn more about the environmental stimuli and intracellular processes
affecting SPRE activity.

A genetic locus, the cop operon, which appears to affect detachment, was identified.
Further characterization of the cop proteins may be the first step in identifying environmental
factors which influence cellular processes such as surface-protein release and detachment of
cells from biofilms.

In itself, identification and characterization of the cop operon is a significant discovery.

The cop operon may provide S. mutans with a competitive advantage in an environment in
which it may be exposed to heavy metals leeching out of amalgam. Further in-vitro
experimentation assaying the tolerance of the wild type and cop knock out strains adhered to
surfaces containing copper, i.e. EHA-CuSO,, may illustrate the importance of the cop operon
for the survival of S. mutans. The same model may also give us an opportunity to examine the
extent of detachment of S. mutans when exposed to copper. This may provide insights into the
interactions between the cop operon and the SPRE, as well as the role SPRE plays in defining
the sites S. mutans colonizes or detaches from.

With additional in-vivo experimentation to determine the ability of cop operon knock

out to cause caries the ATPase may also be added to the list of attributes classifying S. mutans

183
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as an ondontopathogen. In conclusion this work has taken preliminary steps to understand

how environmental factors affect cellular processes that could lead to changes in oral ecology.



APPENDIX A

Resting Cell Buffer: The following solutions were prepared and autoclaved separately.

Solutions 1, 2, and 3 were prepared as stock solutions and stored at -20°C. When
required the basic solution was prepared and solutions 1, 2, and 3 were added as

indicated.

Basic Solution (pH 7.2)

Potassium Phosphate Monobasic
Potassium Phosphate Dibasic
CaCl,

MgSO,

NaCH;COO

L-Glutamic Acid

-pH72

Solution 1

PAB

Thiamine

Riboflavin

Nicotinic Acid
Pyridoxal Phosphate
Inositol

Ca Pantothenate

- dissolve ingredients in deionized H,O
-pH7.0
-add 10 mL in 1 L of basic solution.

Solution 2

DL-Thioctic Acid
Biotin

Haemin

Folic Acid

20 mg

- dissolve haemin first in 1 drop dH,0 + 1 drop ammonium hydroxide

-add 1 mL to 1 L of basic solution.

Solution 3

Ferrous Sulfate
Manganous Sulfate
Sodium Molybdate

-add 1 mL to 1 L of basic solution.

185

100 mIL,
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