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Abstract

CHARACTERIZATION OF THE FACTORS ASSOCIATED WITH SCCMEC‘
MOBILITY IN STAPHYLOCOCCUS AUREUS
By Michael James Noto
A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor
of Philosophy at Virginia Commonwealth University.

Virginia Commonwealth University, 2007

Major Director: Gordon L. Archer, M.D.
Professor, Division of Infectious Diseases
Departments of Medicine and Microbiology and Immunology

The gene encoding resistance to B-lactam antibiotics in the staphylococei is found
on the chromosome in a genomic island designated Staphylococcal Chromosome Cassette
mec, or SCCmec. In addition to the resistance gene, mecA, SCCmec also contains site
specific recombinase genes, ccrAB, that are capable of catalyzing the chromosomal
excision and integration of SCCmec. The increasing prevalence of methicillin-resistant
Staphylococcus aureus infections may be due, in part, to the transfer of SCCmec into

successful methicillin-sensitive S. aureus lineages. In this work we attempt to better
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characterize the factors associated with SCCmec transfer, beginning with CcrAB-mediated
SCCmec excision in a collection of MRSA containing type IV SCCmec. CcrAB-mediated
excision of type IV SCCmec was not demonstrated for all strains tested, as a subset of S.
aureus strains with type IV SCCmec did not excise their element. These strains are all
highly related and represent a lineage of successful community associated pathogens. In
addition, the inability to excise SCCmec in these strains is associated with the presence of
a presumptive mobile element containing the gene for staphylococcal enterotoxin H (seh)
immediately outside of SCCmec on the chromosome. Staphylococcus aureus strain
USA300 contains SCCmec type IV and a genomic island containing an arginine deiminase
pathway, known as ACME, inserted adjacent to one another in the SCCmec chromosomal
attachment site. Each element was site-specifically excised from the chromosome by
CcrAB, resulting in two independent, extra-chromosomal, circularized elements.
Therefore the presence of ACME did not disrupt SCCmec excision.

Next, we describe three MRSA strains that became resistant to vancomycin during
passage on increasing concentrations of the drug. In each case, mecA was lost during
passage. Strain 5836 VR lost mecA by the site-specific chromosomal excision of SCCmec
while the other two strains (3130VR and VP32) deleted portions of their SCCmec elements
in a manner that appears to involve IS431. Conversion to vancomycin resistance caused a
decrease in growth rate that was partially compensated for by deletion of mecA4. In mixed
culture competition experiments, vancomycin resistant strains that lacked mecA readily
out-competed their mecA-containing counterparts, suggesting that the loss of mecA4 during

conversion to vancomycin resistance was advantageous to the organism.
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Finally, we examined the genetic structure surrounding the SCCmec attachment site
in a diverse collection of methicillin-sensitive S. aureus isolates. This region of the
chromosome varies greatly from strain to strain and appears to be prone to recombination.
Open reading frames found in this region were homologous to enterotoxins, restriction-
modification enzymes, and transposases. Several open reading frames that have not been
previously reported in staphylococci were also present in this region. 28 out of the 42
isolates examined did not contain the attachment site sequence found in S. aureus isolates
known to be capable of CcrAB-mediated SCCmec integration or excision. This may
indicate that these strains do not contain a functional attachment site and therefore may not

have the potential to acquire SCCmec by CcrAB-mediated recombination.



Chapter 1 Introduction

General characteristics

The genus Staphylococcus consists of more than 30 species of Gram-positive cocci
that are approximately 1um in diameter. Because cell division takes place in more than
one plane, the cocci form clusters that, when viewed by Gram stain, look like bunches of
grapes. Staphylococci are most frequently found in association with the skin, skin glands,
and mucus membranes of warm-blooded animals but they can also be found in other
environments, such as soil. Staphylococci are facultative anaerobes and are capable of
generating energy by both respiratory and fermentative processes. Most members of the
genus are catalase-positive, oxidase-negative, and have complex nutritional needs,
requiring many amino acids and B vitamins for growth. Also, they are tolerant of high
concentrations of NaCl and are capable of growth in the presence of up to 1.7 M NaCl
(150).

Staphylococcal DNA has a G + C content of 30—38% making it a member of the
low G + C group of Gram-positive bacteria from the order Bacillales, which also contains
the genera Enterococcus, Listeria, and Bacillus (56, 133). Staphylococcus aureus is the
most well studied of the staphylococci because of its frequent involvement in human
disease. S. aureus has the ability to cause blood plasma to clot or coagulate. This is used

to distinguish S. gureus from the other pathogenic members of the genus, which are

1
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collectively known as coagulase-negative staphylococci. S. epidermidis is the most well
studied of the coagulase-negative staphylococci and is a commensal of the human skin as

well as an opportunistic human pathogen.

Staphylococcus aureus infections

The anterior nares are the ecological niche of S. aureus and the major site of
colonization in humans. Nasal carriers of S. aureus can be divided into three groups.
Individuals whose nares are always colonized with one strain of S. aureus are called
persistent carriers and make up approximately 20% of the population (83). Persistent
carriers seem to be protected from the acquisition of other strains during hospitalization,
but this barrier is reduced when patients receive antibiotic therapy (102). Nearly 60% of
the population are intermittent carriers and are transiently colonized by varying strains of
S. aureus. People that are never colonized by S. aureus are called noncarriers and make up
20% of the population. The incidence of S. aureus nasal carriage rate among the general
population is 37.2% (83). A positive S. aureus carrier state is a predictor of infection in
surgical patients and is also associated with an increased risk of disease in other
hospitalized patients (83). Treatment of the S. aureus carrier state decreases the rate of
overall S. aureus infections in these patients (113).

S. aureus is a prominent human pathogen capable of causing a wide range of
disease in the community as well as in healthcare settings. Figure 1 shows the frequency
of bacterial species encountered in inpatient settings in the United States during a seven

year period (138). S. aureus was the most frequent cause of nosocomial disease in this



Figure 1. Relative frequency of bacterial species/groups encountered in clinical
specimens from inpatients. Data is cumulative from 1998- 2005 and based on a total of

3,209,413 bacterial isolates. Taken from Styers, D. et al. (138).
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study, comprising 18.8% of all isolates encountered. A retrospective study of
Staphylococcus aureus disease in the New York City metropolitan area during 1995
examined the incidence of disease and modeled the economic cost associated with disease
(122). S. aureus disease had an incidence of 13,550 (6,300 nosocomial, and 7,250
community-associated infections) and an estimated total cost of $435.5 million. In
addition, 1,400 deaths were attributed to S. aureus infections. S. aureus is capable of, but
not limited to, causing the following infections: skin and soft-tissue infections including
furuncles (boils), empitigo (superficial blisters), and cellulitis (infectious inflammation of
subcutaneous tissue), bacteremia, both native and prosthetic-valve endocarditis,
osteomyelitis (infection of the bone), pneumonia, surgical-site infections, diabetic ulcers,
dialysis-related infections, enterocolitis, scalded skin syndrome, and toxic shock syndrome
(77, 124). Figure 2 shows the relative frequency of sites infected by S. aureus as reported
by SENTRY-participating hospitals in the United States and Europe during a two year
period (38). Bloodstream infections were the most common in both the USA and Europe,
while lung and skin/soft-tissue infections were also prevalent. It is clear that S. aureus is
among the most frequent causes of bacterial infectious disease and these infections place a
large burden on the healthcare system. These infections are further complicated by the

organism’s ability to develop resistance to chemotherapeutic agents.

Virulence determinants

The wide range of S. aureus disease manifestations is due to the organism’s ability



Figure 2. Frequency of Staphylococcus aureus infections from the United States and
Europe by site of infection. Data was collected by SENTRY -participating hospitals

between 1997 and 1999. Adapted from Diekema, D. J. et al. (38).
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to survive in many different environments, which is aided by a number of different

virulence determinants.

Attachment

S. aureus produces many proteins involved in attachment to human cellular and
acellular components that are thought to play a role in virulence. These proteins either
remain associated with the surface of the bacteria or are released extracellularly. The
former are known as MSCRAMM s (microbial surface components recognizing adhesive
matrix molecules) while the latter are known as SERAMs (secretable expanded repertoire
adhesive molecules). Fibronectin binding proteins A and B (FnbpA and FnbpB) are
MSCRAMMs that are cell wall anchored and bind the extra-cellular matrix constituent,
fibronectin. Additional cell wail anchored proteins can bind fibrinogen and collagen.
These are known as clumping factor A and B (CIfA and Cl{B) and collagen binding
protein (Cna), respectively. In addition, plasmin-sensitive surface protein (Pls) plays a role
in binding to both fibrinogen and fibronectin once it is cleaved by plasmin. S. aureus also
produces a membrane bound elastin binding protein, EbpS (68). Protein A, encoded by the
spa gene, is a cell wall anchored protein that is capable of binding to the Fc portion of IgG
molecules, which may have a role in circumventing phagocytosis (112). Protein A has
also exhibited the ability to bind to platelets and von Willebrand factor (66). S. aureus also
produces SERAMs that bind to fibrinogen, fibronectin, prothrombin, and Von Willebrand

factor (68).
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Device-related S. aureus infections are dependent on the bacterium’s ability to
adhere to the surface and then form a mucoid biofilm. Biofilms are complex communities
of surface-attached bacteria that are embedded in an exopolymeric matrix composed
primarily of poly-N-acetylglucosamine (PNAG) (51, 92). PNAG synthesis is directed by
proteins encoded by the ica (intercellular adhesion) operon. Unlike their planktonic
counterparts, bacteria in a biofilm are typically resistant to a large variety of antimicrobial

agents, which can complicate treatment (30).

Iron acquisition

The ability to acquire iron is essential for virulence, as iron is sequestered by host
proteins such as lactoferrin and transferrin in vivo. S. aureus produce several low
molecular weight siderophores known as aereochelin and staphyloferrin A and B that aid
in iron acquisition. S. aureus also have the ability to bind and utilize human transferrin

(86).

Exotoxins

S. aureus produces several cytolytic toxins, including a-toxin, B-toxin, and the
bicomponent exotoxins such as LukF-PV/LukS-PV and y-toxin. o-toxin is a secreted
protein, encoded by /la, that is hemolytic, cytotoxic, and dermonecrotic. a-toxin
monomers insert into the eukaryotic membrane and oligomerize into a B-barrel that forms a
membrane pore, which causes osmotic cytolysis (97). LukF-PV/LukS-PV is a

bicomponent cytolysin that is also known as the Panton-Valentine Leukocydin (PVL). The
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bicomponent toxins are dependent on two secreted proteins that insert into the eukaryotic
membrane and hetero-oligomerize to form a pore (78). PVL has a high cell specificity for
leukocytes and is strongly associated with highly virulent community-associated
methicillin-resistant S. aureus (CA-MRSA) infections (24, 58, 88). Despite the
epidemiological correlation between PVL and highly virulent CA-MRSA infections, PVL

is not a key virulence determinant in mouse models of infection (145).

Superantigen toxins

S. aureus produce an assortment of staphylococcal enterotoxins (SEs) that are heat
stable and a major cause of gastroenteritis as well as toxic shock-like syndromes (10). SEs
can act as potent gastrointestinal toxins as well as superantigens that stimulate T-cell
proliferation in a non-specific manner. Toxins SEA through SEJ (excluding SEF) are
typically involved in gastroenteritis, while TSST-1 is the prototypical cause of toxic shock
syndrome (10, 107). The superantigen activity of these toxins is based on the toxin’s
ability to cross-link the T-cell receptor with the MHC class II molecule found on antigen-
presenting cells, in an antigen-independent manner. Thus, general T-cell proliferation
occurs instead of the activation of an antigen-specific subset of the T-cell population (10,
86). These toxins are typically found on mobile genetic elements, some of which will be

discussed in a later section.

Virulence gene regulation
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The production of virulence factors is controlled in response to cell density, energy
availability, and environmental signals so that they are only produced when needed. Genes
encoding surface proteins are down regulated early in the growth phase while secreted
proteins are up regulated after exponential phase in a cell density-dependent manner (41).
This regulation is due, in large part, to the accessory gene regulator (agr) two-component
regulatory system. The agr system is encoded by an approximately 3 kb operon driven by
two promoters, P2 and P3. P2 controls transcription of agrBDCA, while RNAIII is
transcribed from P3. AgrC (sensor) and ArgA (response regulator) comprise the two
component system that responds to AIP (auto-inducing peptide) in the extracellular
environment and serves to drive transcription from P2 and P3. agrD encodes AIP, which
is processed and exported by AgrB. The RNAIII transcript is the effector of agr,
responsible for the regulation of wide variety of accessory genes (106). Virulence gene
expression is also controlled by the alternate sigma factor, 6, as well as transcription

factors, including SarA and its homologues (7).

Mechanisms of antibiotic resistance

One of the most difficult aspects of S. aureus disease is the selection of effective
therapeutic agents. This difficulty arises because S. aureus have developed resistance to
every major class of antibiotics. The following sections describe the mechanisms of action
for some prominent classes of antibiotics as well as the resistance mechanisms employed

by S. aureus.
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B-lactams and glycopeptides

Resistance to the B-lactam and glycopeptide classes of antibiotics will be discussed

in later sections.

Aminoglycosides

Aminoglycosides are bactericidal agents that potently inhibit protein synthesis by
binding to the 30S ribosomal unit. Gentamicin and tobramycin are the most active against
staphylococci, but they should not be used as single therapy because they select for
resistant small colony variants that have defective transport of aminoglycosides into the
cell. Resistance also occurs through the acquisition of genes encoding aminoglycoside
modifying enzymes (AMEs). These include acetyltransferases, phosphotransferases, and

nucleotidyltransferases that inactivate the drug (23, 153).

Resistance to macrolides, lincosamides, and streptogramin-B

Macrolides, lincosamides, and streptogramins are structurally unrelated but all act
to inhibit the translocation step of protein synthesis by binding to the 50S ribosomal
subunit. MLSp resistance (for macrolide, lincosamide, and streptogramin-B) occurs by
methylation of the common binding site on the ribosome. The methylases responsible for
this action are encoded by ermA, ermB, and ermC. Expression of these genes is either
inducible or constitutive. The latter results in resistance to all three antibiotic classes

whereas only macrolides can induce expression of the erm genes. Macrolide resistance can
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also be mediated by an efflux protein encoded by msr4. However, efflux does not produce

cross-resistance to lincosamides or streptogramins (23).

Tetracyclines

Tetracyclines are a class of bacteriostatic antibiotics that inhibit protein synthesis
by binding to the 30S ribosomal subunit and blocking the tRNA from entering the acceptor
site. Staphylococci develop resistance in two ways; drug efflux and ribosomal protection.
The tetracycline efflux system is encoded by fetK while tetM is the determinant of

ribosomal protection (153).

Fluoroquinolones

Fluoroquinolones are bactericidal antibiotics that inhibit two essential bacterial
enzymes, DNA gyrase and topoisomerase IV. Inhibition of either target is sufficient to
inhibit bacterial growth. Fluoroquinolone resistance is a multi-step process, where a series:
of mutations in the gene for DNA gyrase (gyr4) and the gene for topoisomerase IV (gri4)

lead to increasing levels of resistance (23, 153).

Linezolid

Linezolid is an oxazolidinone antibiotic that binds to the 50S ribosomal subunit and
inhibits formation of the 70S ribosomal initiation complex, thereby inhibiting protein
synthesis. Linezolid is one of the few antibiotics effective in treating infections by

methicillin-resistant S. qureus (MRSA), and resistance to linezolid is rare. When
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resistance does occur, it is achieved through mutation of the chromosomal gene encoding

the 23S rRNA (153).

Rifampin
Rifampin inhibits transcription, and therefore protein synthesis, by binding to RNA
polymerase. Resistance occurs through mutation of rpoB, which encodes the B subunit of

RNA polymerase (23).

Mupirocin
Mupirocin is a topical agent that acts by inhibiting isoleucyl tRNA synthetase,
thereby preventing protein synthesis. Clinically relevant resistance is achieved by

acquiring mupA, which encodes an insensitive tRNA synthetase (153).

Chloramphenicol

Chloramphenicol is a protein synthesis inhibitor that functions by binding to the
50S ribosomal subunit and blocking the action of peptidyltransferases. Staphylococci
become resistant through the action of chloramphenicol acety! transferases (encoded by

cat), which inactivate the drug (153).

Genome organization and mobile genetic elements
The first genome sequences of Staphylococcus aureus strains N315 and Mu50 were

determined in 2001 (84). Currently, the complete genome sequences of eight S. aureus
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strains are known and the genomes of several other strains have been partially determined
(8, 39, 57,70, 84). S. aureus contains a circular chromosome that is 2.8-2.9 Mbp in size
with a G + C composition of 32.8%. The S. aureus chromosome can be divided into a core
component, which includes gene regions shared by all sequenced strains, and an accessory
component, which includes gene regions not found in all strains. The organization of the
core component is well conserved and variations from strain to strain are largely due to
single nucleotide polymorphisms. The accessory component of the chromosome is
predominantly contained in large genetic elements, such as prophage and genomic islands,

which carry known virulence determinants (described below).

Genomic islands

A series of 15-20 kb chromosomal elements carrying superantigen toxins exist in S.
aureus. These are collectively known as staphylococcal pathogenicity islands (SaPls)
(107). The prototypical member of this family, SaPI1, carries the gene encoding TSST-1
(zsf) and is transduced at a high frequency by phage 80a. SaPI1 is chromosomally excised,
replicates extra chromosomally, and is packaged into smaller versions of 80a phage heads
for transfer (89). SaPI2 has a similar relationship with phage 80, and SaPIbov1 with
phages 80a, 11, and 147 (123, 144). Members of the SaPI family are present in most of
the genomes of sequenced S. aureus strains. In addition to members of the SaPI family,
the genome sequenced strains contain genomic islands vSaa and vSaf3, which do not

contain recombinase genes, but do contain a class I restriction—modification system (84).
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Prophage

Staphylococcal phages can be divided into three classes based on the size of their
genomes; less than 20 kb (class I), approximately 40 kb (class II), and greater than 125 kb
(class ITI) (85). These phages play an important role in the evolution and virulence of S.
aureus and offer a means for the horizontal transfer of genetic information. Each of the
genome sequenced strains contain between one and three lysogenic class II phages, mbst of
which carry known virulence determinants (staphylococcal enterotoxins a, g, k,

staphylokinase, exfoliative toxin, and Panton-Valentine Leukocidin) (8, 39, 57, 70, 73, 84).

Insertion sequences and transposons

IS elements (insertion sequences) contain at least one gene encoding a transposase,
which carries out the recombination necessary for transposition. Most IS elements also
contain short, terminal, inverted repeats that act as the transposase binding sites.
Transposons are larger transposable elements that contain additional genes, which are often
antibiotic resistance determinants. S. aureus is known to contain more than ten
transposons, the majority of which carry antibiotic resistance determinants (9). In addition
S. aureus contain several insertion sequences, including 1S431/1S257. 1S431/1S257 is
found flanking antibiotic resistance determinants on many staphylococcal plasmids and is
universally found in association with the methicillin-resistance determinant, mec4 (12,

101).

Plasmids
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Staphylococcal plasmids can be divided into three classes. Class I plasmids are
small (1-5 kb), have a high copy number (15-50/cell), and usually encode a single
antibiotic resistance determinant. Class II plasmids are of intermediate size and copy
number, and they encode B-lactamase and resistance to inorganic ions. A number of larger
plasmids (40-60 kb) that are conjugatively proficient comprise class III plasmids. These
plasmids contain multiple resistance determinants including resistance to gentamicin,
trimethoprim, ethidium bromide, and quaternary amines (108). Staphylococcal plasmids
are an important means by which antibiotic resistance is spread and the conjugative
plasmids also offer a means for the horizontal transfer of non-plasmid genetic information.
Staphylococcal plasmids are prevalent, with each of the genome sequenced S. aureus

strains containing between one and three plasmids (8, 39, 57, 70, 84).

SCCmec elements
The methicillin resistance determinant is carried by a family of genomic islands
known as Staphylococcal Chromosome Cassette mec (SCCmec) (80). These elements are

the subject of detailed discussion below.

Strain typing

Several genome based means of determining the evolutionary relatedness of S.
aureus strains exist. These include pulsed-field gel electrophoresis (PFGE), multi-locus
sequence typing (MLST), and spa typing. PFGE is based on restriction fragment length

polymorphism banding patterns on pulsed-field agarose gels by cleavage of chromosomal
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DNA with the Smal endonuclease (139). MLST is a sequence-based technique where

evolutionary relatedness is determined based on the variability in the DNA sequences of
seven house keeping genes (45). spa typing is another sequence based technique that
compares the variable-number of tandem repeat sequences present within the 3' end of the
spa gene to determine the relatedness between strains (129). Enright, et al. have used
MLST to analyze the population structure of S. aureus, and found that the population is
largely clonal (46). They examined a collection of 359 MRSA and compared them to 553
MSSA isolates based on their MLST pattern. They found that the strains clustered into
162 different multi-locus sequence types (STs). However, MRSA were found in only 38
of the 162 STs, indicating that only a minority of S. aureus lineages have acquired the
methicillin resistance determinant. Additionally, Feil, et al. found that point mutations
give rise to new MLST alleles at least 15-fold more frequently than does recombination,
although recombination is an important driving factor in the long term evolution of S.

aureus (48).

Cell wall structure and biosynthesis

The staphylococcal cell wall consists of three components; peptidoglycan, teichoic
acid, and cell surface proteins. Of these, peptidoglycan is the most abundant.
Peptidoglycan is composed of repeating disaccharide units of f-1-4 linked N-
acetylmuramic acid (NAM) and N-acetylglucosamine (NAG). The average glycan chain
length is 1216 disaccharide units and these polymers form the rigid backbone of

peptidoglycan. Extending from the carboxyl residue of each NAM moiety is an oligomeric
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stem peptide with the sequence L-alanyl-D-isoglutaminyl-L-lysyl-D-alanyl-D-alanine
(137). A series of five L-glycine residues is added to the L-lysine of the stem peptide (94).
In a transpeptidation reaction catalyzed by penicillin-binding proteins (PBPs), the terminal
L-glycine is attached to the penultimate D-alanine residue of another stem peptide. The
terminal D-alanine of this stem peptide is cleaved during this reaction. Thus, a flexible
pentaglycine cross-bridge is formed between two peptidoglycan moieties, resulting in a
strong yet flexible, three-dimensional cell wall structure. The flexibility of this cross
bridge allows for the highly cross-linked nature of the S. aureus cell wall, where nearly
90% of peptidoglycan moieties are cross-linked (55). Figure 3 diagrams the cell wall
structure as well as the transglycosylation and transpeptidation reactions involved in its
synthesis.

Synthesis of peptidoglycan monomeric units takes place in the cytoplasm, where it
is linked to a lipid carrier, undecaprenyl phosphate, for assembly and transport to the cell
surface (16). Once outside of the cell, peptidoglycan monomeric units are incorporated
into the growing cell wall. This involves both transglycosylation and transpeptidation
reactions. Transglycosylation is carried out by the multi-modular PBPs, specifically PBP2
in S. aureus, as well as by the monofunctional glycosyltransferase, mgt, and results in the
incorporation of the monomeric unit into the glycan polymer (13, 147). The
transpeptidation, or cross-linking, of cell wall described above is catalyzed by PBPs, of

which S. aureus typically contain four. PBPs 1, 2, and 3 are high molecular weight
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Figure 3. Staphylococcal cell wall structure. The structure of staphylococcal cell wall is
shown including the transglycosylation and transpeptidation reactions involved in cell wall
synthesis. Stem peptides and cross-bridges are not shown on all N-acetylmuramic acid

residues of the glycan chains.
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