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Virulence Factors from Staphylococcus aureus:
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Staphylococcus aureus a Gram positive organism thatOklahoma’s Advanced Center for Genome Technology
lives within the body and on the skin as a persistent parthifp://www.genome.ou.edwhile those of MW2, Mu50 and
the commensal flora in 10 to 20% of healthy adults. At alN815 are all available from the GenBank ftp server
one time up to 50% of the population can be colonised (fth://ncbi.nlm.gov/genomes
Under certain conditionsS. aureuscan evade the host g sureuds notorious not only for its ability to rapidly
regulatory mechanisms that keep it in its normally beniggquire antibiotic resistance, but also for the wide variety of
state, erupting into a florid infection that can rapidly develqgctors it uses in its defence against host immunity. Some of
into a serious and even life threatening condition. Diseasggse virulence factors are well known, while others have
resulting from a staphylococcal infection include skigeen uncovered following the sequencing of the genome.
abscesses, bacteraemia, pneumonia, endocarditis, Qg€ only are these molecules interesting in their own right,
shock syndrome, staphylococcal scarlet fever and scalgggl they offer unique and exquisitely tuned tools to
skin syndromeS. aureuss also notorious for its ability to jhyestigate the components and complexities of host innate
develop broad antibiotic resistance. The new strain resistgp adaptive immunity. This review could not possibly
to vancomycin, VRSA, is resistant to all known antibioticSgyer all the known staphylococcal virulence factors.
and emphasises that this organism poses a major threghdgead, it provides an overview of the latest and most
human health globally. Not surprisingl$. aureuswas a ntriguing addition, a family of genes located within a
priority organism for genome sequencing and there are nguthogenicity island, a chunk of mobile DNA that contains a
four completed genomes available including three meticilliyncentration of virulence factors. This new family was
resistant strains (MRSA) NCTC8325, MW2 and Mu50, anghcovered by comparative searching of the staphylococcal
the vancomycin resistant strain (VRSA) N315. Thgenomes using a conserved sequence of another well-known
NCTC8325 genome sequence can be obtained frofflence factor, the superantigen (SAg). Surprisingly,
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Fig. 1. Binding modes of superantigens
(SAgs) around the MHC class Il molecule.
Despite structural similarity, there are at
least 3 different orientations that SAgs uge
to bind to MHC class Il. TSST binds to thie
conserved MHC class lb-chain and
interacts with the peptide, preventing TGR
contact. SEB also binds to tleechain but
out to the side, allowing continued contalct
between MHC and TCR. The third type ¢
binding is to the polymorphif-chain via
a zinc atom characterised by SMEZ-
Some SAgs such as SEA and SEE, he
AL both binding sites and can cross-lin
MHC class Il on the surface of th
antigen-presenting cell.
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despite significant structural similarity with SAgs, th
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Staphylococcal Enterotoxin-Like toxins (SETs) hal i
quite different functions. This reflects how th ; ;:,-
organism has utilised common protein super-folds fd i
variety of roles based around virulence. - i s
Bacterial superantigens L Sl

The best-studied staphylococcal virulence fact —] e
are the SAgs: a family of small secreted exotoxins tt | | o o
bind simultaneously to Major Histocompatibilit L:;M_
Complex (MHC) class Il molecules expressed ] UL
antigen-presenting cells (APC) of the adapti | _|_‘ Bt
immune system, and T-cell receptors expressed o BETiZ
lymphocytes, eliciting profound T-cell activation. ] AETH

The term superantigen was originally coined [ . BETT
White et al. (2) to describe MHC-restricted antiger | '| | sET2A
that are recognised by a3 T-cell receptors (TCR) i BETA
bearing particular B elements. SAgs are extremel L RETS
potent, with some active at only a few thous il o
molecules per mL. During the process of norr?l el
antigen recognition, peptide antigen is presented in ::"

groove of the two distal domains of MHC molecules| —
be recognised by specific TCR — a process that deps
on the unique combination of the hypervariak

T Spas
domains of both TCRi-chain andB-chain. Thus, for | .
any single MHC-peptide combination, a naive immu =rn
response relies on no more than 0.001% of the tota | geC

R

cell repertoire. In contrast, SAgs cause a hyperimm ' i SEH
response. They bind to the sides of MHC class EED
molecules and TCR involving only the variable doma - ET
of the B-chain (3). SAg binding causes profour — =¥
signalling via TCR, resulting in T-cell proliferation an L EEA
cytokine release (4). Such binding also causes A _I:=E=
activation via MHC 1l signalling, to enhanc | -~
inflammatory cytokine release (5). The massive T| sEQ
cytokine and pro-inflammatory release can lead [ i
hypotension, shock, organ failure, and death (6). Ak —— s
consequence of SAg signalling, the T-cell is left in — [ :F
state of anergy (7) where it can no longer respond e
normal antigen, and can sometimes lead to death |:{ -
apoptosis of the T-cell, if not rescued by secql "

mediators such as IL-2 (8).

The relationships between the various SAgs [ Fig. 2. Phylogenetic relationship between the SETs and the

discussed below. Here we mention the variety $ﬁcter:1allsuperantrigens.th t the SETs (bold font) )
mechanisms employed by SAgs to bind to MHC clg ¢ Phyiogram shows fhat the St 1S (boid font) Torm a subgroup
Il. Some SAgs, such as SEB and TSST, bind to with TSST-1. The tree was created from 1000 bootstraps of an anjino

. . ) . acid sequence alignment generated using ClustalW.
invariant MHC class lla-chain while others, such ag . g g g )

the streptococcal SAg SPE-C, bind to the other side of G-M. SSA d | [ mi .
MHC class Il to the polymorphic MHC classfichain via =~ " , Bn0 Sxvemel potent steptosocca mitogenic

a zinc atom. A third binding mode exists for SAgs such Séotoxin Z_ (SMEZ) which h_as many allelic forms (9)'.
SEA and SEE. These combine batkchain andB-chain Ove_rall amino acid sequence identity is low across the entire
MHC class Il binding sites so that they bind to both sides f@im”y (~20%) but the eleven 3D crystal structures that have

the MHC class Il molecule and cause profound cross-linkiffg"/ Peen determined reveal a basic conserved structure for
of MHC class Il on the surface of the APC (B)d, 1). afl, including TSST-1. Each SAg is composed of a larger C-

) _ i terminal domain with g3-grasp motif and a smaller N-
Sequence alignment of the entire SAg famB9( 2)  yorminal domain with an OB-fold motif (10). The latter is a

generates a tree that comprises a single outlier — toxic shogk 1o fold in bacterial proteins that bind oligomeric

syndrome toxin-1 (TSST-1). This tree contains the moge,|acules such as DNA and polysaccharides (this is

closely related staphylococcal enterotoxins (SE) A-E, athqssed in more detail below). A highly conserved alpha
G-Q and the streptococcal pyrogenic exotoxins (Spe) A, iy (q4) within the C-terminal domain forms the central
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Fig. 3. Genomic localisation of the set genes.
Numbering above the diagram represents position within the genoSieaofeudNCTC8325 in kilobases. Numbering below the
diagram representetnomenclature. The shading of the individsetgenes corresponds to the subgroup they belong to within the
SET family (cf.Fig. 2).
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core interface between the 2 domains. The PROSITE S8gructure and function of SETs and SAgs

motif K-X(2)—[LIVF]—X(4)-[LIVF]-.D—.X(S)_—R—X(Z)-L.- We have produced recombinant forms of all the SETs and
X(®)-[LIV]-Y (PS00278) is located within this corehelix.  oformed structural and functional studies. Initial functional

The Staphylococcal Enterotoxin-Like (SET) genes assays quickly determined that none of the SETs are SAgs.
The S. aureusstrain NCTC8325 was selected fofVone of the recombinant SETs bind MHC class Il nor do they

sequencing at the University of Oklahoma’s Advanced Cengi§tivate human T-celis vitro (16). Despite the lack of SAg

for Genome Technology (11). This genome was completecfli'HCt'on' molecular modelling of SET1-SET4 against the
2001 and assembled into a contiguous circular sequenc&tBictures of the SAgs TSST-1 and SpeC suggested that they
2,821,915 bp. Searching the NCTC8325 genome withidhe shared_sm_ular overall 3D structures (12). The experimental
SAgs sequence, uncovered 12 new SAg-like genes. Tg@)t,e_rmlnatmn_of the crystal st.rug:tu_re of SET3 (16) has recently
reside in two separate clusters within the genome and wePgfirmed a high degree of similarity to TSSTFIg( 4).

named Staphylococcal Exotoxin-Like (SET) proteins (12). Z8rotein super-folds in bacterial virulence

members (SETl—SET26) have now been identified (12-1ﬁct0rs — comparison between SAgS and SETs
although many of these proteins appear to be allelic variants ofS

tructural comparison between SET3 and TSSHig. @)
each other. For examplg SET1 (12), SET11 (13), and SET&,%tiﬁes 37 conserved residues that either contribute to the
(14) are the same protein.

L . . itV in 4 hydrophobic core, or with their side chains forming buried charge-
The SETs exh|b|t. a hlgh.de'g'ree of identity in . charge interactions or hydrogen bonding with main chain atoms
region of SAgs, but diverge significantly over the remaind

; i 6). These are likely to be required for structural stability. Surface
of the molecule. Overall sequence identity between t ) y d 4

Sidues are very different between the two molecules. Comparison
. 0 . .

SETs anq th? SAgs is Iegs than 20%, with great&rthose SAg regions known to be MHC class Il or TCR contact
conservation in the C-terminal half of the molecul

; . o . &gions reveal no conservation whatsoever, consistent with our
Sequence identity within the SET family ranges from 199

70%. Surprisingly, the SETs are most similar to TSST-P,a bilty to |dent'|fy any SA'g-Ilke function. ]
and create a subgrouping on the alignment tree that includes' Ne N-terminal domain of the SAgs and SETS is composed of

TSST-1 Fig. 2). Thesetcluster has since been identified ag P-strands that form a concaibarrel. In all SAgs except TSST-
part of a pathogenicity island by Kuroéa al (13) who 1 there is a shod-helix at the end of the barrel. This domain

completed the sequence of two n&w aureusisolates — resembles the oligosaccharide/oligonuclectide binding fold or OB
Mu50 (meticillin resistant — MRSA) and N315(0ligomer binding)-fold motif first described by Murzin (10). Other

(vancomycin resistant strain — VRSA) in 2001 (13). Kurodgcreted bacterial toxins  containing this motif include
et al. identified three pathogenicity islands spread everfj2Phylococcal nuclease, and the B subunits of thet@ns,
across the genome. SaPIn1 contains the TSST gene, sablieh mclude cholere} toxin, heat-labile enterotoxins | and lib,
contains the SETs (named the exotoxin islaii.(3) as Verotoxin, and pertussis toxin (10,17).
well as other potential virulence factors, and SaPIn3 The OB-fold is used for DNA binding and carbohydrate
contains the majority of the SAg genes (named tipnding respectively in these proteins and is thought to be a
enterotoxin island) (13). stable common fold able to accommodate sequence variation
Clusters ofset genes have been identified in all théind alternative functions. Orengt al. (18) suggest that the
sequence®. aureugienomes, but are absent in the publishédB-fold represents a super-fold from which other folds have
Staphylococcus epidermisr the completed streptococcakvolved. These are extra-stable folds that may have diverged
genomes. Fitzgeralet al.(15) report the presence of the SETrom a common ancestor and retained similar topology despite
cluster in all 365. aureustrains they examined. This suggestghanges in sequence and function. Alternatively these folds
a non-redundant function for each member. Furthermore, thay have arisen by convergence of polypeptide chains to adopt
presence of the SET genes on a pathogenicity island, ttegre stable conformations. While no oligosaccharide or
high degree of allelic variation, and their relatedness to tbkégonucleotide binding has yet been observed for the SAgs or
SAgs, together with the fact that the SETs are secret&l bypETSs, the flexibility and core stability of this motif may allow
aureusand there is abundant seroconversion against them (fog)a wide variety of derivatives which culminate in their
suggests that they target host defence proteins. ability to bind MHC class Il molecules.
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r ~ promoter was found to be active in
conditions of divalent cation starvation

\""—a and theset15 mutant displayed a greater

than 30-fold reduction in bacterial
survival in a murine kidney abscess
_::, infection model (22). From this elegant
: study, at least 1 of the secreted SETSs,

SET15, has been shown to enhance the
survival of S. aureuslt now remains to
determine the biochemical function of
SET15 and how it enhances bacterial
survival. Already there are some
tantalising clues to its function.

SET=3 TSST Possible functions of the SETs

Fig. 4. Similarity of 3D structures of TSST-1 and SET3. Preliminary results using
Both TSST-1 (at right), a typical superantigen, and SET3 (at left), representative |ofrf@ombinant forms of the SETs to bind
SETs, share the same basic fold, although the latter proteins do not have supefasi@genn proteins have identified a range of
activity. Note that both have the carehelix and a 2-domain structure comprising themolecular targets that are selectively
larger C-terminal domain with ig-grasp fold (at left of each image) and the smallelf Neound by each SET. Some of these serum
terminal domain with its OB-fold structure (at right of each image). proteins have been identified as central
L ) components of the complement cascade

The C-terminal domain, or domain A, is made up of a 4 . Wwhile others appear to interfere with Fc
stranded anti-parallgd-sheet backing on to the centcd receptor-mediated interactions by selectively binding to either

helix (theB-grasp motif), plus 3 coplanfstrands, and an the Fc region of |mmun_oglobullns or t_he Fc receptors
additionala-helix. Part of domain A is the very N-terminafth€mselves. Further experiments are required to confirm this
tail anda-helix of the molecule, which packs against fae actlvﬁy and the d_ownsftregm gffeicts of its acnonﬁ.;

sheet. Domain A shares some structural features witp-the The sequencing of microbial genomes sucl aaureus

grasp motif present in the B domain of streptococcal protdlfiS Provided a wealth of new genes. Of the ~2500 genes
G, and domain B oPeptostreptococcus magnpeotein L. identified within the single circular chromosome, over 40%

Both are the immunoglobulin binding domains 0Ipave no identifiable function. One of the most intriguing

immunoglobulin binding proteins (17). Other proteinlfatures of the staphylococcal genome are the 3
containing the ?-grasp motif are ubiquitin and ubiquitin-likBathogenicity islands that contain a cluster of genes whose
proteins (19), the ferredoxins (20), and the Ras bindif ducts are almost certainly designed to target host defence
domain of the protein kinase Rafl (21). Thgrasp motif is olecules. Both the SAg genes and the SETs are located

another example of a stable super-fold (18). within these pathogenicity regions and have clearly evolved
from the same ancestral gene. Whether the SETs preceded

Dependency of S. aureus on SET genes the SAgs or vice versa remains to be determined, but they

Confirming that a gene codes for a virulence factoepresent a clear example of how a common protein fold has
ultimately requires clinical evidence that a strain expressing theen utilised and modified for different purposes. The
gene is more virulent in a natural infection than one withoutéthallenge now is to identify the molecular targets of the
This is not always easily achieved, but several methods h&Els and their role in pathogenesis.
been developed to isolate individual genes using knockout, gB€ferences
tagging or entrapment methods then testing of the isolated gene
mutant in an animal infection model. Schneieteal. (22) used 2'
green fluorescent protein (GFP) gene tagging of random
chromosomal DNA fragments to identfy aureupromoters. A
library of GFP-active reporter constructs were express&d in”
aureuscells, which were subsequently subjected to a variety of
environmental conditions likely to be encounteireglivo by a
pathogen. Active promoters (detected by GFP production) were
identified under different conditions and their natural
downstream gene identified simply by searching the completed
genome. Genes of interest were then rendered inactive by_the
intr ion of an hromycin resistan ne within th N
ar:(;) (tjrllJeC tn?utgn? strGa?:lt te(;tei/jcin aisjrg?m(;(le ig?eciiontmoge?. e Immunol.150 3776-3784

8 Kawabe, Y., and Ochi, A. (199Nature349, 245-248

This method has identified a number of genes, somegof proft, T, Moffatt, S.L., Weller, K.D., Paterson, A., Martin, D.,
which are critical to the vegetative life of the organisms, or  anq Fraser, J.. (2000) Exp. Med191, 1765-1776
when deleted, severely limit the organisms growth rate. Of the
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