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Abstract

This paper presents a short review of the proteometaphylococcus aureus, a gram-positive human pathogen of
increasing importance for human health as a result of the increasing antibiotic resistance. A proteome reference map is
shown which can be used for future studies and is followed by a demonstration of how proteomics could be applied to obtain
new information orfS. aureus physiology. The proteomic approach can provide new data on the regulation of metabolism as
well as of the stress or starvation responses. Proteomic signatures encompassing specific stress or starvation proteins ar
excellent tools to predict the physiological state of a cell population. Furthermore proteomics is very useful for analysing the
size and function of known and unknown regulons and will open a new dimension in the comprehensive understanding of
regulatory networks in pathogenicity. Finally, some fields of applicatio®. cdureus proteomics are discussed, including
proteomics and strain evaluation, the role of proteomics for analysis of antibiotic resistance or for discovering new targets
and diagnostics tools. The review also shows that the post-genome &rauoéus which began in 2001 with the publication
of the genome sequence is still in a preliminary stage, however, the consequent application of proteomics in combination
with DNA array techniques and supported by bioinformatics will provide a comprehensive picture on cell physiology and
pathogenicity in the near future.
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1. Introduction complete picture of a living cell is no longer a vision
but may become reality in the near future (such an
1.1. Functional genomics, proteomics and life emphatic overview of living cells is now being
termed “systems biology”). However, it should not
The publication of the first complete genome be ignored that for these biotechnological tools to be
sequence of a living organism in 1995 opened a new utilized to their undoubted capacity, a substantial
era in biology [1]. The exponential increase in commitment to excellent experimental design is
genome sequence information that followed after this necessary.

hallmark has posed a challenge for bioinformatics

and for researchers to design new “global” experi- 1.2. Saphylococcus aureus—one of the most

ments to attempt to understand the functions of all of important pathogenic bacteria

these new genes. Many prokaryotic and later eukary-

otic genomes had to be annotated, and the huge S aureus is a gram-positive human pathogen of

amount of sequence information was the reason that increasing importance as a result of the spread of
new fields in molecular genetics such as antibiotic resistance. Because of its adaptability and
phylogenomics or comparative genomics emerged. A resistance to environmental sBesgregys can
large number of genes coding for proteins with survive extremely well outside the host and is one of
unknown functions have been derived from genome the major causes of community-acquired and nosoco-
sequencing, among them new global regulators such mial infections. The pathogen&isaunéus is
as alternative sigma factors, response regulators or very complex and involves the strongly coordinated
other activators. It appears that even for model synthesis of cell wall-associated proteins and ex-
organisms such adgkscherichia coli or Bacillus tracellular toxins. Due to its great variety of virul-
subtilis many chapters of their cell physiology or ence fact@saureus causes a broad spectrum of
molecular biology remain empty. infections ranging from superficial abscesses, osteo-
The genome sequence, however, represents only myelitis, endocarditis, and toxic shock syndrome.
the “blue-print of life”, functional genomics is The post-genomic eraSfaureus began in 2001
required to bring the blue-print into real life. Tran- with the publication of the genome sequence of two
scriptomics, relying on DNA arrays that may cover reference strains [2]. This provided the experimental
the complete genome, provides information on the basis for bringing “the genome sequerBe of
global gene expression pattern of a cell while aureus to life”, by a consequent application of the
proteomics provides additional information on the experimental tools encompassed under the term
concentration, modification and sub-cellular localiza- “functional genomics”, including proteomicsS.The
tion of those molecules that act as cellular effectors, aureus genome codes for approximately 2600 pro-
the proteins. If one assembles all the data available teins. At least 40% of the identified proteins show no
from sequence information, mMRNA profiling, similarity to proteins of known function, and a
proteomics and metabolomics to a cell model sup- further-one-third of these proteins seem to be unique

ported by bioinformatic tools, a new and almost ® aureus and might be good candidates for
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possible novel virulence factors. Almost all known
aureus virulence factors could be identified in this
study, as well as 70 new candidates. The expression
of virulence genes must be strongly coordinated and
is realised by an arsenal of regulatory proteins. The
genome analysis identified 124 open reading frames
(ORFs) encoding putative transcription regulators.
Among them are 63 regulators with helix-turn-helix
motifs, 17 two-component systems, fivearA
homologs and two sigma factors [2].

The present review will show that we are just
beginning the post-genome era®faureus, and this
will undoubtedly contribute to an essential under-
standing of the biology of this species. Whereas
“classical studies” have focused on the elucidation
of single components of cellular life & aureus, the
new approaches provide an opportunity to look at
cells as an entity. These studies will provide an
increasingly complete picture on the cell physiology
of growing and non-growing. aureus cells, as well
as a comprehensive understanding of its patho-
genicity which may be regarded as part of its cell
physiology in the host environment. A comprehen-
sive picture of the biology of this bacterial species is
not only interesting from a scientific point of view
but may also open new fields for diagnostics and
therapy.

(MALDI-TOF-MS) or often more sophisticated MS
techniques [3] to characterize post-translationally

modified peptides or proteins that were poorly
amenable to peptide mapping. Both approaches
provide data that can immediately link a separated
protein with its respestimareus genome se-
guence.

The “theoretical proteome map” comprising the

predicted p and M, of all ORFs derived from the
genome sequence shows two major peaks for bac-
teria, a neutral peak and a more alkaline one [4,5].
Therefore, the proteomic pattern relying on a pH
gradient from pH 4 to 7 only provides the main
window for cytoplasmic proteins. Alkaline gel sys-
tems (up to pH 12) are required to cover the more
alkaline proteins, however these are technically

challenging and usually only resolve proteins with

isoelectric poim) (@lues up to approximately
9.5-10 [6-9]. Furthermore, many proteins are lo-
cated at the cell surface, or even secreted into the

extracellular space. If one combines these four

subproteomic fractions—neutral and alkaline cellular

proteins, surface-bound and extracellular proteins—

the majority of proteins synthesized in a cell under
defined physiological conditions can be visualized by

this powerful approach. On this way towards the

entire proteome of an organism, some proteins have,

however, not been captured by these technologies.
Above all, intrinsic membrane proteins with multiple
membrane-spanning domains often escape detection
by 2-DE because of their hydrophobic nature. In
Global regulation of gene expression provides Pseudomonas aeruginosa, over 250 outer membrane

2. Proteomics of S. aureus—a reference map

living cells only with those proteins that are neces-
sary for growth or survival. These proteins are
produced in a required and tightly adjusted amount
and transported to their specific locations inside or
outside the cell. Therefore, only a part of the genome
is active under certain physiological circumstances.
Proteomics is an excellent experimental tool to
visualize changes in the protein synthesis pattern of
living cells. To obtain this global view of the
synthesis and distribution of mar$/ aureus proteins

in the cell, the highly sensitive two-dimensional gel
electrophoresis (2-DE) separation technique is a well

established technique and has to be complemented

with the identification of proteins, relying on tryptic
peptide mass mapping via matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry

proteins (OMPs) have been characterized [10], how-
ever, this data set is still limited to those proteins that

are hydrophilic and does not necessarily appear to
depend on the number of transmembrane spanning
regions. This methodology becomes generally more
difficult in gram-positive bacteria due to the presence

of peptidoglycan, and membrane fractions from such

organisms are commonly contaminated with abun-

dant cellular constituents. Furthermore, very large or
very small proteins or proteins of low abundance are
frequently not included in proteomic studies utilizing

2-DE. Different techniques such as application of
zoom gels, low- or high-percentage gels or chro-

matographic prefractionation techniques have been

used to increase the overall proteome coverage [11-

13].
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Even by application of all these approaches the
physiology of the cell does not allow the coverage of
an entire proteome in one single experiment. The
expression of several genes is controlled by en-
vironmental stimuli with the consequence that many
genes are more or less silent when the specific
environmental stimuli are not imposed on the cell.
The combined application of an analytical with a
physiological approach is necessary for visualizing
the entire proteome.

Nevertheless, the establishment of a protein refer-
ence map is an essential starting point for all
physiological studies that may follow. This reference
map is usually established from cells grown under
“standard conditions”. From a physiological point of

pl 4.0
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view essential environmental stimuli can be imposed
in later experiments, not only to cover new parts of
the proteome repressed under standard conditions,
but at the same time to obtain new information on
cell physiology under stress or starvation conditions.
Some proteomic stud®saoreus have recently
become available in the literature, providing new
information towards master two-dimensional (2D)
gels [14-18], and thus allowing further study on how
proteins respond to different genetic and environ-
mental stimuli. Shaureus reference map of
cytoplasmic proteins has been recently published by
Cordwell et al. [14] (FigSlaureus strains COL
and 8325 were grown to mid-exponential phase in
tryptone soy broth af@7Neutral or weakly acid
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Fig. 1. Silver-stained two-dimensional electrophoresis geb.aureus 8325 whole cell proteins. Identifications of landmark proteins are
shown [14]. Proteins were separated using a pH 4—7 immobilized pH gradient and proteins characterized using tryptic-digest MALDI-TOF-

MS.
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proteins (pH 4-7; Fig. 1) were separated, as were 3. Physiological proteomics of S. aureus—cell
more alkaline proteins (pH 6—11). Three hundred physiology and pathogenicity

and seventy-seven proteins from cells grown under
these “standard conditions” were analyzed using
MALDI-TOF-MS, corresponding to 266 expressed
ORFs, or approximately 12% of th& aureus

“1.42 spots” on 2D gels, indicating some post-
transcriptional processing. In total, 36 proteins were
identified in more than one 2D gel spot, in most
cases as a result of pariation. The protein pattern
obtained is typical of growing cells with the gly-
colytic enzymes, the GroEL and DnaK machines or
some translational proteins (e.g., elongation factors
Tu and Ts) among the most abundant proteins.
Because alkaline proteins were also covered, 22
ribosomal proteins could be detected. Because a
complex medium was used for the “standard growth
conditions” most of the amino acid biosynthesis
enzymes were probably not synthesized by the
organism. Nevertheless, this proteome picture with

With the production of reference maps for cyto-

plasmic and extracellular proteins an experimental
tool is available for more sophisticated physiological
proteome. Each gene, on average, was present at

studies. Many such questions can be addressed b

proteomics, thus generating new information on

regulatory systems and enzymatic pathways involved

in particular cellular responses.

Firstly, two major classes of proteins produced at

different growth-phases can be distinguished: vegeta-

tive proteins synthesized during growth and cell
cycle with mainly house-keeping functions (growth
physiology); and proteins synthesized only in re-
sponse to an environmental stimulus with mainly
adaptive functions against stress or starvation (stress
physiology). An alternative classification approach

looks for enzymes integrated into metabolic net-

works, for structural proteins forming the cellular
architecture, for signal transduction proteins inte-

many reference spots can be regarded as a marker
gel for further physiological studies.

A systematic proteome study of cell-surface asso-
ciated proteins irS. aureus is still lacking. Surface
proteins of S. aureus are bound to the cell wall
envelope by a mechanism requiring a C-terminal
sorting signal with an LPXTG motif [19,20]. A
second targeting mechanism for surface proteins
involves the binding of polypetides to cell wall
structures.

Because of their key role in pathogenicity ex-

grated into various signalling pathways, or for pro-
teins with adaptive function against stress and starva-
tion stimuli [5]. Obviously there are many overlap-
ping areas between these groups forming the protein
interaction network of the cell. Many proteins of
these different groups are involved in the patho-
genicity of. aureus. This pathogenicity protein
group is rather heterogenous. In addition to proteins
having the function of damaging the host there are
also proteins that are essential for survival outside
and within the host that may contribute indirectly to

tracellular proteins have been analyzed in several
studies [17,18,21-25]. As found in most bacteria, the
synthesis of extracellular proteins is strongly reg-
ulated at the transcriptional level and mainly occurs
in the stationary phase of growth at high cell
densities (Fig. 2, Table 1). In the later stages of the
stationary phase the majority of extracellular proteins
disappear again, probably because of the action of
extracellular proteases [26—28].
The data on the proteome & aureus are being

integrated in a comprehensive proteome database

Staph 2D fttp://microbio2.biologie.uni-greifswald.
de:8880/staph2d The structure of this database
follows that of Sub-2D database [29]. Reference gels
of cytoplasmic and extracellular proteins of various
S. aureus strains are available [15,18].

pathogenicity.

3.1. Metabolism and proteomics

The identification of many, if not all, proteins of
single metabolic pathways offers the chance to
analyse the regulation of entire metabolic pathways
and not only of selected enzymatic steps. This

approach, for example, was used for the analysis of
the regulation of main carbon catabolic pathways

such as glycolysis or the TCA (trichloroacetic acid)

cycle in B. subtilis [30]. A similar approach can be
used $oaureus grown in the presence or absence

of glucose because almost all glycolytic enzymes

have been detected on 2D gels [14], offering the
chance to analyse the regulation of glycolysis as an
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Fig. 2. The extracellular proteome & aureus COL under low (green image) and high (red image) cell densities. Proteins in the
supernatant of cells grown in LB-medium At,,=0.5 or 4, respectively, were precipitated with 10% TCA and the resulting protein pellets

were dissolved in urea/thiourea solution. Proteins were separated by two-dimensional gel electrophoresis technique and stained with silver.
Extracellular proteins whose amount is increased at high cell densities are labelled red and those proteins only present at low cell densities
are labelled green.

entity, rather than examine the effects on each between the regulation of gene expression and these
individual enzyme constituent. First results show that parts of growth physiology. Using the new oppor-
glucose excess strongly activates glycolysis but tunities of the proteomics approach new information
represses the TCA cycle o6 aureus as in B. on cell metabolism and growth physiology &

subtilis, triggering an overflow metabolism even in aureus should be expected soon.
the presence of oxygen (Engelmann et al., in prepa-

ration). Similar and extended studies are required for 3.2. Sress and starvation responses
a better understanding of the regulation of cell

metabolism inS. aureus, which is also crucial for Stress and starvation are typical conditions in most
understanding its behaviour in the host cell (patho- natural ecosystems, including many different micro-
physiology). For many branches of growth physi- habitats in the host that limit bacterial growth. The
ology, including cell cycle control or stringent adaptation to stress or starvation is crucial for
control the proteomic approach has not yet been survival in nature. As a result of this longstanding
applied in a systematic manner that would allow a interaction of bacteria with a continuously changing

more comprehensive picture of the relationship set of environmental stimuli, a very complex adapta-
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Table 1
Extracellular proteins of. aureus COL

185

Protein Function/similarity

AhpC Alkyl hydroperoxide reductase subunit C

Aly Hypothetical protein, autolysin homologue
EF-G Elongation factor &85 kDa, vitronectin-binding protein
FthS Formate-tetrahydrofolate ligaSeeptococcus mutans
Hla a-Haemolysin

Hlb B-Haemolysin

IsaA Immunodominant antigen A

LexA SOS regulatory LexA protein

LukF Leukocidin F subunity-haemolysin subunit B
LukS Leukocidin S subunity-haemolysin subunit C
LytM Peptidoglycan hydrolase

Nuc Thermonuclease

Pls Methicillin-resistance surface protein precursor
SceD Hypothetical protein, similar to SceD precursor
Seb Enterotoxin B

Spa IgG binding protein A

Sbi IgG-binding protein Spi

SplA Serine protease SplA

SpiB Serine protease SplB

SpIC Serine protease SpIC

SplF Serine protease SplF

tional network has evolved. Analysing this network
forms the basis for understanding the cell physiology
in natural ecosystems [31]. The stress and starvation
genes are more or less silent in growing cells, but are
strongly activated by environmental stimuli. To
define the genes induced by a single stimulus, to
identify the corresponding proteins and to understand
their adaptive functions as an entity are the most
important steps in exploring adaptational networks.
Proteomics is a good tool for elucidating this net-
work and its single modules: proteomics can be used:
(i) To define a single stimulon, i.e., the entire set
of proteins/genes induced or repressed by one
stimulus. The definition of the stimulon structure will
give an overview on stress adaptation because all
proteins induced together by the stimulus manage
stress adaptation. Following this “stimulon ap-
proach” the pattern of induced proteins has to be
analysed and compared in untreated and treated cells
to identify the newly induced or repressed proteins.
(i) To dissect each stimulon into single regulons,
i.e., the basic modules of global gene expression.
The genes of a regulon are distributed on the genome
but are controlled by one global regulator. For this
“regulon approach” the protein pattern of the wild-

type has to be compared with that of a global
regulator mutant under conditions that activate the
global regulator [32].
(iii) To analyse overlapping regions between
single regulons because these do not exist indepen-
dently, but are tightly connected and form the
complicated adaptational network (Fig. 3).
(iv) To analyse the kinetics of gene expression
programmes.
The allocation of proteins to functional groups
(stimulons, regulons) is a promising strategy for a
first prediction of the function of unknown proteins.
Because the gen&@raaicdus encodes more than
1000 proteins with unknown function, the elucida-
tion of these functions is necessary for a complete
understanding atireus biology, including its
pathogenicity. A comprehensive exploration of the
adaptational network will not only provide basic
knowledd® aureus physiology, but will also
give many clues on the function of still unknown
proteins indicated by the induction profile of genes
by environmental stimuli. This approach, however,
only provides preliminary information: a protein
strongly induced by oxidative stress will somehow
be involved in oxidative stress adaptation, but de-
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Fig. 3. Proteomics and transcriptomics will be used more and more to analyse this adaptational net&oakrefis. Only very few
stimulons and regulons (wild type/mutant comparison) have been already studied in this way (e.g., Gertz et al. [15f Terethdon,
Throup et al. [63] for the SrhSR-regulon).

tailed and in most cases time-consuming studies are cultivated in synthetic media, which &llows S-
required to explore the exact role of the single methionine incorporation studies. Alternatively,
proteins in question. proteomics could be replaced by mRNA profiling

Despite the fact that environmental stimuli such as studies that can be performed in complex media as
oxygen or nutrient limitation, oxidative, alkaline or well. All these studies aim to explore the complex
acid stress and many other stimuli might be the adaptational network that will offer many different
essential cellular signals in the host environment proteomic signatures for various stress or starvation
controlling the expression of virulence genes, conditions.

proteomics has so far only been used in rare cases to

define the structure and function of the single 3.3. Stress and starvation stimulons and
stimulons or regulons. Since cells are usually grown regulons—proteomic signatures

in complex media, pulse-labelling experiments with

%°S4 -methionine to follow the immediate changes in Only a few proteomic signatures have been ana-
protein induction or repression cannot be carried out. lysedSfoaureus. Proteomic signatures [33] in-

Such labelling experiments are, however, necessary dicating the growth-limiting condition of a cell
to visualize the rapid changes in the gene expression population are a promising tool for the evaluation or
pattern after imposition of the stress stimulus. To prediction of the physiological situation of cells

solve this problemS aureus cells have to be grown in a bioreactor or in a natural ecosystem (e.qg.,
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biofilm). Cell wall-active antibiotics, such as ox-
acillin, induced a complex proteomic signature [16]
indicating oxidative damage (methionine sulfoxide
reductase) or protein stress (GroES). Only a few
proteins, however, have been identified so far and are
not sufficient to obtain a complete proteomic signa-
ture for cell wall stress. In the study of Cordwell et
al. [14], the response 08. aureus strains to sub-
micellar concentrations of Triton X-100 (TX-100)
was investigated. TX-100 appears to reduce methicil-
lin resistance in previously resistaBtaureus strains

to levels seen in methicillin sensitive strains [34,35].
This resulted in a proteomic signature containing
many elements of thegB (encoding sigma factor B,
o®;) [15] andsar A regulons [36], further implicating
these two global regulators i8. aureus antibiotic
resistance. Intriguingly, the proteomic signature was
slightly different for previously resistant strains when
compared to sensitive strains, and these differences
included enzymes encoding proteins involved in cell
wall and peptidoglycan biosynthesis, including phos-
phoglucosamine mutase (GImM).

. B 787 (2003) 179-195 187
cells grown in synthetic medium which is not
increased further by heat stress. In cells cultivated in
a complex medium (LB), a transient heat induction
sigB was found which is, however, too low to be
reflected in a distinct increase of the protein abun-
dance [41]. As a consequence, the lew8} of
dependent stress proteins in cells grown at 37 or
48C is similar. This is the reason why the
“stimulon approach” failed to detect any general
stress proteins. Because of the low or even lacking
heat inducibility of the proteins, the question arises
whether #tfedependent general stress proteins
belong to the heat stress stim@oauneus at all.
To analyse the’-dependent stress regulon a
“regulon approach” was used, relying on a com-

parison of the wild type with aigB mutant strain.

By this approach about 25 proteins were either
absent or present in lower amounts isgie
mutant (Fig. 4, Table 2). Because the experiments
had been done before the genome sequence became
available, MALDI-TOF-MS techniques could not be
used for protein identification. Therefore, N-terminal

sequencing of 18 of these proteins allowed the

3.3.1. Heat stress response

Preliminary proteome data have been published on
the heat stress response ®faureus. A temperature
shift from 37 to 46°C induced the production of at
least eight proteins. Two of these were GroEL and
GroES [37]. Besides these proteins, Dnak, ClpP and
AhpC belong to the heat inducible protein stimulon
in S. aureus growing in complex medium (Gertz et
al., unpublished). The heat stress responseSof
aureus has been fairly well elucidated, relying more
on general methods of molecular genetics than on
proteomics. The global repressors HrcA and CtsR
might control the heat induction of the GroESL/
DnaK machine and of the Clp proteases/ATPases
[15,38,39].

identification of their genes (Table 2) and the

analysis of the promoter structure in front of these
genes. In all case$-dependent promoters were
found but only a few genes seemed to be controlled
solelyoBy[15].
It is interesting to note that the signal transduction
pathway from stresstaactivity is remarkably
different from that Bf subtilis. The sigB operon

encodes, in addition to®, only the anti sigma factor

RsbW, the anti-anti-sigma factor RsbV and the
RBBvhosphatase, RsbU [42,43]. The starvation
induction modulB. atibtilis (RsbP, Q) was not

found in the genomeSofaureus, which may
explain why energy limitation does not érftluce

(Engelmann et al., unpublished). Furthermore, the

proteins that stimulate the RsbB-phosphatase ac-

3.3.2. General stress response t
In B. subtilis the general stress regulon controlled
by o® also belongs to the heat stress stimulon
becauses®-dependent proteins are among other
stress and starvation stimuli strongly induced by heat
stress [31,40]. The regulation of-dependent stress
response inS. aureus, however, differs remarkably
from that of B. subtilis (see below). There is a

relatively high level of constitutives®-expression in

ivity in response to stress are not present either,
probably explaining the low and only transient heat
inductiorr&f The high expression of®-depen-
dent stress proteins during slow growth in synthetic
medium and the lack of a strong regulation by
environmental stimuli may indicate that the proteins
are required under all life circumstances. This unusu-
al induction profile also renders the classification of
the regulon as a general stress regulon dubious,
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Fig. 4. Silver-stained two-dimensional electrophoresis gel of cytoplasmic protein extr&&tsunéus COL (wild type) and its isogenisigB
mutant AsigB). Cells were grown in synthetic medium described earlier [15] and protein extracts were prepared from cells at an absorbance
(500 nm) of 1.

because this regulon is characterized by a complex possibly because of a permanent need for a high
induction profile by a range of different stress and/or level of stress proteins.

environmental stimuli [31]. It is tempting to specu- This brings us to an essential question; what is the
late that by a long-standing interaction with its host, function of this large regulon. To cope with this
S. aureus has lost the stress induction pattern, problem, the function of all genes ufidewntrol

Table 2

o®-Dependent cytoplasmic proteins 8f aureus COL

Protein Function/similarity

Csb3 S aureus: Ylyl; hypothetical 18.6 kDa protein

Csb4 B. subtilis: YckG; hexulose-6-phosphate-synthase

Csb7 B. subtilis: YdfG; unknown

Csh8 B. subtilis: YwmG; unknown

Csbh9 S aureus: hypothetical protein

Csb10 B. subtilis: Yurl; unknown, V296 vegetative protein, similar to ABC transporter protein
Csb12 B. subtilis: Ytrl; unknown

Csb16 L. monocytogenes: DapE; succinyl-diaminopimelate-desuccinylase

Csb19 B. subtilis: YdaG; (GS26), unknown

Csb22 Arthrobacter sp.: ODH; opine dehydrogenase, norvalin dehydrogenase

Csb24 Sreptomyces coelicolor: putative aldehyde dehydrogenase

Csbh28 B. subtilis: YhxD; unknown, similar to ribitol-dehydrogenase

Csb33 B. subtilis: NagB; N-acetylglucosamine-6-phosphate-isomerase
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should be completely understood. For this purpose a ResDE regulBnsobtilis was described [63,64].
functional genomic assay search for the entire set of ResDBB.osubtilis is a main global regulator
o°-dependent genes is required. A few years ago, controlling aerobic or anaerobic respiration [65—67].
some homologs of-®-dependent genes & subtilis Throup et al. [63] used the proteomics (regulon)
were found to be under RpoS-control B coli approach to analyse the size and function of this
[44—-47]. Because RpoS is involved in the expression two-component system, which might play a similarly
control of virulence genes in gram-negative [48—52] essential role in the adaptatidh afireus to

it was tempting to speculate that® might be the changing oxygen concentrations. This was shown by
equivalent of RpoS in gram-positive bacteria, also a strong growth defect sfh& mutant under
controlling the expression of virulence genes anaerobic conditions. The differential display
[15,18,41,53]. The function of this regulon iB. proteome approach of the wild type with tisehS

aureus, however, is still a matter of debate. Because mutant indicated that the synthesis of many proteins
sigB mutants ofS. aureus are characterized by an seems to be regulated by the response regulator SrhR
impaired stress tolerance [53] the general stress in dependence of oxygen. The data suggest that
proteins should provide the cells with multiple stress among other things SrhR controls the up-regulation
resistance, as iB. subtilis [31,40]. If this statement of glycolytic and fermentative enzymes as well as

is true, a general prediction of the function of many the down-regulation of aerobic TCA cycle enzymes
still unknown proteins belonging to the®-regulon that are no longer required in the absence of a
will be feasible. This multiple stress resistance will terminal electron acceptor. This crucial type of
probably be essential for its survival in various regulation probably no longer exists in the mutant,
ecosystems, including the host, but the data on a leading to a total imbalance of energy metabolism
putative involvement ofr® in pathogenicity are still and finally to a severe growth defect [63]. A similar
contradictory [53-55]. However, at least one of the situation may be typical for small colony variants
global regulators of virulence genes, SarA, is partly that may have a defect in aerobic respiration [68—70]
undero®-control [15,56—-58]. Furthermore;® might (Engelmann et al., unpublished). It is tempting to

be involved in the formation of biofilms d. aureus speculate that the SrhSR two-component system is
andS. epidermidis [59,60]. Finally,s® might some- required to maintain the energy metabolism of those
how be involved in the resistance control against the cells even in the presence of oxygen.

antibiotics methicillin and teicoplanin, sincegB

mutants are more susceptible to these antibiotics,

while strains over-producing® become hyper-resis-  3.3.4. Growth-phase dependent gene expression
tant [43,61,62]. Further experiments are, however, patterns—the role of sar and agr

required to present more clear data on the in- SarA agrdare key regulators involved in the
volvement ofa®-dependent genes in pathogenicity. expression of many virulence genes whose products
are required for host cell adhesion, for evasion of
3.3.3. Oxygen availability and limitation host defence mechanisms, tissue damage or tissue
Oxygen availability is probably a crucial environ- invasion. The expression of these genes is regulated
mental stimulus foS. aureus. Within surface lesions, in a coordinated manner during the growth cycle that
oxygen concentration will therefore not restrain ensures expression of cell surface-associated proteins
bacterial growth, but becaus8. aureus has the during growth and that of extracellular virulence
ability to invade different tissues, oxygen might factors during the post-exponential phase of growth
become one of the most crucial growth limiting after reaching a critical cell density [71-76]. SarA is
signals forcing adaptational processes against oxygen a DNA-binding protein that activates the transcrip-
limitation. S. aureus as a facultative anaerobe is able tion of several target genes inclsmingoding for
to cope with oxygen limitation by anaerobic respira- protein #p coding for the fibronectin-binding
tion or even by fermentation. Recently, a two-com- protein or eagn itself [77—79]. Theagr locus
ponent signal transduction systesnhSR andsrr AB, encodes a two-component signal transduction system

respectively) sharing strong similarity with the that responds to a quorum sensing signal [80,81].
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After reaching a critical cell density indicated by the 3.4. A pathogenicity network model

quorum sensing octapeptides, the sensorkinase AgrC
becomes phosphorylated and activates the response
regulator AgrA by phosphorylation. Phosphorylated
AgrA stimulates the transcription of RNAIII, which
activates the synthesis of extracellular proteins and
represses the production of cell wall-associated
proteins [80—82].

The sequential activity of SarA andgr during
growth and stationary phase might be one of the
reasons for this sequential expression of SarA-depen-
dent cell wall-associated, arabr-dependent extra-
cellular proteins. Since SarA aragr seem to be the
major factors in regulating virulence gene expres-
sion, many laboratories have focused on the analysis
of sar/agr-dependent gene expression [18,36].
Nevertheless, a proteomic view of both regulons
should reveal new members of the regulon that have
escaped classical studies. Therefore the extracellular
proteomes of a wild type strain and ofar A mutant
strain were compared. These studies revealed three
proteins B-haemolysin, aureolysin and V8 protease)

The single regulons activated in response to
environmental stimuli do not function independently

from each other but are tightly connected forming a

complex adaptational network. Because of the cru-
cial role of SarAagndn the control of patho-

genicity, the interaction of both regulons and their
integration into the network may form a core region

of pathogenicity. Proteomics and DNA array tech-
nologies have already been used and will continue to

be used to provide a more comprehensive knowl-
edge, not only on the single members of both

regulons, but also on their kinetics of expression in a
temporal manner [18,36]. While SarA and its regulon
may be active at early infection stages ensuring
adhesion on the host and possibly biofilm formation,
this “settlement phase” might be replaced in later
infection stages by the cell density-dependent and

agr-controlled induction of extracellular virulence

genes. Recent data suggestniluit interfere
with this temporal activation of SarA followed by

as already described in the literature (see Ziebandt etagr. In asigB mutant, manyagr-dependent extracel-

al. [18]), as well as four proteins newly described as
SarA-induced. A further seven proteins were shown
to be SarA-repressed [18].

In a similar approach with aragr mutant, 10
proteins were found to be positively regulated by
RNAIIIL. In contrast two proteins seem to be re-
pressed in the presence of RNAIIl (Ziebandt et al., in
preparation). It was presumed that RNAIIl mainly
up-regulates extracellular virulence factors but down-
regulates cell surface virulence factors. After reach-
ing a high cell density, virulence factor expression
switches to a more invasive system including ex-
tracellular proteins capable of destroying host cells
(proteases, lipases, toxins) or of damaging the im-
mune response system (superantigens) are induced.
Staphylococcal proteases can cleave and degrade a
number of host proteins, including the heavy chains
of all human immunoglobulin classes, plasma-
proteinase inhibitor and elastin. Very recently it was
shown that proteases also play a role in the transition
of S aureus cells from adhesive to an invasive
phenotype by degrading bacterial cell surface pro-
teins such as fibronectin-binding protein and protein
A [77,83,84].

lular proteins are overproduced during exponential
growth while the same genes remained repressed in

the wild type [18]. These data suggest othat
prevents a premature activation ofabge-dependent

production of extracellular virulence proteins. These
still preliminary data suggest that pathogenicity
exists through a network of interacting regtfions (
is involved in SarA expression, SarA coatygls
etc.) and is characterized by tightly controlled tempo-
ral gene expression patterns, ensuring the activity of
the regulons and their proteins exactly at that mo-
ment when they are absolutely required.
Recent studies indicate that this pathogenicity
network is not confined to the interactions between
SigB, SarAgandlewly described global reg-
ulators and their regulons, such as ArlSR, SsrAB,
Sae, and various Sar-like proteins, will probably
show that the network is much more complex
[63,64,85—-88]. A new two-component system,
ArISR, for instance, seems to be involved in adhe-
sion and autolysis. @IS mutant of S. aureus
8325-4 showed an increased adhesion to polystyrene
followed by biofilm formation and a dramatic de-

crease of extracellular proteolytic activation [86].
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The consequent usage of proteomics will not only pylori, where different strains produce completely

offer the chance to characterize all members and different 2D gel patterns [92]. Comparing the protein
functions of these new regulons in a comprehensive pattern of extracellular proteins from different
manner, but will also elucidate their interaction aureus strains, however, showed a very different
within the pathogenicity network. composition. There is a set of proteins, including the

Up to now, however, we are far removed from this haemolysins, lipases and proteases, that are secreted
aim. In addition to proteomics, other highly sophisti- in almost all strains, however, most of the strains
cated techniques such as signature tagged muta- produce at least one or more unique exoproteins
genesis that informs us on gene activity in the host (enterotoxins, exotoxins, leukocidin) that are not seen
[89,90] or DNA array techniques [91] are required to in other strains and that might be responsible for the
elucidate the network. This last approach, which will different pathogenic potential of each [18,21]. The
be used more and more in future studies, does not combination of one-dimensional protein gel electro-
only allow a more complete characterization of the phoresis and MALDI-TOF-MS could be a good tool
genes belonging to stimulons and regulons compared for a rapid analysis of pathogenic factors in clinical
to proteomics (because—as outlined above—many isolates [21].

proteins still escape proteomic detection), but also

because of its high sensitivity offers the chance to 4.2. Mechanisms of antibiotic resistance and new
analyse the gene expression patteri®.adureus cells targets

in infection models. This combined application of

proteomics and DNA techniques supplemented by S aureus is a leading cause of infection in

bioinformatics will provide a continuously growing immunocompromised patients and is responsible for
picture on that what is really going on during the the majority of nosocomially-acquired infections in
growth cycle or during infection and disease. the Western world. However, antibiotic resistance

has become an increasing problem in its treatment
with the rapid proliferation of not only methicillin

4. Application of S. aureus proteomics resistant strains, but also strains resistant to the latest

generation of glycopeptide antibiotics, including

There are several fields that may use the proteomic vancomycin and teicoplanin. The emergence of

information summarized in this article including: multi-drug resist&ntaureus strains urgently de-
strain evaluation, mechanisms of antibiotic resistance mands new antibiotics. Functional and comparative
and new targets and serological proteomics—new genomics offers a big chance for finding new
antigens, new vaccines and protection, new diagnos- antibiotics with completely new action mechanisms.
tic tools. Surprisingly, however, antibiotic resistant and sensi-

tive strains appear to be highly conserved at the
4.1. Srain evaluation proteome level, at least in initial reports [14]. It

seems likely that cell wall constituents, which are

Comparisons of cytosolic proteins froB aureus poorly amenable to the proteomics approach, may

strains using proteomics [14] showed they were hold some of the answers to resistance in those
remarkably conserved in two areas—spot co-ordi- strains. Hence development of new methodology for
nates and abundance, and protein expression. This the micro-characterization of highly hydrophobic
means that not only do phenotypically different proteins in proteomics continues to be a priority.
strains express typically the same set of proteins Furthermore, the discovery that approximately one-
under basal conditions, but that these proteins are third of the genome codes for proteins with still
highly conserved at the amino acid sequence level, unknown function is one of the general conclusions
and hence migrate identically on 2D gels across from genome sequencing. Among these genes are a
strain boundaries. This is quite dissimilar to results few that code for essential proteins. These new

found in other bacteria, for examplé]elicobacter essential genes can be found by a systematic muta-
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tion approach of all unknown genes. Those still
unknown, but essential genes that occur only in
prokaryotic, but not in eukaryotic genomes, might be
excellent candidates for new drug targets. Although
conclusive results are still lacking one can expect
that many research programmes are already running
in several laboratories to use this new opportunity for
target identification.

4.3. Serological proteomics—new antigens, new
diagnostic tools, new vaccines and protection

A comprehensive knowledge on the surface and
extracellular proteins produced by a set of different
S. aureus strains is a good basis for the development
of new diagnostic tools and new vaccines. Bacterial
vaccine candidate antigens can be found by screen-
ing of sera from patients suffering frof8. aureus
infections. This serological proteomic approach was
followed by Wtvytska et al. [17] who identified 15
potential vaccine candidates including proteins
thought to be confined to the bacterial cytosol.
Similar work reported by Lorenz et al. [93], and
Witvytska et al. [17] also confirmed the presence of a
highly abundant “immunodominant staphylococcal
antigen” (IsaA), with no sequence similarity to
proteins of known function. This protein has been
detected in thé&. aureus cytosol [14] and extracellu-
lar matrix [18], and appears to be®-regulated.
Cordwell et al. [14] also showed significant differ-
ences in IsaA abundance levels, and possibly in
post-translational modification in the antibiotic resis-
tant COL strain when compared to antibiotic sensi-
tive strains. Therefore, IsaA is an obvious choice for
further study, with a focus at elucidating its bio-
logical function and ability to interact with othes.
aureus proteins, as well as those derived from the
host [93]. An alternative approach has been taken by
Etz et al. [94] who utilized fusion peptide display to
E. coli outer membrane proteins to screen against
patient sera. At least 60 potential vaccine candidates
were characterized using this approach. The appar-
ently highly enriched selection of both surface-ex-
posed and predicted secreted proteins, in comparison
to traditional Western blotting methods constitutes an
important finding. Etz et al. [94] were also able to
report on which regions of each protein were capable
of binding antibodies, and hence some information

r. B 787 (2003) 179-195

on surface-accessible epitopes. These new staphylo-
coccal antigens are not only good candidates for the
development of diagnostic protein chips but may also
provide a reasonable approach for rational vaccine
design.

5. Conclusion

The sequencing of the genome ®faureus marks
the beginning of a new era i aureus biology that
will substantially influence fataweeus research
over the next 10 years or far beyond. The sequencing
of$haureus genome, however, yields only a first,
more introductory chapter in the “Bd®laafeus
Life”. A long way has to be followed to bring this
blue-print of life to “real” life. This does not only
mean an understanding of the physiology of the
growth or stationary phase of cells cultivated in
vitro, but also of the physiology of cells grown in
different habitats in the host including the complex
interaction of cells with the host system. To provide
this new and comprehensive information constitutes
the big challenge for the single fields of functional
genomics are such as transcriptomics, proteomics or
bioinformatics. Despite the big roleStteireus
plays in human life its functional genomics is still at
a very preliminary state. Transcriptomics will be
used more and more to assign the 2600 genes to
various regulation groups and to uncover regulation
of global genome expression, and proteomics will be
applied to explore the complex protein interaction
networks of cells, including information on protein
modification, protein damage, repair or degradation,
protein localization and targeting. This review shows
that proteomicS atireus is still in a preliminary
state. An essential goal for future studies will be to
make full use of the big potential of proteomics to
observe events in the cell never seen before by
looking at the majority of almost all cell proteins.
This new and wider view visualized by proteomics,
however, will need techniques of molecular genetics
to elucidate and analyse the observed phenomena ¢
the molecular level. Proteomics in combination with
molecular genetics, biochemistry or biophysics are
the tools required to lead to a new understanding of
Saphylococcus life.
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