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As a versatile pathogen Staphylococcus aureus can cause various disease patterns, which are

influenced by strain specific virulence factor repertoires but also by S. aureus physiological

adaptation capacity. Here, we present metabolomic descriptions of S. aureus central metabolic

pathways and demonstrate the potential for combined metabolomics- and proteomics-based

approaches for the basic research of this important pathogen. This study provides a time-resolved

picture of more than 500 proteins and 94 metabolites during the transition from exponential

growth to glucose starvation. Under glucose excess, cells exhibited higher levels of proteins

involved in glycolysis and protein-synthesis, whereas entry into the stationary phase triggered an

increase of enzymes of TCC and gluconeogenesis. These alterations in levels of metabolic enzymes

were paralleled by more pronounced changes in the concentrations of associated metabolites,

in particular, intermediates of the glycolysis and several amino acids.

Introduction

Staphylococcus aureus is a versatile pathogen responsible for a

wide range of nosocomial infections in humans and animals.

As a commensal microorganism S. aureus is found on mucosa

and skin. More severe forms of staphylococcal infections are

endocarditis, osteomyelitis, sepsis and the toxic shock

syndrome.1 S. aureus is able to express a large number of

virulence factors like cell-surface exposed proteins, enzymes

and toxins supporting invasion of tissues and cells. Survival

within the host is accomplished by integration of adaptive

responses at the gene expression and the metabolic level as well

as exploiting defined structural and functional features of

virulence factors.2 This interplay between eukaryotic host

and bacterial pathogens shapes the virulence factor expression

profile and metabolism. Pathogenic bacteria have important

metabolite-sensing regulators like the carbon catabolite

protein A (CcpA) and CodY which control both metabolic

as well as virulence genes, therefore connecting metabolism

with virulence.3–6 Precise fine-tuning of the activity of

tricarboxylic acid cycle (TCC) enzymes is also critical for

virulence of S. aureus.7 Artificially high activity of the TCC

in a glnPmutant caused reduced production of polysaccharide

intercellular adhesin (PIA) and reduced in vivo virulence of

S. aureus in an endocarditis model of device-associated

biofilms and in kidney and spleen.7 Inactivation of TCC on

the other hand triggered reduction of capsule synthesis.8 The

interplay between metabolism of staphylococci and their

virulence factor synthesis has been recently reviewed9 and

shows the remarkable impact of metabolism on virulence.

Due to their ability to capture changes at a genome wide

scale functional genomics approaches can provide new insights

into these complex networks and reveal new facets of the

interplay between gene regulation, protein synthesis,

metabolism and pathogenicity. For S. aureus, genome

sequences have been determined for a number of laboratory

strains as well as clinically important isolates.10–12 These

sequences provide the framework for extensive transcriptional

and proteomic analysis of the S. aureus response to a number

of infection mimicking cues.13 This information has been

exploited for metabolic network reconstructions,14,15 but

detailed metabolite data are still missing. Such metabolome

data would provide the ability to assess the degree by which

the modifications of the gene expression and protein network
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translate into changes in metabolic activity and thus allow

an integrated, systems biology-like analysis of bacterial

physiology. The value of such data has been nicely demon-

strated for Escherichia coli16,17 and Pseudomonas putida.18 For

S. aureus, in silico predictions assumed approximately 700

metabolic processes connecting 571–712 metabolites in the

metabolic network,15,19 whereas other groups calculated

approx. 1200 reactions connecting about 1400 metabolites.20

Analysis of the central carbon core metabolism revealed that

S. aureus is able to utilize glucose via glycolysis (Embden–

Meyerhoff pathway, EMP), the pentose-phosphate pathway

(PPP) and the TCC. In natural settings S. aureus frequently

encounters limiting nutrient supply and thus its metabolic

activities are precisely adjusted to ensure competitiveness

and survival. Almost all of the metabolic enzymes of

S. aureus are amenable to proteomic analysis13 and extensive

changes in the cytosolic subproteome have been recorded

during the transition of S. aureus from the exponential to

the stationary phase in a nutrient rich complex medium.13,21

Proteins involved in transcription, protein synthesis and

glycolysis were strongly expressed in the exponential

growth phase. In contrast, in the stationary phase the

enzyme levels of the TCC and gluconeogenesis pathways were

increased.13,21

In the current study, we further investigate the adaptation of

S. aureus to this physiologically relevant nutrient limitation

and provide for the first time an integrated view of time

resolved changes in the metabolome and proteome of S. aureus

during adaptation to glucose starvation.

Material and methods

Bacterial strain, media and culture conditions

Wild type S. aureus COL22 was cultivated in a chemically

defined medium (CDM)23 with 7.5 mM glucose, 0.142 mM

citrate, 1 mM amino acids each (alanine, threonine, serine,

leucine, isoleucine, valine, proline, glutamic acid, aspartic acid,

arginine, phenylalanine, tryptophan, histidine, cysteine, lysine)

and specific vitamins and trace elements, but without

3-(N-morpholino)propanesulfonic acid buffer. Growth condi-

tions were as previously reported,24 overnight cultures in

CDM were diluted to an optical density at 500 nm (OD500)

of 0.07 in 1 L fresh CDM in a 5 L baffled shake flask. At OD500

0.5 the culture was split into eight 60 mL aliquots, transferred

into 500 mL shaking flasks and cultivated until sampling.

Sampling for metabolome and proteome measurements was

done at OD500 0.5 (time point t0: 0 hour) and 1, 3, 5, 7, 9, 13,

19, 24 hours (time points tx: x = 1, 3, 5, 7, 9, 13, 19, 24)

later.

Processing of samples for metabolome analyses

For intracellular metabolite analysis cells were harvested

according to the previously described fast filtration

approach.25 Briefly, cells from suspensions were filtered with

a 0.45 mm pore size filter on a vacuum filter system. Cells were

washed twice with ice-cold NaCl-solution of the same osmo-

larity as the medium. Filters with cells were immediately

quenched in cold extraction solution (60% w/v. ethanol/water)

and subsequently frozen in liquid nitrogen. Cell disruption and

metabolite extraction were done with glass beads according to

Meyer et al.25 Extracts were lyophilized to complete dryness.

For analysis of extracellular metabolites 2 mL of cell

suspension were sterile filtered on ice by using a 0.45 mm pore

size filter to obtain cell-free extracellular metabolite samples as

described recently.26 All filtrates were stored at �20 1C until

measurement.

Metabolome analysis

Extracted intracellular metabolites were analyzed by liquid

chromatography–mass spectrometry (LC-MS) after redissolving

the dried extract in 100 mL of ultra pure water. Chromato-

graphy conditions and parameters of the mass spectrometer

are described elsewhere.27,28 Mass spectral tags were extracted

and integrated using Bruker DataAnalysis Vers. 3.4 (Bruker

Biospin) and QuantAnalysis Vers. 1.8 (Bruker Biospin). All

peak areas were normalized to Br-ATP, which served as the

internal standard in all samples.

Additionally, all extracts of intracellular metabolites were

analyzed by gas chromatography–mass spectrometry (GC-MS).

For this reason, a sample identical to that used for LC-MS

was derivatized with MeOx (methoxyamine) and MSTFA

(N-methyl-N-trimethylsilyltrifluoroacetamide) and injected

into GC-MS. Details of derivatization and GC-MS conditions

were described recently.29 Data analysis was performed with

the exported netCDF files (Chemstation Vers. E.02.00 Service

Pack 2, Agilent) by Metaquant Ver. 1.3.30 Peak areas

of extracted ions were normalized to the internal standard

ribitol.

For extracellular metabolome analysis 1H-NMR analysis

was done in 5 mm glass tubes (7 inch in length; NORELL

ST-500) in which 400 mL of sample were buffered to pH 7.0 by

adding 200 mL 0.2 M sodium hydrogen phosphate buffer

solution made up with 50% D2O which provides a nuclear

magnetic resonance (NMR)-lock signal. Additionally the

buffer solution contains 1 mM TSP (3-trimethylsilyl-[2,2,3,3-D4]-

1-propionic acid) as an internal standard for subsequent

quantification. 1H-NMR analysis and quantitative evaluation

was carried out as described previously.26

Calculation of intracellular metabolite concentrations

Ratios of peak areas to the respective internal standard were

used for absolute quantification. Calibration curves of pure

substances were measured over a wide range of concentrations

under the same conditions and were used for the calculation of

metabolite concentration. Quantification was done relative to

the internal standard, if no calibration was performed with

pure compounds. Metabolite concentrations were reported on

a cell dry weight (CDW) basis.25

Statistics and visualization of metabolome data

The metabolite results were imported into an Excels

(Microsofts) sheet which served as an input file for Vanted

Vers. 1.66 software, generating time resolved plots of

metabolite concentrations.31 Heat maps were created with

TIGR Multi-Experiment-Viewer Vers. 4.2 from TAB

delimited text files of metabolite data,32 by displaying ratios
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of determined metabolite levels (mean value of 3 replicates)

and the corresponding control values described in each figure

legend. Hierarchical clustering (HCL) of metabolite profiles

(mean values from three independent experiments) was also

performed with TMEV by using the following parameters:

complete linkage, Euclidean distance, leaf order optimization.

For the calculation of statistically significant alterations two

tailed Student’s t-test was performed in Excels (Microsofts).

Processing of samples for proteome analysis

For isolation of intracellular proteins 50 mL of bacterial

culture were harvested. After centrifugation (10 min, 4 1C,

8000 rpm) cell pellets were washed with and resuspended in

1 mL TE buffer (10 mM Tris, 1 mM EDTA, pH 7.5). Cells

were added to 500 mL of glass beads with 0.1 mm diameter and

disrupted using the Precellys 24 homogenizer (Peq Lab,

Germany) for 30 s at 6800 rpm. Cell debris and glass beads

were separated from the proteins by centrifugation for 10 min

at 4 1C at 15 000 rpm followed by a second centrifugation step

to remove insoluble and aggregated proteins (30 min, 4 1C,

15 000 rpm).

Protein concentrations of crude extracts were determined

using a Ninhydrin assay.33 2D electrophoresis was carried out

as described earlier.34 In the first dimension, 70 mg of the total

protein extract were loaded onto IPG strips covering the pI

range of 4–7 (GE Healthcare). After separation of the proteins

in the second dimension 2D gels were fixed with 40% ethanol

and 10% acetic acid, subsequently stained with fluorescent

Krypton dye according to the manufacturer’s instructions

(Thermo Scientific) and scanned with a Typhoon 9400 scanner

(Amersham Biosciences; excitation source: 532 nm laser,

emission filter: 560 nm longpass, resolution 200 mm). Image

analysis and spot quantitation was done with the Delta2D

software 4.0 (Decodon GmbH, Germany). Gels were warped,

spots were detected on a fusion gel image generated with the

default parameters and subsequently the resulting spot

consensus was transferred back to the original gel images to

ensure uniform spot detection and quantification across all

gels.35 Identification of protein spots was done with the help of

a recently created reference map of cytosolic proteins of

S. aureus COL.13 Labels from this reference map were trans-

ferred manually to the fusion gels. Individual spot volumes

were normalized to the sum of volumes of all spots detected on

the gel to correct for variations in gel loading. For compar-

isons of protein amounts between different time points a

minimal change of 2.0 was defined as relevant. For additional

statistical analysis selected proteome data were loaded in

TMEV 4.5.1.32 Significantly changed expression profiles were

detected by using one-way ANOVA (a = 0.05, distribution

based on 1000 permutations). Furthermore, hierarchical

sample clustering (HCL) shown in this study was done using

complete linkages and Euclidean distances. In addition,

calculations of metabolite/protein correlations were

performed with the above mentioned software. Therefore

fold-changes of proteins and metabolites (value tx/t0) were

used in a single data matrix to perform HCL (complete

linkages, Pearson correlation) and gene distance matrix

visualization based on Pearson correlation.

Results and discussion

General overview of metabolome and proteome analysis

The combination of proteome and metabolome approaches is

particularly useful if time-resolved data sets are generated

because changes in the amount of proteins and metabolites

can then be correlated (see Fig. 1) providing new insights into

regulation of S. aureus metabolism. In total we quantified 94

intracellular metabolites and 531 proteins in a time dependent

fashion. Representative metabolome (GC-MS chromatogram

overlay) and proteome data (2D-gel overlay) with obvious

changes between growing (glucose excess) and non-growing

(glucose starvation) cells are presented in Fig. S1, ESI.w A

hierarchical cluster analysis resulted in five main clusters for

metabolite and protein level alterations during the experiment

(see Fig. 1) and shows that a majority of metabolite and

proteins of central pathways decreased during glucose starva-

tion, but a certain amount of accumulations were also

observed. A distance matrix calculation visualized the overall

correlation between metabolites/proteins and between both

metabolite/metabolite as well as protein/protein and gives first

implications for similar or converse behaving molecules.

Changes of extracellular metabolites in the chemically defined

medium during growth of S. aureus COL

S. aureus COL was grown in CDM under vigorous agitation at

37 1C. After 9 hours, cultivated cells reached the stationary

phase at an OD500 = 2.5 (see Fig. 2A). At selected time points

(starting at OD500 = 0.5) samples were taken in exponential,

transient and stationary growth phases for proteome and

metabolome analysis. For analysis of consumption and secre-

tion of extracellular metabolites, a detailed quantification of

all compounds in CDM before inoculation and at defined time

points during growth was carried out by 1H-NMR spectro-

scopy. Changes of metabolite concentrations are displayed in

Fig. 2B as a color coded heat map. Glucose as the main carbon

source was the most consumed of all medium compounds and

was completely exhausted at t9, when S. aureus COL entered

the stationary phase (Fig. 2A). In order to prove that S. aureus

was indeed starved for glucose, in a parallel experiment

glucose was re-added in the stationary phase, which instantly

reestablished growth (Fig. S2, ESIw). The selected timescale

allowed a monitoring of alterations in the metabolome during

growth (t0–t3), for the transition to the stationary phase

(time points t5–t9) as well as during extended starvation for

glucose (t13–t24). Acetate, a known overflow metabolite of

aerobically growing S. aureus, was the most abundantly

secreted metabolite in the cell supernatant, which was secreted

as long as glucose was detected in the supernatant and then

was consumed again after glucose had been exhausted

(Fig. 2A). In fact, consumption of previously secreted acetate

by glucose starved S. aureus COL has been described

before.36,37 However, not all S. aureus strains are able to reuse

secreted acetate.38 Amongst others, pyruvate, lactate,

2,3-butandiol, 2-oxoglutarate, succinate and fumarate were

detected as secretion products. These metabolites were

secreted during exponential and transient growth phases and

subsequently consumed in the stationary phase. In addition,
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Fig. 1 Clustering and correlations between metabolite and protein data. (A) Main clusters of a hierarchical clustering analysis are shown in (i–v),

representing 490% of all analyzed proteins of the central carbon metabolism and metabolites. Cluster (i) (dark red) includes 43 variables

increasing during the experiment, cluster (ii) (purple) includes 4 variables having a maximum between t9 and t13, cluster (iii) (orange) includes

25 variables showing an initial increase and afterwards decrease, cluster (iv) (green) represents 82 variables showing decreased levels during the

experiment, cluster (v) (light red) displays 35 variables with an increase in stationary phase. In (vi) a distance matrix for all analyzed metabolites

and central pathway proteins was used to display distances between two variables, inverse of similarity, as calculated using a distance metric. The

distance matrix gives an intuitive and comprehensive view of distance (or similarity) between any two variables by creating a colored matrix

representing all variable-to-variable distances based on Pearson correlation. High similarity between two variables is shown by blue colored boxes

as demonstrated in the example (B) between fumarate hydratase (FumC) and fumarate. A high inverse similarity between variables is shown by

orange colored boxes and is displayed in (B) for fructose-bisphosphate aldolase (FdaB) and fructose-1,6-bisphosphate levels. Examples for high

similar or inverse similar protein–metabolite pairs in central pathways are given in (C), all calculated distances are available in Table S1, ESI.w For
all calculations fold-ratios (valuetx/valuet0) were used.
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acetoin, ethanol and 2-methylbutyrate were secreted in small

amounts and the levels steadily increased during the experi-

ment. The levels of citrate, which could constitute an additional

carbon source, did not significantly change during growth and

glucose starvation of S. aureus COL. For the 15 amino acids

that were present in CDM different uptake patterns emerged.

While threonine, alanine and serine were rapidly consumed,

lysine, aspartate, glutamate and isoleucine levels decreased

slowly, but there was no remarkable consumption of aromatic

amino acids (see Fig. 2B and Table S2a, ESIw).

Time resolved analysis of intracellular metabolites—a global

perspective

A defined list of 94 mass spectral tags was evaluated across all

samples in both GC-MS and LC-MS chromatograms

(see Table 1 and Table S2b, ESIw). Overall we identified 78

metabolites by pure chemical standard comparisons,39

determined absolute concentrations of 56 metabolites and

monitored changes in the absolute and relative concentrations

in S. aureus during the transition from growth to glucose

starvation (Fig. 3).

In S. aureus absolute concentrations of metabolites differed

by up to 4104 fold. For example GMP was detected at a

cellular concentration of 0.01 mmol g�1 CDW whilst

glutamate, the most abundant metabolite in exponentially

growing cells, was measured at 500 mmol g�1 CDW

(see Table 1). Comparison of S. aureus cells growing with an

excess of glucose (exponential growth, OD500 = 0.5) with

those extensively starved of glucose demonstrated significant

alterations in the intracellular metabolite pool (see Fig. 3). The

ratio-plot, which is displayed in Fig. 3, illustrates the strong

stationary-phase associated reductions in levels of glycolysis

intermediates, nucleotides, selected amino acids such as serine

and leucine and intermediates of cell wall metabolism.

Vice versa, increased levels in the stationary phase were mainly

detected for amino acids like ornithine, lysine and histidine.

Overall the numbers of metabolites which increased or

remained constant or decreased during the experiment showed

normal distribution between those classes (see Fig. 4A). In

order to better define the influence of glucose starvation on the

different branches of metabolism the time resolved patterns of

metabolite levels were subjected to hierarchical clustering

(HCL) (see Fig. 4A). As expected metabolites of central

carbon metabolism and selected intermediates connected to

energy metabolism were arranged in the same cluster

and displayed a consistent decrease in concentration in the

stationary phase (see Cluster 1, Fig. 4A). A second cluster

(Cluster 2, Fig. 4A) displayed a less pronounced and often

transient decrease or increase in concentrations of intracellular

metabolites. This cluster was comprised of various amino

acids (thr, ser, leu, phe, trp, pro, ile, glu, val and ala) as well

as compounds involved in purine and pyrimidine metabolism.

For some amino acids (his, asp, asn, cys, orn, lys and gly) an

increase in concentration was detected only during glucose

starvation (see, Cluster 3, Fig. 4A).

A proteomic view of the adaptation of S. aureus to glucose starvation

In the analytical window of the 2D gel covering a pI

range from 4–7 and a mass range of 10–140 kDa two-thirds

(B1200 proteins) of the cytosolic proteins of S. aureus can

theoretically be detected.21 Our proteome analysis covered

about 900 spots of which 637 spots were identified by mass

spectrometry on a reference map.13 Since proteins may be

represented by multiple spots due to modifications changing

either the molecular weight and/or the isoelectric point, the

637 spots were assigned to 531 different proteins. Comparative

quantitative analysis of the protein patterns to that of

exponentially growing cells (OD500 = 0.5) revealed three

different classes of proteins: (i) proteins, whose level strongly

increased during entry into the stationary phase, (ii) proteins,

the level of which did not respond to the nutrient status and

(iii) proteins which were present at diminished levels in the

stationary phase compared to exponentially growing cells

(see Fig. S1 and S3, ESIw). Applying a cut-off value of a

minimum fold change in intensity of 2-fold we found 48 spots

with significantly increasing intensity and 9 protein spots

whose intensity clearly decreased in response to glucose

Fig. 2 (A) S. aureus COL growth curve in CDM (dashed line) with

sample time points marked (filled diamonds). Sampling was started at

OD500 of 0.5 with time point 0 h. Glucose (open squares) and acetate

(filled squares) concentrations are shown in mM. (B) Time-resolved

extracellular metabolite values were visualized with TMEV as color

coded chart log2 (x/xmean). Green colorations display lower than

average concentrations whereas red colorations represent higher than

average concentrations of extracellular metabolites. Red colorations in

late stationary phase are correlated with secretion of metabolites.

Metabolites are ordered by hierarchical cluster analysis.
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starvation. As expected, enzymes of gluconeogenesis increased

in level after depletion of glucose (e.g. PckA, GapA2),

probably indicating strongly increased synthesis. TCC

enzymes, such as SdhA and Icd, were also present in higher

amounts in the cells during the stationary phase (see Fig. 5 and

Table S3, ESIw). In contrast, enzymes of branched-chain

amino acid biosynthesis (IlvB, IlvD), purine metabolism

(NrdF, PurF) and a ribosomal protein (RplJ) were clearly

reduced in concentration in starving cells (Table S3, ESIw).
Enzymes of the glycolytic pathway (e.g. GapA1, Pgi, Pgk)

were present also at reduced levels compared to exponentially

growing cells, but their ratios did not fall below the selected

threshold (see above). Such reductions in protein amount

probably indicate decreased stability because protein levels

Table 1 Intracellular metabolite concentrations for nine sample time points (see Fig. 2 for growth curve), absolutely quantified and normalized to
CDW [mmol g�1 CDW]. Metabolites were determined with GC-MS and LC-MS measurements. Data represent mean values of 3 biological
replicates. CDW = cell dry weight. The corresponding standard deviations are listed in Table S2c, ESIw

Metabolite

Time [h]

0 1 3 5 7 9 13 19 24

Adenine 0.30 0.22 0.20 0.17 0.27 0.32 0.40 0.58 0.53
ADP 4.47 3.87 2.23 1.68 2.70 2.45 1.32 2.11 2.68
Alanine 302.68 268.33 326.79 262.68 436.06 309.16 209.13 148.78 121.12
AMP 1.56 1.71 0.36 0.52 0.65 0.77 0.33 0.91 0.91
Asparagine 0.20 0.19 0.21 0.17 0.26 0.33 0.37 0.64 0.53
Aspartate 149.75 110.20 120.24 84.26 302.02 324.87 318.02 562.14 593.47
ATP 14.35 12.77 13.29 9.45 9.04 6.66 4.77 4.44 4.44
CDP 1.04 0.94 0.62 0.58 0.54 0.47 0.37 0.84 0.83
Citrate 5.10 5.13 5.79 4.56 3.56 2.15 1.50 1.71 2.34
CMP 1.37 1.02 0.51 0.30 0.32 0.12 0.21 0.70 0.61
CTP 2.79 2.51 2.52 1.69 1.62 0.96 0.94 1.59 1.74
Cysteine 0.88 2.00 1.74 2.23 2.02 1.52 2.00 3.59 6.25
Dihydroorotate 0.19 0.16 0.14 0.16 0.12 0.07 0.11 0.16 0.11
Erythrose 1.20 0.83 0.64 0.57 0.39 0.14 0.17 0.33 0.35
FAD 0.00 0.00 0.02 0.06 0.11 0.21 0.16 0.22 0.27
Fructose-1,6-bP 21.05 12.67 5.77 2.99 0.78 0.25 0.16 0.16 0.17
Fructose-6-P 46.48 40.82 19.16 10.20 3.92 0.51 0.52 0.37 0.95
Fumarate 2.32 1.78 2.78 1.98 2.37 2.85 3.16 4.32 4.07
GDP 0.38 0.40 0.21 0.19 0.15 0.19 0.15 0.37 0.44
Glucose 39.12 6.55 10.22 1.04 0.34 0.10 0.05 0.04 0.04
Glucose-6-P 23.35 18.96 9.35 5.24 1.95 0.25 0.14 0.28 0.55
Glutamate 500.96 474.08 525.13 321.27 687.17 492.94 433.51 418.71 289.06
Glycerol 15.84 12.55 9.48 5.93 6.55 4.02 3.96 5.52 5.97
Glycine 0.73 1.16 0.91 0.25 6.87 33.45 38.75 3.47 1.36
GMP 0.01 0.08 0.00 0.04 0.04 0.04 0.05 0.29 0.29
GTP 2.01 1.88 1.47 0.96 0.84 0.69 0.74 1.11 1.36
Guanine 0.12 0.07 0.08 0.05 0.06 0.10 0.10 0.16 0.17
Histidine 10.13 2.21 4.71 2.44 7.90 16.16 28.19 124.02 153.18
IMP 0.73 0.62 0.36 0.27 0.12 0.06 0.06 0.07 0.06
Isoleucine 49.70 34.02 41.05 30.92 47.68 24.92 21.19 25.49 20.18
Lactate 17.05 14.70 10.43 13.65 7.66 10.50 8.42 8.55 5.83
Leucine 44.46 29.63 34.79 21.47 25.22 13.39 11.94 13.36 11.58
Lysine 13.54 9.54 10.83 7.71 58.57 152.16 298.38 537.32 741.52
Malate 0.36 0.30 0.23 0.13 0.21 0.23 0.23 0.46 0.61
NAD+ 1.05 0.51 0.59 0.42 0.33 0.48 0.34 0.34 0.84
NADP+ 2.82 1.66 2.34 1.59 1.24 1.35 0.84 0.95 1.07
Ornithine 0.15 0.10 0.10 0.09 1.04 4.84 11.69 22.25 25.68
Orotate 0.05 0.04 0.04 0.18 0.06 0.02 0.02 0.03 0.02
2-Oxoglutarate 0.78 0.73 1.02 1.05 0.84 0.60 0.43 0.42 0.37
5-Oxoproline 35.51 63.84 41.10 30.73 30.50 17.87 16.03 13.62 11.73
Phenylalanine 19.64 9.84 11.11 5.92 7.26 5.85 6.35 8.10 6.79
Phosphoenolpyruvate 11.05 9.92 9.87 7.12 7.51 12.19 11.23 9.32 7.78
3-Phosphoglycerate 3.46 3.91 5.51 4.97 5.46 13.94 12.79 10.07 6.84
Proline 210.18 158.02 344.37 285.52 585.01 332.55 261.12 282.89 263.20
Pyruvate 3.73 3.95 3.73 2.43 1.51 1.07 0.90 1.33 1.29
Serine 103.24 102.80 123.81 67.40 58.72 26.39 13.42 30.58 21.47
Succinate 2.62 2.31 2.50 1.75 4.63 3.16 2.13 1.50 1.07
Threonine 31.02 26.53 32.18 25.74 52.00 41.50 11.33 0.60 0.35
Thymine 0.20 0.12 0.12 0.11 0.22 0.12 0.14 0.21 0.19
Tryptophan 17.33 5.03 6.77 2.94 5.13 5.42 6.46 13.25 10.71
UDP 0.47 0.70 0.48 0.71 0.64 0.41 0.19 0.45 0.47
UMP 2.88 2.41 1.59 1.52 1.26 0.65 0.63 1.22 1.14
Uracil 0.16 0.09 0.09 0.06 0.12 0.08 0.08 0.12 0.13
Urea 93.10 66.58 34.17 16.73 16.30 13.49 14.63 18.60 11.83
UTP 5.80 5.56 5.35 3.73 2.78 1.38 1.13 1.23 1.24
Valine 65.97 47.26 63.01 51.00 98.47 48.49 50.73 65.03 49.15
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should remain constant in non-growing cells even in the

absence of new synthesis unless enhanced degradation is

observed. One obvious reason for the observed increase in

degradation might be the need for the generation of nutrients

from proteins no longer needed in non-growing cells. Table S3

(ESIw) summarizes the data for proteins involved in carbon

core metabolism and other main metabolic routes. A statistical

analysis and graphical visualization of these data using TMEV

revealed that out of 92 proteins 21 showed significant time-

dependent changes (10 increased and 11 decreased levels,

respectively) see Fig. S3 (ESIw) (ANOVA). Fold changes in

protein spot intensity ranged from 10-fold decrease (Acs) up to

8.3-fold increase (SucB) when comparing exponentially

growing and starving S. aureus cells. However, metabolite

levels displayed a much wider dynamic range, involving almost

complete disappearance (e.g. glucono-1,5-lactone-6-P, glucose

and FGAR) up to 50- to 170-fold increases in levels (glycine,

lysine and ornithine) in the stationary phase compared to

exponential growth (Fig. 3). This observation supports the

assumption that the metabolome is generally more dynamic

than the proteome.

Pathway dependent interpretation of metabolome and proteome

profiles

Glycolytic pathways

Under aerobic conditions S. aureus catabolizes glucose mainly

via glycolysis, the Embden–Meyerhof–Parnas (EMP) path-

way.40 There is no evidence for the Entner–Doudoroff (ED)

pathway in S. aureus. Glucose enters the EMP as glucose-6-

phosphate, which is produced intracellularly by glucose kinase

activity or mostly by PTS-mediated transport. Fig. 5 gives an

overview on the alterations in the concentrations of

metabolites involved in EMP, pentose-phosphate pathway

(PPP) and neighboring pyruvate pathways, as well as proteins

that are associated with these pathways. During growth the

intracellular levels of glucose, glucose-6-phosphate, fructose-6-

phosphate and fructose-1,6-bisphosphate decreased in parallel

to the extracellular glucose consumption. Interestingly, high

extracellular concentrations of glucose (mM range) cause high

intracellular levels of glycolytic constituents like glucose-6-P

(B20 mmol g�1 CDW) and fructose-1,6-bP (B40 mmol g�1 CDW)

during exponential growth (OD 0.5), which can be interpreted

as indicators of glucose excess. Glycolytic enzymes like Pgi

(glucose-6-phosphate isomerase), GapA1 (glyceraldehyde-3-

phosphate dehydrogenase) and Pgm (phosphoglycerate

mutase) were present in higher amounts during exponential

growth, whereas their levels slightly decreased in the stationary

phase (see Fig. 5). Entering the stationary phase, enzymes of

gluconeogenesis like GapA2 (glyceraldehyde-3-phosphate

dehydrogenase), Gpm (phosphoglycerate mutase) and PckA

(phosphoenolpyruvate carboxykinase) were present in higher

amounts compared to the exponential phase. The strongest

increase in level was observed for GapA2, starting in the

transient phase (t7) and continuing during the stationary phase

(see also Table S3, ESIw). A link between gluconeogenesis and

pyruvate metabolism is demonstrated by Pyc (pyruvate

carboxylase) and PckA. These enzymes generate PEP from

pyruvate via oxalacetate, consuming ATP. Perhaps, both

anaplerotic reactions lead to the increase of PEP after glucose

is consumed (see Fig. 4B and 5). After exhaustion of glucose,

decreased activity of the phosphoenolpyruvate-dependent

phosphotransferase system (PTS) might also contribute to

PEP accumulation. In parallel, the intracellular concentration

of 3-phosphoglycerate increased (3-fold) in the absence of

glucose. This is probably pointing to the gluconeogenic

Fig. 3 Alterations in the S. aureus metabolome during glucose starvation. The metabolite concentration ratios of cells starved for glucose

(stationary culture, t24) and cells growing with glucose (exponential culture, t0) are plotted. Data represent the average of three independent

cultivations. Significant alterations are marked with dark grey (unpaired, two-tailed Student’s t-test; p o 0.05).
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bottleneck, the GapA2 enzyme. It catalyzes the rate limiting

step from 1,3-bisphosphoglycerate to glycerinaldehyde-3-P

which requires NADPH as well as energy. The intracellular

pyruvate level already started to decrease during the transient

phase and remained at a low level (B1 mmol g�1 CDW) in the

stationary phase (see Table 1). It therefore might be an

intracellular marker-metabolite for carbon starvation in

S. aureus as described for yeast.41

Pentose-phosphate pathway

Besides glycolysis, a fueling pathway based on pentoses exists.

The reverse pentose-phosphate pathway (PPP) regenerates

glyceraldehyde-3-P and fructose-6-P for filling up glycolysis

and provides important precursors like erythrose-4-P, sedo-

heptulose-7-P and pentose-phosphates for nucleic acid and cell

wall biosynthesis. During transition from growth to glucose

starvation the levels of PPP-enzymes like Zwf (glucose-6-

phosphate 1-dehydrogenase) and Tal (transaldolase) as well

as Tkt (transketolase) did not significantly change (see Fig. 5

and Table S3, ESIw). On the metabolic level, the intermediates

of PPP strongly decreased until glucose was exhausted

and no further increase was observed in the stationary phase

(Fig. 4).

Pyruvate and overflow metabolism

The central reaction in pyruvate metabolism is catabolized by

the pyruvate dehydrogenase multi-enzyme complex, generating

acetyl-CoA via oxidative decarboxylation. None of the

subunits of this complex, i.e. PdhA, PdhB, PdhC, PdhD,

displayed strong changes in abundance during transition from

Fig. 4 (A) Presentation of the quantification of all intracellular metabolites identified in S. aureus COL grown aerobically in the chemically

defined medium. Hierarchical cluster analysis of the metabolite values in course of time was performed with TMEV [log2(x/xt0)]. Changes are

displayed by the indicated color coding. Thereby red coloring shows increases in concentrations and green coloring represents decreases in

concentrations. The adenylate energy charge (AEC = (1/2[ADP] + [ATP])/([AMP] + [ADP] + [ATP])) and selected metabolites with different

kinetics are shown in (B), the grey shadow represents the standard deviation of three biological replicates.
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growth to starvation. However, as previously described

pyruvate was secreted under glucose excess.42 As indicated

above intracellular pyruvate levels markedly decreased during

starvation in parallel with pyruvate uptake from the medium.

During glucose excess acetyl-CoA was mainly transformed

into acetate, most likely by Pta (phosphotransacetylase) and

AckA (acetate kinase), and was exported into the medium up to

a concentration of B6 mmol L�1 (see Fig. 2A and Table S2a,

ESIw). High levels of Pta and AckA were detected during

exponential growth. During stationary phase excreted acetate

was utilized from the medium. Interestingly, in our experiments

the acetyl-CoA-synthetase (Acs) was present at very low

levels during exponential growth and further decreased in

concentration during starvation. Furthermore the intracellular

concentration of acetyl-CoA constantly decreased until the

stationary phase. This is most likely caused by the lack of glucose

and the subsequent reduction in glycolytic activity. The acetyl-

CoA concentrations did not increase in spite of acetate uptake

during the stationary growth phase. Compared to organisms

with an intact glyoxylate shunt for utilizing C2-compounds, like

Bacillus licheniformis, the acetate reconsumption in S. aureus is

incomplete. In contrast, for S. aureus it is assumed that acetate is

channeled back into the TCC via acetyl-CoA.43

Tricarboxylic acid cycle

Compared to the overall metabolite concentrations, inter-

mediates of the TCC were present in low concentrations

Fig. 5 Combined metabolome and proteome alterations in central carbon pathways during aerobic transition from exponential growth to glucose

starvation. Fold changes of respective metabolites and proteins are shown in the order of occurrence in the respective pathway. Metabolites are

highlighted with a circle next to the heatmap visualization. For some metabolites/proteins of the pathways, no results could be shown since either

they could not be detected by the used techniques or their concentrations were under the limits of detection. The presented fold changes of acetate

refer to the analyzed extracellular concentrations.
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during growth at less than 1.0 mmol g�1 CDW for malate and

up to B5.0 mmol g�1 CDW for citrate and succinate

(see Table 1). During starvation all TCC intermediates

decreased, except for malate and fumarate. Simultaneously,

higher protein amounts were observed for most of the TCC

enzymes in the stationary phase by 2D-gel analysis (see. Fig. 5

and Table S3, ESIw). Accumulation was especially strong

for the two subunits of the 2-oxoglutarate dehydrogenase

(SucA/SucB). Increased accumulation of TCC enzymes is

probably caused by relief from repression by CcpA which

has been shown to directly control transcription of genes of

the TCC enzymes in S. aureus.44 Repression of expression of

genes encoding TCC enzymes might be particularly strong in

S. aureus cultivated in CDM due to the presence of multiple

amino acids, which reduces the requirement of TCC for

energetic or anabolic functions like amino acid synthesis.45,46

After exhaustion of glucose, TCC is required to reutilize the

secreted overflow metabolites like organic acids and acetate.

Amino acid metabolism

Since S. aureus growing in CDM was supplied with a complex

mixture of 15 amino acids, uptake is preferred compared to

de novo synthesis (see Fig. 2). Furthermore, the intracellular

pool of amino acids can be replenished by proteolysis in

glucose-starved S. aureus cells.47 Fig. 6 offers a general overview

of the amino acids profile during exponential growth, in the

transition phase or during glucose starvation. In general, it can

be stated that externally added amino acids were detected in

higher amounts intracellularly. Amino acids not provided in

CDM, e.g. asparagine and glycine, were only detected in traces

during exponential growth; methionine and tyrosine were not

detected intracellularly. In growing S. aureus cells the intra-

cellular amino acid pool was dominated by glutamate, alanine,

proline and aspartate (B500, 300, 200, 150 mmol g�1 CDW,

respectively) (see Fig. 6). Intermediate concentrations were

observed for the branched-chain amino acids leucine,

isoleucine, and valine (B50 mmol g�1 CDW). The aromatic

amino acids histidine, phenylalanine, and tryptophan were

present at B10 mmol g�1 CDW. Thus, despite the fact that

those amino acids were all present in the growth medium at

around 1 mmol L�1, quite different steady state concentrations

were reached intracellularly. However, intracellular amino acid

pools displayed pronounced alterations during the transition

from exponential growth to starvation (see Fig. 6). These

alterations were not only strong in terms of fold changes, but

also altered the ranking of most prominent intracellular amino

acids significantly. Lysine for example increased from B10 up

to B700 mmol g�1 CDW and was therefore the major intra-

cellular amino acid during carbon starvation. Probably, this

increase was driven by enhanced uptake because starving

S. aureus cells have been shown to display a higher uptake of

lysine, driven by the proton motive force, in exchange with

potassium.48 Enzymes of lysine biosynthesis such as DapA,

DapB, DapD (dihydrodipicolinate synthases), SACOL1801

and LysA (diaminopimelate decarboxylase) showed no signifi-

cant change in level during the transition from growth to

starvation. Histidine as a basic amino acid also exhibited a

remarkable accumulation (15-fold) in the stationary phase,

probably mediated by uptake because S. aureus is not able to

synthesize histidine (see Fig. 6). An increased aspartate

concentration was also observed, reaching 590 mmol g�1 CDW.

Glutamate belonged to the highly abundant amino acid group

both in growing as well as starving cells reflecting its role

as the main connection between nitrogen and carbon meta-

bolism. However, in the stationary phase the glutamate pool

slowly declined. Cysteine levels increased in the stationary

phase, which coincided with a higher CysK (cysteine synthase)

level (see Table S3, ESIw, and Fig. 6). This thiol group contain-

ing amino acid is suggested to support an elevated oxidative

stress resistance, as recently shown for diamide stressed

Bacillus subtilis and S. aureus.49 Stationary phase cells of

S. aureus display an increased tolerance against oxidative

stress.50 Consistent with that we observed slightly elevated levels

of oxidative stress protective proteins like AhpC (alkyl hydro-

peroxide reductase) and KatA (catalase) (Table S3, ESIw).

Fig. 6 Intracellular amino acid pools of S. aureus during different growth phases. Amino acid concentrations of the exponential growth phase (t0)

are displayed in light grey bars, the transient growth phase (t9) concentrations are shown in grey bars and the stationary growth phase (t24)

concentrations are shown in dark grey bars.
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S. aureus has been predicted to be able to use amino acids as

alternative carbon sources10 and an increase in the level of

amino acid degrading enzymes and the expression of the

encoding genes was observed after glucose depletion.44 Extra-

cellular serine, threonine and alanine levels already started to

significantly decrease during growth, probably by utilization

of amino groups in the urea cycle. Urea as a byproduct

decreased concomitantly with the glucose concentration (see

Fig. S4, ESIw) due to urease activity. The subunit UreC is

present in considerable amounts during exponential growth

and its level decreased drastically after entry into the stationary

phase (see Table S3, ESIw). As recently shown by Michalik

et al.,47 urease (especially subunit UreC) undergoes strong

proteolysis after glucose depletion. However, extracellular

urea levels remained constant and at best slightly increased

in the late stationary phase but did not change significantly

despite the degradation of UreC (data not shown). After

glucose exhaustion, ornithine, another byproduct in this path-

way, showed a strong increase.

A particular pattern was observed for the intracellular

glycine pool. Only traces could be detected until glucose was

completely consumed. This is probably due to high flux rates

of glycine into downstream pathways. Transiently, with the

exhaustion of glucose and simultaneously with the cessation of

growth, the glycine level increased 20-fold for approximately

6 hours, followed by a rather sharp decline to the original low

basal level (see Fig. 4B). Probably, this transient increase is

related to a stop or decrease in purine/pyrimidine or cell

wall biosynthesis after glucose depletion, because in both

pathways glycine serves as an important precursor. Another

possibility is serine degradation to glycine and 5,10-methylene-

tetrahydrofolate, which serves as important C1 body for many

biosyntheses.

Purine/pyrimidine metabolism

Fast growth requires intense synthesis of macromolecules such

as DNA and RNA, which in turn depends on the availability

of purines and pyrimidines. Syntheses of both purines and

pyrimidines are therefore precisely adjusted to environmental

conditions.21,51 In general, adenosine nucleotides were present

at higher levels than, for example, guanosine nucleotides

(AXPs : GXPs E 10 : 1) (Table 1). The level of metabolites

related to nucleotide synthesis decreased during transition to

and during the stationary phase (see Fig. 4A), like PRPP

(Table S2b, ESIw). However, focusing on central fueling path-

ways and their regulation, the adenosine phosphate ratios play

a major role, mathematically expressed by the adenylate

energy charge AEC = (1/2[ADP] + [ATP])/([AMP] +

[ADP] + [ATP]). Under normal non-limiting conditions a

bacterial cell holds its AEC in a narrow range of 0.80 to 0.95.52

Such values were also determined in our experimental setup as

long as S. aureus grew, afterwards the AEC dropped slowly

but continuously finally reaching an AEC below 0.8

(late stationary phase) (see Fig. 4B). The AEC is probably

reduced in starving cells because fueling pathways cannot

provide ATP despite the strongly reduced consumption.

Furthermore, pyrimidine nucleotides serve as precursors for

e.g. cell wall biosynthesis. Cytidine nucleotide (wall teichoic

acid synthesis) and uridine nucleotide (peptidoglycan synthesis)

levels decreased permanently until the stationary phase.

Cell wall biosynthesis

Most of the precursors that are needed for the synthesis of

peptidoglycan and teichoic acids were detected in our study

and displayed growth phase-dependent alterations in levels.

When the bacterial cells ceased growth less precursors of

peptidoglycan biosynthesis, e.g. UDP-N-MurNAc-Ala,

UDP-MurNAc-Ala-Glu and UDP-MurNAc-pentapeptide

were detected, indicating adjustment of levels to the cell’s

reduced needs (see Fig. 4A and Table S2b, ESIw). The

activated precursors for wall teichoic acid biosynthesis,

CDP-glycerol or CDP-ribitol, behaved similarly, except

UDP-MurNAc. After glucose depletion this compound

increased to the initial amount at the exponential phase

(Fig. 4A). The turnover reaction to UDP-MurNAc-Ala by

MurC (UDP-MurNAc-alanine-ligase) is ATP dependent;

probably the decreased energy charge inhibits this pathway.

The amount of MurC as well as other enzymes involved in cell

wall biosynthesis did not change during the experiment. One

exception was MurAA, which catalyzes the first committed

step in peptidoglycan biosynthesis, and which decreased in the

stationary phase (Table S3, ESIw). In long term starved

S. aureus COL cells and in B. subtilis this enzyme was shown

to be the target for proteolysis.47,53

Conclusion

This report combines for the first time metabolome and

proteome data from a time resolved study to gain insight into

the adaption of S. aureus towards glucose starvation. In

general, changes in the proteome were in agreement with the

metabolome, but the metabolic profile displayed a much wider

dynamic range. In exponentially growing cells the highly active

glycolysis led to a vast accumulation of extracellular acetate,

while the TCC was repressed by glucose mediated carbon

catabolite repression. Interestingly, intermediates of TCC were

secreted into the medium under these repressive conditions,

showing a basal TCC activity as an anabolic pathway.

Following exhaustion of glucose, levels of TCC and gluconeo-

genic enzymes increased (Fig. 5). ATP generation by substrate

level phosphorylation in the glycolysis was no longer available

and was compensated by NADH generation via TCC with

subsequent ATP production by oxidative phosphorylation.

The adenylate energy charge dropped only slightly during

the stationary phase (see Fig. 4B). This observation complies

with recent data from yeast under different starvation

conditions, whereas only in phosphate limited cells the energy

charge drops drastically in contrast to carbon or nitrogen

starvation.41

After extracellular glucose was depleted, S. aureus reused

secreted overflow metabolites like acetate and pyruvate. In

order to do so, in the absence of the glyoxylate cycle a fully

functional TCC is needed to catabolize acetate.43 In agreement

with the release of TCC genes from CcpA mediated repression,

extracellular TCC intermediates were reused in the stationary

phase, probably imported by a specific H+ symporter,

energized by an electrochemical proton potential.54 Additionally,
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the consumption of amino acids was enhanced in glucose

starved cells. Different uptake patterns were observed, indicating

versatile roles of the supplied amino acids. One strongly

consumed group, consisting of alanine, serine and threonine,

served as additional carbon sources for S. aureus, accompanied

by remarkable intracellular threonine exhaustion. Another

group of amino acids showed negligible consumption although

they were necessary for growth (e.g. valine, tryptophan,

phenylalanine, proline) and possibly used directly in protein

biosynthesis. Most striking was the intracellular accumulation

of different amino acids in the stationary phase, e.g. lysine,

aspartate, histidine and ornithine (see Fig. 6). Since bio-

synthetic pathways showed no significant alterations on the

proteome level, we assume that uptake of lysine and histidine

compensated intracellular pH imbalances by proton influx

through the ATP-generating proton motive force in glucose

depleted cells.48,55 Due to a stop in nucleotide synthesis,

accumulation of aspartate and the glycine alterations may

occur. Ornithine increased 170-fold from the early exponential

until the stationary phase as a result of amino acid degrada-

tion via the urea cycle. Overall the amino acid pool showed the

most pronounced alterations in terms of intracellular

concentrations during glucose starvation. In comparison

intermediates of glycolysis, PPP and TCC also showed strong

fold changes but their overall amount was significantly lower.

The metabolite levels found for S. aureus in this study

exhibited distribution comparable to those quantified in

E. coli.16 Such data are of utmost importance for metabolic

network constructions and validations.15,19,20 Surprisingly

some concentrations were not in the range expected, e.g.

glycolytic intermediates were only present at relatively low

levels. However, this finding can probably be resolved if one

assumes the existence of protein complexes like the glycosome

in B. subtilis56 or yeast.57,58 Protein complexes will allow

effective channeling of substrates even in the presence of very

low effective intracellular concentrations.59

The transition from an exponential growth to a non-

growing state requires complex adjustments of cell physiology

including synthesis of cell wall intermediates, membranes and

proteins as well as energy generation and pH homeostasis. For

S. aureus, alterations in amino acid pools and consumption

were particularly pronounced probably due to adaptation of

S. aureus to the host, where peptides and amino acids are

probably available at higher levels than glucose. It is obvious

that some metabolite concentrations will have a cut-off level

for secretion or regulation of pathways and thus act as marker

metabolites. These types of metabolite signals/concentrations

are certainly critical for the proper adaptation of bacteria to

environmental cues in the host, and thus the combined

metabolic and proteomic profiling will now have to be extended

by studying other physiological stress adaptation settings.
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