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Figure 2. Effect of the ccpE deletion on hla transcription in S. au-
reus. A, Northern blot of hla transcription in strains Newman, THO01
(AccpE), and the complemented THO1c during growth in LB-L. Approxi-
mate transcript sizes are indicated on the /eft. Ethidium bromide-stained
16 S rRNA are presented to indicate equivalent RNA loading. B, quan-
titative transcript analysis of hla by gqRT-PCR of strains Newman (black
bars), THO1 (white bars), and THO1c (gray bars) during growth in LB-
L. C, quantitative transcript analysis of hla by qRT-PCR of strains 923,
HOM 354 (923 AccpE), SA564, and HOM 355 (SA564 AccpE) after 9
h of growth in LB-L. mRNA levels are expressed relative to gyrase B
(in numbers of copies per copy of gyrB). The data presented in B and
C are the mean + S.D. of three independent experiments each deter-
mined in duplicate. Mann-Whitney U test: *, p < 0.05; **, p < 0.01. D,
binding activity of CcpE to the hla promoter of strain Newman. The
PCR-amplified DNA fragments (100 ng/lane) were radioactively labeled
and incubated with the amount of purified CcpE in the absence and
presence of cold competitor as indicated. The results are representa-
tive of at least two independent experiments.

Figure 3. Effect of the ccpE deletion on capsule formation in S. au-
reus Newman. A, quantitative transcript analysis of capA by qRT-PCR
of strains Newman (black bars), THO1 (AccpE, white bars), and THO1c
(complemented derivative, gray bars) during growth in LB-L. mRNA lev-
els are expressed relative to gyrase B (in numbers of copies per copy
of gyrB). The data presented are the mean + S.D. of three indepen-
dent experiments each determined in duplicate. Mann-Whitney U test:
*, p <0.05; **, p <0.01. B, CP-5 expression of strains Newman, THO1,
and THO1c during growth in LB-L. Bacteria were grown to an Ay, of
0.5, stained with DAPI, marked with CP-5-specific monoclonal antibod-
ies, and stained with Cy-3-conjugated anti-mouse antibodies (CY-3).
Numbers in parentheses indicate the mean fluorescence intensities +
S.D. per cell (n = 80). C, binding activity of CcpE to the cap promoter.
The PCR-amplified DNA fragments were radioactively labeled and incu-
bated with the amount of purified CcpE indicated. The results in B and
C are representative of at least two independent experiments.

was observed with the AccpE mutant (Figure 3B). Although
about 69 + 6% of the Newman cells and 75 * 8% of the THO1c
cells incubated with the CP-5 antibodies produced clear fluo-
rescence signals after 24 h of growth in LB-L, in the THO1 cell
pool only 35 + 7% of the cells emitted detectable amounts of
fluorescence. Similarly, a ~10-fold decrease in the mean fluo-
rescence intensity per cell was observed with the AccpE mu-
tant (Figure 3B) when compared with cells of the wild-type
and complemented derivative THO1c. To determine whether
the CcpE-dependent regulation of capA was due to an inter-
action with the capA promoter, EMSAs were performed with
CcpE and a radioactively labeled probe of the capA promoter.
In contrast to the hla promoter, CcpE did not shift the capA
promoter probe at any of the CcpE concentrations tested (Fig-
ure 3C), indicating that CcpE indirectly influences cap operon
transcription and capsule formation.
&FS( $OWHUV 7UDQVFULSWLRQ RI
SVPA & O RNebEsbluble modulins are a small group
of cytolytic and immunomodulating peptides that are im-
portant virulence determinants of S. aureus, especially in
CA-MRSA USA300 isolates (reviewed in Ref. 46). The S. au-
reus Newman genome harbors two psm operons, psma and
psmf3, which are transcriptionally affected by regulators
such as SarA and AgrA (40, 47). To determine whether CcpE



29706 HARTMANN ET AL. IN THE JOURNAL OF BrorocicaL CHEMISTRY 289 (2014)
A A
@ 100 pamap
27
§" W diedi A A
E ) y ) 5%
g & &8 S F s
g% F $ &
S o
3 6 9 12 0 030615 2
Time (h) CcpE (ug) 400 A
* * *» *%

Figure 4. Effect of the ccpE deletion on psma transcription in S.
aureus Newman. A, quantitative transcript analysis of psma by qRT-
PCR of strains Newman (black bars), THO1 (white bars), and THO1c
(gray bars) during growth in LB-L. mRNA levels are expressed rela-
tive to gyrase B (in numbers of copies per copy of gyrB). The data pre-
sented are mean = S.D. of three independent experiments each deter-
mined in duplicate. Mann-Whitney U test: *, p < 0.05; **, p < 0.01. B,
binding activity of CcpE to the psma promoter. The PCR-amplified DNA
fragments were radioactively labeled and incubated with the amount of
purified CcpE indicated. The results are representative of at least two
independent experiments.

influences psm transcription, we assessed psma and psmf3
transcription using QRT-PCR. Deletion of ccpE had a neg-
ligible effect on psmp transcription (data not shown); how-
ever, we observed a significant reduction of psma transcripts
in strain THO1 compared with the wild-type strain (Figure
4A). Complementation of THO1 with a ccpE wild-type al-
lele restored psma mRNA levels to that seen in the wild-
type strain. EMSAs performed using CcpE and the psma
promoter as a probe failed to shift the radiolabeled probe
with any of the protein concentrations tested (Figure 4B),
suggesting an indirect effect of CcpE on psma transcription.

CcpE Decreases Pigment Production — Most S. aureus strains
produce the carotenoid pigment staphyloxanthin, which is re-
sponsible for the yellowish-orange appearance of this bacte-
rium (48). In line with a previous publication (16), we noticed
an increase in pigment production after 24 h of growth on
tryptic soy agar, and this phenotype was reverted by intro-
ducing a functional ccpE into this mutant (Figure 5). The syn-
thesis of staphyloxanthin is encoded within the crtOPQMN
operon (48); hence, to determine whether CcpE affects tran-
scription of crtOPQMN, we assessed crtM mRNA levels in
strains Newman, THO1, and THO1c using qRT-PCR. Con-
trary to the findings reported by Lan and colleagues (16), our
results suggest that transcription of crtOPQMN appears to
be independent of CcpE (Figure 5C). Similarly, inactivation
of ccpE in strains 923 and SA564 significantly increased the
pigment contents of mutant cells compared with wild-type,
without affecting crtM transcription, suggesting that this phe-
nomenon is not strain-dependent (Figure 5).

CcpE Attenuates Virulence in Two Murine Infection Models
— Deletion of ccpE in S. aureus strain Newman augmented
transcription of the global virulence regulator RNAIII (Fig-
ure 1) and increased a-toxin (hla) mRNA (Figure 2). Given
the effect of CcpE on virulence factor transcription in vi-
tro, we hypothesized that CcpE might alter infectivity of S.
aureus in vivo. To address this hypothesis, we assessed the
ability of Newman, THO1, and THO1c strains to cause dis-
ease in two different murine infection models. In a murine
pneumonia model, C57BL/6N mice were infected intrana-
sally with strains Newman, THO1, or THO1c, and the bac-
terial load in the lungs and the total amount of eukaryotic
cells in BALFs at 24 h post-infection were determined (Fig-
ure 6). Strain THO1 significantly increased the bacterial load
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Figure 5. Effect of the ccpE deletion on pigment production in S.
aureus. A, pigmentation displays of S. aureus strains grown for 24 h at
37 °C on tryptic soy agar plates. B, measurement of carotenoid pigment
contents in S. aureus cells grown for 24 h at 37 °C on tryptic soy agar.
The relative optical density units at 465 nm were normalized to those of
wild-type, which were set at 100. The data presented are mean + S.D.
of five independent experiments. Mann-Whitney U test: *, p < 0.05; **, p
< 0.01. C, quantitative transcript analysis of crtM by qRT-PCR of S. au-
reus cells grown for 24 h at 37 °C on tryptic soy agar. mRNA levels are
expressed relative to gyrase B (in numbers of copies per copy of gyrB).
The data presented are mean + S.D. of three independent experiments
each determined in duplicate.

in the lungs of mice relative to the wild-type and comple-
mented strains (Figure 6A). Similarly, we observed a signif-
icant increase in total cells in BALFs of the THO1 challenged
mice (Figure 6B), indicating a more severe infection. This
increase in total cell numbers correlated with an increased
number of neutrophils in BALFs of THO1 challenged mice
(Figure 6C), and this also correlated with increased concen-
trations of the neutrophil mobilization stimulating factor G-
CSF (49) (Figure 6D). Complementation of the AccpE mutant
restored all virulence traits back to wild-type levels, con-
firming that all observed alterations were caused by CcpE.
To exclude that this CcpE effect is specific for strain New-
man, we additionally infected mice intranasally with strain
SA564 and its AccpE derivative HOM 355, respectively. In
line with our observations made with the strain triplet New-
man/THO01/THO1c, we observed significantly increased cfu
numbers in the lung tissues of mice that have been infected
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with the SA564 ccpE mutant (Figure 7), demonstrating that
this virulence diminishing effect of CcpE is not specific for
strain Newman.

To substantiate these findings in another in vivo model,
we utilized a murine footpad infection model (38). In this
model, bacteria are inoculated into the left hind footpad of
mice and footpad swelling ratios are determined on a daily
basis for up to 12 days (Figure 8). Consistent with our ob-
servations using a lung infection model, we observed en-
hanced footpad swelling in mice challenged with the New-
man AccpE mutant relative to the isogenic wild-type and
complemented strains (Figure 8). Swelling was most signif-
icantly increased early in the infection process (days 1 to 4)
and in the later stages of the infection (days 8 to 12) when
compared with the values obtained with the wild-type and
THO1c challenged mice groups.

Discussion

The nosocomial pathogen S. aureus is known to link its
virulence factor production with central metabolic path-
ways (3-5, 8, 9, 13, 22). This linkage is mediated via at least
three metabolite responsive regulators; namely, CcpA, (3,
8), CodY (13), and RpiRc (5). Data presented here demon-
strate that CcpE represents a fourth regulatory protein that
connects virulence factor synthesis with the central metabo-
lism, specifically the TCA cycle (Figure 9) (6).

Although most effects of CcpE on virulence factor syn-
thesis were indirect, possibly via regulation of TCA cycle
activity (22, 27, 50), a direct link between CcpE and hla tran-
scription was established. In a murine pneumonia model,
a-toxin is a key virulence determinant involved in the
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Figure 7. Effect of the ccpE deletion on infectivity of S. aureus
SA564 in an acute murine lung infection model. C57BL/6N mice
were infected intranasally with 5 x 107 cells of S. aureus strain SA564
(black symbols) and HOM 355 (AccpE, white symbols), respectively (n
= 7-8 per group). Mice were euthanized 24 h post-infection, and lungs
were homogenized in PBS to determine the bacterial loads in this tis-
sue. Each symbol represents an individual mouse. Horizontal bars indi-
cate the median of all observations. Mann-Whitney U test: *, p < 0.05.

pathogenesis of S. aureus (51, 52); specifically, the level of
a-toxin correlated with disease severity in this animal model
(53). Mechanistically, a-toxin increases cytokine synthesis,
enhances neutrophil recruitment, and stimulates the NLRP3
(NOD:-like receptor family, pyrin domain containing 3) in-
flammasome in lungs, leading to massive inflammatory re-
sponse and tissue destruction (54, 55). Consistent with these
observations, deletion of ccpE increased hla transcription
(Figure 2) and increased the bacterial loads and neutrophil
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contents in the lungs of mice (Figs. 6 and 7), suggesting that
CcpE might influence the virulence of S. aureus during lung
infections via transcriptional regulation of hla.

4 1

In addition to directly interacting with hla, ccpE deletion
increased RNAIII levels, which likely contributed to the al-
tered pathogenesis of the AccpE mutant in both animal mod-
els. RNAIII is the RNA regulator of the agr locus encoded

quorum sensing system (reviewed in Refs. 39 and 40) and it
codes for a small lytic peptide called &-toxin, which is a che-
moattractant for neutrophils (50). RNAIII is predominantly
transcribed when a threshold level of bacteria is achieved
(56, 57). In its regulatory function, RNAIII promotes the ex-
pression of many exoproteins including a-toxin, either di-
rectly or via control of a repressor protein known as Rot
(43, 58). Mutations in agr have been shown to attenuate vir-
ulence in several animal models (59-63) including murine
models of pneumonia (52, 64) and skin infections (65-67).
When the peptide 6-toxin is translated from RNAII], it is
produced in two forms; one without an N-terminal formyl
group on the methionine, and one containing a formylated
methionine (50). Formylated &-toxin is a potent neutrophil
chemoattractant, suggesting that increased neutrophils in
the lungs on THO1-infected mice may be due to an increase
in 6-toxin synthesis.

Alterations in the synthesis of virulence factors and
RNAIII will likely alter the immune response to the in-
fection. The BALF cytokine profiles of mice infected with
strains Newman, THO01, and THO1c were similar with

Footpad-swelling (mm)

0 : " : . . .
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Days post infection

10 12

Figure 8. Effect of the ccpE deletion on infectivity of S. aureus
Newman in a systemic murine footpad infection model. 1 x 107
cells of S. aureus strain Newman (black symbols) and its derivatives
THO1 (AccpE, white symbols), and THO1c (complemented mutant, gray
symbols) were injected subcutaneously into the footpads of C57BL/6N
mice, and swelling of the footpads were measured in reference to the
uninfected footpads at the time points indicated. Data shown represent
the mean = S.D. of 8 mice per group. Mann-Whitney U test: *, p < 0.05.
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Figure 9. Proposed regulatory role of CcpE on virulence factor production and pathogenicity of S. aureus. Under glucose-rich conditions,
TCA cycle activity is repressed in S. aureus via CcpA. When glucose concentrations become growth limiting, the transcription of TCA cycle genes
is de-repressed in a CcpE-dependent manner, which directly promotes TCA cycle activity via direct transcriptional control of the aconitase encod-
ing gene citB. An active TCA cycle augments capsule formation via an increased transcription of the cap operon. Additionally, it decreases pigment
production and transcription of RNAIII, the master virulence regulator of the agr locus. CcpE also directly interferes with hla transcription, leading to
reduced a-toxin synthesis, thereby decreasing the synthesis of cytokines, reducing the attraction of neutrophils, and impairing the pathogen-driven
stimulation of the NLRP3 inflammasome in lungs. CcpE also enhances transcription of the psma cluster by a yet unidentified mechanism, thereby
increasing the lysis of white blood cells and stimulating an inflammatory response. Experimentally proven positive effects of CcpE are depicted by
green diagonal arrows and negative effects by red diagonal arrows. Direct regulation of CcpE is displayed by black connecting lines, and indirect
regulation by gray lines. Arrows indicate a stimulatory effect, and perpendicular lines a repressive effect.
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respect to keratinocyte-derived chemokine and IL-1p, how-
ever, G-CSF was higher in BALFs and lung homogenates
from THO1 challenged mice relative to mice infected with
the wild-type strain. G-CSF was originally characterized in
hematopoietic cells to stimulate the proliferation and dif-
ferentiation of neutrophil granulocyte precursors. In addi-
tion, G-CSF functions to recruit polymorphonuclear leuko-
cytes to the lung (68), and its expression in lung tissue is
stimulated by microbial infections (69-72). Recently, Hua et
al. (73) observed in a mouse pneumonia model that preim-
munization with an anti-a-toxin antibody significantly de-
creased the G-CSF contents in BALFs of mice infected with
S. aureus. Based on this observation, it is reasonable to spec-
ulate that an increase in a-toxin synthesis (Figure 2) would
increase G-CSF production (Figure 6D), resulting in an in-
crease in neutrophil recruitment (Figure 6C).

Transcription of RNAIII is primarily promoted by AgrA,
the response regulator of the two-component system en-
coded by the agr locus (74). In addition, AgrA also promotes
transcription of the psm operons (40). Because we observed
divergent effects of CcpE on RNAIII and psma transcription
(Figs. 1 and 4), we can largely exclude that CcpE modulates
RNAIII production via activation of AgrA. Similarly, the agr
system promotes capsule synthesis (75-77); however, capA
mRNA levels were decreased in the AccpE mutant despite
an increase in RNAIII transcript levels (Figs. 1 and 3). In-
terestingly, Somerville and colleagues (20, 27) observed in-
creased RNAIII levels and an impaired capsule biosynthe-
sis in TCA cycle mutants in which the aconitase-encoding
gene citB (syn. acnA) was inactivated, demonstrating a link
between TCA cycle activity, capsule formation, and RNAIII
production. It is possible that CcpE modulates RNAIII tran-
scription and capsule biosynthesis via regulation of TCA cy-
cle activity. However, the effect of TCA cycle inactivation on
capsule synthesis is tied to a lack of oxaloacetate for gluco-
neogenesis (20), and it is still unclear how TCA cycle activ-
ity affects transcription of RNAIII. A potential factor might
be aconitase itself. This key enzyme of the TCA cycle is re-
ported in Bacillus subtilis to act as a bifunctional protein that
possesses enzymatic activity and functions as an RNA-bind-
ing regulatory protein (78-80). Similar to B. subtilis, apo-
aconitase binds to iron-responsive elements in mRNA (G.
A. Somerville, unpublished data.), raising the possibility of
a direct interaction between aconitase and the highly struc-
tured RNAIII. Additionally, CcpE might affect RNAIII syn-
thesis and capsule formation via pH alterations. We have
recently shown that in vitro cultivation of the ccpE deletion
mutant in LB-L led to a significantly reduced alkalinization
of the culture medium during later stages of growth (6-12
h) compared with the wild-type culture (6). Alkaline growth
conditions were previously reported to repress RNAIII pro-
duction (81), and to augment capsule formation (82, 83),
consistent with our findings of increased RNAIII transcrip-
tion and decreased capA transcription in THO1 during the
later growth stages in LB-L (Figs. 1 and 3).

In conclusion, CcpE modulates the expression of several
major virulence factors of S. aureus, which affects its patho-
genesis. Given its mostly repressive effect on virulence de-
terminant production, it can be assumed that CcpE serves
as an attenuator of virulence in this clinically important
pathogen.
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