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ABSTRACT Specialized secretion systems of bacteria evolved for selective advan-
tage, either killing microbial competitors or implementing effector functions during
parasitism. Earlier work characterized the ESAT-6 secretion system (ESS) of Staphylo-
coccus aureus and demonstrated its contribution to persistent staphylococcal infec-
tion of vertebrate hosts. Here, we identify a novel secreted effector of the ESS path-
way, EssD, that functions as a nuclease and cleaves DNA but not RNA. Essl, a protein
of the DUF600 family, binds EssD to block its nuclease activity in the staphylococcal
cytoplasm. An essD knockout mutant or a variant lacking nuclease activity, essD->4°P,
elicited a diminished interleukin-12 (IL-12) cytokine response following bloodstream
infection of mice, suggesting that the effector function of EssD stimulates immune
signaling to support the pathogenesis of S. aureus infections.

IMPORTANCE Bacterial type VII or ESAT-6-like secretion systems (ESS) may have
evolved to modulate host immune responses during infection, thereby contributing
to the pathogenesis of important diseases such as tuberculosis and methicillin-
resistant S. aureus (MRSA) infection. The molecular mechanisms whereby type VIl se-
cretion systems achieve their goals are not fully elucidated as secreted effectors with
biochemical functions have heretofore not been identified. We show here that MRSA
infection relies on the secretion of a nuclease effector that cleaves DNA and contrib-
utes to the stimulation of IL-12 signaling during infection. These results identify a bi-
ological mechanism for the contribution of the ESS pathway toward the establish-
ment of MRSA disease.

KEYWORDS EssD, nuclease, MRSA, IL-12 signaling, ESS secretion, effector, DUF600,
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he ESAT-6-like secretion system (ESS) of Staphylococcus aureus is conserved in the

phylum Firmicutes and bears similarities with the well-characterized type 7 secre-
tion system (T7SS) of Actinobacteria, including Mycobacterium tuberculosis, Mycobacte-
rium smegmatis, and Mycobacterium marinum (1-3). As with many other specialized
secretion systems, genes encoding ESS and the T7SS are present within clusters (1).
Genetic analyses have been used to identify the genes that specify the machinery for
substrate secretion while secreted factors have been identified as immune reactive
species in the extracellular medium of bacterial cultures (4-9). Candidate factors for
secretion machines share little to no sequence similarity between ESS and T7SS clusters
(1). However, both ESS and T7SS clusters encode secreted and conserved substrates
that belong to the protein family pfam06013 (WXG100) within the EsxAB clan CL0352
(pfam.janelia.org/clan/EsxAB) (1, 10). In the Actinobacteria phylum but not Firmicutes,
the EsxAB clan CL0352 also includes the protein families pfam00934 (PE), pfam00823
(PPE), and pfam10824 (Esp) (11, 12). Sequence identity between protein members of
the pfam06013 group (WXG100) is low, often less than 15%, but all of these proteins
share a small domain of approximately 100 amino acids with the distinctive WXG motif
in the center (10). The atomic structures of several pfam06013 proteins revealed a
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conserved fold with two side-by-side a-helices linked with a hairpin bend formed by
the WXG motif (13-16). S. aureus secretes EsxA and EsxB, two canonical WXG100
proteins (6). EsxA forms a dimer with itself and with EsxC, whereas EsxB forms a dimer
with EsxD (9). While EsxC and EsxD associate tightly with WXG100 proteins, they do not
share the typical sequence features of the pfam06013 family or any other member of
the EsxAB clan CL0352 (9).

In virulent strains of M. tuberculosis, EsxA (Mt-EsxA) is secreted by intracellular
bacteria and has been proposed to form discrete pores that allow mixing of vacuolar
and cytosolic contents during infection (17). In a model involving bacterial DNA release,
the accessibility to cytosolic molecules in turn leads to AIM2 and cyclic GMP-AMP
synthase (cGAS) activation (18-20). Cytosolic DNA sensing by AIM2 leads to activation
of the inflammasome interleukin-18 (IL-18) pathway (21). Cyclic GMP-AMP (cGAMP)
signaling is mediated by STING, the mammalian sensor for cytoplasmic DNA and
bacterial cyclic dinucleotides, and drives type | interferon (IFN) activation (22). Thus,
ESX-1 activity accounts for both the stimulation of IFN and IL-18 responses that
contribute to disease progression in tuberculosis (TB) (18, 23, 24).

In S. aureus, the ESS pathway contributes to the stimulation of IL-12 (p40) and IL-12
(p35) production and secretion during mouse infection (25). This immunomodulatory
activity is thought to contribute to S. aureus virulence and persistence within deep-
seated abscess lesions (7, 26). Here, we demonstrate that S. aureus ESS secretes EssD,
which functions as a nuclease to cleave DNA. EssD nuclease activity in the bacterial
cytoplasm is blocked by Essl, a small cytoplasmic protein that binds to the nuclease
domain of EssD and whose gene is located adjacent to essD. Because the EssD-Essl
module is reminiscent of toxin-antitoxin modules, we examine whether ESS may
contribute a competitive advantage over other staphylococcal species and skin com-
mensals but find no evidence of such antimicrobial activity in vitro. Instead, we observe
reduced IL-12 production in mice infected with S. aureus essD mutants. We therefore
propose that EssD represents an effector of the staphylococcal ESS pathway.

RESULTS

essl suppresses essD induced toxicity. essD encodes a large polypeptide with
mosaic structure (Fig. 1A), reminiscent of effectors in specialized secretion systems (27).
Initial attempts to express essD in Escherichia coli resulted in the selection of mutants
with single nucleotide transversions and transitions in the 3’ portion of the gene,
causing either codon substitutions (Asp>**Gly, Leu>*°Pro, and Trp5°3Arg) or nonsense
mutations (Lys>84*). Plasmid-borne expression of essD in cells that also expressed ess/7,
a gene of unknown function located immediately downstream on the staphylococcal
chromosome (Fig. 1B), alleviated the selection for mutational lesions. Of note, the ess/7
(SAUSA300_0289) product is a member of the DUF600 protein family (domain of
unknown function 600); nine genes (ess/2 to ess/10) encoding additional DUF600 family
members are located downstream of essD (Fig. 1B). DUF600 proteins vary in length
from 128 to 166 amino acids and share 66 to 93% sequence identity (Fig. 1C).

Expression of essD from the isopropyl-B-p-thiogalactopyranoside (IPTG)-inducible
lac promoter (pSRK-Kan' vector) and ess/T or essl6 to essl10 (essl6-10) from the
arabinose-inducible promoter (pBAD-Amp" vector) in E. coli (Fig. 1C) revealed that
growth of the strain carrying plasmids expressing P,,.-essD and P, ,-ess/1 in Luria broth
supplemented with IPTG was strictly dependent on arabinose induction of ess/7 (Fig.
2B). As a control, E. coli P,,-essD P, -esslT growth in medium lacking IPTG was not
dependent on arabinose (data not shown), whereas E. coli P,,-essD P,,-essl6-10 also
displayed a requirement for arabinose induction of DUF600 proteins for growth in the
presence of IPTG (Fig. 2A and B). Growth inhibition in the presence of IPTG is caused
by essD expression as E. coli P,-P_,-essl1, lacking the essD gene, did not display a
growth impediment in the presence of IPTG (Fig. 2B).

E. coli P,,-essD P, -essl6-10 cultures were grown for 3 h, followed by induction with
IPTG. Culture aliquots were withdrawn at 0 (T0), 1 (T1), and 2 (T2) h following addition
of IPTG to the growth medium and examined with fluorescence microscopy of 4’,6'-

January 2017 Volume 199 Issue 1 e00528-16

Journal of Bacteriology

jb.asm.org 2


http://jb.asm.org

Nuclease Effector of the S. aureus ESS Pathway

A 207 250 434 475 1546 607
|
1 extracellular H intracellular 617
_ N | _ C
a-EssD hydrophobic a-EssD
segment 434 C-terfinalisoluble/domain] 617
° 09 92> 9 P 1RGP
SAUSA300_0288 _0289 Bl ST §
—  essD ’1 —|:>—|:>—[>—2 3 -4 /5 —|:>—6 ) ENEN D) —
COG5444 Ml Endonuclease NS _2 DUF600 ess/ [J Unknown function

C EssI6 MIFEEKLSEIYNKIANEISGMIPVEWDQVFTIAYVNDRGGEIVFNYTKPGSDELNYYTYI
EssI5 MTFEEKLSEMYSEIANKIISMIPVEWEKVYAMAYIDEECGEVFYNYTEPSSDELFYYTSV
EssI2 MTFEEKLSEMYSEIANKISSMIPVEWEKVYAMAYIDDGGGEVFYYYTEPGSNELYYYTSV
ESSId  cmmcom e e MEEVKYSLIILNSDELNYYTDI
EssIl MTFEEKLSKIYNEIANEISSMIPVEWEKVYTMAYIDDGGGEVFFNYTKPGSDDLNYYTNI
EssI9 MTFEEKISKLYNEIANEISSMIPVEWEKVYTMAYIDDGGGEVFFNYTKPGSDDLNYYTDI
ESSI3  ———-—mmmmm oo MIPVEWEKVYVIAYVDDGGGQVIFYYTKPRNDELYYYSSI
EssI1l0 MTFEEKLSQMYNEIANEISGMIPVEWEKVYTIAYVDDEGGEVVFNYTKPGSEDLNYYSDI
EssI7 MTFEEKLSQMYNKIASEISGMIPVEWEQVFTIAYVTDOAGEVIFNYTKPGSDELNYYSDI
EssI8 MTFEGKLSOMYNEIANEISGMIPVEWEQVFTIAYVTDOAGEVIFNYTKPDSDELNYYSDI

.. . s ek KK e .
EssI6 PREYNVSEKVFYDLWTDLYRLFKKLRNAFKEEDLEPWTSCEFDFTRDGKLNVVFDYVDWM
EssI5 IKKYNLLKSSFMDSVYELHDQFEELREVFIEEGLEPWTSCEFDFTKEDKLKVSFDYIDWI
EssI2 LNKYDISESEFMDSVYELYKOFONLRNLFKEEGHEPWTSCEFDFTREGELKVSFDYIDWI
EssI4 PKEYNISVQVFDDLWMDLYDLFEELRNLFKEEGLEPWTSCEFDFTREGKLKVSFDYIDWI
EssI1 PKEYNISVQVFDDLWMDLYDLFEELRDLFKEEDLEPWTSCEFDFTREGELKVSFDYIDWI
EssI9 PKEYNISVQVFDDLWMDLYDLFEELRDLFKEEGLEPWTSCEFDFTSEGKLKVSFDYIDWI
EssI3 VEDYNVLEEIFDDLWMELYRSFKKLRNIFKEESLEPWTSCEFDFTKEDKLKVSFDYIDWK
EssI10 PKDCNVSKDIFKNSWFKVYRMFDELRETFKKEDLEPWTSCEFDFTRKGNLKVSFDYIDWI
EssI7  PKDCNVSKDIFKNSWFKVYRMFDELRETFKEEELEPWTSCEFDFTRDGKLNVSFDYIDWV
EssI8  PKDCNVSKDIFKNSWFKVYRMFDELRETFKEEGLEPWTSCEFDFTRDGKLNVSFDYIDWI

s * s s K skks Kk sk kkkkkkkkdhkk | skek kkkaskk

EssI6 NSEFGPIAKENYYMYKKFGVLPETEYEINKVKEIDQYVKEQDEAEL
EssI5 NTEFDQLGRENYYMYKKFGVLPETEYEMEEVKEIEQYIKEQEE---
EssI2 NSEFGQVGRONYYKYRKFGILPETEYEINKVKEIEQYVKEQEEAEQ
EssI4 NSEFGQVGRONYYKYRKFGILPETEYEINKVKEIEQYIKEQDEAEL
EssIl NSEFGQIGRONYYKYRKFGILPETEYEINKVKEIEQYIKELEE---
EssI9 NTEFDQLGRENYYMYKKFGVLPEMEYEMEEIKEIDQYIKEQDEAEI
EssI3  NTEFDQLGQENYYNYRKFGIIPEMEYEMEEVKQIEQYIKEQEEAEQ
EssIl0 KLGFGPSGKENYYMYKKFGILPDMEYEMEEIRAVEKYVKEQE-——-
EssI7 NSEFGPMGREHYYMYKKFGIWPEKEYAINWVEKIKDYVKEQDEAEL

EssI8 NTEFDQLGRONYYMYKKFGVIPEMEYEMEEVKEIEQYIKEQEEAEQ
. * D23 RE KokRkg ko kR . . . Kgkd g

FIG 1 EssD and Essl proteins of S. aureus USA300. (A) Domain organization of EssD. EssD carries the
COG5444 domain (blue) and a predicted nuclease domain (endonuclease_NS_2; red). The hydrophobic
segment was identified with the TMHMM server, version 2.0. Numbers indicate positions of amino acid
residues in the linear polypeptide. L546 indicates the position of Leus4, a residue essential for cytotox-
icity. (B) Diagram of the genomic region carrying the essD and ess/ genes in S. aureus subsp. aureus
USA300_FPR3757 as annotated in NCBI RefSeq NC_007793.1. ess/ genes with DUF600 domains are shown
in green. (C) Alignment of the 10 open reading frames bearing DUF600 in S. aureus subsp. aureus
USA300_FPR3757 (NCBI RefSeq accession number NC_007793.1) using Clustal W. The symbols denote
identical residues in all sequences (*), highly conserved columns (), and weakly conserved columns (.).

diamidino-2-phenylindole (DAPI)-stained samples (Fig. 2B and C). Samples were also
diluted and plated on agar with arabinose as well as kanamycin and ampicillin for
selection of E. coli carrying P,,-essD (Kan") and P,,,-essl6-10 (Amp") (Fig. 2D). Following
IPTG induction, E. coli P,,.-essD P,,,-essl6-10 cells lost DAPI fluorescence staining of
chromosomal DNA in cultures that had not received the arabinose inducer of DUF600
proteins (Fig. 2C). CFU counts of E. coli P,,-essD P, -essl6-10 were diminished at T1 and
T2 after IPTG addition but not at TO when IPTG was just added to E. coli P,,-essD
P..a-€5516-10 cultures without arabinose supplement (Fig. 2D). These data support a
model whereby essD expression is detrimental for E. coli growth and causes loss of cell
viability, presumably due to the degradation of chromosomal DNA. Coexpression of ess/
prevents the bactericidal activity of EssD.

Association of EssD and Essl. Expression of wild-type essD along with ess/7 from
the constitutive hrpK promoter of plasmid pWWW412 (pessD-esslT) did not affect
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FIG 2 Cytotoxicity of EssD in E. coli. (A) Diagram depicting plasmid constructs with ara and lac promoters.
(B to D) Growth and viability of E. coli variants harboring plasmids carrying the essD and ess/ genes.
Overnight cultures were normalized to an Ay, of 5, diluted 1:100 into fresh medium with (+) or without
(=) arabinose (ara) and grown at 37°C. IPTG was added 3 h after dilution. Growth was monitored as
increased absorbance (Aq,) over 6 h (B). At timed intervals (0, 1, and 2 h) after IPTG addition (TO, T1, and
T2), cultures of the P, -essD P, -essl6-10 strain grown with or without arabinose and with IPTG were
examined for integrity of genetic content (C) and for viability (D). Cells were stained with DAPI and
visualized with an Olympus AX70 microscope and UV filter. Pseudocolor was used for image display in
panel C. Cultures were serially diluted (0 to —5), and 10-ul aliquots of each dilution were spotted on agar
medium containing ampicillin, kanamycin, and arabinose. An image of the plate after overnight incu-
bation at 30°C is shown in panel D.

growth of the S. aureus essD mutant (essD::erm strain). Further, p?WWW412 expression
of essD* (pessD™) in E. coli or S. aureus did not impair bacterial growth, suggesting that
the Leu>#%Pro substitution abolishes the toxicity of the essD product. We generated
pessD*,s, which carries the coding sequence for 10 histidyl residues inserted immedi-
ately upstream of the stop codon. Bacteria from 8-liter cultures of S. aureus USA300
essD::erm harboring plasmid pessD-ess/T or pessD*,,s were lysed, and cleared lysates
were subjected to immobilized metal affinity chromatography (IMAC) on Ni-
nitrilotriacetic acid (Ni-NTA)-Sepharose (Fig. 3). Eluates were analyzed by immunoblot-
ting with rabbit antiserum raised against purified recombinant EssDN (residues 1 to 200;
anti-EssDN), EssDC (residues 434 to 617; anti-EssDS), or Essl1 (anti-Essl). The data
demonstrate that EssD*,s (predicted M, of 70,073) elutes as a 72-kDa anti-EssDN
immune-reactive species following IMAC (Fig. 3, lanes 2) whereas untagged EssD does
not (Fig. 3, lanes 1). Immunoblotting with anti-EssD¢ and Coomassie-stained SDS-PAGE
analysis demonstrated that EssD*;,s elutes predominantly as C-terminal cleavage prod-
ucts of the full-length polypeptide (Fig. 3). Inmunoblotting with anti-Essl revealed the
coelution of Essl1 and EssD*,,s during IMAC (Fig. 3). Edman degradation identified
SEGKH (EssD*,,s residues 434 to 438) and MTFEE (Essl1 residues 1 to 5) as phenyl-
hydantoin-released residues in five subsequent Edman cycles. These data indicate that
EssD* s (residues 434 to 617) and Essl (residues 1 to 163) were copurified from S. aureus
USA300 essD:erm(pessD*,s) during IMAC. Further, S. aureus cleaves EssD*,s and
wild-type EssD (see below) to generate C-terminal fragments that bind Essl1.

EssD nuclease activity is inhibited by Essl. EssD harbors a 133-residue domain
(residues 475 to 607) with homology to pfam13930 (predicted DNA/RNA nonspecific
nuclease from various bacterial species; E value, 6.3 X 10748) (Fig. 1A). We hypothesized
that EssD consisting of residues 475 to 607 (EssD,,s_go,) May function as a nuclease
and that the Leu>4°Pro substitution abolishes its nuclease activity (Fig. 1A). To test this,
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FIG 3 Purification of EssD from S. aureus. S. aureus strain USA300 essD::erm was transformed with plasmid
pessD-essl1 or pessD*,,c to produce wild-type EssD or the nontoxic Leu®#¢Pro variant with a C-terminal
histidine tag (lanes 1 and 2, respectively). Both strains were grown at 37°C in TSB and chloramphenicol.
Cultures were centrifuged, sedimented bacteria were lysed in buffer A, and cleared bacterial lysates were
subjected to Ni-NTA chromatography. Beads were washed twice with 20 volumes of buffer A containing
30 and 50 mM imidazole, and bound proteins were eluted with 0.5 M imidazole. Eluted samples were
separated by SDS-PAGE and either stained with Coomassie or transferred to PVDF membrane for
immunoblot analyses with anti-EssDV, anti-EssDS, and anti-Essl polyclonal sera. Numbers to the left
indicate the mobility of molecular mass markers (lane M). Arrowheads point to the two bands subjected
to Edman degradation with the resulting amino acid sequences identified during this analysis.

primer pairs were designed to amplify DNA fragments from essD and essD* encoding
EssD434_6170 ESSDuse_g17: ESSDaye_6170 ESSDage_g17, @nd EssD,ge_g15 (Fig. 4A). essD
alleles were cloned into the pSRK vector and transformed into E. coli P, ,-essl6-10, and
transformants were plated on Amp/Kan agar supplemented with arabinose. Plasmids
expressing P,-€55sD,434_617: Piac€5SDass 617/ Piac€55Daze 617, aNd P o -€55D 456 617 SUP-
ported growth of E. coli P,,,-essl6-10 on Amp/Kan plates with arabinose, whereas the
plasmid expressing P, essD,e6_61, did not (Fig. 4A). As a control, P,,-essD*,5,_¢,, and
Prac-eSSD* 496617 SUpported growth of E. coli P,,,-essl6-10 plated on Amp/Kan agar
supplemented with arabinose. These data suggest that Essl requires EssD residues 486
to 496 to neutralize the cytotoxicity associated with the nuclease activity encoded by
Prac€5SD 406617 (Fig. 4A). In agreement with this conjecture, growth of E. coli P,
esSD 454 _g17m1s Para=€5516-10 but not of E. coli P,,.-essD*454_¢17us Para-€5516-10 in LB
medium supplemented with IPTG was dependent on arabinose supplement for the
induced expression of DUF600 proteins (Fig. 4BC).

The cleared lysate of E. coli P,,-€55D434_g17/us Para€5516-10 was subjected to affinity
chromatography on Ni-NTA-Sepharose, and samples were analyzed by immunoblotting
(Fig. 4D, lanes 1 to 4). Essl coeluted with EssD 43, _g;7,4s When 0.5 M imidazole was flowed
over Ni-NTA-Sepharose (Fig. 4D, lanes 1 to 4). When 8 M urea was flowed over Ni-NTA-
Sepharose loaded with E. coli P,essD 434 _17u1s Para=€5516-10 lysate, Essl was displaced
from the column and did not elute with 0.5 M imidazole buffer, unlike EssD,34_g17/1us (Fig.
4D, lanes 5 to 8). Purified, refolded EssD434_g17/ms @nd EssDas4_g1741s-ESSI complex were
added to plasmid DNA, to annealed oligonucleotides (double-stranded DNA [dsDNAY]),
or to RNA, and reaction products were analyzed by agarose gel electrophoresis (Fig. 4E).
Both plasmid DNA and dsDNA, but not RNA, were degraded by EssD,5,_g171us (Fig. 4E).
In contrast, EssD,3,_g17,ms-ESsl did not degrade plasmid DNA, dsDNA, or RNA (Fig.
4E). Mock-treated (control) or EssD,34_g17/mus~ OF ESSDasa_gq17s-Essl-treated dsDNA
was also analyzed by reverse-phase high-performance liquid chromatography (rpHPLC),
and eluate was analyzed by absorbance at 260 nm (A,,). Data in Fig. 4F demonstrate
that EssD,5,4_g171s degrades dsDNA, whereas EssD 434 _¢1745-ESsl did not significantly
impact the integrity of dsDNA. Together, these data suggest that EssD,5,_g,, functions
as a nuclease that cleaves dsDNA and that this enzymatic activity is inhibited by binding
of Essl. We think it is likely that other members of the DUF600 protein family of S. aureus
USA300, i.e., Essl1 to Essl10, may also bind EssD and block its nuclease activity.

EssD is secreted in an ESS-dependent manner. Earlier work characterized the ESS
pathway in S. aureus strain Newman (6, 7) and reported that the N-terminal part of EssD

a
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FIG 4 Biochemical characterization of EssD,,_g;//s- (A) EssD sequence elements required for DNase activity and
inhibition by Essl. Plasmids encoding N-terminal truncations of EssD were transformed in E. coli P,,,-essl6-10 for the
selection of viable clones in the presence of kanamycin, ampicillin, and arabinose. (B) Diagram depicting plasmid
constructs with /ac and ara promoters. (C) Growth of E. coli variants carrying P,,,-essl6-10 with either P, -essD,,
617/His OF P, -essD*;5, c174s Plasmids was monitored as described in the legend to Fig. 2B. (D) Wild-type
EssD 434 _617mis Was purified from cleared lysate of E. coli P ,-€55D 34 61715 Para-€5516-10. Aliquots of samples prior
to purification (Load), flowthrough, wash, and eluates were separated by SDS-PAGE and transferred to PVDF
membrane for immunoblotting with anti-EssD< and anti-Essl polyclonal sera. Lanes 1 to 4 and 5 to 8 were loaded
with sample aliquots of preparations purified in buffer A without urea (no denaturant) or buffer A containing 8 M
urea (+ denaturant), respectively. Bound proteins were eluted in buffer A containing 0.5 M imidazole. Numbers to
the left indicate the mobility of molecular mass markers. (E) Plasmid DNA, dsDNA, or RNA was incubated with
proteins eluted in fraction 4 or 8 or buffer control. Following incubation, reaction products were separated on an
agarose gel and visualized with a UV transilluminator for image acquisition. (F) Reaction products following
incubation of dsDNA with sample 4, sample 8, or buffer control C were separated by reverse-phase chromatog-
raphy, and absorbance was recorded at 260 nm (A,4,). AU, arbitrary units.

is exposed on the bacterial surface (26). S. aureus Newman carries an L-to-A change at
position 18 encoded by saeS (saeS-L18P), which encodes the sensory kinase of the
two-component virulence regulator of staphylococci (28, 29). Because of the saeS-L18P
mutation, the ESS pathway cannot be fully activated in S. aureus Newman (9, 30). To
analyze the expression and subcellular localization of EssD in cultures of the American
MRSA epidemic clone, USA300 harboring wild-type saeS$ (31), staphylococci were grown
in serum-conditioned medium to an A, of 1.0. Lysostaphin, a staphylococcal murein
hydrolase (32), was added to lyse staphylococci in culture aliquots; proteins were
precipitated with TCA and analyzed by immunoblotting with anti-EssDN, anti-EssD€,
anti-Essl, and anti-SrtA (Fig. 5A). Wild-type USA300 cultures produced full-length 72-kDa
EssD and its cleavage products of 45 (anti-EssDN), 66, 63, and 25 (anti-EssD<) kDa as well
as Essl and SrtA, whereas the essD:erm mutant produced only Essl and SrtA (Fig. 5A).
USA300 cultures were centrifuged to separate the extracellular medium (Fig. 5B, MD)
from the staphylococcal sediment (Fig. 5B, Cell). Staphylococci were lysed with lyso-
staphin, and bacterial extracts were centrifuged at 108,000 X g to separate cytoplasmic
proteins from membrane-associated proteins in the sediment (Fig. 5B, Sol and Insol,
respectively). Full-length EssD and its cleavage products were secreted into the extra-
cellular medium, and bacterial EssD was found predominantly associated with bacterial
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FIG 5 Subcellular localization of EssD and Essl proteins. S. aureus strain USA300 (lanes 1) and the isogenic
essD::erm variant (lanes 2) were grown at 37°C in TSB supplemented with serum. Cultures were either
incubated with lysostaphin yielding whole culture lysates (A) or fractionated into medium (MD), soluble
(Sol), and insoluble (Insol) subcellular contents (B). Proteins were precipitated by the addition of TCA,
suspended in sample buffer prior to separation by SDS-PAGE, and transferred to PVDF membranes for
immunoblot analyses with anti-EssDV, anti-EssD€, anti-Essl, anti-SrtA, anti-L6, or anti-HLA polyclonal sera.
Numbers to the left indicate the mobility of molecular mass markers. (C) EssD is secreted in an
essB-dependent manner. S. aureus strain USA300 (lanes 1), the isogenic essD:erm strain (lanes 2), the
AessB mutant (lanes 3), and AessB/pessB (lanes 4) complemented variant were grown at 37°C in TSB
supplemented with serum and appropriate antibiotics. Cultures were centrifuged to separate medium
(MD) from the bacterial sediment. Staphylococci were treated with lysostaphin for complete lysis (cell).
Proteins were precipitated by the addition of TCA, suspended in sample buffer prior to separation by
SDS-PAGE, and transferred to PVDF membranes for immunoblot analyses with anti-EssDS, anti-Essl,
anti-EsxC, or anti-HLA polyclonal sera. Numbers to the left indicate the mobility of molecular mass
markers.

membranes (Fig. 5B). In wild-type USA300, Essl was detected as a soluble component
of the bacterial cytoplasm and associated with the membrane sediment (Fig. 5B, a-Essl).
Of note, membrane-associated Essl was not detected in essD::erm mutant staphylococci
(Fig. 5B, a-Essl). These data suggest that Essl membrane association requires EssD.
Although the abundance of Essl clearly exceeds that of EssD, Essl dissociates from EssD
during its travels across the cell envelope as Essl is not found in the extracellular
medium (Fig. 5B). As controls, a-hemolysin, a secreted product (anti-HLA), was found in
the culture medium, whereas sortase A sedimented with the bacterial membranes
(anti-SrtA) and ribosomal protein L6 remained in the cytoplasm (anti-L6).

To test whether EssD is secreted via the ESS pathway, we fractionated wild-type
USA300 and essD::erm, AessB, and AessB/pessB cultures to separate the extracellular
medium from bacterial lysates and analyzed samples by immunoblotting (Fig. 5C, MD
and Cell, respectively). As a control, wild-type USA300 secreted EsxC into the extracel-
lular medium, whereas essD and essB mutant strains did not (Fig. 5C). The EsxC
secretion defect of the AessB mutant was complemented by plasmid-borne expression
of wild-type essB (AessB/pessB strain) (Fig. 5C). Similarly, EssD was secreted by wild-type
staphylococci and the pessB-complemented strain but not by the essD and essB
mutants, suggesting that EssD is indeed a secretion substrate of the ESS pathway

January 2017 Volume 199 Issue 1 e00528-16

Journal of Bacteriology

jb.asm.org 7


http://jb.asm.org

Ohr et al.

A MD Cell 1- USA300

1 2 3 1 2 3 2-essDrem

= = 3- essD'-546P
43+ -
344
25 o-EssDN
17 1
171 - L @ o-EsxC
43+ -

o a-HLA
25— — ——
- 16

FIG 6 The nuclease activity of EssD is dispensable for secretion. (A) S. aureus strain USA300 (lanes 1) and
the isogenic essD::erm (lanes 2) or essD“>#P (lanes 3) variant were grown at 37°C in TSB supplemented
with serum. Cultures were spun to separate the medium (MD) from intact cells that were subsequently
lysed with lysostaphin to release all cellular content (cell). Proteins were TCA precipitated, suspended in
sample buffer prior to separation by SDS-PAGE, and transferred to PVDF membranes for immunoblot
analyses with anti-EssDN, anti-EsxC, anti-L6, or anti-HLA polyclonal sera. Numbers to the left indicate the
mobility of molecular mass markers. (B) Cultures of S. aureus strain USA300 and the isogenic essD:erm,
essD-54P NessB, and AessB/pessB variants were grown at 37°C in TSB supplemented with serum and
appropriate antibiotics. The supernatant of these cultures was used to assay for nuclease activity using
plasmid DNA. Sterile TSB was used as a control (sterile). Following incubation, reaction products were
separated on an agarose gel and visualized with a UV transilluminator for image acquisition. Lane M,
molecular mass markers.

(Fig. 5C). As expected, all strains examined secreted a-hemolysin (HLA) into the
medium and retained Essl in the bacterial cytoplasm (Fig. 5C).

The nuclease activity of EssD is not required for secretion. To examine whether
the nuclease activity of EssD contributes to ESS secretion, the essD-L546P allele was
recombined on the chromosome of S. aureus USA300, yielding the essD->46 strain. As
before, cultures of wild-type USA300 and isogenic essD::ierm and essD->4°P strains were
centrifuged to separate the extracellular medium from bacterial lysates to analyze the
fate of EssD, and EsxC by immunoblotting (Fig. 6A, MD and cell, respectively). Both EssD
and EsxC were found in the extracellular medium of the USA300 and essD“>45P cultures
but failed to be secreted by the essD:erm mutant strain (Fig. 6A). All strains secreted
a-hemolysin (HLA) into the medium and retained the ribosomal protein L6 in the
bacterial cytoplasm (Fig. 6A). Culture supernatants of the USA300, essD::erm, essD->46P,
AessB, and AessB/pessB strains were filtered, and nuclease activity was assessed by
using plasmid DNA as a substrate (Fig. 6B). Degradation of DNA was observed only for
culture filtrates of wild-type and complemented AessB/pessB strains, confirming that
secreted essD->46P is not active.

S. aureus ESS does not impact microbial competition. The EssD-Essl module is
reminiscent of pairs of effector toxins and their cognate immunity proteins identified in
the type VI secretion systems, which endow Gram-negative bacteria with competitive
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FIG 7 Expression of essD does not confer any growth advantage and elicits an IL-12 response during infection. (A)
Overnight cultures of wild-type USA300 and the isogenic essD::erm variant were normalized to an Ay, of 5, diluted
1:100 into fresh medium, and grown with shaking at 37°C. Growth was monitored by recording the Aqy,. (B)
Aliquots of cultures shown in panel A were removed at 3, 4, and 6 h (T3, T4, and T6, respectively) and plated to
assess viability. (C) S. epidermidis 12228 or S. simulans was cocultured with S. aureus USA300 or the isogenic
essD::erm variant. Bacteria were mixed at a 1:1 ratio and plated on TSA. Immediately and 9 h following plating,
cocultured bacteria were serially diluted and plated for enumeration of viable target cell counts. The data are
presented as the average = standard error of the mean from three independent competition experiments. (D)
Identification of Essl in culture lysates of S. epidermidis (S. epi) 12228, S. simulans, and S. aureus USA300 using
Western blotting. Samples were prepared and analyzed as described in the legend to Fig. 6A. (E) Cultures of P.
acnes and P. granulosum grown to an A, of 1.0 were plated on TSA, and the S. epidermidis 14.1.R1, USA300,
essD::erm, or essDE546P strain was spotted on top of Propionibacterium lawns. Pictures of plates incubated at 37°C
under anaerobic conditions for 72 h are shown. (F) Cohorts of C57BL/6 mice (n = 5) were inoculated intravenously
with PBS (control) or with 5 X 107 CFU USA300 or with the essD:erm and essD->%6” isogenic variants. Blood was
sampled 12 h postinfection, and serum IL-12 (p70) was analyzed by enzyme-linked immunosorbent assay. Data
were averaged, repeated for reproducibility, and analyzed by one-way ANOVA using Bonferroni’s multiple-
comparison test and with an unpaired t test in panel D (*, P < 0.05; ns, not significant).

advantages over other microbial species (33). We therefore wondered whether S. aureus
ESS may also provide a competitive advantage during the bacteria’s encounters with
other microbes. We first assessed whether EssD production affects S. aureus replication.
When overnight cultures of wild-type strain USA300 or the essD::erm mutant strain were
diluted into fresh medium and bacterial replication was monitored at 600 nm (Agq,), the
two strains multiplied at similar rates (Fig. 7A). Culture aliquots were collected at 3, 4,
and 6 h following dilution of overnight cultures and plated on agar medium for colony
formation and enumeration. No significant differences in plating efficiencies were
observed (Fig. 7B). Next, we asked whether secreted EssD might confer a growth
advantage for S. aureus over bacteria that lack ess/-like genes. To test this possibility,
wild-type USA300 or the isogenic essD::erm variant was grown in the presence of
Staphylococcus simulans MK148 or Staphylococcus epidermidis 12228, isolates which do
not harbor genes for ESS clusters or Essl (DUF600) immunity proteins. To assess
competitive advantage during prolonged coincubation of microbes, bacteria were
enumerated by plating on agar and enumeration of colonies (Fig. 7C). During S.
simulans MK148 coincubation with S. aureus, replication of S. simulans MK148 was
diminished by ~1 log. However, this growth inhibition cannot be attributed to the ESS
pathway or EssD secretion as deletion of essD in S. aureus USA300 did not alleviate the
growth inhibition of S. simulans MK148 or S. epidermidis 12228 (Fig. 7C). Immunoblot
analyses of lysates derived from S. simulans MK148 and S. epidermidis 12228 cultures
confirmed that these isolates did not produce proteins immunoreactive with the
anti-Essl polyclonal serum (Fig. 7D).

Recently, Christensen et al. demonstrated that S. epidermidis 14.1.R1, a skin isolate,
effectively killed Propionibacterium acnes and Propionibacterium granulosum, commen-
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sals of the human skin (34). Genome sequencing of S. epidermidis 14.1.R1 revealed an
ESS cluster with DUF600 proteins similar but not identical to the four different variants
identified in the genome sequences of S. aureus isolates (34, 35). It is, however, not clear
whether the ESS cluster of S. epidermidis 14.1.R1 is indeed responsible for implemen-
tation of competitive growth advantages over P. acnes and P. granulosum isolates. To
test whether the S. aureus ESS cluster affects microbial competition, P. acnes and P.
granulosum were used as indicator strains on agar plates also inoculated with wild-type
S. aureus USA300 and either its isogenic essD:erm or essD->4%P variant (Fig. 7E).
Compared to the positive control, S. epidermidis 14.1.R1, the S. aureus isolates did not
impose growth inhibition on either P. acnes or P. granulosum (Fig. 7E). Further, S.
epidermidis 14.1.R1 did not kill S. aureus USA300 or its essD mutants (data not shown).

S. aureus EssD nuclease activity affects IL-12 signaling during bloodstream
infection. Anderson et al. reported that the surge of IL-12 cytokine signaling associated
with S. aureus bloodstream infection in mice requires EssE-mediated secretion of ESS
pathway effectors (25). We wondered whether the EssD nuclease activity of S. aureus
USA300 is also required for the induction of IL-12 signaling. To address this question,
cohorts (n = 5) of C57BL/6 mice were infected by intravenous inoculation with 5 X 107
CFU of S. aureus USA300 wild-type or its essD::erm and essD-54P variants (Fig. 7F). IL-12
cytokine levels were determined in blood samples drawn 12 h after challenge and
compared to those of mice mock infected with phosphate-buffered saline (PBS). As
expected, S. aureus USA300 bloodstream infection caused a surge in IL-12 signaling
(36), which was diminished during infection with the essD::erm and essD->4¢P variant
strains (Fig. 7F). These data suggest that the nuclease activity of EssD exerts an effector
function during S. aureus host infection, stimulating IL-12 cytokine signaling to mod-
ulate host immune responses.

DISCUSSION

EssD belongs to the cluster of orthologous group 5444 (COG5444), members of
which are widely distributed in Gram-positive bacteria. COG5444 genes are associated
with ESS gene clusters (8, 26). However, the C-terminal domain of this gene is highly
variable. In S. aureus, the C-terminal domain of COG5444 (EssD) is annotated as
endonuclease_NS_2 (protein family PF13930). In Listeria monocytogenes, COG5444
(Lmo0066) carries a VIP2 C-terminal domain, which is otherwise known to modify host
actin via ADP-ribosylation (26). In Bacillus anthracis, COG5444 (EsxL) harbors a
C-terminal domain of the nucleotide deaminase superfamily (8). The C-terminal do-
mains have been grouped into the novel SUKH superfamily that encompasses the
nuclease and nucleic acid deaminase families (37). As with the contact-dependent
inhibition (CDI) systems (38) and colicin-like nuclease toxins of proteobacteria (39),
SUKH superfamily members are found in close association with a distinct superfamily of
proteins proposed to function as SUKH immunity factors (37, 40, 41). Holberger et al.
provided biochemical validation for this model by demonstrating that the C-terminal
domains of three COG5444-like proteins (YobL, YxiD, and YqcG) of B. subtilis 168 display
cytotoxic RNase activities that are neutralized by the binding of cognate antitoxin
(immunity) proteins (40). However, the biological significance of B. subtilis cytotoxic
RNase activities has not yet been elucidated (40).

SUKH and immunity proteins appear to cluster with various known or predicted
secretion systems and have been termed polymorphic toxin systems (37, 42). These
secretion systems include filamentous surface proteins such as the rearrangement hot
spot (Rhs) and related YD-peptide repeat proteins, contact-dependent inhibition (CDI),
and T5SS, T6SS, and ESS secretion systems (37, 42). Similar to CDI and Rhs- and
T6SS-mediated contact-dependent inhibition, toxins are injected into target cells pre-
sumably to help establish a niche and defend it against other bacteria (43, 44). We
demonstrate here that EssD is a secreted effector of the ESS pathway in S. aureus with
broad nuclease activity toward double-stranded DNA. Intracellular EssD is highly cyto-
toxic, and its DNase activity is inhibited by binding to Essl. However, the EssD-Essl
module does not appear to confer on S. aureus a growth advantage over other
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commensals of the human skin and nares, including P. acnes, P. granulosum, S.
epidermidis, and S. simulans.

Bacterial pathogens evolved with their hosts and manipulate the recognition of their
pathogen-associated molecular patterns by pattern recognition receptors or usurp
vertebrate immune signaling schemes to establish an environment conducive to their
lifestyle. Escherichia coli, Shigella boydii, Haemophilus ducreyi, Actinobacillus actinomy-
cetemcomitans, Helicobacter hepaticus, and Campylobacter jejuni produce cytolethal
distending toxin (CDT) (45). CDT is comprised of three subunits (CdtA, CdtB, and CdtC),
and its CdtB effector, a homologue of DNase |, cleaves double-stranded DNA in vitro
and host cell chromatin in vivo (46). Association of CdtA and CdtC with CdtB is
necessary for CDT binding and uptake into eukaryotic cells (47), where CdtB travels into
the nucleus to generate double-strand breaks, arresting the cell cycle of intoxicated
cells at G,M and activating DNA damage response pathways (45). Salmonella enterica
serovar Typhi typhoid toxin is assembled as an A,B; molecule with two A subunits, PItA,
a homologue of Bordetella pertussis pertussis toxin with ADP-ribosyltransferase activity,
and CdtB, a homologue of C. jejuni CdtB (48). When analyzed in a humanized mouse
model, injection purified typhoid toxin (PItA-CdtB-PItB;) causes clinical signs of typhoid
fever and eliminates bloodstream neutrophils in a manner that is dependent on CdtB
nuclease but not PItA activity (48, 49). Thus, nuclease effectors represent a key virulence
strategy for bacterial pathogenesis. Here, we add further support to this model by
demonstrating that S. aureus EssD, a nuclease effector, contributes to the pathogenesis
of bloodstream infections. S. Typhi produces typhoid toxin only during infection, when
it is released into the extracellular environment by a unique transport mechanism
involving vesicle carrier intermediates (50). Similarly, EssD secretion also occurs during
infection, and we presume that the ESS pathway may direct EssD into the nucleus of
host cells but do not yet know whether this involves intracellular or extracellular
staphylococci.

Earlier work identified inflammatory myeloid cells as sources of IL-12 secretion
during bacterial infection (51). In agreement with this conjecture, depletion of dendritic
cells in mice abrogates IL-12 signaling during S. aureus infection (52). IL-12 production
skews the immune system of infected hosts toward T,,1 responses and the activation
of cellular immunity by promoting the differentiation of naive CD4 T cells into gamma
interferon-producing T,,1 cells (51). As S. aureus abscess lesions require persistent
supplies of immune cells for the destruction of host tissues and the drainage of
purulent material with staphylococci, it seems plausible that staphylococci activate
IL-12 signaling to accomplish these goals. In addition, IL-12 skewing of gamma
interferon-producing Ty,1 cells also impedes T,;2 polarization (53), suggesting that the
ESS pathway also interferes with the host’s ability to produce antibodies. Thus, ESS
secretion of EssD may contribute to both virulence and immune evasive strategies of
S. aureus.

MATERIALS AND METHODS

Bacterial growth conditions. S. aureus, S. epidermidis, and S. simulans were grown in tryptic soy
broth (TSB) or agar (TSA) at 37°C, supplemented with chloramphenicol (Cm; 20 wg/ml) for plasmid
selection and 0.2% heat-inactivated horse serum (Gibco/Life Technologies) for induction of the ESS
pathway (30). For coculture assays between staphylococcal species, bacteria were grown in TSB supple-
mented with 0.2% heat-inactivated horse serum at 37°C to an absorbance at 600 nm (A,,,) of 10.0. Ten
microliters of bacterial suspensions was mixed in a 1:1 ratio and spotted on TSA supplemented with 0.2%
heat-inactivated horse serum at 37°C for 9 h. Bacteria grown on these plates were transferred to PBS,
serially diluted, and plated in triplicate for CFU enumeration on TSA containing chloramphenicol (Cm; 5
ng/ml) or kanamycin (Kan; 20 wg/ml) to enumerate S. simulans or S. epidermidis and S. aureus USA300.
To assess whether USA300 displays a growth advantage over Propionibacterium strains, cultures of P.
acnes and P. granulosum were incubated in reinforced clostridial medium (BD) at 37°C under anaerobic
conditions (80% N,, 10% CO,, and 10% H.,) for 48 to 72 h and diluted to an A,,, of 1.0, and 500 ul was
plated on TSA. Cultures (3 ul) of test bacteria were added on top of Propionibacterium lawns, and plates
were incubated at 37°C under anaerobic conditions for another 72 h. E. coli was grown in Luria-Bertani
(LB) broth or agar at 30°C or 37°C. Where necessary, ampicillin (Amp; 100 ug/ml), Kan (50 pg/ml),
arabinose (Ara; 0.2%), and isopropyl B-p-1-thiogalactopyranoside (IPTG; 0.5 mM) were added to E. coli
cultures. To examine growth of E. coli carrying various plasmids, overnight cultures grown at 30°C in LB
broth containing Amp, Kan, and arabinose were diluted 1:100 in 50 ml of fresh broth supplemented with
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both antibiotics and in the presence or absence of arabinose. IPTG was added 3 h after dilution of
cultures. Bacterial growth in cultures was monitored by recording absorbance (Aq,,). To assess viability,
culture aliquots were serially diluted, plated on agar in the presence of antibiotic and arabinose when
needed, and grown overnight at 30°C.

Bacterial strains and plasmids. S. aureus RN4220 was used to passage plasmid DNA. USA300 LAC,
a clone of the American community-acquired methicillin-resistant S. aureus (CA-MRSA) epidemic strain
(31), was used as the wild-type S. aureus strain for all other experiments. The essD:erm, AessB, and
complemented AessB/pessB strains have been described earlier (26, 30). S. epidermidis ATCC 12228 (S.
epidermidis 12228), P. acnes (ATCC 6919), and P. granulosum (ATCC 25564) were obtained from the
American Type Culture Collection (ATCC.org). S. simulans MK148 (ATCC 27848) and S. epidermidis 14.1.R1
were gifts from Friedrich Goétz and Holger Briiggemann, respectively. For the cloning of essD, three
additional codons were included upstream of the start codon assigned in the referenced sequence
(Staphylococcus aureus subsp. aureus USA300_FPR3757; NCBI RefSeq accession number NC_007793.1).
Primers 1 (5'-ATAAGCTAGCAGGAGGTGCCAACATGACATTTG-3') and 2 (5'-TGGCGGTACCTTATTCTTCTAG
CTCTTTAATATATTGCTCGAT-3’) as well as primers 3 (5'-CGATGCTAGCTACTGAACCAAGCAGTGATGAA-3')
and 4 (5'-GCCGGTACCCTACTCTTGCTCTTTAACATACTTCTCTAC-3') were used to amplify by PCR the gene
SAUSA300_0289 or the last five contiguous DUF600-encoding genes, SAUSA300_0298 to
SAUSA300_0302, using USA300 chromosomal DNA as the template. Inserts were cloned into the Nhel
and Kpnl sites of the pBAD24 vector carrying the arabinose promoter and ampicillin resistance cassette
(pBAD-Ampr). The resulting plasmids expressed P, -esslT and P, -essl6-10, respectively. Primers 5
(5'-GGCAAACCATATGACAAAAGATATTGAATATCTAACAGCTG-3') and 6 (5'-ATGTCTCGAGCTACTTATTTAA
TATTCTTCTAATATTTCTTTCACCATTAA-3’) or primers 7 (5'-GGCAGGTCATATGTACACCAAGGTTGAATTCGG
AGAACACTAT-3’) and 8 (5'-ATATCTCGAGCTAATGGTGATGGTGATGGTGCTTATTTAATATTCTTCTAATATTTC
TTTCACCATTAA-3’) were used to amplify full-length essD or the nuclease-encoding fragment with six
appended histidine codons at the 3" end, essD,5,_¢1,,s respectively. Wild-type template DNA was used
for PCR. Cloning of essD also resulted in the isolation of the essD Leu>#Pro allele where leucine at
position 546 within the nuclease domain was changed to proline (essD*). This plasmid was used as a
template for amplification using primers 7 and 8. All essD-bearing fragments were cloned into the Ndel
and Xhol sites of the E. coli pSRK vector carrying the lactose promoter and resistance marker for
kanamycin (pSRK-Kan). The three resulting plasmids were named P, -essD, P, -essD,s,_g17/s and
PraceSD" 434617115

For the cloning of fragments encompassing the last 162, 142, 132, and 122 amino acids of EssD, the
following primers were used for 5" amplification: 9 (5'-GGCAGGTCATATGTACACCAAGGTTGAATTCGGA
GAACACTAT-3’), 10 (5'-GGCACCGCATATGAATATTGAATACACAACACCTACTGGTCAC-3'), 11 (5'-GGCAGG
GCATATGATATATCGAACCGATCATAAAGGTCGCATA-3’), and 12 (5'-CCCCGGCCATATGAAAGAAGTTTATGT
AGACAATCTCTCTCT-3"). Cloning of these fragments was performed as described for wild-type essD using
primer 6 for 3’ amplification. For the purification of recombinant proteins used to generate antibodies,
primers 13 (5'-ATCGGATCCATGCATGACATGACAAAAGATATTGAATATC-3’) and 14 (5'-GCAGAATTCCTAA
GCTACTGTCATGTAATCACAAGAA-3") or 15 (5'-ATCGGATCCAGTGAAGGCAAACATAGTATAAGTAGC-3')
and 16 (5'-TACCCGGGCTACTTATTTAATATTCTTCTAATATTTCTTTCACCATTAA-3') were used to amplify the
coding region for the first 200 amino acids or last 185 amino acids of EssD, respectively, using template
DNA from the Leu®#¢Pro variants. Primers 17 (5'-AAGGATCCATGACATTTGAAGAGAAG-3’) and 18 (5'-AA
GAATTCTTATTCTTCTAGCTCTTTA-3’) were used to amplify the coding region of ess/7, and the insert was
subsequently cloned into BamHI and EcoRI or BamHI and Smal sites of vector pGEX-2T, respectively. For
complementation studies in S. aureus, primers 19 (5'-GGCAGGCCATATGCATGACATGACAAAAGATATTG
AATATCTAACAGCTG-3’) and 20 (5'-ACGGGATCCTTATTCTTCTAGCTCTTTAATATATTGCTCGAT-3') were
used to amplify essD-ess/1 from wild-type DNA and for cloning into the Ndel and BamHI sites of
pWWW412, resulting in the plasmid pessD-ess!1. For cloning of ess/T into pSRK, primers 21 (5'-GGCAA
ACCATATGACATTTGAAGAGAAGCTTAGCAAAATATACAAT-3') and 22 (5'-ATGTCTCGAGTTATTCTTCTAGCT
CTTTAATATATTGCTCGAT-3') were used. Primers 5 and 8 were used to amplify DNA from the template
bearing the mutant allele for the Leu>#Pro substitution. The insert was also cloned in pWWW412,
resulting in plasmid pessD*,,s. To construct the isogenic essD->45P variant recombined on the chromo-
some of strain USA300, primer 21 (5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTATGACAAAAGATATTGA
ATATCTAACAGCTG-3’) and 22 (5'-GGTTATCAATGTCTTTTGAACCACCAAACATTCTAGCGAT-3') and primers
23 (5'-CTGTGGCACAAAGTAAATTTATCAACCGTCCATTTAAGGA-3') and 24 (5'-GGGGACCACTTTGTACAAG
AAAGCTGGGTTTATTCTTCTAGCTCTTTAATATATTGCTC-3') were used to amplify two DNA fragments that
were ligated together and reamplified using primers 21 and 24. The new product was cloned into the
allelic replacement vector, pKOR1, as described previously (54). Whole-genome sequencing of the
wild-type USA300 parent and two essD-54¢P recombined isolates was performed using Truseq DNA-seq
Library Preparation and lllumina MiSeq technology by the Next Generation Sequencing Core at Argonne
National Laboratory. Raw sequence data were analyzed using the bioinformatics software Geneious.

Microscopy. Aliquots of culture samples were fixed with 4% formaldehyde for 10 min, washed three
times with PBS, and transferred onto a microscope slide. One drop of SlowFade Gold solution with
4’ 6-diamidino-2-phenylindole (DAPI) (Life Technologies) was added to each slide. Specimens were
overlaid with a coverslip and visualized with an Olympus AX70 microscope using a 100X objective and
a UV filter, and images were captured with a digital camera.

Purification of proteins and biochemical assays. For the purification of glutathione S-transferase
(GST)- or histidine-tagged proteins from E. coli, strains were grown at 37°C in LB broth with appropriate
antibiotics and inducers in a 4-liter volume until they reached an A, of 1.0. Spent culture medium was
discarded following centrifugation at 9,000 X g for 10 min. Bacteria in cell pellets were suspended in 20
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ml of buffer A (50 mM Tris-HCl, pH 7.5, 300 mM NaCl) and lysed by passage through a French pressure
cell (twice at 15,000 Ib/in?). Lysates were cleared by centrifugation at 100,000 X g for 2 h at 4°C, and the
supernatants were loaded by gravity flow onto glutathione-Sepharose beads (GE Healthcare) or Ni-NTA
beads (Qiagen) preequilibrated in buffer A. Beads were washed with 20 volumes of buffer A, and bound
proteins were eluted with either 20 mM reduced glutathione or increasing concentrations of imidazole
(up to 0.5 M). Eluted proteins were dialyzed into PBS or buffer B (see below), quantified by bicinchoninic
acid assay (Pierce), and kept at 4°C for immediate use or stored frozen at —80°C. Proteins dialyzed in PBS
were used for the generation of rabbit polyclonal antibodies as described earlier (55). For purification of
proteins from S. aureus, 8-liter cultures were grown in TSB with appropriate antibiotics at 37°C with
shaking until they reached an Ag,, of 2.0. Samples were processed as described for the purification of
histidine-tagged proteins from E. coli except that bacterial suspensions were first incubated with
lysostaphin (100 pg/ml) at 37°C for 1 h prior to passage through the French pressure cell. To assess
nuclease activity, proteins (5 ul; ~ 0.05 ug) or 5 ul of supernatant of cultures grown to an A4, of 3.0 was
incubated with either 500 ng of pGEX-2T DNA or 100 ng of annealed complementary 48-nucleotide-long
oligomers (double-stranded DNA substrate; dsDNA) or 100 ng of total RNA from E. coli purchased from
Life Technologies. Reactions were performed in a 20-ul volume in buffer B (50 mM potassium acetate,
20 mM Tris-acetate, 10 mM magnesium acetate, and 1 mM dithiothreitol [DTT], pH 7.8), and tubes were
incubated at 37°C for 3 h. DNA loading buffer (6X; 30% [vol/vol] glycerol, 0.25% [wt/vol] bromophenol
blue, 0.25% [wt/vol] xylene cyanol) was added to each tube prior to separation of samples on a 1% or
2% agarose gel. DNA in the gel was visualized with a UV transilluminator for image acquisition. For HPLC
analysis, 7 ng of dsDNA was incubated with ~0.7 ug of proteins or buffer control in a total reaction
volume of 700 ul in buffer B for 20 h at 37°C. Samples were heated at 95°C for 10 min, centrifuged at
17,000 Xg for 10 min, and loaded onto a C,; column (250 mm by 3 mm; 5-um particle size [BDS Hypersil
C, g Thermo Fisher Scientific]) maintained at 42°C and run at a flow rate of 0.5 ml/min. Buffer C (65 mM
potassium phosphate, pH 6.0) was used as the mobile phase for 10 min, followed by a 50-min-long
gradient of 1 to 100% buffer D (65 mM potassium phosphate, 25% methanol, pH 6.0) and a 5-min wash
with 100% buffer D.

Protein secretion and subcellular fractionation. To examine the production and subcellular
localization of EssD in S. aureus, overnight cultures were diluted 1:100 in 50 ml of TSB supplemented with
appropriate antibiotics and heat-inactivated horse serum. Cultures were grown with shaking at 37°C until
an Agqyo of 1.0. Lysostaphin was added to the whole culture (20 wg/ml) at 37°C for 1 h, yielding samples
labeled as culture lysate. To identify proteins secreted in the medium, cultures were subjected to
centrifugation (9,000 X g for 10 min), and the spent medium was filtered with a 0.22-um-pore-size
Millex-GP unit and transferred to a fresh tube (medium fraction [MD]). Cells in the pellet were washed
and lysed with lysostaphin (20 ug/ml) at 37°C for 1 h, and cellular lysates were further subjected to
centrifugation at 100,000 X g for 2 h at 4°C to separate soluble (Sol) from insoluble (Insol) proteins
associated with the membrane. Proteins in all fractions were precipitated by adding 100% trichloroacetic
acid (TCA) to a final concentration of 10% and left on ice for 1 h. Precipitated materials were sedimented
by centrifugation (13,000 X g for 10 min at 4°C) and washed with cold acetone, and pellets were air dried
before suspension in 160 ul of 0.5 M Tris-HCl, pH 8.0.

SDS-PAGE and immunoblotting. Bacterial and protein extracts were mixed with 1/5 volume of
sample buffer (0.1 M Tris-HCl [pH 8.0], 4% SDS, 20% glycerol, 2 mM B-mercaptoethanol, 0.04% bro-
mophenol blue), heated at 90°C for 10 min, and subjected to 12% SDS-PAGE. Proteins were visualized
either by direct staining of gels using Coomassie brilliant blue R-250 (Aldrich-Sigma) or by immunoblot-
ting following electrotransfer to polyvinylidene difluoride (PVDF) membranes. For immunoblotting,
membranes were blocked by incubation in PBS containing 0.1% Tween-20 (PBST) and 5% milk for 1 h at
room temperature. To prevent binding of primary antibodies to protein A, 0.8 mg of human IgG was
added to 10 ml of blocking buffer. After incubation (1 h at room temperature), immune serum (primary
polyclonal antibodies) was added, and the membranes were incubated for up to 16 h at 4°C. Membranes
were washed four times for 10 min in PBST and incubated with secondary antibody (goat anti-rabbit
HRP-linked antibody; Cell Signaling Technology) in PBST with 5% milk for 1 h. Membranes were washed
four times with PBST, incubated with SuperSignal West Pico Chemiluminescent Substrate (Life Technol-
ogies), and developed on Amersham Hyperfilm ECL (GE Healthcare Life Sciences).

Antisera. New Zealand White rabbits were purchased from Harlan Sprague Dawley and used to
generate the polyclonal EssDN (first 200 amino acids of EssD), EssD€ (last 185 amino acids of EssD), and
Essl (Essl1 encoded by SAUSA300_0289) antisera. Purified antigens (100 ug) were emulsified with
complete Freund'’s adjuvant (Difco), and emulsions were injected subcutaneously into the rabbits. At
21-day intervals, two booster immunizations with 100 ug of antigen emulsified with incomplete Freund's
adjuvant were performed. Sera were obtained from blood samples, mixed with 0.02% sodium azide,
aliquoted, and frozen for long-term storage at —80°C or stored at 4°C for reiterative use.

Animal infection. Cohorts of five 5-week-old C57BL/6 mice (Jackson Laboratory) were anesthetized
with 65 mg/ml ketamine and 6 mg/ml xylazine per kilogram of body weight via intraperitoneal injection.
Animals were infected via retro-orbital injection with 5 X 107 CFU of bacteria grown to an Ay, of 0.4,
washed, and suspended in 100 wl of PBS. Control animals were inoculated with 100 ul of PBS alone. At
12 h postinfection, mice were euthanized via CO, inhalation, and blood was collected by cardiac
puncture for serum preparation and analysis. A Novex Mouse IL-12 Antibody Pair kit CMC0123 (Life
Technologies) was used to measure IL-12 (p70) levels.

Ethics statement. The preparation of rabbit antibodies and mouse challenge experiments were
performed according to protocols that were reviewed, approved, and performed under the regulatory
supervision of The University of Chicago’s Institutional Animal Care and Use Committee (IACUC). Animal
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experiments were conducted in accordance with recommendations detailed in the Guide for the Care and
Use of Laboratory Animals (56). Animal care was managed by The University of Chicago Animal Resource
Center, which is accredited by the American Association for Accreditation of Laboratory Animal Care and

acts in compliance with the NIH guidelines on laboratory animal care and use.
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