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ABSTRACT Antimicrobial peptides (AMPs) are one of the key immune responses
that can eliminate pathogenic bacteria through membrane perturbation. As a suc-
cessful skin commensal, Staphylococcus epidermidis can sense and respond to AMPs
through the GraXRS two-component system and an efflux system comprising the
VraG permease and VraF ATPase. GraS is a membrane sensor known to function in
AMP resistance through a negatively charged, 9-residue extracellular loop, which is
predicted to be linear without any secondary structure. An important question is
how Gra$S can impart effective sensing of AMPs through such a small unstructured
sequence. In this study, we verified the role of graS and vraG in AMP sensing in S.
epidermidis, as demonstrated by the failure of the AgraS or AvraG mutants to sense.
Deletion of the extracellular loop of VraG did not affect sensing but reduced survival
with polymyxin B. Importantly, a specific region within the extracellular loop, termed
the guard loop (GL), has inhibitory activity since sensing of polymyxin B was
enhanced in the AGL mutant, indicating that the GL may act as a gatekeeper for
sensing. Bacterial two-hybrid analysis demonstrated that the extracellular regions of
GraS and VraG interact, but interaction appears dispensable to sensing activity.
Mutation of the extracellular loop of VraG, the GL, and the active site of VraF sug-
gested that an active detoxification function of VraG is necessary for AMP resistance.
Altogether, we provide evidence for a unique sensory scheme that relies on the
function of a permease to impart effective information processing.

IMPORTANCE Staphylococcus epidermidis has become an important opportunistic
pathogen that is responsible for nosocomial and device-related infections that account
for considerable morbidity worldwide. A thorough understanding of the mechanisms
that enable S. epidermidis to colonize human skin successfully is essential for the de-
velopment of alternative treatment strategies and prophylaxis. Here, we demonstrate
the importance of an AMP response system in a clinically relevant S. epidermidis strain.
Furthermore, we provide evidence for a unique sensory scheme that would rely on
the detoxification function of a permease to effect information processing.

KEYWORDS GraRS, VraFG, cationic antimicrobial peptides, Gram-positive bacteria,
membrane permease, resistance, sensing, Staphylococcus epidermidis, two-component
system

taphylococcus epidermidis is a coagulase-negative staphylococcus that is ubiqui-

tous on human skin (1). As a commensal, S. epidermidis is a successful colonizer of
multiple body sites, including the anterior nares, axillae, and perineum, despite compe-
tition from other native flora (1). However, upon breaching of the epithelial barrier
with indwelling medical devices or implants, S. epidermidis can gain access to underly-
ing tissue and cause infections that have garnered attention as being especially diffi-
cult to treat (1). S. epidermidis infections are often subacute but chronic and are highly
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recalcitrant to routine antibiotic treatments, often requiring the complete removal of
the colonized medical devices and hence increasing morbidity and mortality rates.
Therefore, a critical understanding of the basic bacterial mechanisms involved in skin
persistence and colonization is necessary to devise strategies to combat opportunistic
behaviors like those deployed during S. epidermidis infections.

Antimicrobial peptides (AMPs) are potent and evolutionarily conserved effectors
found among almost every class of life. On human skin, AMPs form a critical compo-
nent of the innate immune response and aid in keeping microbial proliferation in
check through their direct bactericidal effects. AMPs are subdivided into groups
according to their amino acid composition and structure. One group, the cationic
AMPs (CAMPs), are characterized by their cationic and amphipathic properties, which
enable efficient interaction with anionic bacterial membranes, the most frequent target
of AMPs. CAMPs disrupt membrane stability, often through pore formation in bacterial
membranes (2). Respectively, some AMPs are also suggested to inhibit bacterial intra-
cellular processes like cell wall, DNA, and protein synthesis by interfering with lipid Il
function, indiscriminately associating with DNA, or binding ribosomal proteins directly
(3). As a highly successful colonizer, S. epidermidis must have developed means to
effectively resist CAMPs in order to survive the hostile human skin environment.

Sensitive and rapid signal transduction pathways play an important part in the re-
sistance of S. epidermidis to CAMPs. These resistance pathways in Gram-positive bacte-
ria with low G+C contents often comprise two families of proteins, i.e., (i) a specialized
two-component system (TCS) composed of an intramembrane-sensing histidine kinase
(IM-HK) sensory component and a cognate response regulator and (ii) an adjacent ABC
transporter that imparts detoxification and/or secondary signaling effects (4). The rep-
resentative example of this arrangement is the BceRS-BceAB system in Bacillus subtilis,
which is responsible primarily for bacitracin resistance. As an IM-HK, BceS lacks any
obvious or typical extracellular sensory domain. Catalytic inactivation of the BceA
ATPase or deletion of the BceAB transporter system abolished the BceRS-BceAB sys-
tem’s ability to respond to bacitracin, suggesting that BceS signaling is associated not
with direct ligand binding but rather with the transport activity of BceAB (5). Indeed, a
membrane-localized BceRS-BceAB sensory complex was detected (6), and mathemati-
cal modeling of the system'’s response dynamics suggested that BceS kinase activity
responds to BceAB-mediated bacitracin flux as part of a “positive flux-sensory” scheme
(7). In S. epidermidis, GraXRS, also known as ApsXRS, and the adjacent VraFG form a
five-component signal transduction pathway that is thought to be responsible for
CAMP resistance, based on its similarity to the BceRS-BceAB system in B. subtilis.
GraXRS/ApsXRS (glycopeptide resistance-associated or antimicrobial peptide sensor
XRS) represents the TCS that positively regulates the dItXABCD operon and mprF, which
catalyze the p-alanylation of teichoic acids and the lysylination of phosphatidylglycerol,
respectively (8-12). These cell surface modifications increase the net positive charge of
the cell surface and thus electrostatically repulse CAMPs. The genes vraF and vraG
(vancomycin resistance-associated F and G), which are located immediately down-
stream of graXRS, encode the putative ABC transporter of the system that is positively
regulated by GraRS (8, 9).

GraR and GraS form the foundation of the TCS pathway, whereby GraS is the IM-HK
and GraR is the cognate response regulator. GraS contains a small 9-amino-acid unstruc-
tured extracellular loop (EL) in place of a typical extracellular sensing domain, which is
framed by two transmembrane segments. Previous work from our laboratory and others
has suggested that this small EL, at least in Staphylococcus aureus, confers sensing and se-
lectivity with respect to CAMPs, possibly by an enrichment of negatively charged residues
and conformational rigidity in the loop (9, 13, 14). Recently, GraS was found to facilitate
resistance to antimicrobial unsaturated free fatty acids in acidic pH through a mechanism
unique to CAMP detection (15). Despite sharing considerable predicted membrane topol-
ogy and primary structure with the bacitracin efflux system VraDE, VraFG is implicated to
harbor no CAMP detoxification function in S. aureus, as VraFG alone is not sufficient to
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confer resistance to colistin in a AgraRS background (16). Instead, the VraG permease in
S. aureus is thought to be a sensory component that facilitates sensing through Gra$, as
suggested by their direct interaction and VraFG being necessary for its own synthesis
(16). However, the manner in which staphylococci, especially S. epidermidis, remove mem-
brane-associated CAMPs and how VraFG could mediate CAMP signaling to GraS remain
unclear, despite its sequence similarities to the B. subtilis Bce system. How this system
modulates its own activity in the presence of CAMPs is also poorly understood. The last
component of this five-component system, GraX, is thought to be involved in fine-tuning
the system’s sensory activity, as evidenced by direct interactions with GraS, GraR, and the
ATPase VraF in S. aureus, suggesting that it may act as a scaffold to augment the GraRS
signal cascade (16, 17).

In this study, we sought to further characterize the roles of GraS and VraG in signal
integration, system regulation, and resistance of the GraXRS-VraFG system in S. epider-
midis. We show here that the 9-amino-acid EL of Gra$ is essential for proper function
with VraG, and we suggest that VraG is a secondary sensing component regulating the
system activity by a putative “guard loop” (GL) that is thought to function via a gated
efflux-sensing mechanism. Together, these results not only further our understanding
of how S. epidermidis senses CAMPs but also may provide the mechanistic foundation
for how GraXRS-VraFG effects information processing and confers immediate resist-
ance to CAMPs.

RESULTS

Alteration of the GraS EL reduces basal signaling and CAMP resistance. It was
described previously that S. epidermidis is more resistant to CAMPs than is S. aureus (8, 9).
The basis of this resistance has been ascribed to GraS, the sensing component of the
GraRS TCS (8, 9). GraS contains a single 9-amino-acid EL framed by two transmembrane
segments, and it was suggested that this EL is critical for resistance function and CAMP se-
lectivity (9, 14). Of note, the 9-amino-acid EL of S. epidermidis (DYEISVESV) diverges in
sequence from that of S. aureus (DYDFPIDSL); however, its unique contribution to system
functionality within S. epidermidis was unclear. In order to uncover the contributions of
specific residues within the loop, MIC assays were conducted with polymyxin B sulfate
(PMB), a proxy for CAMPs, with a number of key GraS mutants and chimeras (Table 1). As
expected, deletion of gras$ led to an 8-fold reduction in PMB resistance (Table 2). We also
examined the three negatively charged residues (D35, E37, and E41) in the EL of GraS in S.
epidermidis, because these residues (D35, D37, and D41) were shown to be important for
CAMP resistance in S. aureus (14). The conserved aspartic acid residue at position 35 in the
EL of GraS in S. epidermidis was mutated to alanine (AEL:AYEISVESV gra$), resulting in a
4-fold reduction in PMB MIC, analogous to a AgraS mutant (Table 2). Similarly, replacing
the entire EL of GraS in S. epidermidis with alanines (AEL:Alag graS) led to a PMB MIC iden-
tical to that of a Agra$S mutant (Table 2). To evaluate the importance of S. aureus EL in a S.
epidermidis background, a chimeric GraS was made in strain NIH051475 expressing the EL
of S. aureus MW2 (AEL:DYDFPIDSL gras). This chimera led to a reduction in PMB resistance
similar to that of the other AEL mutants (Table 2). A chimera that replaces the two trans-
membrane segments of Gra$ in S. epidermidis strain NIH051475 with those of its counter-
part from S. aureus MW2 (IMMW2 graS) exhibited resistance to PMB similar to that of the
wild-type (WT) strain (Table 2), indicating the importance of the EL rather than the flanking
membrane segments in dictating sensitivity to cationic peptides. Crucially, the PMB pheno-
type of the AgraS mutant could not be rescued by overexpressing either vraG (AgraS/
PEPSA5:vraG) or vraFG (AgraS/pEPSA5:vraFG) in a manner similar to that in S. aureus (16),
but this could be achieved by chromosomal complementation with the WT gra$ allele
(Table 2). This finding suggests that the detoxification effect of VraFG did not contribute to
PMB sensitivity in a graS mutant of S. epidermidis.

Alterations to the EL of GraS were shown previously to greatly impact the regula-
tion of mprF and the dit operon, downstream effectors of this TCS (8, 9, 14). To define
this effect, a vector-based fluorescent transcriptional reporter was generated by fusing

September 2021 Volume 203 Issue 17 e00178-21

Journal of Bacteriology

jb.asm.org 3


https://jb.asm.org

Costa et al.

TABLE 1 Strains and plasmids

Journal of Bacteriology

Strain or plasmid

Relevant genotype or description?

Source or reference

Strains
S. epidermidis
NIH051475
ALC9220
ALC9221
ALC9222

ALC9223
ALC9224

ALC9225
ALC9226
ALC9227
ALC9228
ALC9229
ALC9230
ALC9231
ALC9232
ALC9233
ALC9234
ALC9235
ALC9236
ALC9237
ALC9238
ALC9239
ALC9240
ALC9241
ALC9242
ALC9243
E. coli
DC10B

DTH1
C41(DE3)
SKC-NO5
Plasmids
pSK236

pEPSA5
pMAD

pKD46
pKD4
pKD46'
pKT25
pUT18
pKT25-zip
pUT18C-zip

AgraS

AgraS WTR

AgraS/pEPSAS5::vraG; VraG is ectopically overexpressed in AgraS background by inducible
plasmid pEPSA5

AgraS/pEPSAS5::vraFG; VraFG is ectopically overexpressed in Agra$S background by inducible
plasmid pEPSA5

graS-IMMW2; replacement of strain NIH051475 Gra$S intramembrane regions with those of S.
aureus MW?2 over residues 15-34 and 44-64

AEL:Alag graS

AEL::AYEISVESV gra$

AEL:DYDFPIDSL grasS; replacement of strain NIH051475 9-residue EL with that of S. aureus MW2

AvraG

AvraG WT revertant

AEL vraG

AEL vraG WT revertant

AGL vraG

AGL vraG WT revertant

AGL:Gly,, vraG

vraF-G40A; alanine point mutation of glycine 40 in Walker A motif of VraF

vraF-G40A WT revertant

Strain NIH051475 with C-terminal HA-tagged Gra$

Strain NIH051475 with C-terminal HA-tagged EL/DYDFPIDSL GraS

Strain NIH051475 with C-terminal HA-tagged EL/alanine Gra$S

Strain NIH051475 with N-terminal HA-tagged VraG

Strain NIH051475 with N-terminal HA-tagged AEL VraG

Strain NIH051475 with N-terminal HA-tagged AGL VraG

Strain NIH051475 with N-terminal HA-tagged GL-Gly,, VraG

mcrA A(mrr-hsdRMS-mcrBC) ¢ 80lacZAM15 AlacX74 recA1 araD139 A(ara-leu)7697 galU galK rpsL
endA1 nupG Adcm

F~ cya-854ilv-691:Tn10 recA1 endAT1 gyrA96 (Nal") thi-1 hsdR17 spoT1 rfbD1 gIinV44(AS)

F~ ompT gal dcm hsdSB(rg~ mg~)(DE3)

DC10BQP,,5s-hsdMS of strain NIH051475 integrated between atpl and gidB genes

Shuttle plasmid; ColE1 E. coli origin with Amp" selection and pC194 staphylococcal origin with
Cm" selection

Xylose inducible vector; p15A E. coli origin with Amp" selection and pC194 staphylococcal origin
with Cm" selection

Allelic exchange vector; pBR322 E. coli origin with Amp’ selection and pE194ts staphylococcal
origin with Erm" selection

A-red recombineering vector for targeted genetic alterations in E. coli; repA101ts origin, Amp"

Template plasmid for FRT-flanked kanamycin cassette; Amp" and Kan'

pKD46 harboring E. coli K-12 recA coding sequence under native promoter

BacTH vector for N-terminal T25 fusion; p15A origin, Kan®

BacTH vector for C-terminal T18 fusion; ColE1 origin, Amp*

Contains T25 fused leucine zipper of GCN4

Contains T18 fused leucine zipper of GCN4

37

This study
This study
This study

This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

31

38
Lucigen
This study

39
34
33

40

40

This study
Euromedex
Euromedex
Euromedex
Euromedex

aAmp’, ampicillin resistance; Cm', chloramphenicol resistance; Kan', kanamycin resistance.

the promoter of mprF to the coding sequence of the mRuby fluorescent protein.
Predictably, deletion of gra$ led to a significant drop in fluorescence (Fig. 1a), but it
was restored by reverting to the WT gras$ allele, suggesting the key role of GraS in sig-
naling of the system. Replacement of the EL with only alanines reduced the mprF pro-
moter activity, as did substitution of the extracellular residues of S. epidermidis with
those from S. aureus (DYDFPIDSL), indicating that the EL in S. epidermidis contributed
only in part to its sensing activity. Remarkably, replacement of the single aspartic acid
residue at position 35 decreased mprF expression to the level of the other two
mutants, indicating that this residue, which is directly adjacent to the predicted
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TABLE 2 PMB resistance of different S. epidermidis mutants

Strain Relevant genotype PMB MIC (zg/ml)®
NIH051475 64
ALC9220 Agra$ 8
ALC9221 AgraS WTR 64
ALC9222 AgraS/pEPSA5:vraG 8b
ALC9223 AgraS/pEPSA5:vraFG 4b
ALC9224 IMMW2 graS 64
ALC9225 AEL::Alag graS 8
ALC9226 AEL::AYEISVESV graS 16
ALC9227 AEL:DYDFPIDSL graS 16
ALC9228 AvraG 16
ALC9229 AvraG WTR 64
ALC9230 AEL vraG 16
ALC9231 AEL vraG WTR 64
ALC9232 AGL vraG 16
ALC9233 AGL vraG WTR 64
ALC9234 AGL:Gly,, vraG 16
ALC9235 vraF-G40A 8
ALC9236 vraF-G40A WTR 64

aMICs are representative of a 10 initial inoculum incubated for 48 h at 37°C unless indicated otherwise. All
values represent averages of triplicates.

bThe strain MIC is representative of a 10° initial inoculum with 48 h of incubation at 37°C with 1% xylose
induction.

membrane segment, has significant influence on sensing of PMB. Nevertheless, all of
the mutants still displayed fluorescence higher than that of the AgraS mutant (Fig. 1a).

Defects in the regulation of mprf and the dit operon attributable to mutated residues
in the EL of GraS were shown previously to impact surface positive charge and to reduce
2-h survival rates with CAMPs, which reflect persistence due to a short-term activation
mechanism (14). To decipher the change in surface positive charge, we evaluated bind-
ing to cytochrome ¢, a highly cationic protein; increased binding would indicate reduc-
tion in surface positive charge. Predictably, deletion of gra$ led to increased binding of
cytochrome ¢, compared with the parent (Fig. 1b), coinciding with reduced mprF expres-
sion of the mutant in comparison to the parent (Fig. 1a). Similarly, all mutants, including
the D35A mutant, displayed comparably greater cytochrome ¢ binding than the parent
but not as great as that of the AgraS mutant (Fig. 1b), mirroring their reduced expression
of mprF (Fig. 1a). The 2-h killing assay revealed that these mutants displayed a defect in

a. b. c.

150
100

50

Fluoresence
(AU/OD600)
2-hour % Survival

% Cytochrome ¢ Bound

Strain

ns.

Strain

FIG 1 GraS EL is essential for sensing and survival with CAMPs. (a) mprF promoter fusion assays using pSK236:PmRuby.
Overnight cultures were diluted to an ODg,, of 1.6 and incubated for 50 min at 37°C with shaking. Fluorescence was read with an
excitation wavelength of 558 nm and an emission wavelength of 592 nm. (b) Cytochrome ¢ binding assays. Overnight cell cultures
with an ODg,, of 3 were incubated for 10 min with 0.5mg/ml cytochrome ¢ to assess differences in binding by measuring
supernatant Ag,. (c) Two-hour time-kill assays. Cells were diluted to 10° CFU/ml and incubated with 32 ug/ml PMB at 37°C for 2h
with shaking at 250 rpm. The graph shows the percent difference between colony counts plated at 0 h and 2h, standardized to
100% colony recovery from strain NIHO51475. Each experiment represents means and standard deviations of three biological
replicates. Statistical analysis was conducted by multiple-comparison one-way analysis of variance (ANOVA) against strain NIH051475
using the Dunnett post hoc multiple-comparison correction. **, P=0.01; ***, P=0.001; ****, P=0.0001; n.s., not significant.
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FIG 2 VraG plays a critical role in CAMP sensing. (a) mprF promoter fusion assays using pSK236:P, -mRuby. Overnight cultures
were diluted to an OD,, of 1.6 and incubated for 50 min at 37°C with shaking. Fluorescence was read with an excitation
wavelength of 558 nm and an emission wavelength of 592 nm. (b) Cytochrome ¢ binding assays. Overnight cell cultures with an
ODq;, value of 3 were incubated for 10 min with 0.5mg/ml cytochrome c¢ to assess differences in binding by measuring
supernatant A, (c) Two-hour time-kill assays. Cells were diluted to 10° CFU/ml and incubated with 32 ug/ml PMB at 37°C for 2 h
with shaking at 250 rpm. The graph shows the percent difference between colony counts plated at 0 h and 2 h, standardized to
100% colony recovery from strain NIH051475. Each experiment represents means and standard deviations of three biological
replicates. Statistical analysis was conducted by multiple-comparison one-way ANOVA against strain NIH051475 using the Dunnett
post hoc multiple-comparison correction. ***, P < 0.001; ****, P=0.0001; n.s., not significant.

immediate survival against PMB that was similar to the level seen with the AgraS mutant
(Fig. 1c). This defect was consistent with the MICs but was in contrast to the intermediate
level of defect seen in the fluorescent reporter and cytochrome ¢ binding assays. All
defects reflected by the AgraS mutant could be restored to the parental phenotype by
reintroducing the WT gras$ allele (Fig. 1).

VraG is indispensable for CAMP resistance. The role VraG plays in CAMP resist-
ance in S. epidermidis is not clearly defined (16, 17). Deletion of VraG in S. aureus was
shown previously to impart a resistance defect against CAMPs that was indistinguish-
able from that of a AgraS mutant (16, 18). As seen in Table 2, deletion of vraG led to a
severe PMB resistance defect that is comparable to that of AgraS (Table 2). This defect
can be specifically restored by reintroducing the WT vraG allele (Table 2).

To determine whether VraG is involved in sensing similar to the GraXRS-VraFG system
in S. aureus (16, 18, 19), the mprF expression level in the AvraG mutant of S. epidermidis
strain NIH051475 was queried. This assay showed a severe reduction in fluorescence
level in the AvraG mutant (Fig. 2a). Parental levels of expression could be restored by
reintroducing the WT vraG allele (Fig. 2a).

Because deletion of vraG was shown previously to impart a less-positive cell envelope
charge and a 2-h survival defect in S. aureus (18), the AvraG mutant of S. epidermidis strain
NIH051475 was queried by cytochrome ¢ binding and 2-h time-kill assays. Cytochrome ¢
binding of the AvraG mutant displayed considerably higher binding levels than the paren-
tal control (Fig. 2b), suggesting a less positive surface charge in the mutant. This finding
correlated with reduced survival of the AvraG mutant in PMB in a 2-h killing assay (Fig. 2c).
These defects could be specifically restored to parental levels by reintroducing the WT
vraG allele (Fig. 2b and ¢).

The VraG EL is involved in CAMP resistance. VraG is a membrane permease com-
posed of 10 transmembrane segments and a large EL of some 201 residues. The extrac-
ellular domain of VraG has gained attention as possibly the true CAMP sensor in the
GraXRS-VraFG system. To examine this possibility, we first deleted the EL of VraG and
found a 4-fold reduction in the PMB MIC versus the parent (16 versus 64 ug/ml), analo-
gous to the AvraG mutant, but this was restored to the parental level by reintroducing
the WT vraG allele (Table 2). We next queried mprF expression in the AEL vraG mutant
with the mprF reporter. Remarkably, the mprF promoter activity of the AEL vraG mu-
tant did not differ from that of the parent (Fig. 3a). In agreement with the mprF data,
cytochrome ¢ binding in the AEL vraG mutant was indistinguishable from that of the
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FIG 3 The EL of VraG regulates sensing and confers immediate resistance against CAMPs. (a) mprF promoter fusion assays using
pSK236:P,,,,-mRuby. Overnight cultures were diluted to an OD,,, of 1.6 and incubated for 50 min at 37°C with shaking.
Fluorescence was read with an excitation wavelength of 558 nm and an emission wavelength of 592 nm. Statistical analysis was
conducted by unpaired t test. n.s., not significant. (b) Cytochrome ¢ binding assays. Overnight cell cultures with an OD,, of 3
were incubated for 10 min with 0.5 mg/ml cytochrome c to assess differences in binding by measuring supernatant A,. (c) Two-
hour time-kill assays. Cells were diluted to 10° CFU/ml and incubated with 32 ug/ml PMB at 37°C for 2 h with shaking at 250 rpm.
The graph shows the percent difference between colony counts plated at 0 h and 2h, standardized to 100% colony recovery
from strain NIHO51475. Each experiment represents means and standard deviations of three biological replicates. Statistical
analysis was conducted by multiple-comparison one-way ANOVA against strain NIH051475 using the Dunnett post hoc multiple-
comparison correction. ****, P =< 0.0001; n.s., not significant.

parental strain (Fig. 3b). In contrast to the mprF activity and cytochrome ¢ binding, the
survival rate for the AEL vraG mutant upon 2-h exposure to PMB was very low, com-
pared to that for the parent, which was set at 100% as a reference, but the rate was
restored to the parental level upon reintroduction of the WT vraG allele (Fig. 3c). This
result corroborates the increased susceptibility in the MIC assay (Table 2). This diver-
gence between sensing (i.e., mprF activation) and resistance (i.e,, MIC) indicates that
the EL in its entirety plays a major role in PMB resistance (e.g., maintaining the integrity
and efflux of VraG) but not necessarily in sensing.

VraG activity may be modulated by a gated mechanism. How VraG either senses
or coordinates sensing with GraS remains poorly understood. Through threaded tem-
plate-based modeling (TBM) with I-TASSER (20) and ResNet deep convolutional neural
network (DCNN) contact prediction with CASP12- and CASP13-winning method
RaptorX-Contact (21), a predicted structure for the EL of VraG and the flanking region
was generated (Fig. 4a). TBM indicated that the EL of VraG shares considerable similar-
ity with Spr0695, one component of a MacAB-like AMP efflux system in Streptococcus
pneumoniae (22). The efflux function of Spr0695 is thought to rely on an alpha helix of
six residues (EAKRSK), termed the guard helix, that controls lateral entrance of the sub-
strate by physically occluding its access to the Spr0693 channel in the resting state
(22). Through contact prediction, a putative guard helix of 10 residues from position
432 to position 441 (KVYFMSDVDR) was identified in the EL of VraG, and we tentatively
termed it the GL (Fig. 4b).

In a previous study, it was shown that mutagenesis of three positively charged residues
(Lys207, Arg208, and Lys210) over the guard helix in Spr0695 led to a partial reduction in re-
sistance to LL-37 in S. pneumoniae during antimicrobial susceptibility testing (22). To test
the hypothesis that the 10 residues comprising the putative S. epidermidis VraG GL play a
role in CAMP resistance, putative GL residues 432 to 441 were either deleted (AGL vraG) or
substituted with glycines (AGL:Gly,, vraG). As seen in Table 2, there was a 4-fold reduction
in the PMB MICs for both mutants versus the parental strain, analogous to the AvraG and
AEL vraG mutants, but values were restored to the parental level with introduction of the
WT vraG allele (Table 2). Having observed little if any difference in mprF activity between
the AEL vraG mutant and the parent (Fig. 3a), we assessed whether deletion of GL con-
ferred a difference in sensing of PMB to alter mprF promoter activity. Interestingly, the AGL
vraG mutant had a significantly higher level of mprF expression than the parent, but it
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FIG 4 Predicted structure of VraG EL and flanking transmembrane regions. (a) RaptorX-predicted
structure of VraG EL and flanking transmembrane regions (green) superimposed on a portion of the
resolved structure of Spr0695 (yellow). The arrowhead indicates the location of the VraG GL and the
Spr0695 guard helix. (b) The putative GL of VraG (green) in reference to the guard helix of Spr0695
(yellow).

returned to the WT level with vraG restoration. Notably, the mprF activity level of the AGL:
Gly,, vraG mutant was lower than that of the AGL vraG mutant but higher than that of the
parent (Fig. 5a). The increased mprF promoter activity in the AGL vraG mutant coincided
with less binding of cytochrome c (Fig. 5b). The increase in mprF activity in the AGL:Gly,,
vraG mutant in comparison to the parent did not translate to a reduction in cytochrome ¢
binding; this may be due to the fact that this is a less sensitive assay than the mprfF expres-
sion assay (Fig. 5b). Surprisingly, both mutants survived significantly less in the 2-h time-kill
assay, compared to the parental strain (Fig. 5¢), but rates were restored to WT levels upon
introduction of the WT vraG allele. Notably, this result coincides with the MIC. Together, we
interpret that sensing by VraG requires the GL while resistance to CAMPs involves intact
VraG with an intact GL sequence, possibly to maintain the integrity of VraG as a permease.
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FIG 5 The GL of VraG specifically regulates system sensing and may mediate immediate resistance against CAMPs. (a) mprF
promoter fusion assays using pSK236:P_ ~mRuby. Overnight cultures were diluted to an OD,,, of 1.6 and incubated for 50 min
at 37°C with shaking. Fluorescence was read with an excitation wavelength of 558 nm and an emission wavelength of 592 nm. (b)
Cytochrome ¢ binding assays. Overnight cell cultures with an ODg, of 3 were incubated for 10 min with 0.5 mg/ml cytochrome ¢
to assess differences in binding by measuring supernatant Ag,,. () Two-hour time-kill assays. Cells were diluted to 10° CFU/ml
and incubated with 32 ug/ml PMB at 37°C for 2h with shaking at 250 rpm. The graph shows the percent difference between
colony counts plated at 0 h and 2h, standardized to 100% colony recovery from strain NIH051475. Each experiment represents
means and standard deviations of three biological replicates. Statistical analysis was conducted by multiple-comparison one-way
ANOVA against strain NIH051475 using the Dunnett post hoc multiple-comparison correction. *, P < 0.05; ****, P = 0.0001; n.s., not
significant.
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TABLE 3 BacTH analysis of VraG-GraS and select mutant interactions

Hybrid protein pair B-Galactosidase activity (U/mg)?

GraS + VraG 89.48 = 361

AEL:DYDFPIDSL GraS + VraG —

AEL:AYEISVESV Gra$S + VraG —

AEL::Alag GraS + VraG —

GraS + AEL VraG —

GraS + AGL VraG 41.60 = 1.87

Gra$ + AGL:Gly,, VraG —

aComplementation between hybrid proteins was quantified according to the BacTH quantification described in
Materials and Methods. Each interaction represents the average of three biological replicates with standard
deviation values. pUT18C-Zip plus PKT25-Zip represented the positive control for this assay and produced an
average of approximately 500 U of B-galactosidase activity. Empty pKT25 and pUT18 vectors were used as
negative controls and generated less than 5 U of 3-galactosidase activity on average. One unit of 3-galactosidase
activity corresponds to 1 nmol of ONPG hydrolyzed per min at 28°C per mg of bacterial dry weight. Dashes indicate
B-galactosidase activity of 5 U or less.

The EL of VraG associates with GraS. A direct interaction between VraG and Gra$
was observed previously in S. aureus (16), but the context for this interaction remained
unclear. Here, we sought to examine this interaction through bacterial two-hybrid
(BacTH) assays of VraG with mutant GraS proteins and of GraS with mutant VraG pro-
teins. Complementation of native VraG with any mutant GraS proteins, including
D35A, AEL:DYDFPIDSL (i.e., S. aureus EL), and AEL:Ala,, totally abolished the associa-
tion between VraG and Gra$S (Table 3). Complementation of WT Gra$S with AEL VraG or
AGL:Gly,, VraG also disrupted the association between VraG and GraS. Notably com-
plementation of GraS with AGL VraG led to a quantifiable but reduced association
(Table 3). These data indicated that the ELs of VraG and GraS$ are required for associa-
tion with one another in S. epidermidis.

The ATPase VraF is required for proper system function of GraS. The extracellu-
lar region of VraG seems to be required for immediate survival upon 2-h exposure to
PMB (Fig. 3c), but the entire EL is not necessarily required for normal sensing (Fig. 3a).
The dysregulation of sensing and survival with the GL suggests that VraG is not simply a
secondary sensing component. In order to assess a possible detoxification role for VraG,
a vraF mutant inactivating the cognate ATPase via a point mutation of the Walker A
motif (vraF-G40A) was generated. This mutant harbored impaired resistance to PMB at a
level similar to that of the AvraG mutant (Table 2), but the level could be restored to the
parental level by reintroduction of the WT vraF allele (Table 2). For mprF expression, the

Fluoresence
(AU/OD600)
% Cytochrome ¢ Bound
2-hour % Survival

Strain

FIG 6 Enzymatically competent VraF is required for proper sensing and resistance to PMB, and VraG EL alone is not sufficient to
mount effective resistance. (a) mprF promoter fusion assays using pSK236:P, -mRuby. Overnight cultures were diluted to an
ODy,, of 1.6 and incubated for 50 min at 37°C with shaking. Fluorescence was read with an excitation wavelength of 558 nm and
an emission wavelength of 592 nm. (b) Cytochrome ¢ binding assays. Overnight cell cultures with an ODg;, of 3 were incubated
for 10 min in 0.5mg/ml cytochrome ¢ to assess differences in binding by measuring supernatant As,. (c) Two-hour time-kill
assays. Cells were diluted to 10° CFU/ml and incubated with 32 ug/ml PMB at 37°C for 2 h with shaking at 250 rpm. The graph
shows the percent difference between colony counts plated at 0 h and 2h, standardized to 100% colony recovery from strain
NIHO51475. Each experiment represents means and standard deviations of three biological replicates. Statistical analysis was
conducted by multiple-comparison one-way ANOVA against strain NIH051475 using the Dunnett post hoc multiple-comparison
correction. ****, P=0.0001; n.s., not significant.
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vraF-G40A mutant yielded an intermediate level between parental and AvraG levels,
which could be restored to parental levels by reintroducing the WT vraF allele (Fig. 6a).
The vraF-G40A mutant led to an increase in cytochrome ¢ binding that was intermediate
between parental and AvraG mutant levels (Fig. 6b). This phenotype could be restored
to parental levels by introduction of the WT vraF allele (Fig. 6b). Notably, the vraF-G40A
mutant survived as poorly as the vraG mutant under short-term acute PMB exposure
(Fig. 6¢), but levels were restored to parental levels by reintroduction of the WT vraF al-
lele (Fig. 6¢).

Protein expression in key mutant constructs. Of concern in these assays is
whether key mutant proteins were expressed as VraG or GraS protein variants or as
degraded proteins. To ascertain this, we cloned in-frame a hemagglutinin (HA) tag to
the C terminus of key mutated GraS proteins and the N terminus of VraG proteins
expressed in S. epidermidis strain NIH051475. Using equivalent amounts of lysate pro-
teins, the samples were resolved in SDS gels, blotted onto polyvinylidene difluoride
(PVDF) membranes, and probed with mouse anti-HA antibody followed by donkey
anti-mouse F(ab')2 antibody conjugated to horseradish peroxidase and developing
substrate. As seen in Fig. ST in the supplemental material, all relevant and major
mutated proteins, including VraG-HA, AGL VraG-HA, AGL:Gly,, VraG-HA, AEL VraG-HA,
GraS-HA, AEL:DYDFPIDSL GraS-HA, and AEL:Ala, GraS-HA, were expressed. As
expected, AEL VraG-HA was expressed at a lower molecular weight versus the native
protein (see Fig. S1, left). Also, GraS was detected as a dimer in our membrane extracts
(see Fig. S1, right).

DISCUSSION

The innate barrier formed by human skin is accentuated by the production of
potent CAMPs, which help regulate microbial proliferation and maintain a healthy skin
microbiome (1). As a ubiquitous and highly successful colonizer of human skin, S. epi-
dermidis resists these dangerous antimicrobials primarily through charge modifications
of its cell wall and membrane. GraRS is a TCS that confers detection and response to
CAMPs in both S. aureus and S. epidermidis (8,9, 13, 14, 18, 19, 23, 24). Once CAMPs are
detected by Gra$, the cognate response regulator GraR positively regulates mprF and
the dItXABCD operon. MprF, a bifunctional membrane protein, catalyzes the synthesis
and translocation of lysyl-phosphatidylglycerol within the cell membrane (10, 11). The
dItXABCD operon encodes enzymes involved with the addition of p-alanine to wall tei-
choic acids (12). These cell envelope modifications increase the net positive charge of
the cell surface and help resist CAMPs by electrostatic repulsion. Additionally, the
genes encoding the VraFG ABC transporter, lying immediately downstream of the
graXRS operon, are positively regulated by GraR and are known to play an essential
role in CAMP resistance by an unknown mechanism (16, 18).

A unique feature of the GraXRS system is that the GraS sensor-histidine kinase consists
of two transmembrane segments framing a very small 9-residue EL, which lacks any recog-
nizable extracellular sensory domain. This is a characteristic of the IM-HK subfamily within
the TCSs (25). These 9 residues are known to be critical for efficient sensing and selectivity
of CAMPs. In S. aureus, substitution of the first aspartic acid in the Gra$S loop results in sys-
tem dysregulation similar to that of the AgraS mutant. Work done by Otto and co-workers
showed that heterologous complementation in S. aureus with the S. epidermidis graS or the
native gra$ expressing the EL derived from S. epidermidis was able to alter the S. aureus CAMP
induction profile (9). Thus, loop charge and/or structural rigidity may facilitate CAMP sensing,
but the exact mechanism of GraS-mediated signal transmission remained unclear.

The genes encoding the putative ABC transporter VraFG are adjacent to graXRS and
are genetically regulated by GraRS. This TCS-ABC transporter arrangement places
GraXRS-VraFG into a burgeoning Firmicutes group of transporter-based information pro-
cessors (4, 26). The loss of VraG is known to nullify the activation of the CAMP resistance
system in S. aureus, leading to a reduction in the expression of GraR-regulated targets
downstream (16, 19). Functional consequences of deletion of VraG involve the failure to
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properly modify the cell envelope, a decrease in surface positive charge, and a reduction
in 2-h survival with CAMPs. Work done by Msadek and coworkers with chimeric VraG
expressing the EL of VraE, a homologous protein involved with bacitracin efflux, sug-
gested that the EL of VraG is what confers specificity of substrate recognition during
CAMP sensing (16, 27). Furthermore, failed attempts to restore parental levels of colistin
resistance by overexpression of vraFG in a S. aureus AgraRS background suggested that
VraFG may not be a stand-alone detoxification module (16). This finding, combined with
the physical interaction observed between GraS and VraG (16), suggests that VraG acts
via an unknown mechanism as either the true sensor of this system or a secondary sen-
sory component.

Here, we corroborated and confirmed in S. epidermidis what had been demonstrated
in GraS of S. aureus. Any change imposed here on the 9-residue EL of GraS led to defects
in the parameters we tested, including mprF expression, changes in surface charge, and
2-h survival rates with PMB. Interestingly, there is a divergence in phenotypic effects
between MICs (Table 2) and mprF signaling/cytochrome ¢ binding in EL replacement
and D35A mutants of Gra$S (Fig. 1a and b). This result may be explained by the transient
effect of signaling, while resistance to PMB is linked to a longer period that involves
active detoxification and lingering transient system activation. Exemplifying these obser-
vations was the chimeric substitution of the S. epidermidis strain NIH051475 EL with that
of S. aureus MW2 (AEL:DYDFPIDSL gras), resulting in a MIC close to that of the graS mu-
tant (Table 2). Indeed, the MIC effect was likely due to the EL, as substitution of the two
membrane segments of GraS in S. epidermidis strain NIH051475 with their counterparts
from S. aureus MW2 (IMMW2 gra$) did not change the PMB MICs (Table 2). Importantly,
alterations to the EL of GraS led to the abolishment of interaction with VraG in the
BacTH assay (Table 3), thus implying that the EL of GraS likely facilitates the interaction
between Gra$S and VraG. However, the possibility of altering the EL of GraS to influence
another transmembrane conformation necessary for the GraS-VraG interaction cannot
be ruled out. Further biochemical studies are required in order to determine the interac-
tion interface between Gra$S and VraG.

The role of VraG in the GraXRS-VraFG system has been the source of much conten-
tion regarding whether it is a secondary or the primary CAMP sensor and whether it
even retains a discrete detoxification function at all. Indeed, our initial results for the
AvraG mutant suggest that it is a sensor because mprF expression in this mutant was
disrupted to a magnitude similar to that in Agra$ (Fig. 2a). Concurrently, the functional
consequences of lacking vraG mimic those seen in a AgraS mutant, as mprF activation,
cytochrome ¢ binding, and 2-h time-kill assay results were similar to those for a AgraS
mutant (Table 2 and Fig. 2b and ). As seen previously in S. aureus with colistin resist-
ance (16), attempts to rescue PMB resistance in a Agra$S background of S. epidermidis
strain NIH051475 by overexpressing either VraG (AgraS/pEPSA5::vraG) or VraFG (AgraS/
PEPSA5::vraFG) failed (Table 2). These results together support the view that VraG is
required for signaling and survival advantages as a result of activation of mprf and the
dItXABCD operon but is not fully sufficient for increasing MICs in the absence of GraS.
In contrast to S. aureus mutants lacking the EL of VraG (AEL vraG), in which signaling is
enhanced (28), the mprF promoter activity and cytochrome ¢ binding of the AEL vraG
mutant of S. epidermidis did not change and were similar to those of the parent (Fig. 3a
and b). Furthermore, the AEL vraG mutant failed to associate with WT GraS during
BacTH complementation (Table 3). Combined, these results suggest that (i) the EL of
VraG is dispensable for mprF activation of the GraRS system, (i) GraS activity is medi-
ated by an interaction with the EL of VraG, and (iii) the EL of VraG is essential for con-
ferring survival against CAMPs.

Through threaded protein folding prediction (20) and de novo protein folding (21),
it was determined that the EL of VraG shares considerable predicted structure with
Spr0695 (Fig. 4a), a component of a MacAB-like cationic peptide efflux system in
Streptococcus pneumoniae. Spr0695 employs a gated mechanism via a 6-residue guard
helix (Fig. 4b) that modulates lateral entry of AMPs for entrance into the Spr0693
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FIG 7 Flux-sensory model of the S. epidermidis five-component CAMP resistance system. In this model, GraS
loads CAMPs onto the negatively charged 9-residue EL either directly from the membrane (solid arrow) or from
the environment (dashed arrow). GraS would then interact with VraG, and the presence of the CAMP on GraS
would dislodge the GL of VraG, leading to activation of the VraG efflux function. Presumably, once efflux is
activated, this conformational change in VraG may be transmitted to GraS and lead to autophosphorylation of
GraS. The activation of GraS then leads to phosphorylation of GraR and upregulation of downstream targets
necessary for cell envelope modifications and CAMP resistance. Therefore, the primary functions of GraS and
VraG are dependent on and inseparable from each other. Gra$S is the true sensor of the system but relies on
the efflux function of VraG to activate, while concurrently VraG relies on Gra$S to efficiently present substrate
for efflux. In such an arrangement, GraS and VraG can tightly regulate potentially deleterious modifications to
the cell envelope in situations where it is absolutely essential for survival.

channel. Through structure prediction, we were able to identify a putative 10-residue
guard helix in VraG that we termed the GL (Fig. 4b). Deletion of the GL (AGL vraG) or
its substitution with glycines (AGL:Gly,, vraG) led to a dramatic increase in mprF activ-
ity; however, only the AGL vraG mutant displayed a significant reduction in cyto-
chrome ¢ binding (Fig. 5a and b). Interestingly, these observations did not translate to
enhanced survival in 2-h time-kill assays (Fig. 5¢c). BacTH analysis revealed that the AGL
vraG mutant protein led to a reduction (~50%) in the association between VraG
and Gra$, whereas all other mutant proteins, including that with GL substitution with
glycine (AGL:Gly,, VraG protein) exhibited no association with GraS (Table 3).
Nevertheless, these results suggest that (i) the EL of VraG has both an inhibitory ele-
ment (GL) and an unknown stimulatory element for Gra$ or, alternatively, the GL in S.
epidermidis requires the EL of VraG to be functional and (ii) the GL is not necessarily
the interaction interface between GraS and VraG, since deletion of GL still allows VraG-
Gras interaction (Table 3).

In order to further characterize VraG, we employed genetic studies to assess func-
tional effects of the Walker A motif of the VraF ATPase (vraF-G40A). In the vraF-G40A
mutant, the mprF promoter activity revealed expression intermediate between paren-
tal and AvraG levels, accompanied by an increase in cytochrome ¢ binding versus the
parent that was less than that of the AvraG mutant (Fig. 6a and b). Because the vraF-
G40A mutation would render the efflux pump VraG ineffective, it is not surprising that
the vraF-G40A mutant phenocopied the AvraG mutant in both the MIC and 2-h time-
kill assays (Table 2). These results suggest that VraG may be a discrete detoxification
module but sensory function can be maintained at a reduced level (e.g., vraF-G40A
mutation) even when the permease becomes inactivated, as was seen previously with
the Walker A region inactivation of the BceA ATPase in the closely related bacitracin re-
sistance BceRS-BceAB system (5).

Now, a clearer model for the GraXRS-VraFG system in S. epidermidis can be derived,
considering all of the evidence discovered here (Fig. 7). In our model, the dedicated sen-
sory function of Gra$ is tied to the activity of VraG in much the same fashion as the posi-
tive flux-sensory scheme found in the BceRS-BceAB bacitracin resistance system (7). We
propose that VraG functions both as a CAMP detoxification module and as a secondary
sensory component. The efflux activity of VraG would rely on lateral substrate entrance
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and displacement of the GL. This displacement would presumably activate the VraF-de-
pendent efflux function of VraG through a currently unknown mechanism. GraS, with
the negatively charged EL imbedded in the membrane, may selectively associate with
certain CAMPs via this loop, as suggested by both its assumed direct association with
CAMPs and its capacity to specifically select CAMPs (8, 9, 14), and present these CAMPs
as substrates for VraG. The efflux activity of VraG could then transmit a conformational
change in Gra$, enabling autophosphorylation and positive regulation of the down-
stream effectors of the system. Indeed, GraS may be absolutely necessary for proper
VraG efflux functionality, as evidenced by the inability to restore resistance to PMB by
overexpression of VraG or VraFG in a AgraS mutant background (Table 2). Because altera-
tions to the membrane can lead to various deleterious effects, tying the efflux function
of a membrane stress-related transporter to the activation of a membrane-based resist-
ance mechanism by a flux-sensory arrangement offers extraordinarily rapid and tight
control. Interestingly, although there is a high degree of similarity between the GraXRS-
VraFG systems of S. epidermidis and S. aureus, previous work from our laboratory sug-
gests that S. aureus may not follow the same proposed model of flux-sensory regulation
as described here (28). More work is necessary to thoroughly understand the differences
that may exist in the regulation of the systems within the two bacteria. Furthermore, our
proposed mechanism is specific for the detection of CAMPs and may be independent of
the mechanism that activates this system at acidic pH (15). Indeed, under low-pH condi-
tions, the assumed biochemical contributions of the GraS EL were determined to be dis-
pensable for system activation in S. aureus (15). Additionally, we presume that our flux-
sensory model would not apply, because a lowered pH would reduce the charge on the
Gra$ EL acidic residues, rendering our proposed electrochemical association between
CAMPs and the GraS EL ineffective. Therefore, we surmise that activation of this system
at acidic pH may bypass VraFG entirely and rely solely on GraS-mediated detection of
membrane perturbation. System activation may occur through detection of membrane
fluidity, because a lower pH would reduce the charge on polar lipid head groups and
result in the tightening of phospholipid lateral packing, which may be detected through
subsequent physical reorganization of the GraS intramembrane regions (15, 29).

In this study, we sought to further characterize how S. epidermidis regulates CAMP
detection through the unique GraXRS-VraFG system. Here, our work suggests that
VraG may couple CAMP detoxification to sensing through Gra$S by a novel gated mech-
anism. This work may offer the mechanistic foundation for how S. epidermidis detects
CAMPs, as well as one way in which coupled TCS-ABC transporters process information
in Firmicutes. Further work is necessary to define how VraG and Gra$ interact, the exact
mechanism of gated VraG efflux, and how efflux can lead to activation of GraS.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are listed
in Table 1. A detailed list of all constructs can be found in Table S2 in the supplemental material.
Escherichia coli was routinely grown in Luria-Bertani (LB) broth (Difco), while S. epidermidis was main-
tained in either Trypticase soy broth (TSB) (Difco) or Mueller-Hinton broth (MHB) (Difco). Media were
sterilized by autoclaving except for MHB, which was filter sterilized. For plasmid and integration selec-
tion, antibiotic concentrations of 100 wg/ml ampicillin, 50 g/ml kanamycin, 10 wg/ml chloramphenicol,
and/or 2.5 ug/ml erythromycin were used when necessary. Bacteria were routinely grown at 37°C with
shaking at 250 rpm. E. coli and S. epidermidis strains were transformed chemically or through electropo-
ration, respectively, and transformants were selected on LB agar (LBA) or Trypticase soy agar (TSA)
(Difco) with appropriate antibiotics.

Generation of competent E. coli or S. epidermidis cells and transformation procedures. Chemically
competent E. coli was generated as described previously (30). Briefly, 1 ml of overnight culture was diluted
1:100 in fresh LB broth and incubated at 37°C with shaking to an optical density at 600 nm (ODy,,) of 0.375.
After chilling on ice for 10 min, the culture was centrifuged at 3,200 rpm for 7 min at 4°C, with all subsequent
steps performed at 4°C or on ice. The pellet was resuspended in 20 ml of CaCl, solution [60 mM CaCl,, 15%
glycerol, and 10 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES; pH 7)], centrifuged for 5 min at
3,200 rpm, resuspended in 5ml CaCl, solution, and rested on ice for 30 min. After a final centrifugation at
3,200 rpm for 5 min, the pellet was resuspended in 1 ml of CaCl, solution, and 50-ul aliquots were stored
at —80°C until use. Transformation was carried out by standard heat shock procedures.

Electrocompetent S. epidermidis strain NIH051475 was generated as described previously (31).
Briefly, an overnight culture was diluted to an ODs,4 of 0.5 in TSB and then incubated for 30 min at 37°C
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with shaking. The culture was chilled on ice for 10 min, collected by centrifugation at 4,000 rpm for
10 min at 4°C, washed, and centrifuged serially with 1 volume, 1/10 volume, and 1/25 volume of ice-cold
autoclaved distilled water. After the final wash, cells were resuspended in a final volume of 1/200 vol-
ume of cold 10% glycerol, divided into 50-ul aliquots, and stored at —80°C until use. Electroporation of
S. epidermidis was performed as described previously (31, 32) with some modification. Briefly, competent
cells were thawed first on ice for 5 min and then at room temperature for 5 min. Cells were then pelleted
by centrifugation at 5,000 x g for 1 min and resuspended in 50 ul of 10% glycerol supplemented with
500 mM sucrose. Plasmid DNA was added, and the cell-DNA mixture was transferred to a 1-mm electro-
poration cuvette (Bulldog-Bio) and pulsed three times, in succession, at 2.1kV with a truncated time
constant of 1.1 ms. Cells were then immediately resuspended in 1 ml of recovery medium (TSB supple-
mented with 500 mM sucrose) and allowed to recover for 1h at either 30°C or 37°C with shaking. The
cells were then centrifuged at 5,000 x g for 3 min, resuspended in 50 to 100 ul of recovery medium,
plated in their entirety on TSA with appropriate antibiotics, and incubated at either 30°C or 37°C until
colonies developed.

DNA manipulation. Oligonucleotides used in this study were synthesized by Integrated DNA
Technologies, and their sequences are listed in Table S1. S. epidermidis genomic DNA was isolated with
the GenElute bacterial genomic DNA kit (Sigma-Aldrich). Plasmids were purified using the E.Z.N.A. plas-
mid DNA minikit (Omega Bio-Tek). PCR products were purified by either the GenelJET gel extraction kit
or the GeneJET gel extraction and DNA cleanup microkit (Thermo Fisher Scientific). Phusion high-fidelity
DNA polymerase (Thermo Fisher Scientific), restriction enzymes, Antarctic phosphatase, NEBuilder HiFi
DNA assembly kit, and T4 DNA ligase (New England Biolabs) were used according to the manufacturers’
specifications. Sequencing of plasmid constructs and mutants was conducted by the Molecular Shared
Resources Lab at Dartmouth College.

Plasmid construction and mutant generation. Markerless gene deletions, chimeras, chromosomal
epitope tagging, and site-directed mutagenesis were achieved by allelic exchange with the thermosensi-
tive vector pMAD (33). DNA fragments of approximately 1,000 bp, corresponding to homologous regions
flanking the site of interest, were amplified and conjoined with strand overlap extension (SOEing) PCR,
digested with BamHI and Sall or BamHI and Xmal, and then introduced into similarly digested pMAD with
T4 DNA ligase. Nucleotide sequences were confirmed by DNA sequencing, and plasmid DNA was ampli-
fied in the restriction bypass E. coli strain SKC-NO5, purified, and then electroporated into S. epidermidis
strain NIH051475. Selection of desired mutants and modifications was achieved as described previously
(32). Briefly, transformed strain NIH051475 cells were plated on TSA with erythromycin and 80 ug/ml
5-bromo-4-chloro-3-indolyl- B-p-galactopyranoside (X-Gal) (GoldBio) at 30°C to select for transformants
containing the recombinant pMAD. One blue colony was selected and cultured overnight at 30°C in TSB
supplemented with erythromycin. The culture was then diluted 1:100 in 5 ml of fresh TSB without antibi-
otic and incubated overnight at 43°C, a nonpermissive temperature for pMAD replication, to promote
single crossover. This procedure was repeated, and dilutions of this culture were plated at 43°C for single
colonies on TSA supplemented with erythromycin and 80 wg/ml X-Gal. A light blue colony, signifying a sin-
gle-crossover event, was selected and grown overnight at 30°C in TSB without antibiotic, with shaking.
Dilutions of this overnight culture were then plated on TSA supplemented with 80 ng/ml X-Gal and were
incubated overnight at 37°C. Resulting white colonies were then patched onto TSA plates containing
either 80 ug/ml X-Gal or erythromycin. The colonies that remained white on the X-Gal plate but failed
to grow on the erythromycin plate were then validated for the desired mutation or modification by
sequencing.

Plasmid complementation constructs were made using the complementation vector pEPSA5 (34).
Coding sequences of vraG and vrafFG were introduced into pEPSAS5 via Gibson assembly (see Table S1).

The E. coli-staphylococcus shuttle vector pSK236 was used to monitor gene expression in S. epidermidis
from a mprF promoter fused to the fluorescent mRuby gene. The promoter of mprF was amplified by PCR
and fused to the coding sequence of mRuby by SOEing (see Table S1). The fusion was then introduced
into pSK236 using BamHI and Sall sites, yielding plasmid pSK236:P,,,,-mRuby.

To increase the efficiency of pKD46 A-red recombineering in DC10B (recAT), the complete coding
sequence and native promoter of recA from E. coli K-12 were integrated into pKD46. The coding
sequence and promoter of recA were amplified from K-12 genomic DNA and introduced into pKD46 via
Gibson assembly (see Table S1) between the oriR101 replication origin and the ampicillin resistance cas-
sette, yielding plasmid pKD46'.

Vectors for BacTH complementation assays were constructed by amplifying the coding sequence of
the gene of interest (see Table S1) using genomic DNA from the corresponding mutant of interest. DNA
fragments were digested with BamHI and EcoRI and ligated into similarly digested pKT25 or pUT18.
Vectors resulting from pKT25 integration expressed a hybrid protein in which the T25 fragment of ade-
nylate cyclase was fused to the N terminus of VraG (see Table S2). Conversely, integration into pUT18
yielded a hybrid protein in which the T18 fragment of adenylate cyclase was fused to the C terminus of
Gras$, lacking a stop codon (see Table S2).

Construction of the NIH051475 restriction bypass E. coli strain. Most S. epidermidis strains present
a formidable restriction barrier to genetic manipulation. In a previous study, we constructed a plasmid-
based artificial modification (PAM) system to bypass these restriction barriers. However, transformation
with PAM remained difficult, and efficiency was low. To circumvent the issues of plasmid size and insta-
bility, a stable chromosomally integrated restriction bypass tool for S. epidermidis strain NIH051475 was
made in DC10B, a restriction-modification-deficient E. coli strain. Oligonucleotides SC37 and SC38 (see
Table S1) were used to amplify the upstream 50-bp homologous region required for integration and
also to introduce the pN25 promoter. Oligonucleotides SC39 and SC40 amplified the coding sequence
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of the host specificity determinant modification and specificity (hsdMS) genes while providing homolo-
gous overlap regions upstream for fusion to the pN25 promoter and downstream for fusion to a flippase
recognition target (FRT)-flanked kanamycin cassette, which was amplified with the oligonucleotide pair
SC41 and SC42. Oligonucleotides SC41 and SC43 were then used to fuse the kanamycin cassette to the
downstream 50-bp homologous region via SOEing. The upstream homologous site and promoter were
fused via SOEing to the strain NIH051475 hsdMS coding sequence using oligonucleotides SC37 and
SC40. Lastly, the two fragments were fused via SOEing with oligonucleotides SC44 and SC45 to generate
the final amplicon for A-red recombineering. This final amplicon targets integration at a neutral site
between atpl and gidB on the DC10B chromosome, as was done previously (35).

For recombineering in DC10B, separate electrocompetent E. coli preparation and transformation pro-
cedures were carried out. Briefly, DC10B harboring pKD46’ through chemical transformation was first
grown overnight at 30°C with shaking in LB broth supplemented with ampicillin. The overnight culture
was then diluted 1:1,000 in super optimal broth (SOB) and allowed to grow with shaking at 30°C with
ampicillin until the ODy,, reached 0.4. After the addition of L-arabinose to a concentration of 0.2%, the
culture was allowed to incubate for another 1 h at 30°C with shaking to enable expression of the recom-
binase machinery. The cells were then centrifuged at 5,000 rpm for 10 min at 4°C and resuspended in an
equal volume of ice-cold 10% glycerol, followed by another washing step with 10% glycerol. The compe-
tent cells were then resuspended in 6% of the starting culture volume of 10% glycerol, centrifuged once
at 5,000 rpm for 10 min at 4°C, resuspended in 10% glycerol according to 2 ml/liter of starting culture,
and then stored at —80°C in 100-ul aliquots until use. Transformation was accomplished with 30 ul of
thawed competent cells and 1 g of target amplicon in a 1-mm electroporation cuvette pulsed once at
1.8 kV with 25 uF, followed by transfer of 1 ml of SOB with catabolite repression (SOC) into the cuvette
to allow recovery at room temperature overnight. The cells were then pelleted at 5,000 x g for 3 min,
resuspended in 50 to 100 wl SOC recovery medium, plated in their entirety on kanamycin-containing
LBA, and incubated overnight at 37°C. pKD46" was then cured from the strain by growing one colony
overnight at 43°C in LB broth without antibiotic. Dilutions of this culture were plated on LBA with kana-
mycin and grown overnight at 43°C. Colonies were then patched onto LBA with either kanamycin or
ampicillin, and those that grew on kanamycin but not ampicillin were selected and validated for integra-
tion by sequencing.

MIC testing. MICs were determined with PMB according to Clinical and Laboratory Standards
Institute standards (36). Briefly, strains were grown in TSB overnight and then diluted to 10° CFU/ml in
MHB. One hundred microliters of the diluted cells was added to a 96-well round-bottomed plate. Two-
fold serial dilutions of PMB beginning at 128 ug/ml were then prepared and added to the cells. Plates
were incubated at 37°C for 48 h, and MICs were assessed.

mRuby fluorescence reporter assay. Strains carrying pSK236:P,,, -mRuby were grown overnight in
MHB with chloramphenicol selection. Cultures were diluted to an ODy,, of 1.6 on a Biophotometer Plus
(Eppendorf), and 200 wl was then added to a 96-well flat-bottomed plate. Following a 50-min incubation
at 37°C with shaking, fluorescence was read with an excitation wavelength of 558 nm and an emission
wavelength of 592 nm.

Cytochrome ¢ binding assay. Cytochrome ¢ binding was performed similarly to what was described
previously (18). Briefly, strains were grown overnight in TSB at 37°C with shaking, and 2 ml of cells was
pelleted at 5,000 x g for 2 min. The pellet was washed twice with 1 ml of 20 mM morpholinepropanesul-
fonic acid (MOPS) (pH 7) and then resuspended in 1 ml of MOPS. Cell densities were evaluated by ODgs,
values and adjusted to an ODq;, of 3. The aliquots were then centrifuged for 2 min at 5,000 x g, resus-
pended in 300 ul of 0.5 mg/ml cytochrome ¢ dissolved in MOPS, incubated for 10 min at room tempera-
ture, and centrifuged for 2 min at 5,000 x g. The absorbance of 200 ul of supernatant was then read at
530 nm in a 96-well flat-bottomed plate.

Two-hour killing assay. Strains were grown overnight in TSB at 37°C with shaking and then diluted
to 10° CFU/ml in TSB supplemented with 32 ug/ml PMB. A 5-ml culture was incubated at 37°C with shak-
ing for 2h, and a 100-ul aliquot was diluted to ~10° CFU/ml in 0.85% NaCl, followed by plating (45 wl)
on TSA plates for enumeration the following day. For comparison, samples were taken at 0 h., diluted,
and plated on TSA plates.

BacTH quantification. Chemically competent DHT1 cells were cotransformed with either pKT25-
vraG and an assortment of mutated gra$S in pUT18 or pUT18-graS and mutated vraG in pKT25 (see Table
S2). Transformants were recovered at 30°C for 1h in LB broth with shaking, and then 50 ul was plated
on LBA plates with kanamycin, ampicillin, 0.5mM isopropyl-B-p-thiogalactopyranoside (IPTG), and
40 ng/ml X-Gal. After 24 to 48 h at 30°C, individual colonies were picked and inoculated in LB broth with
kanamycin, ampicillin, and 0.5 mM IPTG for overnight growth at 30°C with shaking. Overnight cultures
were diluted 1:5 in M63 medium, and the ODg,, was recorded. A 1.25-ml aliquot of diluted cells was
then permeabilized with 25 ul of 0.1% SDS and 25 ul of chloroform by vortex-mixing and then shaking
at room temperature for 30 min. Thirty-two microliters of permeabilized cells was mixed with 128 ul of
PM2 buffer (70 mM Na,HPO,-12H,0, 30 mM NaH,PO,-H,0, 1 mM MgSO,, and 0.2 mM MnSO, [pH 7.0])
containing 100 mM B-mercaptoethanol, followed by addition of 40 ul of PM2 buffer with 0.4% o-nitro-
phenyl-B-galactoside (ONPG) to each well of a 96-well round-bottomed plate. The plate was incubated
at room temperature for 10 min with shaking, after which the reaction was stopped with 80 ul of
Na,CO,. Two hundred microliters of the reaction mixture was transferred to a new 96-well plate for mea-
surement of A,,,. B-Galactosidase activity was then calculated with the following equation: A = [1,000 x
(OD,o5 of sample — OD,,, of control/ODy,, of sample)l/time (in minutes).

Validation of mutant protein expression. S. epidermidis strains expressing C-terminal Gra$S or N-ter-
minal VraG with an in-frame HA tag were grown overnight at 30°C in 100 ml of TSB with shaking,

September 2021 Volume 203 Issue 17 e00178-21

Journal of Bacteriology

jb.asm.org

15


https://jb.asm.org

Costa et al.

Journal of Bacteriology

harvested by centrifugation at 4,000 rpm for 15 min, washed with 50 mM Tris-HCl (pH 7.4), and recentri-
fuged. Pelleted cells were resuspended in 2 ml of lysis buffer (50 mM Tris-HCI [pH 7.5], 50 mM Nacl, and
1 tablet of cOmplete mini protease inhibitor cocktail [Roche]) supplemented with 20 ul of 2.5 mg/ml
lysostaphin and 1 ul of 250 U/ul benzonase (Millipore) and were incubated for 30 min on ice. Cells were
then lysed with a BeadBeater (BioSpec, Bartlesville, OK) following the manufacturer’s protocol. After re-
moval of unbroken cells and large cellular debris by centrifugation at 5,000 rpm for 15 min at 4°C, the su-
pernatant was subjected to ultracentrifugation at 72,000 rpm for 30 min at 4°C to collect the membrane
fraction, which was resuspended in 100 ul of 1% SDS. After protein determination with the Bradford
assay, 32 ug of each protein sample was separated by SDS-PAGE and then transferred to a PVDF mem-
brane using an iBlot 2 gel transfer device (Thermo Fisher Scientific). The membrane was blocked with
5% skim milk, washed, and then probed with a 1:1,000 dilution of primary mouse anti-HA antibody
(Invitrogen) followed by a 1:5,000 dilution of donkey anti-mouse F(ab’), antibody conjugated to horse-
radish peroxidase (Jackson ImmunoResearch). The membrane was then developed with the enhanced
chemiluminescence (ECL) Western blotting substrate kit (Pierce).
Statistical analyses. Statistical analyses were performed using GraphPad Prism version 6.0c, with
detailed statistical methods described in the figure legends.
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