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Daptomycin is the first of a new class of cyclic lipopeptide antibiotics used against multidrug-resistant,
gram-positive pathogens. The proposed mechanism of action involves disruption of the functional integrity of
the bacterial membrane in a Ca>*-dependent manner. We have used transcriptional profiling to demonstrate
that treatment of Bacillus subtilis with daptomycin strongly induces the lia operon including the autoregulatory
LiaRS two-component system (homologous to Staphylococcus aureus VraSR). The lia operon protects against
daptomycin, and deletion of liaH, encoding a phage-shock protein A (PspA)-like protein, leads to threefold
increased susceptibility. Since daptomycin interacts with the membrane, we tested mutants with altered
membrane composition for effects on susceptibility. Deletion mutations of mprF (lacking lysyl-phosphatidyl-
glycerol) or des (lipid desaturase) increased daptomycin susceptibility, whereas overexpression of MprF
decreased susceptibility. Conversely, depletion of the cell for the anionic lipid phosphatidylglycerol led to
increased resistance. Fluorescently labeled daptomycin localized to the septa and in a helical pattern around
the cell envelope and was delocalized upon the depletion of phosphatidylglycerol. Together, these results
indicate that the daptomycin-Ca®>* complex interacts preferentially with regions enriched in anionic phospho-

lipids and leads to membrane stresses that can be ameliorated by PspA family proteins.

Within the soil microenvironment, bacteria compete for lim-
ited nutrients by the production of antibiotics that serve to
inhibit the growth of their competitors. Indeed, the majority of
antibacterial compounds in clinical use are natural products of
soil-dwelling organisms and, in many cases, are produced by
Streptomyces spp. and related members of the Actinomycetales
(16). Many of these compounds target the synthesis of the
peptidoglycan (PG) cell wall layer or disrupt membrane func-
tion. Those compounds in clinical use owe their selectivity to
the fact that eukaryotic cells lack PG and have a different
membrane lipid composition from those of most bacteria.

Antibiotics have also proven to be useful tools for microbial
cell biology and have allowed the visualization of the subcel-
lular location of cell envelope biosynthetic processes. For ex-
ample, fluorescently labeled vancomycin and ramoplanin, an-
tibiotics that bind specifically to the un-cross-linked PG
precursors and/or lipid II, have served to confirm the helical
arrangement of the lateral cell wall biosynthetic complexes (14,
58), which was also shown in studies using green fluorescent
protein-tagged envelope proteins (53).

We have used Bacillus subtilis as a model system to investi-
gate the genetic and physiological responses to both antibiotics
and coculture with antibiotic-producing strains. To date, our
studies have focused on cell envelope antibiotics (including
vancomycin, bacitracin, and fosfomycin) and bacteriocins, such
as nisin, duramycin, and sublancin (17, 43). Exposure to these
compounds activates distinct cell envelope stress responses
controlled by extracytoplasmic function (ECF) o factors and
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two-component regulatory systems (TCS) (34). In most cases,
the activity of ECF o factors and TCS is controlled by trans-
membrane sensors (anti-o factors or membrane-bound histi-
dine protein kinases, respectively) which thereby allow gene
expression to be regulated in response to changes in the cell
envelope. The identification of genes induced by a certain
antibiotic stress provides insights into the nature of the anti-
biotic’s target(s) and also aids in the identification of resistance
functions, many of which are inducible by their cognate anti-
biotic (30).

Daptomycin, a cyclic lipopeptide antibiotic originally puri-
fied from Streptomyces roseosporus (46), is notable for its ac-
tivity against methicillin-resistant Staphylococcus aureus and
certain streptococci and enterococci. The mechanism of action
of daptomycin has been controversial. Initial studies suggested
that daptomycin inhibited lipoteichoic acid synthesis (6). How-
ever, these findings could not be verified (40). The current
proposed mechanism of action involves the insertion of its
decanoyl side chain into the cytoplasmic membrane in a Ca"-
dependent manner. Subsequent oligomerization, followed by
depolarization of the membrane potential and efflux of potas-
sium ions, leads to the arrest of protein, RNA, and DNA
synthesis (56). It has been suggested that daptomycin ap-
proaches the bacterial membrane in the form of micelles com-
posed of 14 to 16 daptomycin molecules and an equal number
of Ca®* ions, which are proposed to help mask the negative
charge of daptomycin. After insertion into the membrane, dap-
tomycin dissipates the membrane potential and leads to ces-
sation of macromolecule synthesis (24, 54, 56). Daptomycin
treatment does not result in cell lysis or in daptomycin entering
the cytoplasm (6, 13).

Here, we have investigated the genetic and physiological
responses of B. subtilis to daptomycin. Using transcriptional
profiling, we demonstrate that daptomycin strongly activates
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TABLE 1. Strains used in this study

Reference, source, and/or

Strains Genotype/purpose description construction®
W168 trpC2 BGSC no. 1A1
CU1065 W168 trpC2 attSPf3 59; Lab stock
HB5121 W168 lialHGFSR::spc LFH-PCR — W168
HB0934 CU1065 liaGFSR::kan 43
HB0920 CU1065 liaH::kan 43
HB0935 CU1065 lialH::tet 43
HB0933 CU1065 liaR::kan 43
HB5337 CU1065 mprF::kan 52
HB5123 CU1065 lialH::tet mprF::kan HB5337 chr DNA — HB0935
HB0919 CU1065 pspA::cat 4
HB5124 CU1065 liaH::kan pspA::cat HB0919 chr DNA — HB0920
HB5125 CU1065 lialH::tet pspA::cat HB0919 chr DNA — HB0935
HB5126 CU1065 lialH::tet mprF::kan pspA::cat HB0919 chr DNA — HB5123
HB0938 CU1065 yhcYZ::cat T. Mascher, unpublished
HB5127 CU1065 liaH::kan yhcYZ::cat HB0938 chr DNA — HB0920
HB0031 CU1065 sigM::kan 12
HB0020 CU1065 sigh::mls 7
HB7007 CU1065 sigX::spc 27
HB0097 CU1065 sigX::spe sigM::kan 9
HB0096 CU1065 sigh::mls sigM::kan 11
HB0030 CU1065 sigX::spe sigW::mls M. Cao, unpublished
HB0982 CU1065 sigM::kan sigW::mls sigX::spc 42
HB5128 CU1065 liaH::kan sigW::mls HB0020 chr DNA — HB0920
HB5129 CU1065 liaH::kan pspA::cat sigh::mls HB0020 chr DNA — HB5124
HB5130 CU1065 sigX::spe sigM::kan lialH::tet HB0935 chr DNA — HB0097
HB5131 CU1065 sigM::kan sigW::mls sigX::spc lialH::tet HB0935 chr DNA — HB0982
HB5132 CU1065 sig::mls pspA::cat HB0919 chr DNA — HB0020
HB5133 CU1076 sigM::kan sigW::mls sigX::spc pspA:icat HB0919 chr DNA — HB0982
HB5134 W168 des::spc LFH-PCR — W168
HB5135 W168 des::spc pspA::cat HB0919 chr DNA — HB5134
HB5346 CU1065 ugtP::mls 52
HB5361 CU1065 pssA::spc 52
HB5347 CU1065 ywnkE::tet 52
HB5343 CU1065 psd::mls 52
HB5350 CU1065 mprF::kan ugtP::mls 52
HB5388 CU1065 mprF::kan pssA::spc 52
HB5344 CU1065 psd::mls mprF::kan 52
HB5136 CU1065 mprF::kan pspA::cat HB0919 chr DNA — HB5337
HB5363 CU1065 P, -mprF at the thrC locus, Spc” L. I. Salzberg, unpublished
BFA2809 W168 trpC2 pgsA::;pMutin4 2
HB0950 CU1065 attSPB2A2::Py, cat-lacZ 44
HB0070 CU1065 sigM::kan SPB (P,-cat-lacZ) 9
HB7022 CU1065 SPR7019 (Px-cat-lacZ) 27
HB0050 CU1065 SPB::P,y-cat-lacZ 28
HB0021 CU1065 sigW::mls SPB::P,y-cat-lacZ 12

“ Long-flanking homology PCR (LFH-PCR) was applied as described previously to construct some of the deletions, using the primers listed in Table 2.

the LiaRS TCS, which regulates the lialHGFSR operon. Mu-
tants defective for liaH, which encodes a phage-shock protein
A (PspA)-like membrane stress protein (35), were threefold
more susceptible to daptomycin. This susceptibility was further
exacerbated in cells additionally lacking the paralogous gene
pspA. Fluorescence microscopy studies using Bodipy FL-la-
beled daptomycin (daptomycin-BDP) together with strains
having altered membrane lipid composition support a model in
which the daptomycin-Ca®* complex interacts preferentially
with regions enriched in anionic lipids (primarily phosphati-
dylglycerol [PhG] in B. subtilis) and is localized at new cell
division septa and in a helical pattern along the long axis of the
cell.

(Part of this work was presented at the 47th Interscience
Conference on Antimicrobial Agents and Chemotherapy, Chi-
cago, IL, September 2007.)

MATERIALS AND METHODS

Bacterial strains and growth conditions. Strains and primers used in this study
are listed in Tables 1 and 2. Deletion mutants were obtained by replacing genes
with antibiotic resistance cassettes using long-flanking homology PCR as de-
scribed previously (43, 60) in the wild-type W168 (rpC2) or CU1065 (W168
trpC2 attSPR). Unless otherwise noted, bacteria were cultured in Mueller-Hinton
broth supplemented with 50 mg/liter Ca>* at 37°C with vigorous shaking. The
following antibiotics were used for selection when necessary: 100 pg/ml specti-
nomycin, 10 pg/ml kanamycin, 10 pg/ml chloramphenicol, 20 pg/ml tetracycline,
and 1 pg/ml erythromycin with 25 pg/ml lincomycin (macrolide-lincomycin-
streptogramin B resistance). Daptomycin and daptomycin-BDP were provided
by Cubist Pharmaceuticals (Lexington, MA). For microarray analyses (Table 3),
cells were grown to mid-log phase from a 1:1,000 dilution of overnight cultures.
To determine the MIC, overnight cultures were diluted 1:100, grown to mid-log
phase, and rediluted to 5 X 103> CFU/ml in Mueller-Hinton broth supplemented
with 50 mg/liter Ca®>*. At least 10 appropriate antibiotic concentrations close to
the predicted MIC were added to the cultures at the beginning of the growth
curve (including a control without antibiotics) in a total inoculum of 200 ul.
Growth was measured spectrophotometrically (optical density at 600 nm
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TABLE 2. Oligonucleotides used in this study

No. Name Sequence”
2443 Lia-Do-Fwd(spec) 5'-CGTTACGTTATTAGCGAGCCAGTCGCGGCTGCTATTTGTTTGCGCC-3'
2444 Lia-Do-Rev 5'-GGAGGGCTCTTCATCTGATCCG-3'
2445 Lia-Up-Rev(spec) 5'-CAATAAACCCTTGCCCTCGCTACGAAAAACGCCATGCACGAGGC-3’
2446 Lia-Up-Fwd 5'-GCTGTCACATTATGCGGCGC-3’
3197 Des-Up-Fwd 5'-CCCACTTCTCAACATTTGCAA-3'
3198 Des-Up-Rev(spec) 5"-CGTTACGTTATTAGCGAGCCAGTCCGACTTGCTTTGTCAGCTGT-3’
3199 Des-Do-Fwd(spec) 5'-CAATAAACCCTTGCCCTCGCTACGGTTTGTGTCATT TGGGCTAT-3’
3200 Des-Do-Rev 5'-CCCAAGCGTATCATGGAGAT-3'

“ Sequences complementary to antibiotic resistance cassettes for LFH-PCR are underlined.

[ODgq0]) using a Bioscreen incubator (Growth Curves USA, Piscataway, NJ) at
37°C with vigorous shaking by monitoring the absorbance every 20 min for 24 h.
Inhibition was defined as a final ODg, of <0.05 (at the 24 h time point). The
mode of the MIC of a minimum of triplicate experiments is shown in Table 4.

RNA preparation and microarray analyses. Cultures of W168 were grown to
mid-log phase (ODgg of 0.4) and split into two flasks. One sample was treated
with 1 wg/ml daptomycin (1X MIC) for 20 min; the other sample was used as a
nontreated control. Total RNA was isolated from three different biological
replicas with the RNeasy minikit (Qiagen Sciences, MD). After DNase treatment
with the Turbo DNA-free kit (Ambion), RNA concentrations were quantified
using a NanoDrop spectrophotometer (NanoDrop Tech. Inc., Wilmington, DE).
The corresponding cDNA was synthesized from 20 pg total RNA and differen-
tially labeled according to the manufacturer’s instructions, using the SuperScript
Plus indirect cDNA labeling system (Invitrogen). Before and after indirect la-
beling with Alexa Fluor 555 or Alexa Fluor 647 (for at least 3 h at room
temperature), cDNA was purified using the Qiagen PCR purification kit (Qia-
gen, MD) and quantified with a NanoDrop spectrophotometer. Both labeled
c¢DNA populations were combined (approximately 100 pmol coupled cDNA
each), denatured, and hybridized to a microarray slide overnight at 42°C for 16
to 18 h. After washing, hybridized microarray slides were scanned with a GenePix
4000B array scanner (Axon Instruments, Inc.). Our B. subtilis W168 microarrays,
consisting of 4,109 gene-specific antisense oligonucleotides (65-mers; Sigma-
Genosys), were printed at the W. M. Keck Foundation Biotechnology Resource
Laboratory, Yale University. Each slide contains 8,447 features corresponding to
duplicates of each open reading frame-specific oligonucleotide, additional oligo-
nucleotides of control genes, and 50% dimethyl sulfoxide blank controls. Images
were processed using the GenePix Pro 4.0 software package, which produces
(red/green) fluorescence intensity pairs for each gene. Each expression value is
represented by at least six separate measurements (duplicate spots on each of
three arrays). Mean values and standard deviations were calculated with Mi-
crosoft Excel. The normalized microarray data sets were filtered to remove those
genes that were not expressed at levels significantly above background in either
condition (sum of mean fluorescence intensity, <20). In addition, the mean and
standard deviation of the fluorescence intensities were computed for each gene,
and those for which the standard deviation was greater than the mean value were
ignored. The induction values were calculated by dividing the signal intensities of
daptomycin-treated samples by those of untreated samples. These data are
available in Table S1 of the supplemental material. The graph in Fig. 1 represents
average results of triplicates.

Fluorescence microscopy. Cells were either treated with the lipophilic mem-
brane dye FM 4-64 (Invitrogen), Bodipy FL-labeled vancomycin (vancomycin-
BDP) (Invitrogen), or daptomycin-BDP (Cubist Pharmaceuticals). Daptomycin-
BDP is an N-BodipyFL-ornithine derivative of daptomycin. The activity of
daptomycin-BDP was confirmed by measuring the MIC of B. subtilis wild type
and a set of more-susceptible mutants. In all cases, the MIC corresponded to an
~10-fold higher MIC than that induced by daptomycin treatment. Furthermore,
daptomycin-BDP was able to induce cat-lacZ reporter fusions to lial indepen-
dent of the solvent. One hundred microliters of cells from exponential or sta-
tionary growth phases was incubated with 4 pl daptomycin-BDP (0.5 mg/ml) in
50% dimethyl sulfoxide for 10 min, with 2 pl vancomycin-BDP (0.1 mg/ml) mixed
1:1 with 0.1 mg/ml vancomycin, or with 1 ul FM 4-64 (0.5 wg/ml) for 20 min.
After washing in Mueller-Hinton broth the cells were mounted in the antifade
reagent Citifluor (Ted Pella, Inc.) on poly-L-lysine (Sigma-Aldrich)-treated
slides. Nomarski optics differential interference contrast (DIC) or fluorescent
images were taken with an Olympus BX61 epifluorescence microscope with a
UPlanApo 100X (numerical aperture of 1.35) objective. The microscope is
equipped with fluorescence filter cubes for viewing DAPI (4',6-diamidino-2-

phenylindole), fluorescein isothiocyanate, and Cy3. Images were acquired using
a Cooke SensiCam with a Sony interline chip. Image acquisition and postpro-
cessing were performed using the SlideBook software package (Intelligent Im-

aging).

Cluster analysis. Results of whole genome microarray analyses of B. subtilis
with a set of antimicrobial compounds from our data and from a study by Hutter
et al. (30) were compared by complete linkage clustering (arrangement based on
treatment and genetic response similarity) using the Gene Cluster 3.0 software.
The resulting cluster was visualized with Treeview 1.60, written by Michael Eisen

(18).

Microarray data accession number. The complete set of raw and normalized
data for each of the triplicate DNA microarray experiments involving B. subtilis
treated with daptomycin is available at the Gene Expression Omnibus database
(http://acbi.alm.nih.gov/geol/) under accession no. GSE13900.

RESULTS AND DISCUSSION

Daptomycin strongly activates the LiaRS regulon in B. sub-
tilis. Determination of antibiotic stimulons reveals the tran-
scriptional responses to the imposed stress and often provides
clues to both the relevant mode of action and the induction of
possible defense mechanisms (30). Here, we have used DNA-
based microarray analyses to investigate the initial transcrip-
tional responses to treatment of B. subtilis with daptomycin at
the MIC of 1.0 pg/ml. As monitored after 20 min of exposure,
daptomycin induced ~83 genes at least twofold, and many of
these are members of known antibiotic-responsive regulons
(Fig. 1 and Table 3) (17, 44).

The strongest response to daptomycin treatment was the
induction of the autoregulated lialHGFSR operon which en-
codes the antibiotic-responsive LiaRS TCS (Table 3). Lia was
named in reference to its strong induction by /ipid-II-interact-
ing antibiotics (35, 44), although it is now clear that there is an
imperfect correlation between lipid II binding and induction
(61). The Staphylococcus aureus VraSR system is orthologous
to the LiaRS TCS (35). It has been implicated in mediating
antibiotic resistance (22, 38) and was also strongly induced by
daptomycin, as deduced by microarray analyses (47).

In addition to the lial operon itself, daptomycin induced
several other genes in a LiaR-dependent manner. These in-
cluded the yhcYZ operon, which was previously shown to be a
direct target of LiaR activation (35), and the yvrl and yvrL
genes. The yvrl gene has recently been shown to be a divergent
member of the ¢”° family of transcriptional regulators (41) and
activates expression of oxalate decarboxylase (OxdC), a major
cell wall protein (1). It is not yet clear if yvrl is a direct or
indirect target of LiaR activation.

In B. subtilis, a number of genes involved in antibiotic resis-
tance and cell wall metabolism are regulated by the ECF o
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TABLE 3. Daptomycin stimulon®

Signal intensity”

Gene Fold change Gene function® Regulon
+DAP _DAP (reference)

liaH 78,930 59 1,336 PspA homolog, cell membrane protection LiaRS (35)
lial 78,935 61 1,294 Putative membrane protein LiaRS (35)
liaG 37,639 133 283 Putative membrane-anchored protein LiaRS (35)
liaF 50,616 341 149 Negative regulator of LiaR LiaRS (35)
liaS 15,435 122 126 TCS histidine kinase LiaRS (35)
liaR 3535 47 75 TCS response regulator LiaRS (35)
yheY 149 45 33 TCS histidine kinase LiaRS (35)
yheZ 631 289 2.2 TCS response regulator LiaRS (35)
yvrl 2,754 4.8 574 o factor yvrl Yvrl (41)
yvrL 1,390 2.6 535 Negative regulator of yvrl Yvrl (41)
ygjL 303 39 7.8 Hydrolase; paraquat resistance oMW (11)
ydaH 306 49 6.2 Uncharacterized membrane protein o™ (32)
wpbG 211 58 3.6 Marker for inhibition of cell wall biosynthesis oM (32)
yebC 155 43 3.6 Hypothetical conserved o™ (17)
ywaC 124 36 35 ppGpp synthase o™ (48)
berC 358 115 3.1 Similar to bacteriocin transport permease o™ (9)
rodA 150 56 2.7 Cell division membrane protein o™ (17)
yhdL 208 82 2.5 ECF anti-o factor o™ (17)
maf 605 245 2.5 Cell division and shape determination o™ (17)
murG 386 163 2.4 Peptidoglycan biosynthesis o™ (17)
murB 710 353 2.0 UDP-N-acetylenolpyruvoyl glucosamine reductase o™ (17)
sigM 199 93 2.1 ECF o factor o™ (26)
yuaF 707 148 4.8 Hypothetical protein o™ (29)
yuaG 329 168 2.0 Flotillin-like protein oV (29)
yxjl 144 68 2.1 Unknown a¥ (10)
ywrE 159 76 2.1 Unknown o™ (10)
ydjP 328 168 2.0 Similar to chloroperoxidase o™ (10)
yoeB 2,855 1,332 2.1 Protection against autolysins YycFG (51)
yfiC 11,780 3,349 3.5 Similar to ABC transporter (ATP-binding protein)
fabHA 1,203 521 2.3 Fatty acid biosynthesis
fabHB 73 26 2.8 Fatty acid biosynthesis
yveB 1,214 45 27 Unknown
YWKN 302 12 26 Unknown
yvzA 424 42 10 Unknown
wzC 261 10 26 Hypothetical protein
ypB 257 19 14 Hypothetical protein
sdpl 2,233 252 8.9 Immunity protein for SdpC; signal transduction SdpR (19)
ywdD 163 31 53 Hypothetical protein
ywdE 504 51 9.9 Hypothetical protein
ywfB 299 38 79 Similar to bacilysin biosynthesis protein
yknU 2,917 372 7.8 Similar to ABC transporter (ATP-binding protein)
hutM 126 40 32 Histidine permease
ypeB 469 151 3.1 Sporulation protein
yitl 630 215 2.9 Probable acetyltransferase
rpmB 892 1,631 0.5 Ribosomal protein L28
degR 115 216 0.5 Activation of degradative enzymes (AprE, NprE, SacB)
yisY 138 264 0.5 Similar to chloride peroxidase
ydgK 39 77 0.5 Similar to bicyclomycin resistance protein
yocH 759 1,513 0.5 Similar to cell wall-binding protein (autolysin) YycFG (3, 51)
weQ 60 119 0.5 Putative MmgE/Prp family protein
ImrB 261 534 0.5 Lincomycin resistance
psT 541 1,140 0.5 Ribosomal protein S20
yxeM 66 156 0.4 Similar to amino acid ABC transporter (binding protein)
YWhE 386 926 0.4 pbpG, penicillin-binding protein (sporulation)

“ Genes induced or repressed >2-fold are shown with their respective antibiotic-responsive regulator. Induced genes controlled by regulator(s) known to be
responsive to antibiotic-elicited stress are shown together with genes of predicted function or those with unknown function that are strongly induced (>5-fold). Induced
and repressed genes were filtered to remove those with low overall expression levels (combined signal intensity < 100). Altogether, daptomycin induced 83 genes at
least twofold (234 genes, =1.5-fold) and repressed 25 genes at least twofold (181 genes, =1.5-fold) (NCBI GEO series accession no. GSE13900).

b “+DAP” and “—DAP” correspond to average results of triplicates of the signal intensities of daptomycin-treated or untreated samples, respectively.

¢ Functions were assigned based on the SubtiList database or BSORF entry.

factors ¢*¥ and o™. Daptomycin weakly induced six genes of transcriptional (cat-lacZ) reporter fusions and found that all
the o™ regulon (10, 12) and 19 genes of the o™ regulon (17, were induced by daptomycin (data not shown).

32) (Table 3). To monitor the transcriptional responses of the Phage-shock protein A homologs LiaH and PspA protect
lial, sig, and sigM genes to daptomycin treatment, we used against daptomycin. Of the lialHGFSR genes, liaFSR are well
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TABLE 4. MIC of B. subtilis mutants and strains with
altered membrane composition, or deletion of
transcriptional regulators

Strain/deletion mutant? D(ﬁ;nl:/l[)lbc
WILO8 ...ttt ettt s e e b e se b seaens 1.0
CUT00S ettt ettt e se e se s e enansenen 1.0

LiaR-regulated

liaGFSR...

lialH mprF . .0.2
HAH YRCYZ ...ttt 0.2
VICYZ e 0.8

ECF o-regulated

SIGM ..ottt ettt 0.8
SIW e 0.8
sigX ... 1.0

SigXM ... .
SIGWM ettt ettt 0.7
SIGXIV ottt 0.9
sigMWX ... .0.6
PSPA e 1.0
LiaR/ECF o-regulated
BIAH SIGW ..ttt 0.3
liaH pspA sigh .. .0.
BIAH PSPA .ottt 0.2
LATH PSPA ...ttt eeeeeeeeeae 0.2
lialH mprF pspA .0.2
sigXM lialH......... .0.
SIGMWX TIQIH ... 0.2
SIGW DSPA .o 0.8
SIGMWX DSPA ..ottt ettt 0.5
Membrane alterations

WIO8 At 25°C ettt 0.7
des at 25°C..... .04
des ............ .09
AES PSPA ettt 0.9
UGEP ettt 0.9
PSsA... .1.0
ywnE . .1.0
DSttt ettt 1.0
IPTE oo 0.5
mprF ugtP... .
mprF pssA .. .0.
PSA MPIE ...ttt 0.9
IPIF PSPA ..o 0.5

mprF overexpression
pgsA depletion..........
IPTG-INAUCE PGSA .ottt eeeene 1.

“lialHGFSR and des mutants are derived from strain W168. Other mutants
are derived from strain CU1065.

> MIC was determined by liquid growth inhibition experiments. Data repre-
sent the mode of the lowest daptomycin (DAP) concentration that led to com-
plete growth inhibition (minimum of triplicates).

conserved within gram-positive bacteria with a low G+C con-
tent. Only the bacilli also contain the phage-shock protein A
homolog LiaH. S. aureus harbors the liaFSR orthologs SA1702
and vraSR (35). When testing for daptomycin susceptibility,
Muthaiyan et al. observed an increased susceptibility of a
vraSR mutant strain to daptomycin (0.78 pg/ml versus 1.0

ANTIMICROB. AGENTS CHEMOTHER.

pg/ml for the wild type) (47). Here, we have used growth
inhibition studies to examine whether the daptomycin-induced
lial operon affects susceptibility to daptomycin. A deletion of
the entire lial operon significantly increased susceptibility from
an MIC of 1.0 pg/ml for the wild type to an MIC of 0.3 pg/ml
(Table 4). A null mutant of the negative regulator liaF, which
overexpresses LialH (34, 35), did not appear to increase resis-
tance.

To test for possible functional redundancy between liaH and
its paralog pspA (which was not strongly induced by daptomy-
cin treatment despite being part of the ¢*¥ regulon) we tested
single and double mutants of these loci. A pspA deletion pro-
duced almost no change in MIC compared to that of the wild
type, but the liaH pspA double mutation further decreased the
MIC by twofold relative to that of the /liaH single mutant.
These results indicate that the PspA (phage-shock protein A)
homologs, LiaH and PspA, both contribute to decreased dap-
tomycin susceptibility and that the induction of LiaH by dap-
tomycin is adaptive.

The mechanisms by which PspA proteins protect cells
against membrane disruption are unclear but are likely to
involve direct interactions with the inner surface of the mem-
brane (15). Escherichia coli PspA forms abundant, oligomeric
ring-like structures that are speculated to coat the inner sur-
face of the membrane and thereby prevent proton leakage
(39). In vitro, E. coli PspA binds preferentially to liposomes
containing anionic lipids and suppresses proton leakage (39).
LiaH has also been observed to be an abundant oligomeric
protein with a similar ultrastructure (T. Mascher, personal
communication). Together, these findings are consistent with
the notion that daptomycin toxicity results from disruption of
the membrane integrity and that the two B. subtilis PspA para-
logs can counteract this disruptive effect.

ECF o factors also contribute to decreased daptomycin
susceptibility. Since several o*¥ and o™ regulon members were
upregulated upon daptomycin treatment, we tested null mu-
tants of ECF o factor genes for daptomycin susceptibility. In
the singly mutant strains, there was a slight decrease in MIC
for sigM and sigh’” (0.8 pg/ml for both), whereas a sigX mutant
was unaffected. Multiply mutant strains displayed even greater
susceptibility, with the lowest MIC noted for the sigXM double
(0.6 pg/ml) and the sigMWX triple mutants (0.6 wg/ml) (Table
4). Increased daptomycin susceptibility in the multiply mutant
strains is consistent with the recent demonstration that these
three ECF o factors have overlapping regulons and multiply
mutant strains are often more susceptible to antibiotics than
are single mutants (42).

In B. subtilis, several ECF o factors have been implicated in
conferring resistance to cell envelope-active antibiotics. For
example, o regulates the dit operon and the pssA ybfM psd
operon, which reduce the net negative charge of the cell en-
velope by D alanylation of teichoic acids and insertion of phos-
phatidylethanolamine into the membrane, respectively. As a
result, sigX mutants are more susceptible to cationic antimi-
crobial peptides (8). The o regulon includes a large number
of genes implicated in resistance against both small molecule
inhibitors, such as fosfomycin, and peptide antibiotics, such as
sublancin and SdpC (4). Finally, the o™ regulon has recently
been shown to include many genes known to be important for
cell envelope synthesis, and sigM mutants are susceptible to
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FIG. 1. Daptomycin stimulon in B. subtilis. The scatter plot represents the average expression levels of treated (+) versus untreated (—)
cultures of B. subtilis W168 (daptomycin [DAP] at the MIC of 1 pg/ml; 20 min) from triplicate microarray analyses. The key lists highly expressed

genes as grouped by their corresponding transcriptional regulators.

some cell wall antibiotics, such as moenomycin and bacitracin
(17, 42). The identity of the ECF ¢ factor-dependent operons
that confer daptomycin protection is not yet clear.

Mutants with altered membrane composition affect dapto-
mycin susceptibility. Since the decanoyl side chain of dapto-
mycin is predicted to insert into the membrane, we tested
whether susceptibility is influenced in strains with altered
membrane lipid composition. Daptomycin susceptibility was
measured for B. subtilis strains lacking phosphatidylethano-
lamine (psd, pssA), lysyl-PhG (LPhG) (mprF), glycolipids
(ugtP), or cardiolipin (ywnE). Of the null mutants, only the
mprF mutant showed a significant difference compared to the
wild type (MIC of 0.5 pg/ml versus 1.0 wg/ml [Table 4]). More-
over, overexpression of mprF led to slightly decreased suscep-
tibility (MIC, 1.3 pg/ml). MprF catalyzes the tRNA-dependent
modification of PhG with lysine to form the positively charged
LPhG (57).

It has been shown earlier that a change in membrane charge
due to mprF disruption affects the susceptibility to antimicro-
bial agents in S. aureus (49). Here, we speculate that the re-
duction of the net negative charge of the membrane upon
increased production of LPhG functions to reduce the affinity
of a positively charged daptomycin-Ca** complex due to elec-
trostatic repulsion. Indeed, previous studies of S. aureus strains
that were selected for increased daptomycin resistance found
that point mutations in mprF frequently occurred as an early
event during selection (21). However, the effect of these mu-

tations alone was quite modest, and further selection led to
additional mutations in the yycFG TCS and RNA polymerase
subunit genes rpoBC (21). Since an mprF null mutant is more
susceptible to daptomycin, we suggest that these mprF muta-
tions may have been gain-of-function mutations. Indepen-
dently, Jones et al. found that daptomycin resistance in S.
aureus was correlated with the increased translocation of
LPhG from the inner to the outer leaflet of the membrane
without changing the overall concentration of LPhG (33). An
increase of mprF gene expression was not seen upon daptomy-
cin treatment in B. subtilis, but an increase in positive charge
through LPhG translocation to the outer leaflet and an addi-
tional effect of reduction in the membrane net negative charge
by o could together affect the ability of daptomycin to insert
into the membrane.

The physical properties of the membrane are determined by
both the membrane head group composition and the length
and desaturation of the fatty acyl side chains. In B. subtilis, the
fluidity of the membrane is regulated, in large part, by the lipid
desaturase Des, which introduces cis double bonds at the fifth
position of the fatty acyl chains (A5) in response to reduction
in temperature. The desaturase is under the control of the
DesRK TCS (41a). Deletion of des resulted in increased sus-
ceptibility to daptomycin, and this effect was especially notable
during growth at low temperatures (MIC at 25°C of 0.4 wg/ml
versus 0.7 wg/ml for the wild type). The underlying mecha-
nisms of the effect of des deletion are not entirely clear. The
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A DAP-BDP

increased rigidity of the membrane in a des mutant might
facilitate the membrane disruptive action of daptomycin and
impair repair mechanisms by the cell, or the decrease in un-
saturated fatty acyl moieties might affect interactions with the
decanoyl side chain of daptomycin.

Depletion of PhG greatly decreases daptomycin susceptibil-
ity. The effect of reducing the net negative charge of the cell
membrane on daptomycin susceptibility was especially appar-
ent when we studied a strain in which PhG could be depleted
from cells by using a conditionally expressed allele of pgsA.

ANTIMICROB. AGENTS CHEMOTHER.

= old division septa
new division septa

FIG. 2. Daptomycin-BDP inserts preferentially at new division septa and in a spiral pattern. Fluorescent and DIC micrographs of B. subtilis
stained with daptomycin-BDP (DAP-BDP) and vancomycin-BDP (VAN-BDP). (A) B. subtilis W168 treated with daptomycin-BDP at two times
the MIC for 10 min (during exponential growth phase). (B) W168 treated with daptomycin-BDP at 10 times the MIC for 10 min. (C) W168 treated
with equal amounts of vancomycin and vancomycin-BDP for 20 min. Panels A and B show a spiral localization of daptomycin-BDP and the
preferential insertion at newly formed division septa, similar to that of vancomycin-BDP (C). The scale bar represents 2 pum.

PgsA is required for the first step in PhG synthesis from phos-
phatidic acid (2). Depletion of this essential complex lipid, by
transfer of cells to a medium lacking the inducer IPTG (iso-
propyl-B-p-thiogalactopyranoside), results in cells that lose the
characteristic helical staining pattern associated with anionic-
lipid-favoring membrane dyes (e.g., FM 4-64). This strain con-
tinues to grow for several hours even in the absence of IPTG,
as cells gradually become depleted of PhG (2). When PhG-
depleted cells were subcultured in a medium lacking IPTG, but
containing daptomycin, they were able to grow in the presence
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of daptomycin concentrations significantly higher than that of
the wild type. Conversely, when expression of pgs4 was in-
duced by IPTG addition, wild-type levels of daptomycin sus-
ceptibility were restored (Table 4). This increased resistance
was specific for daptomycin; PhG-depleted cells were unaf-
fected in susceptibility to vancomycin (which targets PG syn-
thesis) and had increased susceptibility to duramycin, which
interacts specifically with phosphatidylethanolamine (31). Pre-
sumably, in this case, depletion of PhG from the membrane led
to an increase in the concentration of phosphatidylethanol-
amine.

The effects of membrane composition and charge on dapto-
mycin insertion have also been studied by Jung et al. in artifi-
cial liposomes (37). By means of fluorescence spectroscopy,
differential scanning calorimetry, and *'P nuclear magnetic
resonance, they found that daptomycin (with Ca**) binds to
acidic and neutral lipids in different fashions and leads to a
change of the structural organization of acidic membranes
(induction of nonlamellar lipid phases and membrane fusion)
(37). This again emphasizes the influence of membrane lipid
composition on daptomycin susceptibility.

Daptomycin preferentially localizes to the cell septum and
in a helical pattern along the cell wall. Fluorescent imaging
with daptomycin-BDP was used to study the localization of
daptomycin in the cell envelope in B. subtilis. Strikingly, dap-
tomycin-BDP was not distributed evenly throughout the cell
membrane but, rather, in a complex, reproducible pattern. The
highest concentration was found along the newly formed divi-
sion septa and in a helical pattern along the long axis of the
cell, whereas no fluorescence was detected at the cell poles
(Fig. 2A and B). This helical pattern and localization to the
septa are reminiscent of localization studies of both the cell
wall biosynthetic machinery (58) and anionic phospholipids
(including PhG) in B. subtilis (2). Sites of active cell wall bio-
synthesis have been visualized using vancomycin-BDP (58).

We next compared the localization of daptomycin-BDP with
vancomycin-BDP which binds to the p-Ala-p-Ala dipeptide of
un-cross-linked PG (50). In separate labeling experiments, the
daptomycin-BDP and vancomycin-BDP labeling showed very
similar patterns (Fig. 2C). Since both antibiotics are bound to
the same fluorophore, we were unable to carry out direct
colocalization studies. However, pretreatment with vancomy-
cin did not affect labeling by daptomycin-BDP, nor did unla-
beled daptomycin interfere with staining with vancomycin-
BDP. This suggests that these two antibiotics may have distinct
targets, as expected from prior work (56). Recently, Mascio et
al. showed that daptomycin also exhibits bactericidal effects on
S. aureus cells in stationary growth phases (albeit with higher
MIC) (45), which prompted us to test daptomycin-BDP label-
ing in B. subtilis stationary cells. We observed a similar pattern
as that in exponentially growing cells (Fig. 3), albeit with less
intense labeling at the division septa.

In light of the recently reported helical distribution of PhG
in B. subtilis membranes (2), we next tested whether PhG
depletion affects the observed staining pattern seen with dap-
tomycin-BDP. Remarkably, cells depleted of PhG exhibited a
significant loss of staining intensity and failed to exhibit the
characteristic helical staining pattern seen in the nondepleted
cells (Fig. 4A to C). Very similar effects were noted when the
cells were stained instead with the membrane dye FM 4-64

DAPTOMYCIN SUSCEPTIBILITY IN BACILLUS SUBTILIS 1605
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FIG. 3. Daptomycin-BDP (DAP-BDP) staining of stationary phase
cells. Fluorescent and DIC micrographs of stationary growth phase
culture of B. subtilis W168 treated with daptomycin-BDP at two times
the MIC for 10 min. The staining shows a similar insertion pattern
as that of exponential-growth phase cultures. The scale bar represents
2 pm.

(Fig. 4D and E), which is known to stain regions enriched in
PhG (2). Together, these results suggest that the characteristic
staining pattern observed with daptomycin-BDP is due to a
preferential interaction with the membrane in regions enriched
in PhG, consistent with the effects of PhG depletion on dap-
tomycin susceptibility, as noted above.

Cluster analysis of the stimulons of daptomycin and other
cell envelope-active antibiotics. Analyses of the daptomycin
stimulon and the effects of membrane mutations on suscepti-
bility, combined with the preceding analysis of daptomycin-
BDP localization, are all consistent with a primary mechanism
of action involving insertion into the cell membrane in regions
enriched in anionic lipids. However, recent studies of the tran-
scriptional response of S. aureus to daptomycin led Muthaiyan
et al. to suggest that daptomycin might interfere with both
membrane integrity and PG biosynthesis (47). In this organ-
ism, daptomycin induced genes characteristic of membrane-
disrupting agents (e.g., m-chlorophenylhydrazone) as well as
genes induced by cell wall synthesis inhibitors (e.g., vanco-
mycin).

To determine whether the daptomycin stimulon of B. subtilis
most closely resembled the stimulons for membrane-perturb-
ing agents or cell wall synthesis inhibitors, we performed a
hierarchical clustering analysis using data sets representing the
transcriptional responses to daptomycin, vancomycin, moeno-
mycin, and ramoplanin (our results) and 35 other antibiotics
from a study by Hutter et al. (30). The daptomycin stimulon is
most similar to a cluster of treatment conditions that includes
compounds that inhibit PG synthesis (vancomycin, ristocetin,
ramoplanin, and moenomycin) and that perturb membrane
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C pgsA - IPTG

D W168 #FM4-64

E pesA — IPTG + FM4-64
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FIG. 4. Correlation between daptomycin-BDP staining and anionic phospholipid content and distribution. Fluorescent and DIC micrographs
of wild-type W168 (A) and pgsA::pMutin grown in the presence (B) or absence (C) of 1 mM IPTG, stained with daptomycin-BDP at two times
the MIC for 10 min. Daptomycin-BDP delocalizes when pgsA is not expressed from the IPTG-inducible promoter, suggesting preferential insertion
of daptomycin in membrane lipid domains rich in anionic phosphatidylglycerol. W168 and pgsA4::pMutin stained with the membrane lipid dye FM
4-64 in the absence of IPTG are shown in panels D and E, respectively. The scale bar represents 2 pum.

function (Triton X-114 and polymyxin B). All of these condi-
tions induce the o™ regulon, and several compounds are strong
inducers of the LiaRS TCS (Fig. 5). These results lead us to
suggest that insertion of daptomycin into membrane regions
enriched in anionic lipids may have multiple effects, including
both disruption of membrane function and perhaps interfer-

ence with the assembly or function of cell wall biosynthetic
complexes.

Conclusions. Here, we report a detailed genetic analysis of
factors affecting daptomycin susceptibility in B. subtilis. Tran-
scriptome analyses indicate that daptomycin induces sets of
genes shown previously to be induced by exposure to mem-
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FIG. 5. Cluster analysis of B. subtilis microarray studies with 40 different antimicrobial agents. The gene expression patterns of daptomycin-

treated B. subtilis are most closely related to those of cells treated with

the following cell membrane- and cell wall-active antibiotics: moenomycin,

Triton X-114, polymyxin B, ramoplanin, ristocetin, and vancomycin. Cluster analysis was performed on whole genome data sets for each antibiotic
(see Materials and Methods), and selected clusters enriched for daptomycin-induced genes are shown. Red indicates induction and green
repression after treatment, whereas black corresponds to unchanged gene expression.

brane-active compounds and cell wall synthesis inhibitors. The
LiaRS TCS is strongly induced by daptomycin, and genetic
studies indicate that both LiaH and the paralog PspA contrib-
ute to decreased daptomycin susceptibility. Analogous to E.
coli PspA (36, 39), these proteins are likely to help stabilize the
membrane and prevent depolarization. These results are con-
sistent with the expectation that daptomycin acts primarily on
the membrane.

Analysis of strains with altered membrane composition sug-
gests that daptomycin interacts preferentially with regions of
the membrane enriched in anionic lipids, including PhG, the
dominant anionic lipid in B. subtilis. For example, a strain in
which PhG is depleted becomes less susceptible to daptomycin,
although it retains normal (or even increased) susceptibility to
other cell wall- and membrane-active antibiotics. Conversely,
strains lacking MprF, which synthesizes the cationic lipid
LPhG, are more susceptible to daptomycin. Mutations in mprF
have been previously associated with daptomycin resistance
(21), although in light of the results here, it seems likely that

these are gain-of-function mutations that increase MprF
levels or activity. Indeed, overexpression of mprF in B. subtilis
decreases daptomycin susceptibility.

Cells depleted of PhG not only display decreased daptomy-
cin susceptibility, they also lose the characteristic helical stain-
ing pattern seen in wild-type cells treated with daptomycin-
BDP. This may result directly from the reduction in levels of
negatively charged membrane lipids, which would thereby de-
crease the affinity of the positively charged daptomycin-Ca*"
complex for the membrane. Alternatively, or in addition, PhG
depletion might result in altered composition or localization of
membrane proteins or cell envelope biosynthetic complexes.
For instance, Campo et al. reported that reduced PhG led to
delocalization of the translocation ATPase SecA in the B.
subtilis membrane (5), and Bardk et al. observed enrichment of
the cell division protein MinD in anionic phospholipid spirals
in the membrane (2).

Daptomycin is used clinically as a reserve antibiotic against
complicated skin and skin structure infections (23) as well as
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against S. aureus-induced bacteremia and infective endocardi-
tis (20). To date, reports about resistance to daptomycin in
clinical settings have been relatively rare (25, 55). To better
understand the evolution of daptomycin resistance, S. aureus
strains with increased daptomycin resistance (either selected in
the laboratory or arising during clinical treatment) were cho-
sen for DNA sequence analysis. These studies indicate that the
evolution of resistance is a multigenic phenomenon. Often,
mutations in mprF emerge early, and other contributing mu-
tations occur in the essential yycF'G TCS and rpoBC genes (21).
To date, there are no documented examples of high-level dap-
tomycin resistance emerging due to a single gene mutation. In
light of these findings, it is interesting that cells depleted of
PhG display such a dramatic decrease of susceptibility. How-
ever, null mutations that confer daptomycin resistance are
unlikely to arise in pgsA since, at least in B. subtilis, it is an
essential gene.
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