
A Putative Bacterial ABC Transporter Circumvents the Essentiality of
Signal Peptidase

J. Hiroshi Morisaki,a Peter A. Smith,a Shailesh V. Date,a* Kimberly K. Kajihara,a Chau Linda Truong,a Zora Modrusan,b

Donghong Yan,c Jing Kang,c Min Xu,c Ishita M. Shah,a* Robert Mintzer,d Eric M. Kofoed,a Tommy K. Cheung,e David Arnott,e

Michael F. T. Koehler,f Christopher E. Heise,a,d Eric J. Brown,a Man-Wah Tan,a Wouter L. W. Hazenbosa

Department of Infectious Diseases, Genentech, Inc., South San Francisco, California, USAa; Department of Molecular Biology, Genentech, Inc., South San Francisco,
California, USAb; Department of Translational Immunology, Genentech, Inc., South San Francisco, California, USAc; Department of Biochemical and Cellular Pharmacology,
Genentech, Inc., South San Francisco, California, USAd; Department of Protein Chemistry, Genentech, Inc., South San Francisco, California, USAe; Department of Discovery
Chemistry, Genentech, Inc., South San Francisco, California, USAf

* Present address: Shailesh V. Date, Global Viral, San Francisco, California, USA; Ishita M. Shah, Department of Food Science and Technology, University of California Davis, Davis,
California, USA.

ABSTRACT The type I signal peptidase of Staphylococcus aureus, SpsB, is an attractive antibacterial target because it is essential
for viability and extracellularly accessible. We synthesized compound 103, a novel arylomycin-derived inhibitor of SpsB with
significant potency against various clinical S. aureus strains (MIC of ~1 �g/ml). The predominant clinical strain USA300 devel-
oped spontaneous resistance to compound 103 with high frequency, resulting from single point mutations inside or immediately
upstream of cro/cI, a homolog of the lambda phage transcriptional repressor cro. These cro/cI mutations led to marked (>50-
fold) overexpression of three genes encoding a putative ABC transporter. Overexpression of this ABC transporter was both nec-
essary and sufficient for resistance and, notably, circumvented the essentiality of SpsB during in vitro culture. Mutation of its
predicted ATPase gene abolished resistance, suggesting a possible role for active transport; in these bacteria, resistance to com-
pound 103 occurred with low frequency and through mutations in spsB. Bacteria overexpressing the ABC transporter and lack-
ing SpsB were capable of secreting a subset of proteins that are normally cleaved by SpsB and instead were cleaved at a site dis-
tinct from the canonical signal peptide. These bacteria secreted reduced levels of virulence-associated proteins and were unable
to establish infection in mice. This study reveals the mechanism of resistance to a novel arylomycin derivative and demonstrates
that the nominal essentiality of the S. aureus signal peptidase can be circumvented by the upregulation of a putative ABC trans-
porter in vitro but not in vivo.

IMPORTANCE The type I signal peptidase of Staphylococcus aureus (SpsB) enables the secretion of numerous proteins by cleav-
age of the signal peptide. We synthesized an SpsB inhibitor with potent activity against various clinical S. aureus strains. The
predominant S. aureus strain USA300 develops resistance to this inhibitor by mutations in a novel transcriptional repressor
(cro/cI), causing overexpression of a putative ABC transporter. This mechanism promotes the cleavage and secretion of various
proteins independently of SpsB and compensates for the requirement of SpsB for viability in vitro. However, bacteria overex-
pressing the ABC transporter and lacking SpsB secrete reduced levels of virulence-associated proteins and are unable to infect
mice. This study describes a bacterial resistance mechanism that provides novel insights into the biology of bacterial secretion.
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Discovery of novel antibiotics has become an important goal
for biomedical research in both academia and industry,

mainly driven by the growing problem of widespread antibiotic
resistance (1). Staphylococcus aureus is a major threat to human
health and can cause life-threatening invasive infections, such as
bacteremia, endocarditis, pneumonia, and osteomyelitis (2). In-
fections with S. aureus have become increasingly difficult to treat
because of the emergence of methicillin resistance and high failure
rates of standard-of-care antibiotics like vancomycin (3).

The number of suitable antibiotic targets in S. aureus is rather
limited compared to the number of genes found to be essential in

genetic screens (4), largely because of the difficulty of finding cell-
active inhibitors for essential enzymes that can penetrate the bac-
terial cell wall and avoid efflux mechanisms. The type I signal
peptidase of S. aureus, SpsB, is an attractive antibiotic target be-
cause it is essential for viability and accessible on the extracellular
side of the bacterial membrane, while its active site is different
from that of human signal peptidases (5). SpsB substrates are
membrane-bound preproteins secreted by the Sec secretion path-
way that contain a canonical Ala-X-Ala motif in the signal se-
quence (6, 7). Inhibition of SpsB activity leads to a loss of bacterial
viability (8, 9).
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A recently discovered natural compound, arylomycin (10, 11),
has been reported to inhibit type I signal peptidases of various
bacterial species by occupying the enzymatic groove that accom-
modates natural substrates during the process of secretion (12).
However, the potency of arylomycin against S. aureus is too low to
be clinically useful for treatment of S. aureus infections (5, 13).

This study describes a novel SpsB inhibitor, the arylomycin
analog compound 103, which has enhanced potency against S. au-
reus. We found that resistance to this inhibitor occurs with high
frequency in vitro and is mediated by robust overexpression of a
putative ABC transporter that results from loss-of-function mu-
tations in cro/cI, a homolog of the lambda phage transcriptional
repressor cro gene. The overexpression of this ABC transporter
prevented bacterial lethality caused by disruption of the spsB gene.
This was associated with secretion of a subset of proteins that are
normally cleaved by SpsB and were cleaved at a site distinct from
the canonical SpsB cleavage site. Bacteria reliant on this secretion
mechanism secreted reduced levels of functional virulence-
associated proteins and were unable to infect mice, demonstrating
an absolute requirement for SpsB activity during infection. This
study reveals a novel bacterial resistance mechanism that led to the
discovery of an alternative system for cleavage and secretion of
signal peptide-containing proteins that counteracts the essential-
ity of SpsB in vitro but not in vivo.

RESULTS AND DISCUSSION
Anti-S. aureus activity of SpsB inhibitor compound 103. Arylo-
mycins are a naturally occurring family of structurally related an-
tibiotics that inhibit SpsB of S. aureus, albeit with low antibacterial
potency (5, 13). In an effort to create novel antibiotics to treat
S. aureus infections, we synthesized compound 103 (see Fig. S1A
in the supplemental material), a new analog of arylomycin (see
Fig. S1B) with improved activity against S. aureus. The MIC of
compound 103 for the predominant clinical methicillin-resistant
S. aureus (MRSA) strain USA300 was 1.0 �g/ml, whereas the MIC
for arylomycin A16 was 32 �g/ml (this study). Compound 103
exhibited MICs ranging from 0.5 to 1.4 �g/ml for a panel of eight
clinical S. aureus strains (Table 1). Compound 103 dose depend-
ently inhibited the enzymatic activity of recombinant SpsB (see
Fig. S1C). The antibacterial activity of compound 103 occurred
specifically through SpsB, as confirmed by a reduced MIC for a
USA300 strain that underexpresses SpsB and an increased MIC for
an SpsB-overexpressing strain (Table 1).

Resistance to compound 103 is caused by mutations in
SAUSA300_0350 (cro/cI). To determine the mechanism of spon-

taneous resistance against compound 103, we selected 40 inde-
pendently generated resistant mutants of S. aureus USA300, which
arose at a frequency of 3 � 10�7 from cultures on agar containing
compound 103 at fourfold its MIC. The MICs of compound 103
for all of these mutants were increased by at least 16-fold com-
pared to the MIC of wild-type (WT) USA300.

Whole-genome sequencing of all 40 mutants revealed that re-
sistance was associated with a single mutation inside or just up-
stream of gene SAUSA300_0350 in all of these clones. Based on
homology to the lambda phage Cro protein, SAUSA300_0350 is
annotated as “Cro/CI transcriptional regulator-like protein” and
will be referred to as cro/cI throughout this paper. We identified
mutations in 16 of the 67 amino acids of the predicted Cro/CI
protein (Fig. 1A; see also Table S1 in the supplemental material),
including multiple substitutions or stop codons and one insertion.
We also identified two single-nucleotide substitutions immedi-
ately upstream of the cro/cI translational start associated with re-
sistance (Fig. 1B), i.e., a change of G to T 14 bp upstream of cro/cI,
located in a predicted ribosomal binding site (RBS) (AGGAGT) in
the cro/cI promoter and likely leading to defective Cro/CI protein
translation, and a change of G to A 62 bp upstream of cro/cI.

Plasmid-encoded expression of exogenous WT cro/cI reversed
the resistant phenotype of clones with mutations inside cro/cI or at
14 bp upstream of cro/cI to a sensitive phenotype (Table 2, strains
GNE0109 and GNE0097). This confirms that loss-of-function
mutations in cro/cI are the cause of resistance to compound 103.
WT cro/cI could not complement the phenotype of the G-to-A
mutation 62 bp upstream of cro/cI (Table 2, strain GNE0100),
indicating that this mutation is presumably located in the putative
Cro/CI binding site, by analogy to the lambda phage cro gene (14,
15). Mutation of cro/cI did not reduce sensitivity to other tested
antibiotics, including vancomycin, linezolid, oxacillin, daptomy-
cin, rifampin, gentamicin, clindamycin, erythromycin, gatifloxa-
cin, and novobiocin (see Table S2 in the supplemental material).
The loss-of-function cro/cI mutation did not result in a significant
alteration in virulence in a mouse infection model (see Fig. S2).

A recent study suggested a Gln at position 22 (Gln22) in a cro/cI
homolog in S. aureus strain N315 to be associated with resistance
to M131, another arylomycin derivative (16). According to the
public NCBI database, Gln22 is present in the sequences of several
S. aureus strains that are sensitive to compound 103, such as COL,
Mu50, and MRSA252, as well as the USA300 strain we used in the
present study (Table 1). Therefore, a Gln at position 22 in cro/cI
does not confer resistance to compound 103. Instead, we did ob-
serve that the replacement of Gln22 with a stop codon (Q22stop)
was associated with resistance to compound 103 (Fig. 1A).

We next investigated whether S. aureus cro/cI mutations pre-
exist in nature. Among a panel of 102 globally diverse clinical
S. aureus isolates, 7 isolates showed resistance to compound 103,
each exhibiting a MIC of �32 �g/ml. Compared with the corre-
sponding sequences from 5 compound 103-sensitive strains
(strains USA300, COL, MRSA252, USA400, Mu50) (Table 1), all 7
resistant isolates showed an AG-to-TA nucleotide substitution at
67/68 bp upstream of cro/cI, while their spsB sequences were iden-
tical to the spsB sequences of these 5 sensitive strains. Analogous to
the mutation we detected 62 bp upstream of cro/cI in USA300
(Fig. 1B), we speculate that the resistance of these 7 clinical isolates
to compound 103 may be caused by mutation of the Cro/CI bind-
ing site in the operator region.

In summary, our comprehensive analysis identified a number

TABLE 1 MICs of compound 103 for S. aureus strains

S. aureus strain Resistance typea MIC of compound 103 (�g/ml)

USA300 wild type MRSA 1.0
USA300 SpsB-high MRSA 64
USA300 SpsB-low MRSA 0.125
COL MRSA 0.7
MRSA252 MRSA 1.0
Mu50 VISA 1.0
USA100 MRSA 0.5
USA1000 MRSA 1.0
USA400 MRSA 1.4
Newman MSSA 1.0
a MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive S. aureus; VISA,
vancomycin-intermediate S. aureus.
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of recessive mutations in cro/cI or in its predicted RBS and a mu-
tation in a putative operator region of cro/cI that was quite similar
to a naturally occurring mutation in about 7% of clinical S. aureus
isolates tested, all of which could lead to loss of Cro/CI func-
tion. Thus, we hypothesized that loss of Cro/CI function is the
most common mechanism of resistance to SpsB inhibitor com-
pound 103.

Cro/CI is a previously uncharacterized transcriptional regu-
lator of S. aureus and suppresses the expression of a putative
ABC transporter. Lambda phage Cro regulates the expression of
target genes that are located in its operon, through interaction at
an upstream operator sequence (14, 15). We tested the hypothesis
that the cro/cI gene product in S. aureus functions as a transcrip-
tional regulator by analyzing the transcription profiles of cro/cI
mutants.

RNA sequencing of four cro/cI mutants (carrying Cro/CI mu-
tations of M to V at position 1 [M1V] [strain GNE0117], R11stop
[strain GNE0215], E34D [strain GNE0214], and N53K/54stop
[strain GNE0217]) revealed that the expression levels of four
genes were 42- to 91-fold greater than in the WT, while the expres-
sion levels of all other genes ranged within a 1- to 6-fold difference
from their levels in wild-type bacteria (Fig. 2A; see also Table S3 in
the supplemental material). These four most highly overexpressed
genes are located in a predicted operon that includes the following
genes: cro/cI itself; a gene encoding a putative ABC transporter
protein, annotated as “putative membrane protein,” i.e.,
SAUSA300_0351; SAUSA300_0352, whose product is annotated
as “multidrug ABC transporter ATP-binding domain”; and
SAUSA300_0353, whose product is annotated as “putative multi-
drug ABC transporter permease.” Reverse transcription-

FIG 1 cro/cI mutations that are associated with resistance to SpsB inhibitor compound 103. (A) Predicted full-length amino acid sequence of Cro/CI protein.
Amino acids that were found to be mutated in resistant clones are indicated in red, with their respective substitutions underneath. sc, stop codon; in, insertion
of CGTTTCAAGCGGG resulting in multiple stop codons. (B) Single-base-pair substitutions that were found in the promoter region of the cro/cI open reading
frame (ORF) and that were associated with resistance to compound 103 were located 62 bp and 14 bp upstream of the cro/cI ORF. All mutations inside (A) or
upstream of (B) the cro/cI ORF are associated with a �16-fold increase in the MIC of compound 103.

TABLE 2 Roles of cro/cI and putative ABC transporter genes in resistance of USA300-derived strains to compound 103

Strain Relevant genotypea

MIC of compound 103
(fold increase versus
MIC for USA300 WT)

Expression of SAUSA300_0352
(fold increase versus level in
USA300 WT)

GNE0163 USA300 WT(pMK4) 1.0 1.0
GNE0162 psarA-SAUSA300_0351_0352_0353 �32 56.9
GNE0107 cro/cI(M1V)(pMK4) �32 66.2
GNE0109 cro/cI(M1V)(pcro/cI-cro/cI) 1.7 1.0
GNE0096 cro/cI(�14G¡T)(pMK4) �32 10.9
GNE0097 cro/cI(�14G¡T)(pcro/cI-cro/cI) 3.0 0.1
GNE0099 cro/cI(�62G¡A)(pMK4) �32 5.5
GNE0100 cro/cI(�62G¡A)(pcro/cI-cro/cI) �32 8.0
GNE0173 �mcr cro/cI(Q16stop) �32 105
GNE0220 �mcr cro/cI(Q16stop) �(SAUSA300_0351-SAUSA300_0352-SAUSA300_0353) 2.0 NDb

GNE0209 �mcr cro/cI(Q16stop) �SAUSA300_0351 �32 93
GNE0175 �mcr cro/cI(Q16stop) SAUSA300_0352(K44A) 1.0 106
GNE0210 �mcr cro/cI(Q16stop) �SAUSA300_0353 1.0 ND
a All strains are USA300 derived, and all plasmids are pMK4 (empty plasmid) or constructed in pMK4. A more detailed description of each strain is given in Table S5 in the
supplemental material. SAUSA300_0351 encodes a putative membrane protein, SAUSA300_0352 encodes a putative ABC transporter ATPase, and SAUSA300_0353 encodes a
putative permease.
b ND, not determined.
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FIG 2 cro/cI mutations enhance the expression of all 4 genes in the cro/cI-ABC transporter operon. (A) RNA sequencing showing differential expression of 4
genes in S. aureus USA300 cro/cI(M1V) mutant (strain GNE0117) versus WT USA300. This revealed a significant enhancement in transcript expression of four
genes sharing an operon, including SAUSA300_0350 (cro/cI) itself (89-fold enhanced) and three genes encoding a putative ABC transporter, i.e., SAUSA300_0351
(0351, product annotated as a putative membrane protein; 91-fold upregulated), SAUSA300_0352 (0352, encoding a putative ATPase; 78-fold), and
SAUSA300_0353 (0353, encoding a putative permease; 42-fold). Similar results were obtained for three other cro/cI mutants, i.e., cro/cI(R11stop) (strain
GNE0215), cro/cI(E34D) (strain GNE0214), and cro/cI(N53K/54stop) (strain GNE0217) mutants. FC, fold change compared to expression in WT USA300; AU,
arbitrary units. Table S3 in the supplemental material shows all other genes that were upregulated by at least twofold. (B) Transcript expression of genes upstream
of or inside the cro/cI operon was quantified by qRT-PCR in five different USA300 cro/cI mutants (with E34D, M1V, R11stop, Q22stop, and N53K/54stop
mutations). This confirmed the robust (�50-fold) overexpression of genes located inside the cro/cI operon, i.e., SAUSA300_0350 (cro/cI), SAUSA300_0352, and

(Continued)
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quantitative PCR (qRT-PCR) analysis confirmed overexpression
of the cro/cI operon genes by more than 50-fold in five different
cro/cI mutants (Fig. 2B).

Exogenous expression of plasmid-encoded WT cro/cI in a cro/
cI(M1V) mutant reversed the transcription of SAUSA300_0352 to
WT levels (Table 2, strain GNE0109), demonstrating that intact
cro/cI actively suppresses the transcription of the putative ABC
transporter. The transcription of two genes located immediately
upstream of cro/cI, i.e., SAUSA300_0347 (whose product is anno-
tated as “TatC secretion protein”) and SAUSA300_0348 (whose
product is annotated as “TatA secretion protein”), was not af-
fected by cro/cI mutations (Fig. 2B). These data confirm that S. au-
reus Cro/CI is a transcriptional repressor with the putative ABC
transporter as its critical target.

A proposed model for the regulation of the ABC transporter by
Cro/CI is shown in Fig. 2C. In WT bacteria, the expression of the
putative ABC transporter genes (SAUSA300_0351, _0352, and
_0353) is suppressed by binding of Cro/CI to the operator, located
upstream of cro/cI (analogous to lambda phage Cro [14, 15]). In
cro/cI mutants, either no Cro/CI protein or a nonfunctional
Cro/CI protein is produced, or the affinity of the Cro/CI-binding
site is reduced, in each case enabling RNA polymerase to initiate
transcription of the operon genes, leading to overexpression of the
ABC transporter.

The putative ABC transporter is necessary and sufficient for
high-level resistance to compound 103. A series of genetic exper-
iments established the role of the putative ABC transporter in
resistance to compound 103. Deletion of all 3 ABC transporter
genes (SAUSA300_0351, _0352, and _0353) reversed the resistant
phenotype of a USA300 cro/cI mutant to a sensitive phenotype
(Table 2, strain GNE0220). Conversely, overexpression of these 3
genes in WT USA300 induced resistance to compound 103 (Ta-
ble 2, strain GNE0162). Thus, overexpression of the genes for the
predicted ABC transporter is necessary and sufficient to mediate
full resistance to compound 103.

Next, we determined which of these three individual genes
were required for resistance. Deletion of SAUSA300_0351 (encod-
ing the putative membrane protein) in a resistant cro/cI mutant
had no effect on the resistance phenotype (Table 2, strain
GNE0209). qRT-PCR analysis confirmed the absence of tran-
scripts of SAUSA300_0351 in this deletion mutant (not shown),
while the overexpression of SAUSA300_0352 (Table 2) and
SAUSA300_0353 (not shown) transcripts was similar to their
transcription in the parental cro/cI mutant (strain GNE0193).
Substitution of Lys to Ala at position 44 (K44A) within the
Walker A motif of the gene encoding the predicted ATPase,
SAUSA300_0352, known to prevent nucleotide binding in other
ABC transporters (17, 18), reversed the resistant phenotype of a
cro/cI mutant to a sensitive phenotype (Table 2, strain GNE0175).
This SAUSA300_0352(K44A) point mutant showed unaltered
transcript overexpression of SAUSA300_0352 itself (Table 2) and
of SAUSA300_0353 (not shown). Thus, high-frequency resistance

to compound 103 requires ATP binding by the SAUSA300_0352
gene product and, presumably, involves active transport by the
putative ABC transporter. Deletion of SAUSA300_0353 also re-
versed the resistant phenotype of the cro/cI mutant, consistent
with the predicted role of its product as an ABC transporter per-
mease (Table 2, strain GNE0210).

Inactivation of the putative ABC transporter by a K44A substi-
tution in SAUSA300_0352 in a WT USA300 background (gener-
ating strain GNE0174) reduced the frequency of spontaneous re-
sistance to compound 103 by approximately 2 orders of
magnitude, to 2 � 10�9. In the resistant mutants that arose from
this strain, we identified mutations in spsB leading to substitutions
of 4 amino acids in SpsB (Y30, V49, H68, and V167), which were
each associated with an ~4- to 8-fold increased MIC for com-
pound 103 (Table 3), presumably due to reduced affinity of SpsB
for compound 103. Thus, inactivation of the putative ABC trans-
porter eliminates the effects of cro/cI mutations, resulting in low-
frequency resistance of USA300 to compound 103 that is associ-
ated with on-target mutations in spsB.

Together, these data indicate that overexpression of the puta-
tive ABC transporter, induced by derepression of its transcription
as the result of mutations in the transcriptional repressor cro/cI, is
the main mechanism of S. aureus resistance to compound 103.

We then tested the effects of inactivation of the ABC trans-
porter in the absence of cro/cI mutations. In a neutropenic thigh
mouse model of infection, S. aureus USA300 with a K44A point
mutation in SAUSA300_0352 in a WT cro/cI background (strain
GNE0174) was more sensitive than its parental USA300 WT strain
(strain GNE0023) to treatment with a compound 103 analog (see
Fig. S3A in the supplemental material). In vitro, the K44A muta-
tion had no effect on sensitivity to the compound 103 analog (the
MIC was 0.25 �g/ml for both strains). A general phenotypic char-
acterization of the K44A mutant showed no difference from the
WT strain with regard to growth rate in Mueller-Hinton broth

Figure Legend Continued

SAUSA300_0353. The expression of two genes located immediately upstream of cro/cI, i.e., SAUSA300_0347 (annotated as tatC) and SAUSA300_0348 (tatA), was
not affected. Shown is the fold change for each mutant versus the expression in WT USA300, representing the average � standard deviation (SD) of three
independent values. (C) Hypothetical model for the role of cro/cI-mediated regulation of the putative ABC transporter in S. aureus resistance to compound 103.
In WT S. aureus (top), Cro/CI protein binds to the operator sequence, suppressing transcription of the ABC transporter by blocking RNA polymerase activity,
analogous to the effects of Cro of lambda phage (15). In a cro/cI mutant (bottom), either no Cro/CI protein or a nonfunctional Cro/CI protein is produced,
enabling polymerase activity that leads to overexpression of the ABC transporter, which causes resistance to compound 103.

TABLE 3 SpsB point mutations found in the USA300 �mcr
cro/cI(Q16stop) SAUSA300_0352(K44A) mutanta

Amino acid substitution
MIC of compound 103 (fold increase
versus MIC for USA300 WT)

Y30C 4
Y30N 4
Y30D 8
Y30S 4
V49L 4
H68Y 8
H69L 4
V167D 8
V167F 8
a Resistant clones were selected from USA300 �mcr cro/cI(Q16stop)
SAUSA300_0352(K44A) (strain GNE0175) bacteria cultured on agar containing
compound 103 at fourfold its MIC. The SpsB mutations were identified by sequencing
PCR products.
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(MHB) in the absence or presence of serum (see Fig. S3B), sensi-
tivity to antimicrobial peptide protamine (the MIC was 8 �g/ml
for both strains) or nisin (the MIC was 200 �g/ml for both
strains), or the ability to form biofilm in vitro (see Fig. S3C). A
recent study showed that transcription of the putative ABC trans-
porter can be transiently induced in WT S. aureus (16). Based on
those and our observations, we speculate that the putative ABC
transporter may become overexpressed in WT S. aureus during
infection, leading to reduced sensitivity to SpsB inhibition.

Overexpression of the ABC transporter in the absence of
SpsB partially restores viability and protein secretion but not
infectivity. The above-described data showed that overexpression
of the putative ABC transporter mediates resistance to the SpsB
inhibitor. Therefore, we hypothesized that overexpression of the
putative ABC transporter would overcome the essentiality of SpsB
for S. aureus viability. To test this, we generated a mutant contain-
ing an insertion in chromosomal spsB and coexpressing a plasmid-
encoded LtrA that removes the insertion from transcripts by RNA
splicing; this mutant is normally viable at permissive temperature
(Fig. 3A, strain GNE0190). Loss of the LtrA-encoding plasmid by
culture at a nonpermissive temperature resulted in nonproductive

spsB transcripts and complete cessation of growth (Fig. 3A), con-
firming the requirement of SpsB. In the LtrA-containing strain
with the spsB insertion (strain GNE0190), we then generated a
cro/cI(M1V) mutation by selection with compound 103. After loss
of the LtrA-encoding plasmid at the nonpermissive temperature,
which was confirmed by culture on antibiotic-selective medium
and by plasmid-specific PCR, this USA300 spsB cro/cI double mu-
tant (GNE0191) showed normal growth compared to that of the
WT strain (Fig. 3A). We confirmed both the absence of SpsB pro-
tein in this strain (by Western blotting) (Fig. 3B) and overexpres-
sion of the ABC transporter (by qRT-PCR) (SAUSA300_0352
transcript expression was 162- � 13-fold higher than in the WT
USA300 strain). These data demonstrate that S. aureus is able to
survive without SpsB in vitro when the ABC transporter is over-
expressed. This is consistent with data from another study de-
scribing a strain of S. aureus N315 that carries a deletion of spsB
and a point mutation in a gene homologous to cro/cI (19).

We next determined the secretion profile of the USA300 spsB
cro/cI double mutant by mass spectrometry. This identified 25
proteins that were released into the culture supernatant without
signal peptide cleavage. For 12 of these secreted proteins, an alter-
native, SpsB-independent cleavage site was identified (see Ta-
ble S4 in the supplemental material), for which we generated a
consensus cleavage motif (see Fig. S4A). Thus, the ABC trans-
porter compensates at least in part for the absence of SpsB by
promoting the secretion of a subset of proteins, presumably
through an alternative cleavage mechanism.

We then performed a quantitative assessment of the secretion
of individual functional proteins in the absence of SpsB. First, the
levels of surface expression of several sortase A-anchored proteins,
i.e., FnbpA, ClfA, IsdA, and protein A, in the USA300 spsB cro/cI
double mutant were significantly reduced, as shown by flow cy-
tometry (Fig. 4A). Second, the USA300 spsB cro/cI double mutant
demonstrated a severe defect in the release of active proteases
(Fig. 4B). All four sortase A-anchored proteins tested contribute
to the virulence of S. aureus through adherence, iron uptake, and
evasion of immune responses, while the secreted proteases facili-
tate tissue penetration and impair immune responses (20–22).
Since the expression of both groups of proteins was quantitatively
diminished, we assessed the virulence of this strain in a mouse
model of systemic infection. The USA300 spsB cro/cI double mu-
tant was completely unable to establish infection (Fig. 4C). Thus,
in the absence of SpsB, the overexpression of the ABC transporter
restores the secretion of a subset of proteins, likely through an
alternative cleavage mechanism. While this allows growth in vitro,
it does not overcome the requirement of SpsB during infection.

Concluding remarks. The present study demonstrates that re-
sistance of the clinical S. aureus strain USA300 to compound 103,
a potent inhibitor of the type I signal peptidase SpsB, is caused by
robust overexpression of a putative ABC transporter, occurring as
a result of mutations in cro/cI. We showed that the cro/cI gene
product functions as a novel transcriptional regulator in S. aureus,
by repressing the three genes of the putative ABC transporter that
are carried in the same operon as cro/cI. Overexpression of this
ABC transporter is both necessary and sufficient to induce resis-
tance to compound 103. A K44A substitution in the predicted
ATPase gene of the transporter prevents the development of resis-
tance, indicating that the resistance mechanism involves active
transport.

The precise molecular mechanism by which the ABC trans-

FIG 3 Viability of S. aureus USA300 lacking SpsB is restored by cro/cI muta-
tion in vitro. (A) cro/cI mutation restores in vitro growth of a mutant lacking
SpsB. At nonpermissive temperature (42°C), plasmid pNL9164-ltrA is cured
from strain USA300 �mcr spsB::Tgn(pNL9164-ltrA) (strain GNE0190) and the
TargeTron insertion in spsB prevents spsB expression, resulting in complete
cessation of growth and confirming the essentiality of spsB. Remarkably, the
growth of this strain is restored by a mutation in cro/cI [USA300 �mcr spsB::
Tgn cro/cI(M1V) (strain GNE0191)]. At permissive temperature (30°C), plas-
mid pNL9164-ltrA mediates splicing of the TargeTron insertion that removes
it from the spsB transcript, allowing SpsB expression and growth of USA300
�mcr spsB::Tgn pNL9164-ltrA (strain GNE0190). Circles, USA300 �mcr (WT;
strain GNE0023); triangles, USA300 �mcr spsB::Tgn pNL9164-ltrA (strain
GNE0190); squares, USA300 �mcr spsB::Tgn cro/cI(M1V) (after curing plas-
mid pNL9164-ltrA) (strain GNE0191); diamonds, USA300 �mcr cro/cI(M1V)
(strain GNE0117). (B) Western blotting using a polyclonal rabbit anti-SpsB
antibody showed a complete lack of SpsB protein in 3 independent whole-cell
lysates from USA300 �mcr spsB::Tgn cro/cI(M1V) (strain GNE0191) (lanes 4
to 6), compared to normal SpsB expression in USA300 �mcr (WT, strain
GNE0023) (lanes 1 to 3). Rabbit IgG anti-GroEL served as the loading control.
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porter mediates resistance to SpsB inhibitor compound 103 re-
mains to be determined. The striking observation that, in bacteria
lacking SpsB, overexpression of the ABC transporter restores in
vitro viability and promotes alternative cleavage of secreted pro-
teins suggests that an extracellular protease is linked to transporter
activity and resistance. Since the alternative cleavage sites were
located N terminal to the SpsB cleavage site, this putative protease
may be embedded in the membrane.

Although overexpression of the ABC transporter restored in
vitro viability of SpsB-deficient S. aureus bacteria, it did not rescue
the secretion of virulence-associated proteins and in vivo virulence
in a mouse infection model. This in vivo requirement of SpsB may
explain its strong conservation as the sole signal peptidase through
the evolution of staphylococci as human pathogens.

MATERIALS AND METHODS
Bacterial strains and media. Wild-type clinical S. aureus strains were ob-
tained from the Network on Antibiotic Resistance in Staphylococcus au-
reus (NARSA/BEI) program. MRSA strain USA300 refers throughout this
paper to strain NRS384 from NARSA/BEI. A global panel of 102 clinical
S. aureus isolates was selected from the collection of International Health
Management Associates, Inc. (IHMA; Schaumburg, IL), based on diver-
sity of geographic locations, antibiotic resistance profiles, and sites of in-
fection. Bacteria were cultured on cation-adjusted Mueller-Hinton agar

(MHA) plates or in cation-adjusted Mueller-Hinton broth (MHB). Bac-
terial strains used in this study are listed in Table S5 in the supplemental
material.

MICs and frequency of resistance. MICs were determined according
to the standard protocol from the Clinical and Laboratory Standards In-
stitute (23). Briefly, S. aureus bacteria were harvested from regular MHA
plates that had been cultured for ~20 h at 37°C. Serial dilutions of com-
pound 103 were incubated with bacteria at approximately 106 CFU
(CFU)/ml in MHB in round-bottom 96 well plates (Corning, Corning,
NY) for 22 h at 37°C. MICs were determined by the lowest concentration
of compound 103 showing absence of growth by visual inspection.

To determine the frequency of spontaneous resistance, suspensions
containing approximately 5 � 109 CFU of S. aureus were cultured on
MHA plates containing compound 103 at fourfold the MIC; serial dilu-
tions were cultured in parallel on regular MHA to determine the actual
number of CFU (input). The frequency of spontaneous resistance was
defined as the number of viable colonies able to grow in the presence of
compound 103 after culture at 37°C for 2 days (output) divided by input.

Mutations and genetic engineering of S. aureus. Compound 103-
resistant mutants derived from S. aureus USA300 were selected after cul-
ture on MHA containing 4 �g/ml of compound 103 for 2 days. Single
colonies were restreaked onto MHA with 4 �g/ml of compound 103 to
confirm resistance and establish clonality.

For transformations, we used the methylation-deficient �mcr strain of
USA300 (strain GNE0023), which exhibits improved transformability
while retaining unaltered in vivo virulence (24). To generate mutations in
SAUSA300_0351, _0352, and _0353 genes by homologous recombination,
we transformed USA300 �mcr using targeting constructs created in the
vector pIMAY (24). To generate mutations in SAUSA300_0351, _0352,
and _0353 genes in a cro/cI mutant background, we selected colonies from
USA300 �mcr cultured on plates containing fourfold the MIC of com-
pound 103. Sequencing of PCR products of the cro/cI gene from resistant
colonies yielded a clone with a Q16stop codon mutation in cro/cI (strain
GNE0173). We further mutated SAUSA300_0351, _0352, and _0353 in
this USA300 �mcr cro/cI (Q16stop) clone to study the contributions of
these three genes to cro/cI-mediated resistance.

A conditional SpsB-deficient strain was generated by inserting a Tar-
geTron (Tgn; a Lactococcus lactis LI.LtrB group II intron) into the spsB
gene and coexpressing a temperature-sensitive plasmid, pNL9164-ltrA,
that encodes LtrA (Sigma, St. Louis, MO) (25) in USA300 �mcr (clone
GNE0190). In the presence of LtrA, the LtrB group II intron is spliced out
of spsB mRNA, enabling the synthesis of functional SpsB protein. In this
clone, we generated a mutation in cro/cI (i.e., M1V) by selection on agar
containing compound 103 at a concentration of fourfold the MIC. Plas-
mid pNL9164-ltrA was cured out by culture at nonpermissive tempera-
ture (42°C), which was confirmed by absence of growth on antibiotic-
selective medium and by plasmid-specific PCR, and which generated
USA300 �mcr spsB::Tgn cro/cI(M1V) (clone GNE0191).

A strain of USA300 �mcr overexpressing SpsB (USA300 SpsB-high;
GNE0028) was engineered by cloning SpsB under the constitutive sarA
promoter into vector pMK4, resulting in SpsB expression that was ~20-
fold higher than the wild-type level as determined by Western blotting. A
USA300 �mcr strain that underexpresses SpsB (USA300 SpsB-low;
GNE0028) was generated by genomic incorporation of spsB under the
isopropyl-�-D-thiogalactopyranoside (IPTG)-sensitive promoter spac;
without IPTG, this strain expresses SpsB at ~5% of the wild-type level as
determined by Western blotting.

RNA isolation and transcript analysis by qRT-PCR. To isolate S. au-
reus RNA, ~108 CFU from a 22-h culture in MHB were treated with
RNAprotect bacterial reagent (Qiagen, Valencia, CA) for 10 min at room
temperature and lysed for 30 min at 37°C in 30 mM Tris (pH 8.0) con-
taining 1 mM EDTA, 1 mg/ml of lysostaphin (Sigma), and protease K
(Qiagen), followed by mechanical disruption using a bead beater (Bio-
Spec Products, Bartlesville, OK). RNA was purified using an RNeasy RNA

FIG 4 spsB cro/cI double mutant exhibits reduced expression of virulence
factors and impaired infectivity. (A) Reduced surface expression of cell wall
proteins on spsB cro/cI double mutant. Whole S. aureus USA300 WT (black
lines, with mean fluorescence intensity [MFI] in black numbers; strain
GNE0023) or USA300 �mcr spsB::Tgn cro/cI(M1V) double mutant (red dotted
lines, with MFI in red numbers; strain GNE0191) bacteria were incubated with
MAbs against surface antigens, or WT was incubated with medium alone (gray
shading and lines), followed by flow cytometry analysis. The data show signif-
icant reductions in surface expression of clumping factor A (ClfA),
fibronectin-binding protein A (FnbpA), iron-regulated surface determinant A
(IsdA), and protein A, but not of the nonproteinaceous antigen wall teichoic
acid (WTA). APC-A, allophycocyanin channel; FITC-A, fluorescein isothio-
cyanate channel. (B) Defective release of active proteases in culture superna-
tant of USA300 spsB::Tgn cro/cI double mutant. Filled black, WT USA300
�mcr (strain GNE0023); hatched blue, USA300 �mcr cro/cI(M1V) (strain
GNE0117); vertically striped red, USA300 spsB::Tgn cro/cI(M1V) (strain
GNE0191). (C) spsB::Tgn cro/cI double mutant is unable to establish infection.
Mice were injected intravenously with S. aureus USA300 �mcr (WT; strain
GNE0023) or USA300 �mcr spsB::Tgn cro/cI(M1V) (strain GNE0191) double
mutant, and numbers of CFU per kidney were determined at day 3 after infec-
tion. Dashed line, detection limit.
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purification kit (Qiagen); RNA concentrations were determined using a
NanoDrop 8000 instrument (Thermo Scientific, Waltham, MA).

Transcript levels were analyzed by qRT-PCR as described previously
(26). Briefly, purified RNA was treated with DNase (DNA-free kit; Am-
bion) and reverse transcribed using gene-specific reverse primers and the
Superscript III reverse transcription kit (Invitrogen, Carlsbad, CA), fol-
lowed by PCRs with gene-specific primers, 6-carboxyfluorescein (FAM)-
labeled probes (see Table S6 in the supplemental material), and TaqMan
universal PCR master mix (Applied Biosystems). PCRs were recorded
using the 7500 real-time PCR system (Applied Biosystems). Delta cycle
threshold (�CT) values were determined by subtracting the CT values of
the rRNA gene of S. aureus (rrsA), used for normalization, from the CT

value of each test gene. Data were expressed as the fold change (FC) of
transcript expression in mutants relative to the expression of the tran-
script in wild-type bacteria and were calculated using the following for-
mula: FC � 2^[�CT (wild-type) � �CT (mutant)].

Quantitative analysis of cell wall protein expression and secretion of
active proteases. Human IgG1 monoclonal antibodies (MAbs) against
S. aureus fibronectin-binding protein A (FnbpA; clone 6931), clumping
factor A (ClfA; clone 4675), iron-regulated surface determinant A (IsdA;
clone 4402), and wall teichoic acid (WTA; clone 7574) were cloned from
peripheral B cells of patients after S. aureus infection using the Symplex
technology (27–29). Murine IgG2a against protein A (MAb 8F9) was gen-
erated by immunizing BALB/c mice with USA300 bacteria. To quantify
surface protein expression, approximately 107 bacteria were incubated
with 200 �g/ml of rabbit IgG (Sigma, St. Louis, MO), 2 �g/ml of MAbs
against surface antigens, and fluorochrome-labeled anti-human or
anti-mouse IgG F(ab=)2 (Jackson ImmunoResearch, West Grove, PA).
Fluorescence was analyzed using a fluorescence-activated cell sorter
(FACSAria; Becton, Dickinson) and FlowJo software (version 8.4.5), and
the fluorescence intensity served as a measure for surface expression of cell
wall proteins.

To quantify the secretion of active proteases, culture supernatants
from bacteria cultured in MHB at 37°C for 6 h were centrifuged at 2,000 �
g for 10 min and passaged through a 0.2-�m filter. The amounts of active
proteases released into the culture supernatants were quantified using the
EnzCheck assay kit (Invitrogen), which detects the activity of multiple
classes of proteases based on fluorescent casein cleavage.

Mouse infection. For systemic infection, 7-week-old female A/J mice
(Jackson, Bar Harbor, ME) were injected intravenously through the tail
vein with 100 �l phosphate-buffered saline (PBS) containing approxi-
mately 2 � 106 CFU of log-phase S. aureus. At 2, 4, or 7 days after infec-
tion, kidneys were harvested and homogenized using a gentleMACS dis-
sociator (Miltenyi Biotec, Inc., San Diego, CA), and serial dilutions were
plated on agar to determine the number of CFU per organ. Mouse exper-
iments were approved by the Institutional Animal Care and Use Commit-
tee and conducted in an AAALACi-accredited facility.
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