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Recent studies have shown that expression of the Staphylococcus aureus IrgAB operon inhibits murein
hydrolase activity and decreases sensitivity to penicillin-induced killing. It was proposed that the Irg4B gene
products function in a manner analogous to an antiholin, inhibiting a putative holin from transporting murein
hydrolases out of the cell. In the present study the cid4B operon was identified and characterized based on the
similarity of the cid4 and cidB gene products to the products of the Irg4B operon. Zymographic and quanti-
tative analyses of murein hydrolase activity revealed that mutation of the cid4 gene results in decreased
extracellular murein hydrolase activity compared to that of S. aureus RN6390, the parental strain. Comple-
mentation of cid4 expression restored the wild-type phenotype, indicating that expression of the cid4B operon
has a positive influence on extracellular murein hydrolase activity. The cid4 mutant also displayed a significant
decrease in sensitivity to the killing effects of penicillin. However, complementation of the cidA defect did not
restore penicillin sensitivity to wild-type levels. Reverse transcriptase PCR also revealed that cid4B is maxi-
mally expressed during early exponential growth, opposite of what was previously observed for IrgAB expres-
sion. Based on these results, we propose that the cid4B operon encodes the holin-like counterpart of the lrg4AB
operon and acts in a manner opposite from that of Irg4B by increasing extracellular murein hydrolase activity
and increasing sensitivity to penicillin-induced Kkilling.

Bacterial murein hydrolases, or autolysins, comprise a broad
and diverse family of enzymes that specifically cleave structural
components of the bacterial cell wall. These enzymes have
been shown previously to participate in a number of important
biological functions during cell growth and division, including
daughter cell separation, cell wall growth, and peptidoglycan
recycling and turnover (14, 15, 17, 23, 38, 42, 55). Murein
hydrolases also appear to play an important role in several
bacterial developmental processes, such as spore formation,
swarming motility, and competence (10, 24, 29, 40). Because of
their potentially lethal capacity to hydrolyze the cell wall, it is
critical that tight control be exercised over the expression and
activity of murein hydrolases. For example, compartment-spe-
cific and temporal expression of the complement of murein
hydrolases involved during Bacillus subtilis sporulation is de-
pendent on several sporulation-specific sigma factors (11, 30,
32, 51), as well as the late-growth regulator Sin (30, 47). At the
posttranscriptional level, murein hydrolase activity has been
shown elsewhere to be modulated by several mechanisms, such
as substrate modification, selective transport, interactions with
lipoteichoic acids and cationic peptides, and cleavage by pro-
teolytic enzymes (7, 13, 17, 23, 34, 36, 49, 54). Recent evidence
has suggested that the proton motive force (PMF) and its effect
on the cell wall pH also regulate murein hydrolase activity in B.
subtilis (4, 5).

In the case of Staphylococcus aureus, Mani et al. (31) have
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provided initial evidence for a murein hydrolase regulatory
locus. Two Tn9!7-lacZ mutants were identified that displayed
negligible rates of autolysis and exhibited normal cell division
(31). Furthermore, our group had previously identified a sec-
ond regulatory locus, designated lytSR, whose mutation re-
sulted in a significantly increased rate of autolysis (2). The
lytSR gene products are members of the bacterial two-compo-
nent regulatory family of proteins and positively regulate ex-
pression of the lrg4B operon that is located immediately down-
stream of /ytSR (3). Recent studies in our laboratory have
demonstrated that lrg4B expression inhibits extracellular murein
hydrolase activity and promotes penicillin tolerance (19). In-
terestingly, the Irg4 gene product shares many structural sim-
ilarities to the bacteriophage holin family of proteins (19).
These small membrane proteins control the timing of bacteri-
ophage-induced lysis by regulating access of the bacterioph-
age-encoded murein hydrolase, or endolysin, to the cell wall
peptidoglycan (53). The activity of a holin is usually inhibited
by the presence of a homologous protein, called the antiholin
(53). Since the IrgAB locus inhibits murein hydrolase activity, it
was hypothesized that LrgA functions in a manner analogous
to an antiholin that, accordingly, functions by inhibiting an
unidentified holin (19).

In the present study, we have identified an operon homolo-
gous to IrgAB, designated cidAB, within the S. aureus genome.
Like LrgA, the cidA gene product shared many holin-like char-
acteristics. Analysis of a cid4 mutant indicated that this gene
enhances extracellular murein hydrolase activity and promotes
sensitivity to penicillin. Therefore, we propose that the pro-
teins encoded by the cidAB locus may indeed function in a
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or Descripti Reference
plasmid escription or source
Strains
S. aureus
RN4220 Highly transformable strain; 28
restriction deficient
RN6390 Parental laboratory strain 37
KB350 RN6390 cidA::Erm; Em" This study
E. coli DH5a.  Host strain for construction of 22
recombinant plasmids
Plasmids
pDG647 Source of Em" cassette; Em" Ap” 21
pCL52.2 Temperature-sensitive shuttle 45
vector; Tc' Sp*
pRNS5548 Gram-positive bacterial expression 35
vector; Cm"
pRN-cidA CidA OREF cloned into EcoRI and ~ This study

BamHI sites of pRN5548; Cm"

holin-like manner that is inhibited by the products of the lrg4B
operon.

MATERIALS AND METHODS

Strains and growth conditions. The bacterial strains used in this study are
listed in Table 1. S. aureus was grown in tryptic soy broth (TSB; Difco Labora-
tories, Detroit, Mich.) or filter-sterilized NZY broth (3% [wt/vol] N-Z Amine A
[Sigma Chemical Co., St. Louis, Mo.], 1% [wt/vol] yeast extract [Fisher Scientific,
Fair Lawn, N.J.] adjusted to pH 7.5), supplemented as necessary with 1.5%
(wt/vol) granulated agar (Difco). Escherichia coli DHS5«a was grown in Luria-
Bertani medium (Fisher Scientific). All cultures were grown with shaking (250
rpm) at 37°C in volumes that did not exceed 20% of the flask volume. Antibiotics
were purchased from either Sigma Chemical Co. or Fisher Scientific and were
used at the indicated concentrations: erythromycin (ERY; 2 pg - ml™!), tetra-
cycline (5 pg - ml™"), ampicillin (100 pg - ml™'), and spectinomycin (50 pg -
ml™").

DNA manipulations. Chromosomal DNA was isolated from S. aureus by the
method of Dyer and Iandolo (9). Plasmid DNA was purified by using either the
QIAprep Spin miniprep kit from Qiagen, Inc. (Chatsworth, Calif.), or the Wiz-
ardPlus SV DNA purification kit from Promega, Inc. (Madison, Wis.). Enzymes
used in the manipulation of DNA in this study were purchased from either New
England BioLabs (Beverly, Mass.) or Invitrogen Life Technologies (Carlsbad,
Calif.). Preparation and transformation of E. coli were accomplished by the
procedure described by Inoue et al. (25). Electroporation and ¢11-mediated
transduction were carried out by previously described methods (27, 48).

RT-PCR analysis of RNA. Temporal expression of the cid4AB operon was
examined by reverse transcriptase PCR (RT-PCR) analysis. An overnight culture
of RN6390 was used to inoculate 400 ml of NZY in a 2-liter flask to an optical
density at 600 nm (ODy) of 0.1 and was grown for 12 h at 37°C with shaking at
250 rpm. Growth was monitored by measuring the ODg, at regular intervals,
and corresponding samples of RNA were isolated as previously described (6, 41).
Contaminating DNA was removed from each sample by DNase treatment with
the DNA-Free kit (Ambion, Inc., Austin, Tex.) according to the manufacturer’s
protocols. The primers, cidB-R (5'-CCCCTCGAGATAGAATAATAAAATTA
GAACAGG-3") and gyrA-R (5'-TAACTGGCGTACGTTTACCATAACC-3"),
were used to generate cDNA templates by standard protocols (43). Briefly, RT
reactions were carried out in 10-pl volumes, containing 1.0 pg of total RNA
template (denatured at 65°C for 5 min), 1 wM reverse primer, 1 mM de-
oxynucleoside triphosphates (ANTPs), 10 U of Moloney murine leukemia virus
RT (Ambion, Inc.), and 1 pl of the 10X buffer supplied with the RT enzyme. The
RT reaction mixtures were incubated at 42°C for 60 min, followed by inactivation
at 70°C for 5 min. Each reaction mixture was subsequently treated with 1 U of
RNase H (Ambion, Inc.) at 37°C for 20 min. As a control for genomic DNA
contamination, duplicate reactions were performed as described above for each
RNA sample, except that no RT enzyme was included in the reaction mixture.
The cidAB and gyrA transcripts were then detected by PCR with the primer pairs
cidA-F (5'-CCCCATATGCACAAAGTCCAATTA-3")-cidB-R and gyrA-F (5'-
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CGTGAAGGTGACGAAGTTGTAGG-3")-gyrA-R, respectively. The cidA-F-
cidB-R primer pair generates a 1.1-kb amplicon corresponding to nucleotides
(nt) 2626687 to 2625613 of the S. aureus 8325 genome (http://www.genome.o-
u.edu/staph.html), while the gyrA-F-gyrA-R primer pair amplifies a 100-bp
product corresponding to nt 4236 to 4339 of the S. aureus gyr locus (GenBank
accession no. D10489). PCR amplification was carried out in 25-pl reaction
mixtures containing 2 mM MgCl,, 1.25 U of Tag DNA polymerase (Invitrogen
Life Technologies), 2.5 pl of 10X PCR buffer, 0.2 mM dNTP mix, 0.2 pM (each)
forward and reverse primers, and 1.5 pl of RT template. Following an initial
denaturation at 94°C for 5 min, the cycling conditions (carried out for 25 cycles)
included 94°C denaturation for 30 s, 52°C annealing for 30 s, and 72°C extension
for 1 min.

Primer extension reactions. A primer extension analysis of the cidAB pro-
moter region was carried out with the reverse primer cidA-3 (5'-GCCGGCTA
AGGGAAGATG-3'"), which was complementary to the 5’ end of the cid4 gene
(nt 2626577 to 2626594 of the S. aureus 8325 genome). One hundred nanograms
of the primer was end labeled with 200 wCi of [y-*PJATP (6,000 Ci - mmol 1)
and T4 polynucleotide kinase (Invitrogen Life Technologies). One hundred
micrograms of total RNA, isolated from an S. aureus culture grown as described
above in TSB plus 0.5% (wt/vol) glucose, was mixed with 10° cpm (approximately
0.5 nCi) of labeled primer, ethanol precipitated, dissolved in 25 wl of hybridiza-
tion buffer (40 mM Tris-HCI [pH 8.3], 25 mM NaCl, 40 U of RNase inhibitor
[MBI Fermentas, Hanover, Md.]), denatured at 70°C for 5 min, and then allowed
to anneal at 42°C for 60 min. The primer extension reaction was performed by
adding 21 pl of 2X extension buffer (100 mM Tris-HCI [pH 8.3], 100 mM KCl,
2 mM [each] ANTP, 8 mM dithiothreitol, 16 mM MgCl,, 50 mM NaCl, 160 mg
of acetylated bovine serum albumin - ml~', 200 p.g of actinomycin D-mannitol -
ml~") containing 12 U of Omniscript RT enzyme (Qiagen, Inc.) and 40 U of
RNase inhibitor (MBI Fermentas), and the reaction mixture was incubated at
42°C for 60 min. After the reaction was stopped by adding 1.0 ul of 0.5 M EDTA
(pH 8.0), 1 ul of 10-mg - ml~! RNase A was added and the reaction mixture was
incubated at 37°C for 30 min. This was followed by addition of 150 wl of TEN
buffer (10 mM Tris-HCl, 1 mM EDTA, 0.1 M NaCl, pH 7.6), followed by
extraction with phenol-chloroform and ethanol precipitation. The precipitated
cDNA extension product was resuspended in 5 wl of Sequenase stop solution
provided with the Sequenase kit (United States Biochemical Corporation, Cleve-
land, Ohio). A DNA sequencing ladder of the cid4B promoter region was also
obtained with the CidA-1 primer with the Sequenase kit, according to the
manufacturer’s recommendations for using an end-labeled primer in the se-
quencing reaction. A plasmid containing 1,010 bp upstream of the ATG trans-
lational start site of cidA was used as template in the sequencing reactions. The
sequencing and primer extension products were heated at 85°C for 5 min prior
to their resolution on an 8% (wt/vol) denaturing polyacrylamide gel. The bands
were visualized by autoradiography.

Allele replacement of the cid4 gene. A cidA mutation was generated in
RN6390 by the following strategy. First, a 486-bp DNA fragment spanning a
region 3’ to cidA (nt 2626532 to 2626066 of the S. aureus 8325 genome) was PCR
amplified with the primers cidA-Cla (5'-CGCGATCGATTGTACCGCTAACT
TGGGTAG-3") and cidA-Pst (5'-CCGGCTGCAGTGGGTACGCTAAACAT
ACGACCG-3'") and ligated into the Clal and PsI sites of the plasmid pDG647
(21) downstream of an Em cassette. This recombinant plasmid was designated
pBF648. Next, a 471-bp DNA fragment spanning a region 5’ to cidA (nt 2627146
t0 2626675 of the strain 8325 genome) was PCR amplified with primers cidA-Eco
(5'-GGCTTTGTTCCGAATTCTGTAGCGCA-3') and cidA-Bam (5'-GGACT
TTGTGCATGGCGGGATCCCTTTCTAA-3") and ligated into the EcoRI and
BamHI sites of pBF648, upstream of the Em cassette. This plasmid, designated
pBF649, was subsequently digested with EcoRI and HindIII to liberate the Em
cassette along with the flanking cid4 sequences. The resulting 2.56-kb fragment
was ligated into the EcoRI and HindIII sites of pCL52.2 (45) to generate
pBF650. This plasmid was then transformed into S. aureus strain RN4220 by
electroporation, spread onto tryptic soy agar (TSA) plates containing ERY, and
incubated at 37°C overnight. The plasmid was then transferred into RN6390 by
bacteriophage-mediated transduction, followed by growth at the nonpermissive
temperature (44°C) in the presence of ERY to select for cells in which the
plasmid had integrated into the chromosome via homologous recombination. To
promote a second recombination event, a single colony was inoculated into
antibiotic-free TSB medium and grown at 30°C for 5 days, with 1:1,000 dilutions
into fresh antibiotic-free medium each day. After the fifth day, dilutions of the
culture were spread on TSA medium to yield isolated colonies, which were
subsequently screened for Em" and Tc®. Verification that 142 bp (nt 2626675 to
2626533 of the 8325 genome) had been deleted from the 5’ end of the cid4 gene
was carried out by PCR amplification and Southern blot analyses. The confirmed
mutant strain was designated KB350 (Table 1).
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Complementation of the cid4 mutation in KB350 was achieved by PCR am-
plifying the cidA open reading frame (ORF) (nt 2626708 to 2626271 of the strain
8325 genome) with primers cidA-1 (5'-CGCGGATCCTATTTAGAAAGGGA
TGGCGCCATG-3') and cidA-2 (5'-CCGGAATTCATTAATAAGGCTTGCA
CGTAATCA-3'"). The resulting fragment was then cloned into the BarmHI and
EcoRI sites of the gram-positive bacterial expression vector pRN5548 (35). The
ability of cidAB to complement KB350 was also determined by an identical
strategy, with PCR primers cidA-1 and cidB-Eco (5'-TCCCTTTCTGTCTAGA
ATTCTAAATATCTAAA-3") to amplify the cidAB ORF (nt 2626708 to
2625578 of the strain 8325 genome). Overexpression of cidA and cidAB from
these plasmid constructs was confirmed by Northern blot analysis of strains
harboring pRN-cidA and pRN-cidAB (data not shown).

Penicillin sensitivity assays. Penicillin-induced killing of S. aureus strains was
assessed by dilution plating as described previously (19), with the following
modifications: overnight cultures of RN6390 and KB350 were diluted 1:100,000
in TSB and grown to early exponential phase (2.5 h) prior to the addition of 20X
MIC of penicillin (0.04 pg/ml). In addition, flow cytometry analysis of penicillin-
treated cultures was performed. In this assay, overnight cultures of RN6390 and
KB350 were diluted 1:100 in 10 ml of TSB and grown to early exponential phase,
and 20X MIC of penicillin (0.04 pg/ml) was added. After 2 h, cells from each
culture were collected by centrifugation, washed once with sterile double-dis-
tilled H,O, and resuspended in 2 ml of sterile double-distilled H,O. Cell viability
was assessed by using the Live/Dead BacLight bacterial viability kit for micros-
copy and quantitative assays (Molecular Probes, Inc., Eugene, Oreg.) according
to the manufacturer’s protocols. Briefly, SYTO9 (green fluorescent stain) and
propidium iodide (red fluorescent stain) were mixed at a 1:1 ratio, and 6-pl
aliquots were added to each sample of cells. The samples were then incubated at
room temperature in the dark for 15 min and analyzed on a Becton Dickinson
FACScalibur flow cytometer equipped with a 15 mW air-cooled 488-nm argon-
ion laser. Green fluorescence, indicating the population of live, or undamaged,
cells, was detected by parameter FL1, which measures emitted light with wave-
lengths between 515 and 545 nm. Red fluorescence, indicating the population of
dead, or damaged, cells, was detected by parameter FL3, which measures emit-
ted light greater than 650 nm. Both detectors were set on logarithmic amplifi-
cation. The sample flow rate was set at 35 wl/min, and the sheath pressure was
4.5 1b/in?/g. Five thousand events were collected for each sample taken. Data
were collected by using CellQuest software (Becton Dickinson) and were ana-
lyzed by using the WinMidi program, version 2.8.

Murein hydrolase assays. Overnight S. aureus cultures were diluted 1:100 in 10
ml of NZY broth and grown for 15 h at 37°C and 250 rpm. The supernatants were
collected by centrifugation and concentrated three- to fivefold in a Centricon-3
concentrator (Millipore, Bedford, Mass.). Total protein concentrations in each
sample were determined by the Bradford assay (Bio-Rad Laboratories, Hercules,
Calif.). Zymographic analysis was carried out as described previously (19). Quan-
titative cell wall hydrolysis assays were also performed as described previously
(19), except that the turbidity of the samples was monitored by measuring the
absorbance at 580 nm (4sg,) with a spectrophotometer.

RESULTS

Identification of Irg4B homologs. A BLAST search of the S.
aureus 8325 (parent strain of RN6390) genome sequence da-
tabase (http://www.genome.ou.edu/staph.html) revealed the
presence of two ORFs, designated cid4 and cidB (Fig. 1A),
that exhibit significant similarity to the previously character-
ized IrgA and IrgB genes, respectively (19). The 393-nt cidA
ORF overlaps by 8 nt with the 687-nt cidB ORF, suggesting
that these two genes are translationally coupled. Consistent
with this is the absence of a recognizable Shine-Dalgarno se-
quence in front of cidB. The transcription start site was
mapped to a guanine residue 36 bp upstream of the cid4 ATG
start codon by primer extension analysis (Fig. 1B) and was
preceded by a canonical —10 element (TATAAT) and near-
canonical —35 element (four of six matches with the consensus
sequence). In contrast to the lrg4B operon, which lies imme-
diately downstream from the ytSR two-component regulatory
system (3), the cidA and cidB genes lie downstream from an
uncharacterized ORF that encodes a potential member of the
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FIG. 1. Diagram of the cidAB locus (A) and primer extension anal-
ysis of the cidAB transcript (B). (A) The cidA and cidB ORFs corre-
spond to nt 2626701 to 2625610 of the S. aureus 8325 genome. The —10
and —35 promoter elements, putative ribosomal binding site (rbs), and
ATG start codon are underlined, and the +1 start site of transcription
is indicated by an asterisk on the expanded cidAB sequence (nt
2626765 to 2626675 of the strain 8325 genome). (B) Primer extension
of total cellular RNA (100 pg) (lane 1) from RN6390 yielded a 149-bp
c¢DNA product, mapping the +1 site of cidAB transcription to a gua-
nine residue located 36 bp upstream of the cid4 ATG start codon. The
size of the extension product was determined by comparison with the
DNA sequencing ladder (shown to the left of lane 1) of the cidAB
promoter region. Primer extension and sequencing reactions were
performed with the same primer (see Materials and Methods).

LysR family of transcriptional regulators (46). Analysis of the
sequence downstream of cid4B revealed the presence of a
gene encoding a putative pyruvate oxidase.

The predicted amino acid sequence of the cidA gene product
(CidA) contains 131 amino acids, and the product has a de-
duced molecular mass of 14.7 kDa and a pI of 8.7. The cidB
gene potentially encodes a 229-amino-acid protein (CidB) with
a predicted molecular mass of 25.0 kDa and a pI of 9.1. The
CidA and CidB proteins also contain four and six predicted
membrane-spanning domains, respectively (8). CidA shares
23% amino acid sequence identity with LrgA, whereas CidB
shares 31% amino acid sequence identity with LrgB. A BLAST
search of other microbial genomes revealed the presence of
cidAB and IrgAB homologs in many other gram-positive and
gram-negative bacteria, including Staphylococcus epidermidis,
B. subtilis, Bacillus cereus, Bacillus anthracis, Streptococcus mu-
tans, E. coli, Yersinia enterocolitica, and Salmonella enterica
serovar Typhimurium. Furthermore, cid4AB and/or lrgAB ho-
mologs were identified in the genomes of archaeal species such
as Methanosarcina mazei, Methanosarcina acetivorans, Pyrococ-
cus abyssi, and Pyrococcus horikoshii. The apparently ubiqui-
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FIG. 2. Structural similarities among LrgA, CidA, and the prototypical bacteriophage lambda S holin. The symbols used are as previously
defined by Young and Blasi (57) as follows: the predicted charge pattern is shown above the amino acid sequence with K and R residues shown
as positively charged and E and D residues shown as negatively charged. Potential membrane-spanning domains (8) are underlined, and the highly

charged carboxyl termini are underscored with asterisks.

tous nature of these genes suggests that they may be important
in bacterial physiology. Like the LrgA protein, CidA also con-
tains several structural features that are characteristic of the
bacteriophage holin family of proteins (Fig. 2). These include
a relatively small size, two or more putative membrane-span-
ning domains, a polar N-terminal sequence, and a charge-rich
C-terminal domain (53, 57). Despite having these structural
features in common with holins, CidA is likely not a remnant
of a bacteriophage genome, since no other bacteriophage
genes are located in this region of the chromosome.

Effect of the cid4 mutation on extracellular murein hydro-
lase activity. A cid4 mutant derivative of RN6390 (designated
KB350) was generated by replacing 140 bp from the 5" end of
this gene with an ERY resistance cassette. To determine the
effect, if any, of the cid4 mutation on extracellular murein
hydrolase activity, proteins were isolated from stationary-phase
cultures of RN6390 and KB350 and analyzed by zymography
with Micrococcus luteus cells as a substrate (Fig. 3A). Interest-
ingly, KB350 appeared to produce decreased levels of extra-
cellular murein hydrolases (Fig. 3A, lane 5) compared to
RN6390 (Fig. 3A, lane 2). Complementation of the KB350
mutant by supplying CidA in frans resulted in an increase in the
overall murein hydrolase activity produced (Fig. 3A, lane 7)
compared to that of the KB350 control strains (Fig. 3A, lanes
5 and 6). These levels of murein hydrolase activity appeared to
be greater than those produced by RN6390 (Fig. 3A, lane 2)
and RN6390(pRN5548) (Fig. 3A, lane 3). Furthermore, over-
expression of cid4 in RN6390 (Fig. 3A, lane 4) also appeared
to produce a detectable increase in extracellular murein hy-

drolase activity compared to that of the RN6390 control strains
(Fig. 3A, lanes 2 and 3).

One possibility that could potentially account for the ob-
served changes in murein hydrolase activity is that the overall
pattern of secreted proteins was affected by either the cidA
mutation and/or overexpression of cidA. To address this, a
duplicate polyacrylamide gel containing 15 pg of each protein
extract was stained with Coomassie blue to determine the
secreted protein profile of each sample (Fig. 3B). It is clear
that the wild-type strain RN6390 (Fig. 3B, lanes 2 and 3) and
the cidA mutant KB350 (Fig. 3B, lanes 5 and 6) displayed
nearly identical secreted protein profiles. The secreted protein
profiles of RN6390 and KB350 overexpressing cidA (Fig. 3B,
lanes 4 and 7, respectively) both appeared to contain a slight
overall increase in protein bands relative to those of the other
strains, possibly attributable to cell lysis. However, increased
cell lysis is likely not responsible for the increased murein
hydrolase activity observed in these strains, as this would lead
to a decreased proportion of murein hydrolases present in
these 15-pg samples and a corresponding reduction in activity.
Therefore, the changes in murein hydrolase activity observed
are likely a direct function of the cid4 mutation and not due to
changes in the overall pattern of secreted proteins.

To quantify the observations of the zymographic analysis,
cell wall hydrolysis assays were performed as described previ-
ously (19). As shown in Fig. 4, RN6390(pRN5548) exoproteins
degraded approximately 20% more cell wall substrate after 2 h
of incubation than did exoproteins isolated from KB350
(pRNS5548). In contrast, the presence of pRN-cidA in KB350
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FIG. 3. Zymographic analysis (A) and corresponding secreted pro-
tein profile (B) of RN6390 and KB350, the cid4 mutant. (A) Extra-
cellular proteins were isolated, and 15 pg of each was separated in a
sodium dodecyl sulfate-polyacrylamide gel containing 1.0 mg of M.
Iuteus cells - ml~'. Murein hydrolase activity was detected by incuba-
tion overnight at 37°C in a buffer containing Triton X-100, followed by
staining with methylene blue. Lanes: 1, molecular mass markers; 2,
RN6390; 3, RN6390(pRN5548); 4, RN6390(pRN-cidA); 5, KB350; 6,
KB350(pRN5548); 7, KB350(pRN-cidA). (B) Fifteen micrograms of
protein from each of the sample preparations described above was
separated in a sodium dodecyl sulfate-polyacrylamide gel and stained
with Coomassie blue to detect the total secreted protein profile. The
lanes are identical to those described for panel A. Molecular mass
markers are indicated in kilodaltons.

or RN6390 resulted in approximately fourfold more degrada-
tion of the cell wall substrate after 2 h of incubation compared
to RN6390 containing the control vector. These results, in
conjunction with the zymographic analysis, demonstrate that
cidA expression causes an increase in extracellular murein hy-
drolase activity produced by S. aureus.

Effect of the cid4 mutation on sensitivity to penicillin. Pre-
vious work in our laboratory demonstrated that overexpression
of the /[rgAB operon in exponentially growing cultures of §.
aureus inhibited killing of the bacteria by penicillin, while mu-
tation of the lrg4B operon enhanced killing as the cell ap-
proached stationary phase (19). Likewise, the effect of the
cidAB locus on the bacterium’s response to penicillin was as-
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FIG. 4. Quantitative murein hydrolase assays of the cid4 mutant.
One-hundred-microgram aliquots of the extracellular proteins used in
the experiment the results of which are shown in Fig. 3 were added to
a 1-mg - ml™" suspension of M. luteus cells, and the turbidity was
monitored for 6 h. Strains used in this analysis were RN6390(pRN5548)
(closed circles), RN6390(pRN-cidA) (open circles), KB350(pRN5548)
(closed squares), and KB350(pRN-cidA) (open squares). These data
are from a single representative experiment and were reproduced
several times. OD, optical density.

sessed by comparing the viability of exponential-phase KB350
(the cid4 mutant) and RN6390 cultures after exposure to pen-
icillin G (20X MIC) (Fig. 5). Specifically, the KB350 culture
contained approximately 2 orders of magnitude more viable
cells than did RN6390 at 6 h after the addition of penicillin.
These results were not a reflection of a difference in growth
rate between the two strains, as the doubling time of KB350
was comparable to that of the parental strain (data not shown).
In contrast to the murein hydrolase activity observed, comple-
mentation of KB350 by introducing either pRN-cidA or pRN-
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FIG. 5. Effect of the cid4 mutation on penicillin sensitivity. Peni-
cillin (20X MIC) was added to early-exponential-phase S. aureus
RN6390 (circles) and KB350 (squares). Cultures and viable cell counts
were determined by diluting aliquots of the cultures and plating them
on TSA medium. These data are from a single representative experi-
ment and were reproduced several times.
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FIG. 6. Analysis of RN6390 and KB350 after exposure to penicillin
with the Live/Dead BacLight bacterial viability kit (Molecular Probes,
Inc.). Exponentially growing RN6390 and KB350 cells were treated
with 20X MIC of penicillin (A and C, respectively) or left untreated (B
and D, respectively). Samples of each culture were collected 2 h after
the addition of penicillin and were prepared and analyzed as described
in Materials and Methods. The population of dead or damaged cells in
each panel is represented by a decrease in green fluorescence (FL1).

cidAB did not restore its sensitivity to penicillin-induced killing
to wild-type levels (data not shown).

In a separate experiment, the viability of RN6390 and
KB350 cultures after exposure to penicillin (20X MIC) was
also measured by flow cytometry (fluorescence-activated cell
sorting [FACS]) analysis with the Live/Dead BacLight bacte-
rial viability kit (Molecular Probes, Inc.). In this assay, the dead
or damaged cell population fluoresces red because the dam-
aged cell membranes allow uptake of propidium iodide,
whereas the live or undamaged population fluoresces green.
After a 2-h exposure to penicillin, 48.7% of the RN6390 cell
population remained intact (Fig. 6A) compared with 98% of
the KB350 cell population (Fig. 6C). Furthermore, no appar-
ent differences in viability were observed between RN6390 and
KB350 cultures grown in the absence of penicillin (Fig. 6B and
D).

It is interesting that 48.7% of the penicillin-treated RN6390
cells stained as viable in the FACS analysis (Fig. 6A), whereas
only about 5% of the RN6390 cells remained intact in the
plating assays after 2 h (Fig. 5). One possibility that may ac-
count for this discrepancy is the fact that the Live/Dead stain
used in the FACS analysis theoretically detects all viable cells,
whereas the plating method, by its nature, is capable only of
detecting those cells that are viable and able to form a colony.
In other words, the cells that are still viable but damaged and
unable to form a colony after penicillin treatment would be
missed by the plating method. Therefore, the discrepancy in
viability between these two types of assays may reflect the
differing abilities of these two assays to detect a population of
viable but nonculturable cells. Despite these quantitative dis-
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FIG. 7. RT-PCR analysis of cidAB expression (A) and correspond-
ing growth curve (B). (A) RNA was isolated from S. aureus over 12 h
of growth and subjected to RT-PCR (see Materials and Methods) to
detect transcription of cidAB and gyrA. The corresponding gels are
labeled “cidAB RT+” and “gyrA RT+,” respectively. Control reactions
without RT enzyme were also performed, and the corresponding gels
are labeled “cidAB RT—" and “gyr4 RT—.” The numbered lanes on
the figure represent the time points (in hours) at which RNA samples
were collected. (B) Growth of the RN6390 culture analyzed for panel
A was monitored by measuring its OD, with a spectrophotometer.

crepancies, both of these assays clearly demonstrate that
KB350, the cid4 mutant, has a reduced sensitivity to penicillin
relative to that of RN6390.

Analysis of cidAB expression. Previous studies of [rg4B tran-
scription indicated that this operon is temporally regulated,
with maximal expression occurring in the transition from ex-
ponential to stationary growth phase (19). To address the ex-
tent to which cidAB expression is growth phase dependent, we
used RT-PCR to analyze cidAB expression throughout growth
by collecting RNA samples from an RN6390 culture at various
time points. As shown in Fig. 7A, cidAB transcription appeared
to be most abundant at 2 h of growth, early in exponential
growth (Fig. 7B). These results support the idea that the cid
and Irg gene products function in a diametrically opposing
manner, as lrgAB transcription occurs at low levels in early
exponential growth phase and is maximal as cells enter station-
ary phase (19). In agreement with a previous report (18),
transcription of the gene encoding gyrase A (gyr4) was consti-
tutively expressed at all time points examined. Therefore, the
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pattern of cidAB transcription observed was due to temporal
regulation and not due to differences in the amount of initial
cDNA template in each RT reaction. This experiment indi-
cates that, under these growth conditions, the cid4B genes are
cotranscribed and expressed in early exponential growth phase.

DISCUSSION

Previous investigation by our laboratory has demonstrated
that the S. aureus IrgAB operon inhibited extracellular murein
hydrolase activity and penicillin-induced killing (19). It was
hypothesized that this operon encodes an antiholin-like pro-
tein that inhibits murein hydrolase activity by interacting with
a putative holin, analogous to what is thought to occur during
bacteriophage infection (1, 19). In this study, we identified and
investigated the role of a second S. aureus operon that encodes
the potential holin counterpart of this system. Because of their
involvement in regulating murein hydrolase activity and the
bactericidal response to penicillin, we have designated the two
genes of this operon cidA and cidB. The absence of any rem-
nant bacteriophage sequences surrounding the cid and Irg
operons argues against the possibility that these operons be-
long to a bacteriophage.

In contrast to the Irg operon, expression of the cid operon
was shown to increase extracellular murein hydrolase activity
(Fig. 3 and 4), suggesting that one or both of the cid4B gene
products encode a holin counterpart to lrg4AB. Indeed, the
CidA protein also shares several characteristics in common
with bacteriophage holin proteins (Fig. 2), indicating that it
might possess a holin-like function. It is interesting that, in
previous studies, hyperexpression of the AS holin resulted in a
loss of host cell viability of more than 5 orders of magnitude
within 5 min (50). However, in our study expression of cidA4 or
cidAB from a plasmid did not appear to be detrimental to S.
aureus viability. Although CidA displays several structural ho-
lin-like features, it may be divergent enough that it is not lethal
when overexpressed. Alternatively, the level of overexpression
achieved with these plasmids may not have been sufficient to be
lethal to the cell, or the potential lethal action of CidA may be
dependent on other as-yet-unidentified proteins or regulatory
elements.

Holins and antiholins play a crucial role in the life cycle of
most lytic bacteriophages by providing a timing mechanism for
release of newly formed bacteriophage particles. The proto-
typical holin, \S, allows the bacteriophage-encoded murein
hydrolases to gain access to their substrate, the cell wall pep-
tidoglycan (57). This function is thought to be carried out by
small nonspecific channels, or “holes,” formed by the oli-
gomerization of individual holin subunits in the cytoplasmic
membrane of the host. The murein hydrolases (endolysins) of
many bacteriophages, including AS, lack a signal peptide, and
therefore their transport is Sec independent. Without an active
holin, these murein hydrolases would simply accumulate within
the cytoplasm of the host cell (16). However, the murein hy-
drolases encoded by the atl and lytM genes of S. aureus appear
to possess an N-terminal signal peptide, indicating that their
transport is dependent on the Sec machinery of the cell (12, 36,
39). Therefore, if the cidA and Irg4 genes do encode holin and
antiholin-like proteins, it is unlikely that the sole function of
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these proteins is to mediate murein hydrolase export via hole
formation.

Recently, it has been shown that the Oenococcus oeni bac-
teriophage fOg44 (Lys44) lysin contains an N-terminal signal
peptide and is synthesized as a precursor whose export is de-
pendent on the host cell general secretion pathway (44). Sec-
dependent secretion and subsequent holin-independent lysis
by the coliphage P1 and 21 endolysins have also been reported
elsewhere (M. Xu, I. N. Wang, J. Deaton, and R. F. Young,
Abstr. 102nd Gen. Meet. Am. Soc. Microbiol., abstr. M-35, p.
303, 2002). It should be emphasized that, in both of these latter
cases, the corresponding holin was required for proper timing
of the lytic event (Xu et al., Abstr. 102nd Gen. Meet. Am. Soc.
Microbiol.). Although the exact mechanism by which holins
precisely mediate the timing of host cell lysis during bacterio-
phage infection is unknown, the charged state of the bacterial
membrane appears to play an important role in holin function,
as a variety of energy poisons that collapse the PMF can in-
stantly trigger premature lysis (56). Furthermore, holin accu-
mulation results in collapse of the PMF several seconds prior
to host cell lysis (20). In this respect, it has been demonstrated
elsewhere that activity of murein hydrolases and regulation of
autolysis in B. subtilis are dependent on the energized state of
the membrane and the resulting pH of the local cell wall
environment (4, 5, 26). Collectively, these observations suggest
the intriguing possibility that the Irg4B and cidAB gene prod-
ucts regulate murein hydrolase activity in S. aureus by affecting
the PMF. The effects of /rg4B and cidAB expression on the
membrane potential and PMF are currently under investiga-
tion.

In agreement with previous studies of the /rgAB operon,
mutation of the cid4 gene was also shown to affect penicillin-
induced killing, albeit in an opposing manner from that of
IrgAB. The cidA mutant displayed increased tolerance to the
bactericidal effects of penicillin (Fig. 5), whereas the lrg4AB
mutant had previously exhibited decreased tolerance to similar
concentrations of this antibiotic (19). However, this phenotype
could not be complemented in the cid4 mutant when either
CidA or CidA and CidB was expressed in frans from a plasmid
(data not shown). The ability of these plasmids to complement
murein hydrolase activity and not the level of tolerance to
penicillin-induced killing in the cid4 mutant is unknown.
Northern blot analysis of strains harboring these plasmids has
demonstrated that cid4 and cidAB are highly transcribed rel-
ative to the wild-type strain RN6390 lacking either of these
plasmids (data not shown). Furthermore, the ability of these
plasmids to complement the level of murein hydrolase activity
in KB350 suggests that the gene products are being translated.

One possibility is that the lack of complementation observed
in the penicillin sensitivity assays could have been an artifact
created by supplying multiple plasmid copies of cidA or cidAB,
and this possibility is currently under investigation. However,
these results could also reflect the notion that murein hydro-
lases are not the only factor that determines penicillin-induced
killing. It is possible that the cid4 mutation in KB350 had
originally disrupted other, unknown membrane functions that
are normally required for penicillin-induced killing and that
these functions were not capable of being restored by the
complementing plasmids. The ability of these plasmids to com-
plement the murein hydrolase activity and not the level of
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tolerance to penicillin-induced killing in the cid4 mutant in
fact underscores the previously published observation for
Streptococcus pneumoniae that penicillin-induced killing and
penicillin-induced lysis are two separate and distinguishable
events (33). In this previous work, genetic studies revealed the
participation of two independent factors in the penicillin-in-
duced killing of S. pneumoniae (33). The first, an amidase
encoded by the lyt4 gene, was found to be responsible for a
1-log-unit loss of culture viability after 6 h of exposure of
exponentially growing cultures of S. pneumoniae to penicillin.
An additional 3 to 4 log units of killing was dependent on a
second, yet-to-be-identified factor that was defective in so-
called cid mutants (33). The cid mutation was able to dramat-
ically reduce the amount of penicillin-induced killing in both
wild-type and lytA mutant strains of S. pneumoniae (33), em-
phasizing the murein hydrolase-independent nature of this
phenotype. Although the gene(s) responsible for the cid phe-
notype has never been identified, it was hypothesized that it
encodes a protein analogous to bacteriophage-encoded holins.
Similar S. aureus mutants, which are tolerant to the killing
effects of penicillin, have been previously reported (52) and
also generated by our laboratory (unpublished results).

In the present study, the cidAB operon was shown to en-
hance penicillin-induced killing of S. aureus, as mutation of
cidA resulted in a decreased susceptibility to penicillin-induced
killing. It is envisioned that the effect that cid4B expression has
on penicillin-induced killing could occur via a mechanism di-
rectly involving the cidAB and IrgAB gene products (1), similar
to that previously proposed by Moreillon et al. (33). In the
presence of penicillin, the CidA and/or CidB proteins are en-
visioned to form membrane lesions that cause the membrane
potential to collapse, effectively allowing the cells to “bleed” to
death (1). This lethality would still occur in the presence of an
intact cell wall and, thus, would explain the observations that
penicillin-induced killing precedes lysis and still occurs in the
absence of murein hydrolase activity (33). As a putative anti-
holin, LrgA and/or LrgB would be expected to inhibit the
formation of the CidA/B holin-like complexes within the mem-
brane, reducing penicillin-induced lethality as described previ-
ously (19). A more detailed understanding of how the cid4B
and IrgAB gene products function should provide important
insight into the regulation of murein hydrolase activity and into
the mechanism of penicillin-induced killing.
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