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Abstract. The immunodominant antigen A, IsaA, of Staphylococcus aureus was found to include a
putative soluble lytic transglycosylase domain in its C-terminal region. Since the presence of this
distinctive domain suggested that the protein might participate in peptidoglycan turnover, as indicated in
Gram-negative bacteria, its cellular location was investigated. The protein was found not only in the
culture supernatant but also in the cell wall fraction. To estimate its physiological role for the bacterium,
its cell surface distribution was studied by immunoelectron microscopy. Protein A-gold particles binding
to the immune complex were mainly located on the septal region of the bacterial cell surface. These data
suggested that IsaA might be involved in bacterial cell separation through a preferential interaction with

peptidoglycan chain.

We had previously found a 29 kDa protein in the
culture supernatant of Staphylococcus aureus strain
Cowan I and cloned its corresponding gene (accession
no. AB042839). During our study, this protein was
reported as the immunodominant antigen A, IsaA, by
Lorenz et al. [12], though there was one amino acid
difference at residue 172. They isolated this protein
from methicillin-resistant Staphylococcus aureus, and
showed that its antibody was highly detectable in serum
from patients with staphylococcal infection [12].
However, the function of the protein has not been
established. Recently, it was shown that IsaA might be
regulated by the essential two-component system YycG
and YycF [3]. This system is present in low G+C
Gram-positive bacteria and has been reported to be
essential for cell growth in Bacillus subtilis, Staphylo-
coccus aureus, and Streptococcus pneumoniae [5, 11,
13, 18]. That is, the inactivation of the yycF/yycG
genes is lethal in some bacteria [3, 5, 6, 13]. Moreover,
yycF/yyeG genes are expressed during exponential
growth and shut off as the cells enter stationary phase
[5]. In S. aureus, it has been shown that YycF bound
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specifically to the promoter region of the IsaA gene [3].
These data suggest an important role for IsaA in
staphylococcal growth or survival. Therefore, we at-
tempted to establish the protein’s function for the bac-
terial cells. For this purpose, a search of the conserved
domain database for the deduced amino acid sequence
of IsaA was performed, and its cellular distribution was
also studied.

Materials and Methods

Production of IsaA recombinant protein. Chromosomal DNA
isolated from S. aureus strain Cowan I was used for amplification by
PCR, using primers 5-CGCTGCTGAAGTAAACGTTGATC-3" and
5-ATGAAGGAATTAGAATCCCCAAGC-3'. The PCR product was
cloned into pGEM-T Easy. The isolated plasmid DNA was digested
with Spel and EcoRI, and this fragment was then ligated into pProEX
HTb (Life Technologies) that was digested with the same enzymes.
The resulting construct was transformed into Escherichia coli DH5a
for the production of recombinant protein with an N-terminal histidine
tag. Induction of the recombinant plasmid was performed with 0.6 mm
isopropyl-B-thiogalactopyranoside (IPTG) for 4 h at 37°C. After the
treatment, the bacterial cells were collected by centrifugation and used
for the isolation of inclusion bodies by the BugBuster Protein
Extraction Reagent (Novagen). The isolated inclusion bodies were
treated with the Protein Refolding Kit (Novagen) and the recombinant
protein was purified by affinity chromatography using a Ni-NTA resin
(Qiagen).
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Preparation of IsaA antiserum. The purified recombinant protein
(240 pg) mixed with complete Freund’s adjuvant was subcutaneously
injected into a rabbit. This procedure was repeated four times at 3-
week intervals with incomplete Freund’s adjuvant. The rabbit was
bled 2 weeks after the last injection. Purified IgG from the serum and
a preimmune serum was obtained using the MabTrap Kit (Amersham
Bioscience).

Isolation of the bacterial cell fractions. A S. aureus spontaneous
protein-A-deficient mutant, strain 2PF-18 [17], was used for the
isolation of the bacterial cell fractions. The bacterial cells were
precultured in Trypto-soya broth (Eikenkagaku), and then inoculated
into 250 mL of the same fresh medium for additional incubation with
continuous shaking for 4 h at 37°C to the mid-log phase. The culture
was centrifuged and cell fractions were generally prepared according
to Sugai et al. [16]. Briefly, the bacterial cells were washed twice with
0.9% NaCl and suspended in 6 mL of digestion buffer, 30% raffinose
in 0.05 m Tris-HCI (pH 7.5) with 0.145 m NaCl, containing 1 mg of
lysostaphin (Wako Chemical), and 75 units of Benzonase (Novagen),
1 mm phenylmethylsulfonyl fluoride (PMSF). The cell mixture was
incubated for 1 h at 37°C with gentle shaking. After centrifugation at
8000g for 10 min, the supernatant, the cell wall fraction and the
protoplasts were collected. The protoplasts were resuspended in 6 mL
of 0.05 m Tris-HCI (pH 7.5), containing 75 units of Benzonase, with
Vortex mixing and then placed on ice for 20 min. The mixture was
spun at 2000g for 10 min, and the collected supernatant was subjected
to centrifugation at 40,000g for 15 min to obtain the cell membrane
pellet and cytoplasmic fraction. The culture supernatant and the cell
wall fraction were concentrated utilizing an Ultrafree-15 Filter Unit
with a 5 kDa molecular weight cutoff.

Detection of IsaA in the bacterial cell fractions. The concentrated
supernatant (30 pg of protein), the cell wall fraction (8.3 pg), the cell
membrane fraction (10 pg), and the cytoplasmic fraction (10 pg) were
subjected to SDS-PAGE, and then blotted onto a PVDF membrane.
Nonspecific binding sites were saturated with 3% bovine serum
albumin (BSA) in 10 mm Tris-HCI (pH 7.5) with 0.15 m NaCl. The
membranes were incubated with IsaA antiserum (diluted 1:3000) or the
preimmune rabbit serum as a control for 2 h at room temperature, and
washed with 20 mMm Tris-HCI (pH 7.5) containing 0.5 m NaCl, 0.05%
Tween 20, and 0.2% Triton X-100. The washed membranes were
incubated with an alkaline phosphatase conjugated anti-rabbit IgG,
F(ab’), as a secondary antibody (Sigma) for 1 h at room temperature.
After washing, the membranes were developed with NBT/BCIP
(Promega) as a substrate for the conjugated enzyme. The entire
experiment was replicated once more.

Immunoelectron microscopy. The IsaA cell distribution was carried
out according to Diaz et al. [1]. Briefly, S. aureus strain 2PF-18 cells in
the exponential phase were collected and washed twice with
phosphate-buffered saline (PBS). The washed cells were incubated
for 1 h at 4°C with anti-IsaA IgG or preimmune serum IgG as a control,
1 mg/mL, in PBS containing 0.5% BSA. After washing twice with
PBS, the collected cells were incubated with 1:25 diluted protein A—
colloidal gold conjugate (10 nm particles, Sigma) for 1 h at 4°C. The
cells were extensively washed with PBS and fixed with 0.5%
glutaraldehyde. Drops of the cell suspension were deposited onto
carbon-coated copper grids and examined under a transmission
electron microscope. The same experiment using IsaA antiserum and
preimmune serum was also performed.

Protein assay. A protein assay was performed with a BCA
(bicinchoninic acid) protein assay reagent (Pierce), using BSA as a
standard. Briefly, 0.1 mL of each standard or unknown protein sample
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Fig. 1. Structural schematic of IsaA and the corresponding gene. For
explanations see text.

was mixed with 2 mL of Working Reagent for the protein assay. For
blanks, the diluent was used. After incubation at 60°C for 30 min, the
absorbance at 562 nm of the mixture was measured. All assays were
performed in duplicate.

Results and Discussion

Sequence similarity of IsaA. IsaA was encoded by a
699 bp open reading frame (Fig. 1). The deduced amino
acid sequence indicated that IsaA possessed no Gram-
positive bacterial cell wall sorting signals [15] and was
probably a secretory protein consisting of 233 amino
acids, including an N-terminal signal peptide of 29 amino
acids (Fig. 1). A search of the conserved domain
database at the National Center for Biotechnology
Information showed that IsaA possessed a sequence
similar to the soluble lytic transglycosylase (SLT)
domain in its C-terminal region (Fig. 1). This domain
is present in a number of prokaryotic, eukaryotic, and
phage proteins [2, 10, 14]. Among the bacterial proteins,
the IsaA SLT motif showed a high similarity to E. coli
soluble lytic transglycosylase S1t70. Comparison of the
corresponding region with SLT consensus sequences
from the database and SLT70 is shown in Fig. 2. This
domain consists of three motifs that form the lytic
transglycosylase catalytic region [14]. A spacer region
between motifs II and III was lacking in IsaA and
homology in motif III was low, but all these motifs were
found in the staphylococcal protein. Moreover, a
glutamate, which had been shown to be involved in
SLT70 catalytic activity, and an adjacent conserved
serine residue in motif I were also maintained in IsaA
[19]. Bacterial lytic transglycosylases degrade murein
via cleavage of the bond between N-acetylmuramic acid
and N-acetylglucosamine [4, 7, 9, 20, 21]. This type of
enzyme is generally found in Gram-negative bacteria
[14] and is considered an autolytic enzyme involved in
the controlled turnover of the bacterial cell wall [8]. For
such a role, the enzymes need to function on the bacterial
cell wall. In fact Slt70 was shown to be specifically
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Fig. 2. Alignment of the presumptive IsaA SLT domain. The deduced
amino acid sequence of IsaA was compared with the SLT consensus
sequence from the conserved domain database and the SLT domain of
the E. coli soluble lytic transglycosylase, SIt70. A black or gray
background indicates amino acids that are identical for all or two out of
the three sequences, respectively. The glutamic acid residue marked
with a star in motif I is the catalytic site in SIt70. The three motifs in
the alignment are described in reference [14].

located on the cell wall with a strong interaction with
murein structure [22]. Therefore, the location of IsaA
was investigated in isolated staphylococcal cellular
fractions.

Detection of IsaA in the bacterial cell fractions. To
obtain a specific antiserum against IsaA, a recombinant
protein was prepared. The open reading frame for
the gene, except for the signal peptide region, was
ligated into an expression vector. The recombinant
protein carrying an N-terminal polyhistidine tag was
obtained from isolated inclusion bodies by affinity
chromatography (Fig. 3). The antiserum prepared to the
recombinant protein was used for the detection of IsaA
in the cell fractions from S. aureus strain 2PF-18 by
Western blotting. After development of the blotted
membranes, a distinct band with approximately 26 kDa
molecular weight was found in the cell wall fraction and
the culture supernatant, but barely detectable in the
cell membrane and not detectable in the cytoplas-
mic fractions (Fig. 4). The antiserum did not react
to lysostaphin used for the cell wall preparation.
Preimmune rabbit serum showed no detectable bands
with any of these fractions. Therefore, it was concluded
that IsaA existed in the cell wall fraction and in the
culture supernatant. This result also indicated that IsaA
was not tethered to the cell membrane, because it was
easily removed from the cells by lysostaphin treatment.
IsaA probably works on the staphylococcal cell wall
with a preferential interaction with murein or its
accessory components. There was a slight difference in
the molecular size of IsaA between the two strains used
in this study, but a minor variation in molecular mass of
this protein has also been reported in some strains [12].
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Fig. 3. SDS-PAGE of purified IsaA recombinant protein. The re-
combinant protein was purified by affinity chromatography using a Ni-
NTA resin and analyzed on a 12.5% polyacrylamide gel (lane 2).
Molecular weights (kDa) of the standard proteins (lane 1) are shown on
the left.
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Fig. 4. Detection of IsaA in the bacterial cell fractions. The culture
supernatant (lanes 4 and 9), cell wall fraction (lanes 2, 5 and 10), cell
membrane fraction (lanes 6 and 11), and cytoplasmic fraction (lanes 7
and 12) were applied to a 12.5% polyacrylamide gel. After blotting, the
membranes were stained with Coomassie brilliant blue (lanes 1 to 3),
or reacted with IsaA antiserum (lanes 4 to 8) or pre-immune serum
(lanes 9 to 12). Lysostaphin used for preparation of the cell wall
fraction was also tested for its reactivity to the antiserum (lanes 3 and
8). Molecular weights (kDa) of the standard proteins (lane 1) are
shown on the left.

Distribution of IsaA on the bacterial cell surface. The
cell surface distribution of IsaA was studied by using
immunoelectron microscopy. The intact bacterial cells
were incubated with IgG from the antiserum or the
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Fig. 5. IsaA localization on the cell surface of S. aureus by electron
microscopy. S. aureus strain 2PF-18 was labeled with anti-IsaA IgG
(A) or preimmune rabbit IgG (B) before treatment with protein A—gold
conjugate (10 nm particles). Bars represent 0.2 pum.

preimmune rabbit serum and then with colloidal-gold-
labeled protein A. Binding particles were mainly found
in the septal region of dividing cells (Fig. 5A). Control
experiments using preimmune rabbit serum showed no
distinct binding of the gold particles to the bacterial cell
(Fig. 5B).

These results suggest that IsaA may be involved in
cell separation, although its role is not defined yet. It is
currently unclear whether IsaA really possesses cell wall
hydrolyzing activity. Further studies, including a char-
acterization of IsaA, are required to establish the
participation of IsaA in the staphylococcal murein deg-
radation process.
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