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Generation of rCAT and rCWT of lysostaphin. Primers for
CAT (5⬘ ACA GCT GGA TCC GCT GCA ACA CAT GAA
CAT TCA GC 3⬘ and 5⬘ TTC GGA AGC TTA GTT ACT
GTA CCA CCT GCT TTT CCA TAT C 3⬘) and for CWT (5⬘
TAC AGG ATC CCC AAC GCC GAA TAC AGG TTG
GAA AA 3⬘ and 5⬘ TAA AAA AAG CTT TCA CTT TAT
AGT TCC CCA AAG AAC ACC 3⬘) were used to amplify the
regions encoding the domains. The PCR products and
pQE80L, which provides an N-terminal His6 tag, were digested
with BamHI and HindIII (Roche Diagnostics GmbH, Mannheim, Germany), and the reaction products were ligated using
T4 DNA ligase (Roche) to create pQELSSCAT and pQELSSCWT.
Electrocompetent Escherichia coli M15/pREP4 was used for
transformation. The cells were made competent by use of the
protocol described by Sheng et al. (17). Plasmid DNA was
extracted and purified from transformants using the QIAprep
spin miniprep kit (Qiagen, Valencia, CA) and sequenced using
the primers PR and RS (Qiagen) to ensure sequence fidelity
before protein expression. Each recombinant protein (rCAT
and rCWT) was purified by the procedure described by Lai et
al. (11). Recombinant proteins were analyzed by SDS-PAGE
using a 12.5% gel (10) and stained with Biosafe Coomassie
brilliant blue (Bio-Rad, Hercules, CA) (Fig. 1B).
Binding of rCWT to peptidoglycans from strains with and
without the lysostaphin immunity protein. Previously it was
reported by Baba and Schneewind (2) that lysostaphin is unable to bind to the producer cell, S. simulans bv. staphylolyticus, and that if the binding domain is removed, the enzyme
cannot attach to susceptible cells. These authors suggested that
this was due to the lysostaphin immunity protein inserting
serines in the place of some glycines in the peptidoglycan cross
bridge (2). Other wall-associated polymers, though, such as
wall teichoic acids, have been shown to inhibit the binding of
lysostaphin (6). Therefore, the ability of rCWT to attach to
purified peptidoglycans from an S. aureus strain containing an
8.4-kb fragment from pACK1 that has the gene for the lysostaphin immunity protein (RN4220/pLI50::end epr) and an S.
aureus strain without that gene (RN4220/pLI50) (4) was determined using a modification of our previously described
binding assay (5). In the assay, rCWT was at a final concentration of 10 g/ml, which was determined in preliminary ex-

Lysostaphin is a glycylglycine endopeptidase produced by
Staphylococcus simulans biovar staphylolyticus (18) that lyses
susceptible staphylococci by hydrolyzing the polyglycine cross
bridges in their cell wall peptidoglycans (3). The lysostaphin
gene sequence was independently determined in 1987 by two
groups (8, 13). BLAST analysis (1) of mature lysostaphin revealed two domains: an N-terminal catalytic domain (CAT),
which is a member of the M23 family of zinc metalloendopeptidases, and a C-terminal cell wall targeting domain (CWT),
which is a member of the SH3b domain family (Fig. 1A).
The lysostaphin endopeptidase resistance gene (epr or lif)
encodes a FemABX-like immunity protein that is located adjacent to the lysostaphin gene on the plasmid pACK1 in S.
simulans bv. staphylolyticus (4, 7, 20). Members of the FemABX family of proteins are nonribosomal peptidyl transferases
that are involved in the addition of cross bridge amino acids
during peptidoglycan subunit synthesis in the cytoplasm (15).
In S. simulans bv. staphylolyticus, the lysostaphin immunity
protein inserts serines in place of some glycines during peptidoglycan synthesis, which provides resistance to lysostaphin (4,
20).
Originally it was suggested that the incorporation of serines
in these peptidoglycan cross bridges gave increased resistance
to lysostaphin because of the inability of the enzyme to hydrolyze glycyl-serine or seryl-glycine bonds (4, 14, 16). Others later
reported that the CWT specifically binds to the polyglycine
cross bridges in staphylococci (6) and the binding of CWT to
producer-strain cells was less than that to susceptible cells (2).
However, the ability of the enzyme or its targeting domain to
bind to purified peptidoglycans from staphylococci containing
the lysostaphin resistance gene has not been determined.
Therefore, we determined if the modification to staphylococcal
peptidoglycan cross bridges made by the lysostaphin immunity
protein affected the activity of the binding domain, the catalytic
domain, or both.
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Resistance to lysostaphin, a staphylolytic glycylglycine endopeptidase, is due to a FemABX-like immunity
protein that inserts serines in place of some glycines in peptidoglycan cross bridges. These modifications
inhibit both binding of the recombinant cell wall targeting domain and catalysis by the recombinant catalytic
domain of lysostaphin.
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periments to be in the middle of the linear range of the assay
(1 to 30 g/ml; data not shown), and color was allowed to
develop for 5 min instead of 1 h. Peptidoglycans were purified
as previously described; the cross bridge composition for strain
RN4220/pLI50 is Gly4.5Ser0.2, and that for RN4220/pLI50::end
epr is Gly2.7Ser1.6 (4). As seen in Fig. 2, rCWT did not bind as
well to peptidoglycan from strain RN4220/pLI50::end epr as it
did to peptidoglycan from strain RN4220/pLI50. In contrast to
the findings of Baba and Schneewind (2), we do see some
binding of the rCWT to Epr-modified peptidoglycan. Although
our binding assay is not directly comparable to theirs (different
strains and whole cells versus purified peptidoglycans), both their
results and our results are consistent with Epr modification of
peptidoglycans inhibiting binding of the lysostaphin CWT.

FIG. 2. Binding of rCWT to peptidoglycans from S. aureus
RN4220/pLI50 and RN4220/pLI50::end epr. Binding of rCWT was
detected using nickel-coupled peroxidase with o-phenylenediamine dihydrochloride as a substrate, and absorbance was monitored spectrophotometrically at 490 nm. The bars represent the means ⫾ standard
deviations of results for triplicate samples.
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FIG. 3. Relative sensitivities of peptidoglycans from S. aureus
RN4220/pLI50 (F) and RN4220/pLI50::end epr (E) to rCAT were
analyzed by monitoring the reduction in the optical density at 620 nm
(OD620) over 1 h. Results were normalized to the percent initial OD,
and the error bars represent ⫾ standard deviations of results for
triplicate samples.

Sensitivity of peptidoglycans to rCAT. Lysostaphin has been
shown to be unable to cleave artificial peptide substrates containing both serines and glycines, whereas it can hydrolyze
glycyl peptides (16, 19). This suggested that the catalytic domain of lysostaphin may be unable to hydrolyze the cross
bridge of the producer cell due to the insertion of serines (4,
16, 19); however, the catalytic domain has never been separated from the binding domain to see if this is the case. Therefore, peptidoglycans from strains RN4420/pLI50 and
RN4220/pLI50::end epr were incubated with rCAT (0.1 mg/ml)
for 1 h, and the decrease in turbidity was monitored spectrophotometrically. As seen in Fig. 3, the peptidoglycan from
strain RN4220/pLI50 was hydrolyzed more readily by rCAT
than the peptidoglycan from strain RN4220/pLI50::end epr,
indicating that the lysostaphin immunity protein-specified
modification also inhibited the activity of the catalytic domain
in addition to inhibiting the binding of the rCWT to peptidoglycans. For comparison, a molar equivalent of N-terminal
His6-tagged recombinant lysostaphin caused in 10 min or less
reductions in turbidities similar to those seen in 60 min for
rCAT.
These results are similar to the inhibition of the cell wall
binding and catalytic domains of the streptococcolytic enzyme
zoocin A by streptococcal peptidoglycans from cells with the
zoocin A immunity factor, Zif (5). Zif is a FemABX-like immunity protein that inserts an additional L-alanine into the
majority of the peptidoglycan cross bridges in the producer cell
(5). Thus, the peptidoglycan modifications due to FemABX
immunity proteins associated with lysostaphin and zoocin A
affect both their binding and catalytic domains. Binding of the
CWT domain from another staphylolytic enzyme, ALE-1
(which contains the M23 [89% identical, 96% similar to lysostaphin] and SH3b [84% identical, 89% similar to lysostaphin]
domains), to purified peptidoglycans also was inhibited when
serines were substituted for some glycines in the cross bridges
by the ALE-1-associated FemABX-like immunity protein (12).
The effect of these substitutions on the catalytic activity of the
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FIG. 1. (A) Schematic diagram of mature lysostaphin, the recombinant catalytic domain (rCAT) (lysostaphin residues 1 to 148), and
the recombinant cell wall targeting domain (rCWT) (lysostaphin residues 149 to 246). The numbers represent the beginning and end of the
domains, and the solid boxes indicate the N-terminal His6 tag of the
recombinant proteins. (B) SDS-PAGE analysis of rCAT and rCWT
purified by a nickel affinity column. Mobilities of molecular mass
standards are given on the left side of the gel.
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CAT domain of ALE-1 has not been tested. We expect that the
peptidoglycan modifications caused by other FemABX-like
immunity proteins will affect the activities of both domains of
such peptidoglycan hydrolases, as we have shown for lysostaphin and zoocin A.
Lysostaphin has potential for use as an antistaphylococcal
agent for treatment of infections caused by antibiotic-resistant
strains of S. aureus, as recently reviewed by Kumar (9). Therefore, understanding resistance to this potent enzyme due to
peptidoglycan modifications should be of interest to those who
are evaluating lysostaphin for possible clinical use.
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