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A novel staphylolytic enzyme, ALE-1, is a glycylglycine endopeptidase produced by Staphylococcus capitis
EPK1. ALE-1 possesses seven histidines. Chemical modification studies using diethylpyrocarbonate and
iodoacetic acid suggested that a histidine or tyrosine residue(s) in the molecule is important for the organism’s
staphylolytic activity. All of the histidine residues, one tyrosine, and one aspartic acid residue in the N-
terminally truncated ALE-1 (�N-term ALE-1) were systematically altered by site-directed mutagenesis, and the
enzyme activities and metal contents of the variants were measured. Our studies indicated that His-150,
His-200, His-231, His-233, and Asp-154 are essential for the enzyme activity of �N-term ALE-1. Except for
His-150 and Asp-154, all of these amino acids were located within the 38-amino-acid region conserved among
11 proteins, including 5 staphylolytic endopeptidases. Inductively coupled plasma-mass spectrometric analysis
of �N-term ALE-1 revealed that it contains one atom of zinc per molecule. Measurement of the zinc content
of the mutant �N-term ALE-1 suggested that His-150 and -233 are important for zinc binding; their loss in
these variant enzymes coincided with the loss of staphylolytic activity. These results strongly suggest that
ALE-1 is a novel member of zinc metalloproteases.

A staphylolytic enzyme, ALE-1, acting on Staphylococcus
aureus is a glycylglycine endopeptidase produced by Staphylo-
coccus capitis EPK1 (26). Molecular cloning and subsequent
sequencing of the ALE-1 structural gene (ale-1) established
that the gene product is composed of 362 amino acid residues
and is synthesized as a precursor protein which is cleaved after
Ala at position 35, thus producing a mature ALE-1 of 35.6
kDa. The primary structure of mature ALE-1 is very similar to
that of the proenzyme form of lysostaphin. Lysostaphin is a
well-known glycylglycine endopeptidase produced by Staphylo-
coccus simulans biovar staphylolyticus (5, 24). Like ALE-1, ly-
sostaphin is very effective against S. aureus and also effective
against Staphylococcus epidermidis, though it needs a higher
concentration of the enzyme (31). It has been extensively used
as a tool to lyse staphylococci in the field of basic research.
Recently, lysostaphin has gained renewed interest as an anti-
staphylococcal agent because of the increasing emergence of
antibiotic-resistant staphylococci in communities and clinics (7,
13, 19). ALE-1 and prolysostaphin possess similar modular
designs of an N-terminal domain with tandem repeats of a
13-amino-acid sequence fused to the active-site-containing do-
main (26). Prolysostaphin undergoes proteolytic processing of
the N-terminal repeat domain when it is secreted in broth
culture (9, 17, 21, 27). The N-terminal repeat domain of proly-
sostaphin was shown not to be essential for staphylolytic activ-
ity (27). ALE-1 does not undergo processing in broth culture,
unlike lysostaphin, but the N-terminal repeat domain of

ALE-1 was not essential for staphylolytic activity either (26).
Chemical modification studies using diethylpyrocarbonate and
iodoacetic acid suggested that histidine and/or tyrosine, which
are potential zinc ligands, are important for the staphylolytic
activity of ALE-1 and lysostaphin. ALE-1 possesses seven his-
tidines. A protein homology search suggested that ALE-1 and
lysostaphin share a homologous 38-amino-acid-containing mo-
tif, Tyr-X-His-X11-Val-X12/20-Gly-X4–5-His, with 18 proteins,
including �-metalloproteases, staphylolytic enzymes, such as
the newly identified staphylolytic protein LytM, and proteins
belonging to the LppB/NlpD lipoprotein family. The histidine
residues in the 38-amino-acid region in �-metalloprotease are
suggested to correspond to a zinc ligand because of their se-
quence similarity to the His-X-His motif in carbonic anhydrase
(15), although the typical zinc binding motif is His-Glu-X-X-
His in metalloproteases (1, 10). Recently, the crystal structure
of LytM, with which ALE-1 has high homology in amino acid
sequence, was solved at a 1.3- Å resolution (18). In the LytM
structure, zinc is tetrahedrally coordinated by the side chains of
Asn-117, His-210, Asp-214, and His-293. His-210, His-293, and
Asp-214 in LytM correspond to His-150, His-233, and Asp-154
in ALE-1, respectively. Considerable similarity was also found
in a sequence of 92 C-terminal amino acid residues with S.
aureus LytA and lysostaphin (25, 26, 30). This region is sug-
gested to be a domain that targets staphylococcal cells (3).

The present study was undertaken to identify which histi-
dine(s) is essential for the staphylolytic activity of ALE-1 and
to evaluate whether ALE-1 is a metalloprotease. Accordingly,
all of the histidine residues in the molecule and one tyrosine
residue in the 38-amino-acid domain in ALE-1 were system-
atically altered by site-directed mutagenesis, and the staphylo-
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lytic activities, endopeptidase activities, and metal contents of
the wild type and variants were measured.

Our studies indicated that His-150, His-200, His-231, His-
233, and Asp-154 are essential for staphylolytic activity. With
the exception of His-150 and Asp-154, all of the amino acids
were located within the homologous 38-amino-acid domain.
Inductively coupled plasma-mass spectrometry (ICP-MS) anal-
ysis confirmed that ALE-1 contains one molecule of zinc per
molecule. Our data indicate that His-150 and His-233 are im-
portant for zinc binding; their loss in these variant enzymes
coincided with the loss of staphylolytic activity. These results
strongly suggest that ALE-1 is a new member of the bacterial
zinc metalloprotease.

MATERIALS AND METHODS

Bacterial strains, plasmids, and oligonucleotide primers. The bacterial strains
used in this study are described in Table 1. Staphylococcus and Escherichia coli
were grown in Trypticase soy broth (Becton Dickinson Microbiology Systems,
Cockeysville, Md.) and Luria-Bertani broth (5 g of yeast extract, 10 g of polypep-
tone, 10 g of NaCl per liter [pH 7.2]), respectively. Manipulation of DNA in E.
coli XL1-Blue (6) was carried out with the pGEM-T Easy vector system (Pro-
mega Co., Madison, Wis.) and pQE30 expression vector (QIAGEN, Tokyo,
Japan). When necessary, ampicillin (100 �g/ml) or kanamycin (25 �g/ml) was
added for selection or maintenance of plasmid. Oligonucleotides used in this
study are described in Table 2.

Materials and chemicals. All restriction enzymes and DNA-modifying en-
zymes were obtained from Roche (Mannheim, Germany) or Takara Shuzo Co.
Ltd. (Kyoto, Japan). Other materials and chemicals used were from commercial
sources.

DNA manipulations. Routine DNA manipulations, such as DNA digestion
with restriction enzymes, DNA ligations, gel electrophoresis, and DNA sequenc-
ing, were performed essentially as described previously (22). The sequences of
both DNA strands were determined by the dideoxy chain termination method
(23).

Site-directed mutagenesis. A DNA fragment of the ale-1 gene, encoding the
reading frame with multiple truncated N-terminal repeats (�N-term ALE-1) was
amplified by PCR with the primers ALEU and ALER and cloned into the
pGEM-T Easy vector (Promega). A 0.9-kb BamHI-SacI fragment of the recom-
binant plasmid was cloned in frame downstream from the His tag sequence in the
pQE30 expression vector (QIAGEN) and was used as a template for site-
directed mutagenesis. PCR-based site-specific mutagenesis was performed to
systematically alter each of the histidines or tyrosines by the overlap extension
method as described previously (11). Two separate PCRs (PCR1 and PCR2)
were performed to construct each mutated fragment. PCR1 involved two sepa-
rate amplifications, each of which used a unique set of primers. One of the
primer sets consisted of pQEUV, which annealed upstream of the His tag
sequence in pQE30, and an antisense primer which introduced the desired
mutation. The other primer sets consisted of the sense primer, which was com-
plementary to the mutated antisense primer, and pQERV, which annealed
downstream of the multicloning site in pQE30. Following PCR1, two partial ale-1
genes with the desired introduced mutation were isolated by agarose gel elec-
trophoresis and were used as a template for the second PCR2. PCR2 was
performed in the presence of primers pQEUV and pQERV and these templates.
Consequently, the annealed overlapping strands functioned as the initial primers
for the strand completion. Then the subsequent amplification of the complete
mutant ale-1 gene was carried out with the primers pQEUV and pQERV. The
�0.8- to �0.9-kb BamHI-HindIII, PstI, or SacI mutant fragment was cloned into
pQE30. All mutants were confirmed by sequencing with the Thermo sequence
fluorescently labeled primer cycle sequencing kit (Amersham Life Science, Little
Chalfont, Buckinghamshire, England). For expression of the recombinant pro-

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid Vector Cloning site Relevant characteristic(s) Source or
reference

Strains
S. aureus
FDA209P ATCC 6538

E. coli
XL1-Blue rec1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F� proAB lacIq

ZM15 Tn10 (Tet)]
6

M-15 pREP4 Nals Strs Rifs Thi� Lac� Ara� Gal� Mtl� F RecA� Uvr� Lon� QIAGEN
TF566 M-15 pTF561 This study
TF578 M-15 pTF570 This study
TF605 M-15 pTF595 This study
TF724 M-15 pTF721 This study
TF606 M-15 pTF596 This study
TF608 M-15 pTF598 This study
TF607 M-15 pTF597 This study
TF583 M-15 pTF575 This study
TF609 M-15 pTF600 This study
TF585 M-15 pTF577 This study

Plasmids
pGEM-T Easy E. coli cloning vector for PCR products Promega
pQE-30 E. coli expression vector QIAGEN
pTF561 pQE-30 BamHI-SacI 0.9-kbp BamHI-SacI fragment containing �N-term ALE-1 This study
pTF570 pQE-30 BamHI-HindIII 0.8-kbp BamHI-HindIII fragment containing H124A �N-term ALE-1 This study
pTF595 pQE-30 BamHI-PstI 0.9-kbp BamHI-PstI fragment containing H150A �N-term ALE-1 This study
pTF721 pQE-30 BamHI-SacI 0.9-kbp BamHI-PstI fragment containing D154A �N-term ALE-1 This study
pTF596 pQE-30 BamHI-PstI 0.9-kbp BamHI-PstI fragment containing H194A �N-term ALE-1 This study
pTF598 pQE-30 BamHI-PstI 0.9-kbp BamHI-PstI fragment containing Y198A �N-term ALE-1 This study
pTF597 pQE-30 BamHI-PstI 0.9-kbp BamHI-PstI fragment containing H200A �N-term ALE-1 This study
pTF575 pQE-30 BamHI-HindIII 0.8-kbp BamHI-HindIII fragment containing H231A �N-term ALE-1 This study
pTF600 pQE-30 BamHI-PstI 0.9-kbp BamHI-PstI fragment containing H233A �N-term ALE-1 This study
pTF577 pQE-30 BamHI-HindIII 0.8-kbp BamHI-HindIII fragment containing H327A �N-term ALE-1 This study
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tein, the resulting plasmid was transformed into E. coli M-15(pERP4) (QIA-
GEN).

Expression and purification of the wild-type and variant His-tagged protein.
Transformants carrying the wild-type or mutant ale-1 gene were cultured at 37°C
with vigorous shaking until an optical density (OD) value of 0.5 was reached.
Then the expression of the His-tagged protein was induced by the addition of 1
mM IPTG (isopropyl-�-D-thiogalactopyranoside). After 4 h of incubation, cells
were harvested by centrifugation, resuspended in lysis buffer B (8 M urea, 0.1 M
NaH2PO4, 0.01 M Tris-HCl [pH 8.0]), and incubated for 30 min at room tem-
perature. The cells were then disrupted with an Ultrasonic disruptor (Tomy
Seiko, Tokyo, Japan). After centrifugation at 25,000 � g for 40 min at 4°C to
remove cellular debris, a Ni-nitrilotriacetic acid (NTA) matrix (QIAGEN) that
was equilibrated with lysis buffer B was added to the cleared lysate and mixed
gently by shaking for 30 min at room temperature. The lysate–Ni-NTA mixture
was then loaded into a column, which was then washed with a 5� bed volume of
wash buffer C (8 M urea, 0.1 M NaH2PO4, 0.01 M Tris-HCl [pH 6.8]). Then the
recombinant protein was eluted by eluate buffer E (8 M urea, 0.1 M NaH2PO4,
0.01 M Tris-HCl [pH 4.5]), and the eluted fraction was dialyzed against the
solution containing 4 M urea and 0.1 M phosphate buffer (pH 6.8) and finally
against 0.1 M phosphate buffer (pH 6.8).

Assay of enzyme activity. The lytic activity of wild-type or variant �N-term
ALE-1 was assayed by zymography or turbidimetry. Separately, endopeptidase
activity was measured by quantitation of increased free amino groups by using S.
aureus peptidoglycan as the substrate. Zymography was performed as described
previously (26). Briefly, purified recombinant proteins were electrophoresed in
12% polyacrylamide gel containing heat-killed S. aureus FDA209P cells (0.5 mg
[dry weight]/ml) under denaturing condition in the presence of sodium dodecyl
sulfate (SDS). After electrophoresis, gels were washed with distilled water and
incubated with 0.1 M phosphate buffer (pH 6.8) at 37°C. Staphylolytic activity
was visualized as a clear lytic zone with Immunoviewer MU (Jookoo Sangyo Co.
Ltd., Tokyo, Japan). Turbidimetry was performed using SDS-treated and heat-
killed S. aureus FDA209P cells. Cells were suspended in 0.1 M Tris-HCl (pH 8.5)
(1 mg [dry weight] of cells/ml). Recombinant protein was added to 2 ml of the
cell suspension and incubated at 37°C. The rate of decrease in turbidity was
measured at an OD at 595 nm (OD595) in a spectrometer. To measure endo-
peptidase activity, purified peptidoglycan of S. aureus FDA209P was used. Pep-
tidoglycan was prepared as described by Maidhof et al. (16). A sample of the
appropriate dilution of the test specimen was mixed with 200 �l of the pepti-
doglycan suspension in 0.1 M phosphate buffer (pH 6.8) (OD595 	 0.8). After
incubation at 37°C for 90 min, the concentration of free amino groups (fragments
of enzymatically hydrolyzed peptidoglycan), which appeared in the soluble frac-
tion, was determined by a Ghuysen procedure using 1-fluoro-2,4-dinitrobenzene.
The supernatant was incubated with 133.6 �l of 2% sodium borate and 3.3 �l of

0.1 M 1-fluoro-2,4-dinitrobenzene at 60°C for 30 min in the dark. Then the
dinitrophenyl derivative was hydrolyzed by adding 733.3 �l of 6 N HCl at 100°C
for 20 min. The hydrolyzed sample was diluted with 560 �l of distilled water, and
the concentration of the free amino group was estimated by measuring the
OD420 and using 2,4-dinitrophenyl-alanine as a reference.

Binding assay. S. aureus FDA209P cells grown in Trypticase soy broth to
mid-log phase were suspended with 0.1 M phosphate buffer (pH 6.8) containing
4% SDS, incubated in boiling water for 1 h, and then washed until the SDS was
removed. The obtained SDS-treated, heat-killed cells were suspended with 0.1 M
phosphate buffer (pH 6.8) containing the endopeptidase inhibitor iodoacetic acid
at 0.1 M (OD595 	 1.0). A 100-�l mixture of cell suspension and recombinant
protein was incubated for 1 h at 4°C. After the cells were washed three times with
0.1 M phosphate buffer (pH 6.8) containing 0.1 M iodoacetic acid, the bound
recombinant protein was eluted with 4% SDS. The eluted recombinant protein
was separated by SDS-polyacrylamide gel electrophoresis (PAGE) (12% poly-
acrylamide gel) and stained with Coomassie brilliant blue. The amount of bound
recombinant protein was estimated by NIH-Image version 1.52 with the scanned
protein band.

Susceptibility to trypsin digestion. Wild-type or variant �N-term ALE-1 was
incubated with 0.05 �g of trypsin (Nakalai Tesque, Kyoto, Japan) in 20 mM
Tris-HCl (pH 8.0) for 30 min at 37°C. The reaction mixture was separated by
SDS-PAGE (12% polyacrylamide gel) and stained with Coomassie brilliant blue.

Circular-dichroism spectra. Circular-dichroism spectra were recorded in a
J-600 spectropolarimeter (JASCO, Tokyo, Japan) fitted with a thermostatted cell
holder and with a thermostatic bath. Far-UV spectra were recorded in 0.1-cm-
path-length quartz cells at a protein concentration of 0.2 mg/ml.

Screening for the presence of metals and determination of zinc content in
wild-type and variant �N-term ALE-1. The presence of metals and the amounts
of zinc in the recombinant protein were determined by using ICP-MS (model
4500 spectrometer; Agilent). The purified recombinant protein was dialyzed
against 0.1 M phosphate buffer (pH 6.8) and was decomposed by heating it with
nitric acid and sulfuric acid, resolved in diluted nitric acid, and used for analysis.

Other procedures. SDS-PAGE and zymography for bacteriolytic enzymes
were carried out as described previously (26). Protein concentrations were de-
termined with the Bio-Rad (Richmond, Calf.) protein assay reagent, with bovine
serum albumin used as the standard.

RESULTS

Purification of wild-type and variant �N-term ALE-1.
ALE-1 contains seven histidine residues at positions 124, 150,
194, 200, 231, 233, and 327, all of which are conserved in

TABLE 2. Oligonucleotide primers used

Deletion or mutation Primer Sequence (5� to 3�) Positions

ALEU AGGGATCCTTTGTAAGAGAAG 577–597
ALER GGGAATTCATGGGTAGTGATA 1352–1372
pQEUV CGGATAACAATTTCACACAG
pQERV GTTCTGAGGTCATTACTGG

�N-term ALE-1 ALEU4 CGCCTCGAGTTTGTAAGAGAAGCT 575–599
ALEL4 TTCTGCAGTATGGGTAGTGATA 1452–1474

H124A ALEMH1-UV CTCAATCTAATGCTTCGGCTAGTTGGTTAA 600–630
ALEMH1-RV CAACTAGCCGAAGCATTAGATTGAG 600–625

H150A ALEMH2-UV TGGCGGAAATGCTTATGGCGTTGATTTCTT 679–709
ALEMH2-RV ACGCCATAAGCATTTCCGCCATTAA 676–700

D154A ALE-D154A-u CTATGGCGTTGCTTTCTTTATGAATGTA 690–719
ALE-D154A-r CATAAAGAAAGCAACGCCATAGTGATTTC 684–713

H194A ALEMH3-UV TGATGGTGTTGCTAGACAATGGTATATG 812–839
ALEMH3-RV ACCATTGTCTAGCAACACCATCATT 810–834

Y198A ALEMY8-UV AGACAATGGGCTATGCATTTAAGTAA 825–850
ALEMY8-RV ATGCATAGCCCATTGTCTA 824–842

H200A ALEMH4-UV ATGGTATATGGCTTTAAGTAAATTCAATGT 830–859
ALEMH4-RV TACTTAAAGCCATATACCATTGTCT 825–849

H231A ALEMH5-UV CTACAGCACCGGCTTTACATTTTCAAA 922–948
ALEMH5-RV GAAAATGTAAAGCCGGTGCTGTAGC 921–945

H233A ALEMH6-UV ACCGCATTTAGCTTTTCAAAGAATGACC 929–956
ALEMH6-RV TTGAAAAGCTAAATGCGGTGCTGTA 923–947

H327A ALEMH7-UV AAACAAGATGGTGCTGTATGGGTTGGTTATA 1209–1239
ALEMH7-RV ACCCATACAGCACCATCTTGTTTCA 1207–1231
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lysostaphin (26) (Fig. 1A). Moreover, a protein alignment
study revealed that His-200, His-233, and Tyr-198 are thor-
oughly conserved among 18 proteins sharing a homologous
38-amino-acid region and that His-150, His-200, His-231, His-
233, and Asp-154 are also conserved in LytM (Fig. 1). To
examine which amino acid is important for staphylolytic activ-
ity, we altered �N-term ALE-1 at His-124, His-150, His-194,
His-200, His-231, His-233, His-327, and the conserved Asp-154
and Tyr-198 to Ala by site-directed mutagenesis. These His-
tagged recombinant proteins were purified with a Ni-NTA
matrix from the lysate of E. coli transformants carrying the
wild-type �N-term ALE-1 gene or the variant �N-term ALE-1
genes. Purified mutant �N-term ALE-1 with the Ala replace-
ment indicated one band on SDS-PAGE, and molecular
masses of the purified variant �N-term ALE-1 were approxi-
mately 30 kDa.

Limited digestion by trypsin of wild-type and variant �N-
term ALE-1. To test whether replacement of histidine or ty-
rosine residues of the wild-type �N-term ALE-1 causes con-
formational changes, wild-type and variant �N-term ALE-1
were analyzed by digesting them with trypsin for 30 min at
37°C. Similar digestion patterns were observed with the wild-
type and variant �N-term ALE-1 (data not shown).

Circular-dichroism spectroscopy of wild-type and variant
�N-term ALE-1. To further assess the effect of the replace-
ment of the histidine or tyrosine residues on the secondary
structure of wild-type �N-term ALE-1, the far-UV spectra of
the wild-type and variant proteins were recorded. The far-UV
spectrum of wild-type �N-term ALE-1 is characterized by a
large positive band at 224 nm, which is attributable to the
chiral contribution of aromatic side chains (2, 4, 8), and a
minor positive shoulder at 209 nm. The far-UV spectra of
variant enzymes were very similar to that of the wild type,
although the minor induction of a positive band at 204 nm was
noted in the Ala mutant at His-150, His-200, His-231, and
His-233. These results suggested that there were no significant
changes in secondary structure in these variant enzymes stud-
ied.

Staphylolytic and endopeptidase activities of the wild-type
and the variant �N-term ALE-1. To determine the conse-
quences of ALE-1 mutation, the staphylolytic activities of wild-
type and variant �N-term ALE-1 were assayed by zymography
and by turbidimetry. In both assays, the complete loss of staph-
ylolytic activity was observed in variant enzymes with His-150,
His-200, His-231, His-233, and Asp-154 replaced with Ala (Fig.
2A and B). On the other hand, mutations at His-124, His-194,
His-327, and Tyr-198 had no effect on these staphylolytic ac-
tivities. To study whether this loss of staphylolytic activity cor-
responded to the loss of endopeptidase activity, the endopep-
tidase activities of wild-type and variant �N-term ALE-1 were
characterized by measuring the increased amount of free N-
terminal amino groups induced by hydrolysis of the purified
peptidoglycan by these enzymes. As shown in Fig. 2C, the loss
of staphylolytic activities in variant enzymes with a mutation at
His-150, His-200, His-231, His-233, and Asp-154 coincided
well with the loss of endopeptidase activities in these enzymes.
These results suggested that mutation at His-150, His-200,
His-231, His-233, and Asp-154 to Ala resulted in the loss of
endopeptidase activity in these variant enzymes.

Binding of variant �N-term ALE-1 to S. aureus cells. The
variant �N-term ALE-1 was also tested to determine whether
the alteration of histidine, tyrosine, or aspartic acid residues
had any effect on enzyme affinity to S. aureus cells. After
incubation of S. aureus 209P SDS-treated, heat-killed cells with
wild-type or variant �N-term ALE-1 for 1 h at 4°C, cells were
washed, and bound protein was eluted with 4% SDS and an-
alyzed by SDS-PAGE. Under the experimental conditions,
wild-type �N-term ALE-1 did not show any staphylolytic ac-
tivity in cell suspension. When wild-type �N-term ALE-1 was
incubated with 1 mg (dry weight) of heat-killed S. aureus cells,
dose-dependent binding of the enzyme to the cells was ob-
served. The amount of maximum binding of wild-type �N-term
ALE-1 to S. aureus was 25 � 10�11 mol/mg (dry weight) of
cells. Therefore, 12.5 �10�11 mol of each variant �N-term
ALE-1 was used for binding to 1 mg (dry weight) of heat-killed
S. aureus cells. All variant �N-term ALE-1s showed levels of
binding to heat-killed S. aureus cells almost identical to those
of wild-type �N-term ALE-1, suggesting that the mutation of
histidine, tyrosine, and aspartic acid had no effect on the bind-
ing of the variant enzyme to the target cells (Fig. 3).

Zinc content in wild-type and variant �N-term ALE-1. Ly-
sostaphin has been reported to be a zinc enzyme which con-
tains one zinc atom per molecule (28). We previously demon-
strated that ALE-1 contains one zinc atom per molecule (26).
Although both enzymes do not possess the primary sequence
motif for bacterial zinc metalloproteases, HEXXH, it has been
pointed out that both possess His-Leu-His (His is at positions
231 and 233 in ALE-1), which is similar to the His-X-His
sequence serving as the zinc ligand in carbonic anhydrase.
Furthermore, this sequence is well conserved in several staph-
ylolytic endopeptidases, including Lysbacter enzymogenes and
Achromobacter lyticus �-lytic proteases, Pseudomonas aerugi-
nosa LasA, and S. aureus LytM (Fig. 1). Inhibitor experiments
suggested that �-lytic proteases and LasA are zinc metallopro-
teases. However, there is no systemic study to assess the cor-
relation between the metal content and staphylolytic activities
of these staphylolytic enzymes. Therefore, we reevaluated the
heavy metal of wild-type �N-term ALE-1 by ICP-MS and
assessed the metal contents of the variant enzymes. As shown
in Table 3, ICP-MS revealed that wild-type �N-term ALE-1
contains one zinc atom per molecule. To determine whether
the loss of staphylolytic activity of some variant �N-term
ALE-1s was due to the loss of the zinc molecule, the zinc
contents of variant �N-term ALE-1s were measured. The zinc
contents of variant �N-term ALE-1s were significantly lower in
those variants with mutations at His-150 and His-233 (Table
3). On the other hand, mutation at His-200, His-231, or Asp-
154 did not cause a complete loss of the zinc content of the
variant enzyme, although the enzymes lost staphylolytic as well
as endopeptidase activity (Table 3 and Fig. 2).

DISCUSSION

Here we investigated the role of histidine, tyrosine, and
aspartic acid residues in the staphylolytic activity of ALE-1 by
site-directed mutagenesis. The change of His-150, His-200,
His-231, His-233, and Asp-154 to Ala resulted in an almost
complete loss of enzymatic activity, although their binding
activities to the substrate cells were almost identical to that of
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wild-type �N-term ALE-1 (Fig. 2 and 3). ICP-MS analysis
indicated that a mutation at His-150 or His-233 resulted in the
loss of a zinc molecule. His-200, His-231, and His-233 are part
of a homologous 38-amino-acid region shared by 18 proteins
(Fig. 1B). Among the 18 proteins, LasA, lysostaphin, ALE-1,
and two �-metalloproteases are endopeptidases (12, 26, 29).
Also, LasA, lysostaphin, and ALE-1 exhibited staphylolytic
activity. LytM is a newly identified staphylolytic protein with a
38-amino-acid region (20). The two �-metalloproteases have
bacteriolytic activities (15). On the other hand, seven of the
proteins belong to the NlpD/LppB lipoprotein family. NlpD
was suggested to have cell wall lytic activity (14), but there is no
evidence that it has staphylolytic activity. We constructed the
recombinant plasmid, which encodes His-tagged NlpD from E.

FIG. 2. Enzyme activities of �N-term ALE-1 variants. Staphylolytic
activity was measured by either zymography (A) or turbidimetry (B).
(A) Wild-type �N-term ALE-1 or variant enzymes (0.135 �g) were
electrophoresed in 12% polyacrylamide gel with (upper panel) or
without (lower panel) S. aureus FDA209P cells in the presence of SDS.
After electrophoresis, the gel without bacteria was subjected to Coo-
massie blue staining and the gel with bacteria was washed in distilled
water and further incubated in 0.1 M phosphate buffer (pH 6.8) and
lytic bands were photographed. (B) Wild-type �N-term ALE-1 or

FIG. 3. Binding activity of variant �N-term ALE-1 to S. aureus
cells. Wild-type �N-term ALE-1 or variant enzyme was incubated with
SDS-treated, heat-killed S. aureus FDA209P cells (0.5 mg [dry weight])
suspended in 100 �l of 0.1 M phosphate buffer (pH 6.8) containing 0.1
M iodoacetic acid for 1 h at 4°C. After several washes with 0.1 M
phosphate buffer (pH 6.8), the cells were harvested and suspended
with 4% SDS. The supernatant was separated by SDS-PAGE (12%
polyacrylamide gel) and stained with Coomassie brilliant blue. The
amount of bound recombinant protein was measured with an image
scanner connected to the computer and estimated by NIH-Image ver-
sion 1. Data are representative of three independent experiments.

variant enzyme (1.35 �g) was incubated with a 2-ml cell suspension of
heat-killed S. aureus FDA209P in 0.1 M Tris-HCl (pH 8.5) for 4 h at
37°C. The decrease in turbidity was measured at 595 nm in a spec-
trometer. The initial OD595 of the cell suspension was 0.55, and the
OD595 decreased to 0.15 after the incubation with wild-type �N-term
ALE-1. Activity was expressed as the relative percentage of the de-
crease in the turbidity of the cell suspension incubated with wild-type
�N-term ALE-1. Data are representative of three independent exper-
iments. Endopeptidase activity (C) was determined by measuring the
amount of free N-terminal amino groups that was increased by hydro-
lyzing the S. aureus FDA209P peptidoglycan with the wild-type �N-
term ALE-1 or variant enzymes. A 200-�l mixture of peptidoglycan
suspension (OD595 	 0.8) and recombinant protein (17.4 �g) in 0.1 M
phosphate buffer (pH 6.8) was incubated for 1.5 h at 37°C. After
incubation, the amount of free N-terminal amino group was measured
at 420 nm in a spectrometer. Activity was expressed as the percentage
relative to the amount of the free N-terminal amino group from pep-
tidoglycan by incubation with wild-type �N-term ALE-1. Data are
representative of three independent experiments.
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coli and purified the recombinant His-tagged NlpD as a pro-
tein of 41 kDa. His-tagged NlpD was assayed for staphylolytic
activity by using turbidimetry or zymography. The results
showed that NlpD had no staphylolytic activity (data not
shown). This result suggested that proteins belonging to the
NlpD/LppB family sharing a 38-amino-acid region have amino
acid sequences similar to those of staphylolytic enzymes, but
they have distinct functions.

Recently, the crystal structure of LytM was solved at a 1.3-Å
resolution (18). In the LytM structure, zinc is tetrahedrally
coordinated by the side chains of Asn-117, His-210, Asp-214,
and His-293. Interestingly, full-length LytM is a latent enzyme.
Deprivation of Asn-117 coordination by site-directed mutagen-
esis of Asn-117 or by deletion of the N-terminal segment con-
taining Asn-117 resulted in activation of LytM. Among the 18
homologous proteins, the amino acid corresponding to Asn-
117 in LytM is not conserved at all. For instance, the amino
acid corresponding to Asn-117 in LytM is Ser in lysostaphin
and Pro in ALE-1, both of which are located in the N-terminal
tandem repeat region, which is not essential for staphylolytic
activity. His-210, His-293, and Asp-214 in LytM correspond to
His-150, His-233, and Asp-154 in ALE-1, respectively (Fig. 1).
This result is in part in agreement with our observation that the
mutation of either His-150 or His-233 to Ala resulted in loss of
zinc together with a loss of endopeptidase activity, suggesting
that these histidines are zinc ligands in ALE-1. On the other
hand, mutation at Asp-154 did not result in a complete loss of
zinc, although the variant enzyme completely abolished the
endopeptidase activity. This result is apparently inconsistent
with the data for the LytM crystal structure. Several interpre-
tations of this result are possible. Since His-260 and His-291 in
LytM are spatially proximate to the zinc ion in LytM, it is
possible that His-200 or His-231 (equivalent to His-260 or
His-291 in LytM) may compensate for the zinc coordination of
Asp-154 in ALE-1. Another possibility is that Asp-154 is in-
volved in the activation of zinc-bound H2O so that the muta-
tion may abolish the enzyme activity but the zinc remains
intact. Or Asp-154 is simply not a ligand for zinc and another
amino acid acts as the ligand for the zinc. Previously, the
histidines in the His-X-His sequence found in staphylolytic
enzymes sharing the 38-amino-acid region (for instance, His-
231-Leu-232-His-233 in ALE-1) have been suggested to be the
unique zinc ligands of novel bacterial metalloproteases (26).
However, our results have contradicted the notion and suggest

that His-231 may not be a ligand for zinc. Also, the structure of
LytM clearly indicated that His-291 (equivalent to His-231 in
ALE-1) is not a ligand for zinc (18). Nevertheless, the site-
directed mutagenesis assay demonstrated that His-291 is es-
sential for the staphylolytic and endopeptidase activities of the
N-terminally deleted active form of LytM. Consistently, our
results indicated that His-231 is essential for the staphylolytic
and endopeptidase activities of ALE-1. Odintsov et al. (18)
suggested that His-291 in LytM might play a role as a func-
tional equivalent of glutamate in HEXXH metalloproteases,
thus activating incoming water molecules, or play a role in
stabilizing a reaction intermediate. They noted that His-260,
which is also close to the metal center, might be another
candidate for such a function, although they did not show any
direct evidence that mutation at His-260 affects LytM activity.
We demonstrated that His-200 in ALE-1 (equivalent to His-
260 in LytM) is essential for staphylolytic as well as endopep-
tidase activities. Taken together, these results strongly suggest
that ALE-1 is a zinc metalloprotease and that His-150 and
His-233 are the possible ligands for zinc. Clustering of the
functionally important His in the previously documented 38-
amino-acid region further suggested that this region is catalyt-
ically important for bacteriolytic enzymes sharing the homol-
ogous 38-amino-acid region. Most of the catalytic sites of zinc
enzymes are tetrahedrally, trigonally, or bipyramidally coordi-
nated by 4 or 5 amino acid residues, typically His, Glu, Asp,
and Lys (1). Identification of other amino acids for zinc ligands
and further characterizations of functionally important histi-
dines and aspartic acid at position 154 require the crystal
structural analysis of ALE-1.
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