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The Streptococcus agalactiae bacteriophage B30 endolysin contains three domains: cysteine, histidine-depen-
dent amidohydrolase/peptidase (CHAP), Acm glycosidase, and the SH3b cell wall binding domain. Truncations
and point mutations indicated that the Acm domain requires the SH3b domain for activity, while the CHAP
domain is responsible for nearly all the cell lysis activity.

Streptococcus agalactiae (group B Streptococcus [GBS]) is a
pathogen that infects human neonates, primarily through ex-
posure in the birth canal of the mother (23), and causes mas-
titis in dairy cattle (20). In two recent studies, 44% of 202
bacterial isolates and 57% of 811 isolates from bovine mastitis
exhibited resistance to at least one antibiotic (5, 14). Alterna-
tive antimicrobial agents for use against pathogens, including
streptococci, are attracting much interest in part due to the
increased incidence of antibiotic resistance and to the fact that
mastitis is the most common reason for antimicrobial use in
dairy herds (3, 4, 6, 9, 18, 21).

The cell lysis activity of bacteriophage endolysins makes
them good candidates for protein antimicrobial agents. The
endolysin of GBS phage B30 and a homolog that was 99%
identical were recently characterized (3, 12). This endolysin
contains two peptidoglycan hydrolase domains and an SH3b
cell wall binding domain (11, 22) (Fig. 1), and the purified
endolysin is active against many different species of strepto-
cocci. The enzymatic activities of the cysteine, histidine-depen-
dent amidohydrolase/peptidase (CHAP) (1, 15) and Acm
(acetylmuramidase) (8) domains have been characterized pre-
viously. Each hydrolase domain degrades peptidoglycan prep-
arations independent of the other hydrolase domain. More-
over, the CHAP endopeptidase cleaves between the D-alanyl-
L-alanyl moieties between the peptidoglycan stem peptide and
the cross bridge (12).

The aim of this study was to define the functional domains of
the two B30 peptidoglycan hydrolase activities. A series of
deletion mutants were created, and their lytic activities against
mastitis-causing pathogens and lactic acid bacteria were deter-
mined.

C-terminal truncations of the B30 endolysin. All the con-
structs described in this paper were derived from the full-
length (443-codon) phage B30 endolysin gene previously sub-
cloned (pSD101) into pET21a (Novagen), with addition of a
C-terminal six-His tag (12) (Fig. 1). A series of C-terminal
deletion mutants were created by PCR subcloning using
pSD101 as the template. Two forward primers, NdeF and BglF
(Table 1), that contained either a unique NdeI site or a unique
BglII site immediately 5� of the endolysin coding sequences
were synthesized. Reverse primers were designed to introduce
an XhoI site at specific amino acids, including amino acids 90
(90R), 110 (110R), 125 (125R), 156 (156R), 182 (182R), 243
(243R), 300 (300R), and 356 (356R). The PCR product was
either (i) TA cloned into pGEM-T, in which the appropriate
fragment was isolated and ligated into similarly digested
pET21a, or (ii) purified on an agarose gel, doubly digested with
either NdeI and XhoI or BglII and XhoI, gel purified again,
and ligated into similarly digested pET21a. The constructs
were then transformed into either Escherichia coli INV�F� or
E. coli DH5�, isolated, characterized, and retransformed into
E. coli BL21(DE3) for protein expression (Fig. 1).

Plate lysis assays were performed to test the activity of these
constructs. E. coli cells grown in 100 ml of Superbroth (Becton
Dickinson) were first induced with isopropyl-�-D-thiogalacto-
pyranoside (IPTG) (1 mM) and then pelleted, washed with
lysin buffer A (LBA) (50 mM ammonium acetate, 10 mM
CaCl2, 1 mM dithiothreitol; pH 6.2), and frozen at �80°C.
Thawed cell pellets were resuspended in 2 ml lysin buffer A
and disrupted with six 5-s sonication pulses on ice with 5-s rest
periods between pulses. Lysates were clarified by centrifuga-
tion for 30 min at 16,000 � g in a microcentrifuge at 4°C,
filtered (Millex 0.22-�m filter), and stored at �80°C. Ten mi-
croliters of filtered lysate was spotted directly onto tryptic soy
agar plates (0.7% agar) containing 5% 50�-concentrated heat-
killed (60°C for 30 s) or viable mid-log-phase target bacteria (S.

* Corresponding author. Mailing address: Biotechnology and Germ-
plasm Laboratory, ANRI, ARS, USDA, Bldg. 230, Room 104, BARC-
East, 10300 Baltimore Ave., Beltsville, MD 20705-23501. Phone: (301)
504-9150. Fax: (301) 504-8571. E-mail: ddonovan@anri.barc.usda.gov.

5108



agalactiae, Streptococcus dysgalactiae, Streptococcus uberis, or
Staphylococcus aureus) and incubated overnight at 4°C.

C-terminal truncations 1-156, 1-182, 1-243, 1-300, and 1-356
(Fig. 1) lysed the three major streptococcal mastitis pathogens
(S. agalactiae, S. dysgalactiae, and S. uberis U.S. Department of
Agriculture mastitis isolates) in the plate lysis assay (Table 2
and Fig. 2). No construct lysed S. aureus (data not shown). The
1-90 construct that bisected the predicted endopeptidase do-
main (amino acids 6 to 107) was inactive. Constructs 1-110 and
1-125, which included the entire predicted CHAP domain,
were also inactive in the plate lysis assay. Therefore, the “func-
tional” C terminus of the CHAP domain is between amino
acids 125 and 156, up to 50 amino acids beyond the conserved
domain sequences. These additional sequences might be nec-
essary for correct folding.

It is interesting that the degree of lytic activity observed on
the streptococcal mastitis pathogens S. agalactiae and S. uberis
was less than that observed on group C Streptococcus (S. dys-

galactiae). Factors affecting substrate susceptibility and affinity,
such as the substrate binding site of the B30 endolysin, as well
as the cell wall structures of these species, might help explain
the interspecies differences in peptidoglycan hydrolase activity.
However, the CHAP domain does not require the SH3b do-
main for cell lysis activity with any of the streptococci tested or
for the greater hydrolase activity on S. dysgalactiae, and both
the 1-443 and 1-156 constructs exhibited higher activity (Fig.
2).

N-terminal truncations of the B30 endolysin. To define the
functional N terminus of the Acm glycosidase domain, two
N-terminal deletion mutants of the B30 endolysin were created
by PCR subcloning (see above) using NdeI and XhoI sites. An
engineered NdeI site (CATATG) with an in-frame ATG trans-
lation initiation codon was introduced at either codon 80 or
codon 122 by PCR amplification with forward primers 81F and
123F and reverse primer ddfusionlysinR (sequence located in
the vector pSD101 3� of the six-His tag of the B30 endolysin
coding sequences) (Table 1). Proteins derived from both trun-
cations (81-443 and 123-443) exhibited weak lysis activity in the
plate assay (Table 2 and Fig. 2) with all three streptococcal
pathogens tested.

The shortest N-terminal truncation (the 123-443 truncation)
was used to construct C-terminal deletion mutants to define
the C terminus of the functional glycosidase domain. Deletions
at the C terminus were constructed in the 123-443 vector uti-

FIG. 1. Phage B30 endolysin (443-amino-acid) conserved domains
and deletion constructs. The schematic diagram at the top indicates
the locations of the NH2-terminal CHAP endopeptidase, Acm glyco-
sidase, C-terminal SH3b cell wall binding domain, and the six-His tag
(solid box) in the pET21a-derived construct. The numbers indicate the
initial and final amino acids in the deletion constructs and the C-
terminal six-His tag.

FIG. 2. Plate lysis assay of the B30 endolysin and selected trunca-
tions. Ten-microliter portions of E. coli extracts harboring B30-derived
proteins were spotted onto tryptic soy agar plates containing mid-log-
phase cultures of the pathogens S. agalactiae (S. agal.), S. dysgalactiae
(S. dysgal.), and S. uberis.

TABLE 1. Primers used in this study

Primer Sequence Site

NdeF 5�-GCACTACATATGGCAACTTATCAAG
AATATAAAAG-3�

NdeI

BglF 5�-TCCGGCGTAGAGGATCGAGAT-3� BgllI
90R 5�-TGCTACATGCTCGAGAGGCGT-3� XhoI
110R 5�-TAGCACCCTCGAGATTTTG-3� XhoI
156R 5�-GCCGATACCTCGAGAAAGTAATC-3� XhoI
182R 5�-TCGGATACCTCGAGAATCGT-3� XhoI
243R 5�-TGCGGAATCTCGAGAGTCAAT-3� XhoI
300R 5�-TGGATAACCCTCGAGCCAAA-3� XhoI
356R 5�-CGCTGCAGCTCGAGATCAACCTTA

GGTATATCCATTTTGCT-3�
XhoI

81F 5�-TTGCTATTCATATGGTTGTTG-3� NdeI
123F 5�-CTTGTACATATGCCATATTC-3� NdeI
ddfusionlysinR 5�-TTCCTTTCGGGCTTTACTAGTAGCC

GGATCTCAGTG-3�
MboI

TABLE 2. Plate lysis assay results for B30 endolysin truncations

Construct
Plate lysis assay resultsa

S. agalactiae S. dysgalactiae S. uberis

1-443 ��� ��� ��
1-90 � � �
1-110 � � �
1-125 � � �
1-156 ��� ��� ��
1-182 ��� ��� ��
1-243 ��� ��� ��
1-300 ��� ��� ��
1-356 ��� ��� ��
81-443 �� �� ��
123-443 � �� �
123-243 � � �
123-300 � � �
123-356 � � �

a ���, clearing in �2 h; ��, clearing overnight; �, weak clearing overnight;
�, no clearing overnight.
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lizing primers employed previously (243R, 300R, and 356R) to
make the B30 C-terminal deletion mutants (Fig. 1). Deletions
123-243 and 123-300 removed all of the SH3b domain (amino
acids 380 to 441; http://smart.embl-heidelberg.de/smart/show
_many_proteins.pl) and most of the predicted glycosidase do-
main. These constructs were inactive in plate lysis assays (Ta-
ble 2). Construct 123-356 contained the entire predicted Acm
domain (amino acids 145 to 344) (12) but lacked the SH3b
domain. The 123-356 construct exhibited weak lysis of S. dys-
galactiae (Fig. 2 and Table 2). However, this construct was not
active against the B30 host strain S. agalactiae and was only
weakly lytic with S. uberis, suggesting that the SH3b domain is
critical for Acm domain activity.

Activities of the purified B30-derived proteins with mastitis-
causing pathogens. Representative Ni-purified truncated pro-
teins 1-156, 1-182, and 1-356 and full-length recombinant pro-
tein 1-443 (Fig. 3A) were used in a turbidity assay with three
bacterial strains (Fig. 3B). Proteins were purified from E. coli
extracts prepared essentially as described above from 500-ml
induced cultures of BL21(DE3) harboring the pSD101-derived
constructs, washed, and resuspended in 10 ml lysis buffer (50
mM NaH2PO4, 300 mM NaCl, 10 mM imidazole; pH 8) with

15 10-s sonication pulses on ice with 10-s rest periods between
pulses and with 30 min of centrifugation at 6,800 rpm in an
HS4 Sorvall rotor (8,500 � g) at 4°C. Clarified extracts were
batch incubated with 5 ml of Ni-nitrilotriacetic acid slurry
(QIAGEN) for 1 h at 4°C with gentle rolling. The slurry was
washed and the protein was eluted as described by the manu-
facturer. Protein eluates were desalted in Micro Bio-Spin 30
columns (Bio-Rad) prior to protein determination with the
bicinchoninic acid protein assay (Pierce).

For the turbidity assay, the target cells were grown in brain
heart infusion to the mid-log phase (optical density at 600 nm
[OD600], 0.4 to 0.6), pelleted, and resuspended in LBA to an
OD600 of 	2.0. Assays were initiated by addition of target cells
to a final OD600 of approximately 1.0 to 1.2 to LBA with 100 �g
of B30 endolysin-derived proteins. Changes in OD600 were
recorded for 1 h. Changes in OD600 for untreated cells were
subtracted from endolysin sample values prior to calculation of
the activity. The results were expressed as the change in OD600/
hour/milligram of total protein. All values represent three ex-
periments (performed on three different days), and all samples
were assayed on each day. The protein was purified and quan-
tified, and the turbidity assays were performed on the same day
due to the instability of some of the truncated proteins (7).

The turbidity assays indicated that the 1-156, 1-182, and 1-356
truncated proteins and full-length endolysin 1-443 exhibited sim-
ilar activities against both mastitis pathogens (S. agalactiae and S.
uberis) but little or no activity against S. aureus (Fig. 3B). This is
consistent with findings obtained previously with E. coli extracts
harboring the 1-443 and 1-182 constructs (7).

The activities of construct 1-443, 1-356, and 1-182 purified
proteins (100 �g) were shown to be within the linear range of
the assay (data not shown). Despite high lytic activity with 100
�g of the CHAP domain protein fragments, the same amount
of 123-443 harboring the entire Acm and SH3b domains was
not active in the turbidity assay with S. agalactiae (data not
shown).

Activities of the mutated B30-derived proteins against S.
agalactiae. To confirm the activity results obtained with protein
truncations, single-amino-acid mutations (12) were also tested
(Fig. 4). Point mutants are expected to have a minimal effect
on protein conformation and stability (10). It was shown pre-
viously that C26S and H91A mutations resulted in a complete
loss of endopeptidase activity and that a D158A mutation led
to a loss of almost 90% of the glycosidase activity (12). These
mutant proteins were purified with an Ni column, analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) (Fig. 4A), and used in turbidity assays with S.
agalactiae (Fig. 4B). Both CHAP domain mutations (C26S and
H91A) completely abolished all lytic activity. However, inacti-
vation of the Acm domain (D158A) did not reduce the level of
lysis activity from the wild-type activity level. Identical results
were obtained when S. uberis was tested (data not shown).
Consequently, the CHAP endopeptidase was responsible for
almost 100% of the lysis activity, and based on the deletion
analysis described above, the C-terminal SH3b domain is not
required. At this time, it is not known if the unnecessary SH3b
domain, when “lysing from without,” is typical of GBS phage
endolysins. Analyses of the binding properties of the C-termi-
nal SH3b domain (by using fusions to the green fluorescent
protein) are under way.

FIG. 3. Protein purification analysis and turbidity assay with se-
lected B30 endolysin truncated proteins. (A) Representative SDS-
PAGE gel containing B30 endolysin and derived proteins purified with
nickel affinity columns. Purified proteins were analyzed by standard
15% SDS–PAGE performed with Tris-glycine buffer at 131 V for 1.5 h
in a Bio-Rad Mini-PROTEAN 3 gel apparatus according to the man-
ufacturer’s instructions. Gels were stained with BioSafe Coomassie
blue stain (Bio-Rad) for 1 h and then rinsed in distilled water over-
night. Lane M, molecular mass protein standards (Kaleidoscope pro-
tein standards; Bio-Rad); lane 1, 1-156; lane 2, 1-182; lane 3, 1-356;
lane 4, full-length 1-443 protein. (B) Turbidity assay results with three
bacterial strains obtained by using 100 �g of each B30 endolysin-
derived protein. Black bars, 1-156; white bars, 1-182; plaid bars, 1-356;
striped bars, full-length 1-443. The turbidity data are the results of
three independent experiments performed with three unique prepara-
tions of purified protein. Specific activity is expressed in OD600/hour/
milligram. S. agal., S. agalactiae.
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An aberrant protein conformation or instability resulting
from single-amino-acid mutations of the CHAP domain is not
likely to be responsible for the findings described above. In-
deed, two different CHAP constructs (C26S and H91A) had
the same effect, and both still exhibited glycosidase enzymatic
activity with a prepared peptidoglycan substrate (12). More-
over, similar yields were obtained for both purified proteins
and the wild-type endolysin (protein 1-443), as determined by
SDS-PAGE analysis (Fig. 4A). Also, the specific lytic activity
of the Acm domain mutant (D158A) was nearly identical to
the specific activity of the wild-type 1-443 protein, suggesting
that nearly all of the lytic activity is due to the nonmutant
CHAP domain, which is consistent with the weak activity ob-
served with the Acm domain-isolating deletion constructs.

Activity of the purified B30 endolysin and derived proteins
on lactic acid bacteria and other streptococci. The purified
full-length B30 endolysin (protein 1-443) and the 1-156 CHAP
protein harboring a C-terminal truncation were used in turbid-
ity assays with lactic acid bacteria used in the manufacture of
fermented dairy products, as well as other closely related strep-
tococci. Clarified E. coli extracts containing the full-length
1-443 lysin and a large truncated endolysin (1-182) are known
to be lytic for some lactic acid bacteria (7). The purified 1-443
endolysin exhibited a lytic profile similar to that of E. coli

extracts harboring the same construct, and the specific activi-
ties were 1.3 OD600/mg/h for Streptococcus salivarius ATCC
25975 (7), 11.7 OD600/mg/h for Streptococcus thermophilus
SMQ-301 (19), and 5.6 OD600/mg/h for Leuconostoc cremoris
HER1286 (16). The shorter truncated protein, 1-156, was also
purified and was shown to have similar lytic activities against
related bacteria; the specific activities were 2.0 OD600/mg/h for
S. thermophilus, 2.8 OD600/mg/h for S. salivarius, 7.9 OD600/
mg/h for L. cremoris, and 1.6 OD600/mg/h for Streptococcus suis
89-999 (13). As shown previously for the full-length 1-443
protein and for the 1-182 truncation in E. coli extracts (7), the
purified 1-443 and 1-156 proteins were not active against Leu-
conostoc mesenteroides HER1273 (17) or Lactococcus lactis
IL-1403 (2).

In conclusion, we identified a 156-amino-acid protein frag-
ment from a phage endolysin that contains a functional CHAP
endolysin domain with strong antimicrobial activity against
three major mastitis-causing streptococci. Although the B30
endolysin constructs lyse the milk-processing bacteria S. ther-
mophilus and L. cremoris, they are also inactivated during
pasteurization (7). Moreover, this antimicrobial peptide is
likely to be degraded in the gut (9), further reducing putative
food safety concerns should the constructs be produced in
transgenic cow’s milk. We also describe a highly conserved
Acm phage endolysin domain that does not exhibit significant
lytic activity against GBS or other streptococci when they are
exposed “from without.” The role of this seemingly silent do-
main in bacteriophage B30 requires further investigation.
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