
Existence of Separate Domains in Lysin PlyG for Recognizing Bacillus
anthracis Spores and Vegetative Cells

Hang Yang, Dian-Bing Wang, Qiuhua Dong, Zhiping Zhang, Zongqiang Cui, Jiaoyu Deng, Junping Yu, Xian-en Zhang, and
Hongping Wei

State Key Laboratory of Virology, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, China

As a potential antimicrobial, the bacteriophage lysin PlyG has been reported to specifically recognize Bacillus anthracis vegeta-
tive cells only and to kill B. anthracis vegetative cells and its germinating spores. However, how PlyG interacts with B. anthracis
spores remains unclear. Herein, a 60-amino-acid domain in PlyG (residues 106 to 165), located mainly in the previously identi-
fied catalytic domain, was found able to specifically recognize B. anthracis spores but not vegetative cells. The exosporium of the
spores was found to be the most probable binding target of this domain. This is the first time that a lysin for spore-forming bac-
teria has been found to have separate domains to recognize spores and vegetative cells, which might help in understanding the
coevolution of phages with spore-forming bacteria. Besides providing new biomarkers for developing better assays for identify-
ing B. anthracis spores, the newly found domain may be helpful in developing PlyG as a preventive antibiotic to reduce the
threat of anthrax in suspected exposures to B. anthracis spores.

The Gram-positive Bacillus anthracis bacterium, causing the
disease anthrax in humans, is a well-known bioterrorism agent

requiring worldwide medical attention (5, 15, 17, 20, 44). This
spore-forming bacterium is a member of the Bacillus cereus group,
along with B. cereus, Bacillus thuringiensis, and Bacillus mycoides
(13). The entire spore of B. anthracis is encased by a heavily gly-
cosylated exosporium (10, 43), which functions as a semiperme-
able barrier and a matrix for binding of molecules involved in
defense, germination control, and other interactions of the spores
with the environment (18). Under the exosporium is a much thin-
ner coat layer (11, 12, 31, 38), which is critical for resistance prop-
erties as well as pathogenic effects (26). Because they are physico-
chemically stable and resistant to antiseptics, extreme
temperature, high pressure, and UV irradiation (3, 33), B.
anthracis spores are the foremost agent in anthrax threats.
Therefore, the control of the spores is of great importance for
combating bioterrorism and for the effective treatment of an-
thrax.

Lysins, produced by bacteriophages to digest the bacterial cell
wall for the release of progeny virions, have been considered effec-
tive anti-infective agents for control of Gram-positive bacteria (4,
8, 27, 29, 32). PlyG, produced by gamma phage, has been reported
to be an effective and specific agent for killing B. anthracis vegeta-
tive cells (40). The C terminus of PlyG (the site from residue 156 to
residue 233) was identified as the cell wall binding domain (CBD),
which recognizes vegetative cells, and the N terminus of PlyG (the
site from residue 1 to residue 155) was previously considered to be
the catalytic domain for destroying the target cells (9). Further
research verified that the CBD of PlyG can recognize only the
germinating form, but not spores, of B. anthracis (9). In vitro trun-
cation analysis indicated that the residues from 190 to 199 of PlyG
were necessary and sufficient for vegetative cell binding (21, 39).
The critical region for the catalytic activity of PlyG (the site from
residue 1 to residue 90) was also characterized (22). PlyG has also
been reported to kill the germinating form of B. anthracis spores
(40). However, the mechanism behind this remains unclear, and
limited evidence is available on how PlyG interacts with B. anthra-
cis spores.

In this study, as a step to understanding how PlyG interacts
with B. anthracis spores, in vitro variant truncated fragments of
PlyG were constructed and binding assays were performed to
identify whether there is a binding domain in PlyG to recognize B.
anthracis spores. Surprisingly, a 60-amino-acid fragment located
mainly in the previously identified catalytic domain was found to
specifically recognize B. anthracis spores but not vegetative cells,
indicating that PlyG uses different binding domains to recognize
spores and cells. These results provide new insight into the mech-
anism of interaction between PlyG and B. anthracis spores and
therefore may provide further clues to finding or developing new
lysins for controlling B. anthracis spores.

MATERIALS AND METHODS
Bacteria. All experiments involving live B. anthracis spores and vegetative
cells were performed in a biosafety level 3 laboratory. The experimenters
were equipped with masks, gloves, and exposure suits. Bacillus anthracis
A16 was cultured in standard LB medium and harvested as vegetative
cells, as reported previously (2, 7, 50). The washed vegetative cells were
heat treated for 5 min under boiling water before staining with the trun-
cated proteins and the synthetic peptides. Spores were prepared on mod-
ified Difco sporulation medium (DSM), following the procedures
described elsewhere (14, 36, 42, 49). The spores were inactivated imme-
diately after harvest with 1% formaldehyde for more than 24 h to make
sure of their dormancy during the experiments.

Escherichia coli BL21(DE3) was used for cloning and expression of the
recombinant fusion proteins of PlyG and enhanced green fluorescent pro-
tein (EGFP). A total of 20 kinds of bacterial strains from 10 genera, com-
prising 17 bacillus strains and three other Gram-negative bacterial strains,
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were used in the binding selectivity assays, and a subset of these was used
as labeling controls for the fluorescence analysis.

Construction of recombinant proteins. The original PlyG gene se-
quence (GenBank accession no. AF536823) was chemically synthesized by
Songon Biotech (Shanghai, China). Fragments from PlyG were genetically
fused with the N terminus of EGFP, and eight corresponding expression plas-
mids, pET-EP9, pET-EP0, pET-EP3, pET-EC3, pET-EC5, pET-EC6, pET-
EC8, and pET-EG1, were constructed (see Table S1 in the supplemental ma-
terial). To obtain active PlyG, the plasmid pBAD-plyG was created (see Table
S1). All the resulting clones were confirmed by sequencing.

Synthetic peptides. Three synthetic peptides (see Table S1) were used
in the binding assay, with an N-terminal fluorescein isothiocyanate
(FITC) modification. One peptide with an N-terminal cysteine was used
to react with 20 nm Au nanoparticles (BBI).

Protein expression and purification. The recombinant proteins were
expressed in the E. coli BL21(DE3) strain in standard LB medium and
purified following procedures described previously (40, 54), with minor
modifications. For pBAD-containing strains, protein was induced with
0.2% L-arabinose at 16°C for 8 h. Cells were washed, resuspended in 20
mM phosphate buffer at pH 6.6, and lysed with sonication. PlyG, which
passed through a HiTrap Q Sepharose FF column (GE Healthcare),
bound to a HiTrap SP Sepharose FF column (GE Healthcare) and was
eluted in a linear gradient containing 1 M NaCl. For pET-containing
strains, protein expression was induced with 1 mM isopropyl �-D-thio-
galactoside (IPTG) when an optical density of 0.6 to 0.8 was reached. After
induction, the bacteria were incubated overnight at 16°C to allow expres-
sion. Purification was achieved through the His6 tag, following the general
protocol using a nickel nitrilotriacetic acid column, washing and eluting
with imidazole solutions with concentrations of 60 and 265 mM, respec-
tively. Collected fractions were dialyzed against 1� phosphate-buffered
saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 · H2O, 1.4
mM KH2PO4, pH 7.4) and then stored at �80°C until use after being
quantitated by the Bradford assay using bovine serum albumin (BSA) as a
standard.

Staining and microscopy of bacterial cells and spores. To study the
binding capabilities of the recombinant proteins, all the bacterial cells and
spores tested were stained with the EGFP-tagged truncated proteins and
EGFP (as a control), respectively. For bacterial cells, harvested cells were
washed twice with 1� PBS by centrifuging (12,000 � g for 1 min) and
then inactivated by a heat treatment (5 min under boiling water). Then,
the cells were reacted with an excess of the EGFP-tagged proteins at 37°C
for 30 min to ensure completed labeling. After washing three times with
PBSB (1� PBS and 0.1% BSA) by centrifuging (12,000 � g for 1 min), the
labeled cells were analyzed by using a fluorescence microscope (Delta
Vision Personal DV; Applied Precision) and/or a laser scanning confocal
microscope (TCS-SP2; Leica, Germany).

For the spores, all were preblocked with PBSM (1� PBS, pH 7.4, and
5% defatted milk powder) at 37°C for 2 h and then washed three times
with PBST buffer (1� PBS and 0.05% Tween 20) by centrifuging
(12,000 � g for 1 min) before staining with PBSB, EGFP, and EGFP-
tagged proteins with or without L-alanine and D-alanine, respectively. All
B. anthracis spores were completely inactivated by 1% formaldehyde after
harvest to ensure biosafety and their dormancy state during the staining
process, unless otherwise indicated. After reacting with an excess of EGFP
and the EGFP-tagged proteins at 37°C for 30 min, the spores were washed
three times with PBST buffer by centrifuging (12,000 � g for 1 min) before
analysis by using the Delta fluorescence microscope. For fluorescence
quantitative analysis, the total fluorescence intensity of a special defined
region containing only one spore was calculated by the instrument’s soft-
ware automatically. The area of each defined region was fixed in all of the
assays, and all the images were captured under the same instrument con-
ditions. The specificity of EP0 was statistically evaluated by comparing the
average fluorescence intensity of each spore (�300 spores) with the back-
ground fluorescence staining with the buffer PBSB and the control fluo-
rescence staining with EGFP.

SPF assay. A subtraction assay was developed to evaluate the binding
affinities of the EGFP-fused truncated proteins for B. anthracis cells and
spores individually. To achieve this, pretreated B. anthracis cells and
spores were diluted 10-fold serially and stained with the recombinant
truncated proteins for different times at 37°C. Then, the mixtures were
centrifuged at 12,000 � g for 1 min, and the supernatants (100 �l) were
analyzed using a spectrophotofluorometer (SPF) (LS55; Perkin-Elmer)
with an excitation wavelength of 488 nm and an emission wavelength of
510 nm. EGFP-fused truncated proteins mixed with PBSB buffer were
used as blank controls.

Kinetic analysis of truncated proteins with B. anthracis spores. Ap-
proximately 5 � 105 biotinylated B. anthracis spores were reacted with the
streptavidin sensors (ForteBio) at room temperature overnight to ensure
complete conjugation prior to analysis. Four truncated proteins, EP0,
EP3, EC5, and EC6, and EGFP were tested simultaneously with the spore-
modified sensors using an Octet apparatus and its software (ForteBio). It
is notable that an on-line blockage strategy with PBSM (1� PBS and 5%
defatted milk powder) was used for each sensor (blocked for 10 min,
followed by washing with PBS for 3 � 10 min) to reduce nonspecific
interactions. Each assay was repeated three times.

Scatchard plot assay. B. anthracis spores with a constant concentra-
tion of 3.5 � 105 were stained by EC6 with a series of concentrations,
ranging from 0.11 to 1.82 �M, at 37°C for 120 min. After centrifugation at
12,000 � g for 1 min, the fluorescence of the supernatant of each mixture
was read by the SPF assay immediately, using spore-free EC6 solutions as
controls. The initial total molar concentration of EC6 was defined as Ct,
and the molar concentration of EC6 in the supernatant was defined as Cf,
which represents the free proteins that do not bind with the spores. Thus,
the molar concentration of the bound protein (Cb) was calculated as
(Ct � Cf). For calculation, we assumed that a single spore could be con-
sidered a macromolecule, which had a constant mass and volume during
the interaction. Therefore, the molar concentration of the spores was
defined as Cs, and the binding ratio (�) was calculated as Cb/Cs. The
saturation binding curve was created by fitting the results obtained under
a series of dilutions of EC6. Meanwhile, the data were displayed as a
Scatchard plot in which the x axis was the binding ratio (�) and the y axis
was the binding ratio (�) divided by the free ligand concentration (Cf).
According to the principle of this method (34, 52), it is possible to estimate
Bmax and Kd from the Scatchard plot (Bmax is the x intercept, and Kd is the
negative reciprocal of the slope). Bmax represents the maximum ligand
number located on a spore for EC6, while Kd represents the binding con-
stant of EC6 interaction with B. anthracis spores.

Labeling peptides with AuNPs. Peptide N21 was immobilized on Au
nanoparticles (AuNPs) using a procedure described previously (16), with
some modifications. Briefly, AuNPs (20 nm, with the pH adjusted to 9.2
before use) reacted with N21 (in H2O) under vigorous stirring for 12 h to
form Au-S bonds that link N21 to Au. After washing three times with a
washing buffer (10 mM phosphate buffer, 150 mM NaCl, pH 7.4) to
remove unreacted peptides, the N21-AuNP conjugate was stored at 4°C
until use.

Transmission electron microscopy. PBSM-blocked B. anthracis
spores, with or without sonication pretreatment, were reacted with the
gold-labeled peptide, N21-AuNPs. The sonication treatment was used to
detach part of the exosporium from the spores, and ultracentrifugation
was used to purify the sonicated spores from the detached exosporium as
described previously (49, 37). After washing three times to remove un-
bound N21-AuNPs, the sample was analyzed by using a transmission
electron microscope (Tecnai G2 20 Twin; Fei).

In vitro lysin activity. Lysin activity was measured as previously de-
scribed (32), with some modifications. Briefly, B. anthracis strain A16 was
grown to an optical density at 600 nm (OD600) of 0.2 to 0.3, centrifuged,
and resuspended in phosphate buffer to a final OD600 of 0.8 to 1.0. Two-
fold serial dilutions of purified PlyG (100 �l) were added to a 100-�l
bacterial suspension in 96-well plates (Perkin-Elmer), and the drop in the
OD600 was monitored by using a Synergy H1 spectrophotometer
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(BioTek) for 30 min at 37°C. A unit of PlyG activity was defined as the
highest dilution that decreased the absorbance by 50% within 15 min (32).

Spore killing assay. The PlyG-mediated spore killing assay was tested
in the presence of L-alanine and D-alanine as described previously (40). In
brief, aliquots of spores were heat activated at 65°C for 5 min and sus-
pended in 1 ml tryptic soy broth with either 100 mM L-alanine or D-ala-
nine for 5 min at 37°C. Samples were then treated with 10 U PlyG for up to
2 h and finally plated for counting after washing three times with PBS.

RESULTS
Construction and expression of recombinant proteins. The
whole PlyG protein contains 233 amino acids. Using standard
genetic engineering methods, a series of recombinant proteins and
their fusion proteins with EGFP were constructed and expressed
as shown in Fig. 1. It was found that these proteins could be well
expressed in E. coli. After purification and dialysis, the proteins
were used directly for the binding assays. Meanwhile, four small
peptide fragments were synthesized and labeled with or without
FITC to confirm their binding activity.

Recognition of B. anthracis cells. To test if the recombinant
truncated fusion proteins retained the ability to recognize B. an-
thracis cells, equal numbers of B. anthracis cells were stained with
the three recombinant proteins EP9, EP0, and EP3 at 37°C for 30
min. The concentrations of the recombinant proteins were chosen
within its linear range with the fluorescence intensity. After cen-
trifugation, the supernatants were analyzed using the spectro-
photofluorometric (SPF) assay. As shown in Fig. 2A, all three pro-
teins could bind to B. anthracis cells, but EP0 displayed a higher
binding affinity than the other two.

To optimize the staining time required for complete labeling of

B. anthracis cells, B. anthracis vegetative cells were incubated with
EP0 for 0, 10, 20, 30, 60, and 120 min in parallel. Figure 2B shows
that 30 min was enough to ensure complete labeling of B. anthracis
cells with EP0 under the experimental conditions. For a further
confirmation of the staining time of B. anthracis cells, the corre-
sponding cells of each sample, thoroughly washed three times
with PBST buffer (1� PBS and 0.05% Tween 20), were imaged by
a fluorescence microscope (see Fig. S1 in the supplemental mate-
rial). The results showed that after more than 30 min of staining,
the fluorescence intensity of each cell reached a maximum. This
result was consistent with that of the SPF assays, suggesting that 30
min of staining was enough for complete staining of B. anthracis
cells by EP0.

Confocal microscopy was also used to determine the binding
location of EP0 on B. anthracis cells (see Fig. S2 in the supplemen-
tal material). The image clearly showed that EP0 can bind directly
to the cell wall of B. anthracis cells, mediated by CBD of PlyG,
rather than permeating the cell.

The lysin PlyG can specifically kill B. anthracis cells and has no
effect on other Bacillus strains, which was putatively attributed to
the high selectivity of its CBD. To confirm if the selectivity of EP0
was the same as that of PlyG, fluorescence microscopy was used to
analyze different bacteria, including seven B. thuringiensis strains,
five B. cereus strains, one B. subtilis strain, one B. mycoides strain,
one B. licheniformis strain, one B. pumilus strain, and three other
Gram-negative bacterial strains as controls (see Table S2 in the
supplemental material). All the above results showed that the
truncated fragments of PlyG fused with EGFP still specifically rec-
ognized B. anthracis cells, consistent with results for the full PlyG
protein. Therefore, EP0 and EP3 were used in the following work
to study if the truncated fragments of PlyG could recognize B.
anthracis spores.

Recognition of B. anthracis spores. To test the ability of the
recombinant truncated fragments to recognize B. anthracis
spores, equal numbers of B. anthracis spores were mixed with EP0,
EP3, and EGFP. As shown in Fig. S3 in the supplemental material,
only EP0 displayed an obvious ability to recognize B. anthracis
spores. In contrast, EP3 and EGFP could not bind to these spores.

Further experiments found that only B. anthracis spores
showed significantly increased fluorescence after staining with
EP0, while other closely related spores, including B. thuringiensis
spores and B. cereus spores, did not show any appreciable increase
in fluorescence (data not shown). The specificity of EP0 for B.
anthracis spores was also analyzed statistically by measuring the
total fluorescent intensity of each spore (Fig. 2C), demonstrating
that only EP0 could significantly enhance the fluorescence, attrib-
utable to its direct recognition of and conjugation to the B. an-
thracis spores.

The binding of EP0 to B. anthracis spores showed a rate similar
to that of binding to B. anthracis cells. After 30 min of staining, the
fluorescence of each spore reached a maximum (Fig. 2D).

Previous research found that residues 190 to 199 of PlyG were
necessary for its binding activity to B. anthracis cells (21). The
discovery in our work that only EP0 but not EP3 recognized B.
anthracis spores implied that the 30 amino acids (CSR30, located
from 106 to 135) in EP0 or a portion of them may play a key role
in recognizing the spores. To confirm whether a spore binding
domain (SBD) exists in PlyG, a further four truncated fragments
fused with EGFP, EC3, EC5, EC6, and EC8, and three synthesized
peptides, FD13, FD23, and FD24, labeled with FITC, were con-

FIG 1 Schematic positions of the truncated proteins and synthetic peptides
used in the study.
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structed to stain the spores and vegetative cells, respectively. As
shown in Fig. 3A, the proteins EC5, EC6, and EC8 and the syn-
thetic peptide FD23 could recognize spores but not the vegetative
form of B. anthracis. The longer peptides, FD13 and FD24, dis-
played a staining similar to that of FD23 (see Fig. S3 in the supple-
mental material). To further ensure that the binding between pep-
tide and B. anthracis spore is specific but not through charge or
hydrophobic interactions, an N-terminally EGFP-fused FD23
peptide (EF3) was constructed and used to stain the spores. The
results showed that EF3 could bind tightly to B. anthracis spores
similarly to the way in which FD23 did (see Fig. S3). What is more,
500 mM Na� and 200 mM Mg2�, as well as 200 mM Ca2�, had no
influence on binding between EC6 and the spores (data not
shown). It is notable that for staining of vegetative cells, FITC can
penetrate into heat-treated cells because of its smaller size (Fig.
3A), while FD23 and EGFP cannot.

Additional experiments showed that the full-length PlyG pro-
tein fused with EGFP (EG1) recognized the spores and the cells
(Fig. 3A), which indicated that the catalytic domain of PlyG did
not affect the binding of the truncated PlyG proteins to the spores
or vegetative cells.

Further experiments showed that the proteins EP0, EC6, and
FD23 also could bind to the sonicated spores, as shown in Fig. 3B.

However, the total fluorescence intensity of each sonicated spore
stained with EP0 was much lower than that of an intact spore (Fig.
3C). Since sonication can remove part of the exosporium from the
spores, the decreased fluorescence may be due to the loss of the
exosporium, which indicates that the exosporium of the spores
may be the binding target of EP0.

As summarized in Fig. 4, our results showed that recognition of
B. anthracis vegetative cells and that of its spores were mediated by
different domains in PlyG, and a small fragment (residues 125 to
145) was able to bind to the spores.

Analysis of kinetics of binding. Because less is known about
the binding characteristics of the spore binding domain (SBD) for
B. anthracis spores, a fluorescence-based Scatchard plot assay was
developed to determine the binding constant and the number of
binding sites on a spore. As shown in Fig. 5A, under the same
concentration and adding the same number of the spores, of all
the truncated proteins, EC6 showed the greatest decrease in fluo-
rescence, which was quite close to that of EG1. This indicated that
EC6 had the highest affinity for the spores, and it was identified as
the SBD. To create the Scatchard plot, EC6 at a series of concen-
trations ranging from 0.11 to 1.82 �M was reacted with a constant
number of B. anthracis spores. The saturation binding data were
analyzed using nonlinear regression (Fig. 5C) and displayed in a

FIG 2 Binding characteristics of the recombinant proteins for B. anthracis vegetative cells and spores. (A) Changes in residual fluorescence intensities of EP9,
EP3, and EP0 after reaction with B. anthracis cells for 30 min. (B) Time gradient of fluorescence changes of the supernatant during reaction of EP0 with B.
anthracis cells. (C) Specificity of EP0 for B. anthracis spores. After staining with EP0, spores were analyzed by the fluorescence microscope system under the same
instrument conditions. (D) Time gradient of fluorescence changes of the supernatant during reaction of EP0 with B. anthracis spores.
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Scatchard plot, as shown in Fig. 5D, giving a slope of �2.26 �M�1

and a y intercept value of 0.47 �M�1. Therefore, the maximum
number of binding sites for EC6 on a spore was found to be 2.1 �
108, and the Kd value of the interaction was 4.4 � 10�7 M.

To analyze the time-resolved dynamic of the interaction be-
tween EC6 and B. anthracis spores, an Octet apparatus was used to
observe the association and dissociation processes. As shown in
Fig. 5B, the interaction process presented a slow-association-and-

slow-disassociation profile. In addition, the interactions between
the truncated proteins EC5, EP0, and EP3 and B. anthracis spores
were also tested in the Octet system (see Fig. S4 in the supplemen-
tal material). Consistent with the SPF data, EC6 displayed a higher
affinity for the spores.

PlyG-mediated spore killing. To explore the possible role of
SBD on PlyG activity, PlyG with a high lysin activity against B.
anthracis vegetative cells was obtained after purification by two-

FIG 3 Binding features of the truncated proteins and the peptide for B. anthracis spores, heat-treated vegetative cells, and sonicated spores. (A) Binding profiles
with B. anthracis spores and vegetative cells. (B) Binding profiles with sonicated spores. (C) Relative fluorescence intensities of intact spores and sonicated spores
after staining with EP0. All images were taken under the same instrument conditions. Bar � 2 �m.
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step ion-exchange chromatography (Fig. 6A). In the spore killing
assay, the heat-activated spores were mixed with 10 U of PlyG in
the presence of 100 mM L-alanine or D-alanine for up to 2 h. When
the treatment time was 5 min or 30 min, the decrease in the num-
ber of CFU/ml was about 1 log in the presence of either L-alanine
or D-alanine. These results indicate that PlyG can bind to the
spores, germinating (in the presence of L-alanine) or not (in the
presence of D-alanine), hence resulting in almost the same re-
duced number of CFU (Fig. 6B). Although the reduction in the
number of CFU/ml after treatment for 2 h was about 2 logs in the
presence of L-alanine, this may be because some of the spores had
germinated to vegetative cells and were killed during the exposure.
To eliminate the possible influence of L-Ala and D-Ala on the
killing efficiency of PlyG through interference with binding of

PlyG to B. anthracis spores, spores, inactivated or not, were stained
with EG1 in the presence of different concentrations of L-alanine
and D-alanine, respectively. The statistical fluorescence intensity
of alanine-treated spores had no obvious difference from that of
the untreated control, either inactivated (Fig. 6C) or not (Fig. 6D).
These results showed that alanine does not interfere with the bind-
ing of PlyG to the spores.

Transmission electron microscopy. To further identify the
binding sites of SBD on B. anthracis spores, the N21 peptide-
labeled AuNPs, N21-AuNPs, were used to stain spores. The max-
imum absorption of the conjugated N21-AuNPs had a 10-nm red
shift relative to that of the bare AuNPs (see Fig. S5 in the supple-
mental material). Transmission electron microscopy showed that
N21-AuNP particles were located mainly on the exosporium of
the spores (Fig. 7). Together with the fluorescence results for the
sonicated spores in Fig. 3B and C, the exosporium is identified as
the most probable binding target of the SBD.

DISCUSSION
Possible impact on mechanism of PlyG activity. As shown in Fig.
3A, our study shows that PlyG uses different domains to recognize
the spores and the vegetative cells. The SBD of PlyG contains 60
amino acids, from residue 106 to residue 165. According to the

FIG 4 Structure-based analysis of the truncated fragments within the SBD.
(A) Structure of the PlyG SBD based on the structure of the catalytic domain of
PlyG (PDB 2L47_A; GI 350610326). All of the truncated sites are labeled with
different colors. (B) Summarized binding results for the truncated fragments
within the SBD.

FIG 5 Characteristics of EC6 association with B. anthracis (B. A) spores. (A)
Differences in binding of the truncated proteins to B. anthracis spores with the
same concentrations and conditions. (B) Kinetics of EC6 association with B.
anthracis spores at concentrations of 674.6 nM (black) and 337.3 nM (dark
gray). EGFP (304.4 nM; gray) and PBS (light gray) were used as the control and
the blank, respectively. (C) Saturation binding curve of EC6, shown by the
molar concentration of Cf relative to Cb. (D) Simulated Scatchard plot for EC6
association with B. anthracis spores (adjusted r2 � 0.9918).

FIG 6 PlyG-mediated spore binding and killing. (A) Lysin activity of PlyG on
B. anthracis vegetative cells. One unit of two-step-purified PlyG (open squares)
displays high activity against B. anthracis cells, in contrast to the buffer control
(solid squares). (B) Effect of PlyG on B. anthracis spores. Heat-activated B.
anthracis spores were treated with PlyG (10 U) in the presence of either 100
mM L-alanine (light gray) or D-alanine (white) for different times. The resulted
CFU were counted and are contrasted with results for the blank control (gray).
EG1 can bind to inactivated (C) or live (D) B. anthracis spores in the presence
of either L-alanine or D-alanine, and the relative fluorescence intensity is not
obviously different from that of the buffer control.
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recently reported structure of the catalytic domain of PlyG (PDB
2L47_A; GI 350610326), the SBD consists of three helixes, 106 to
118 (Hex1), 138 to 145 (Hex2), and 147 to 156 (Hex3), and a sheet
from 125 to 129 (Fig. 4A). The fact that EC5, EC6, and FD23 but
not EC3 and EP3 retain the ability to recognize B. anthracis spores
implies that the sheet and Hex2 are the inner core of SBD, while
Hex1 and Hex3 are expanded elements that help to bind the spore
tighter.

The transmission electron microscopy assays and fluorescence
assays of the sonicated spores indicated that the binding sites of
the newly identified SBD are most probably on the exosporium of
the spores. This result differs from that in a previous report, which
suggested that PlyG could recognize only the germinating form,
but not spores, of B. anthracis (9). This contradiction may be
because only a shorter C-terminal fragment of PlyG (residues 156
to 233) was studied as the binding domain in the previous re-
search, and the newly identified spore binding domain is located
mainly within the catalytic domain previously considered. This
finding may offer an important insight for understanding the way
PlyG interacts with spores and its use in control of anthrax.

Since PlyG can bind to spores, this also implies that PlyG could
be used immediately to reduce the threat of anthrax in suspected
exposures to B. anthracis spores without the need to wait until
spore germination. Otherwise, if PlyG lacked the ability to bind to
spores, early administration of PlyG might not be effective. How-
ever, our results also showed that PlyG can bring an obvious but
only moderate reduction in the number of CFU of B. anthracis
spores within 30 min, even in the presence of L-alanine, implying
that some modification may be needed for PlyG to further en-
hance its spore-killing activity.

Biological significance of the spore recognition property of
PlyG. The finding that PlyG uses different domains to recognize
the spores and vegetative cells might also be a great help in under-
standing the coevolution of gamma phage with B. anthracis. since
lysins are used by bacteriophages to digest the bacterial cell wall for

the release of progeny virions, it is easy to understand why PlyG
can lyse the vegetative cells of B. anthracis through the specific
recognition of its CBD. However, it is intriguing that PlyG has a
special domain for recognizing the spores. It is well understood
that spore formation is a special strategy used by bacteria to escape
difficult survival conditions. B. anthracis bacteria are in a dormant
state after forming spores, which is not suitable for replication of
gamma phage. Given the fact that the SBD of PlyG is located near
the catalytic domain and has a good binding affinity for spores,
one possible reason may be that binding of PlyG to spores limits
the free diffusion and hence the activity of PlyG for other vegeta-
tive cells. This may be helpful in keeping an ecological balance
between gamma phage and B. anthracis when PlyG is overreleased
in the moment of progeny virions’ outburst, which could be a new
defense mechanism of the exosporium to help the spore survive.
Furthermore, it is worth examining whether bacteriophage lysins
for other spore-forming bacteria have similar separate domains
for recognizing spores and cells.

High specificity of SBD enables rapid identification of B. an-
thracis spores. The newly discovered spore binding domain also
provides a good biomarker for identifying the structure of B. an-
thracis spores and for specific detection of the spores. Through
studying the targets of the SBD, the cell changes during spore
formation in B. anthracis could be identified, and hence the struc-
tural differences between B. anthracis spores and closely related
spores, such as B. thuringiensis spores and B. cereus spores, could
be isolated.

Given the potentially lethal threats, rapid identification of B.
anthracis vegetative cells and its spores is of critical importance.
Many methods have been developed in order to do this, includ-
ing conventional culture assays (45–47), peptide-based assays
(1, 19, 24, 53), single-chain antibody-based assays (28, 30, 48,
51), and PCR-based assays (6, 23, 25, 35, 41). However, most of
these methods are not able to discriminate between spores and
vegetative cells. According to our results, the SBD of PlyG pro-

FIG 7 Transmission electron microscopy pictures of B. anthracis spores, sonicated spores, and the detached exosporium labeled with bare AuNPs and
N21-AuNPs, respectively. Bar � 500 nm.
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vides new opportunities for developing better assays for iden-
tifying B. anthracis spores in view of its high specificity and
good affinity. Taking it together with the CBD, one could use
either one or two of the domains to recognize spores, the veg-
etative form of B. anthracis, or both in tandem. Furthermore,
these highly evolved binding domains target the elements es-
sential for viability, implying a low chance of bacterial muta-
tion to avoid these recognitions.
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