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Lytic enzymes (endolysins or autolysins) are enzymes that degrade
peptidoglycans and kill bacteria. They are classified into four types according to their degradation
site: muramidase, glucosaminidase, amidase, and endopeptidase. Furthermore, structurally, they are

composed of a catalytic domain and a cell wall binding domains. The aim of this study is to
elucidate the substrate recognition and binding mechanism of lytic enzymes at the molecular level.
In this study, we clarified the biochemical properties and the structure of the catalytic domain of
Psa, an endolysin of C. perfringens. and Acd24020, an autolysin of C. difficile. We found that both
of these lytic enzymes are specific to their corresponding bacteria, and that the specificity of
Acd24020 depends on the structure of the substrate-binding groove.
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Fig. 1 Schematic diagram of the cell wall
of C. perfringens
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Fig. 2 SDS-PAGE analysis, zymography analysis, and binding
analysis of Psa-his, PsaCD-his, PsaBD-his, and PsaY51Fhis.

(a) Schematic diagrams of Psa, PsaCD, and PsaBD are shown
Psa has an N-terminal catalytic domain (CD) of the amidase_2
family (indicated by gray bar) and a novel C-terminal cell wall-
binding domain (CBD). These proteins were expressed and
purified with a histidine-tag (MNHKVHHHHHH) fused to the
N-terminus. The molecular weights of each histidine-tagged
protein are shown on the right of the corresponding horizontal
bar. (b) Purified Psa-his, PsaCD-his, PsaBDhis, and PsaY51F-
his (1 pg each) were subjected to 12.5% SDS-polyacrylamide %e)l

c

electrophoresis. The gel was stained with Coomassie blue R.

Zymography analysis was carried out according to the Materials
and Methods. Purified Psa-his (0.5 ug), PsaCD-his (2.0 ug),
PsaBD-his(2.0 ug),

and PsaY51F-his (0.5 pg) were

electrophoresed in a 12.5% SDS-polyacrylamide gel containing
20 OD600 of heat-inactivated and SDS-treated C. perfringens

HN1314 cells. The arrowheads indicate cell lysis.(d) Binding
activity was measured according to the Materials and Methods.
The purified protein and non-binding internal standard, bovine
serum albumin (BSA), were combined with (+) or without (-)
C. perfringens HN1314 cells; the mixtures then were
centrifuged, and the resulting supernatants were analyzed by
12.5% SDS-PAGE.
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Fig. 3. Characterization of the lytic activity of Psa-his. The lytic
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Fig. 4. Synergistic killing by Psa-his and
Psm-his of C. perfringens HN1314 in a
checkerboard assay.

Serial 2-fold dilutions with PBS (-) of
Psa-his and Psm-his (20 pL; individually
and in combination) were mixed with 20
uL (4 x 105 cells) of C. perfringens
HN1314 on ice. After a 30-min
incubation at 37 °C, 2 pL (2 x 105 cells)
of each mixture were spotted to GAM/2
agar plates and incubated anaerobically
at 37 °C for 12 h. Rows A-F are Psa-his
concentrations of 4.3, 8.7, 17.3, 34.6,
69.2, and 138.5 nM. Columns 1-6 are
Psm-his concentrations of 1.0, 1.9, 3.9,
7.8, 15.5, and 31 nM.

Fig. 5. Structure of Psa-CD
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Fig. 8 Characteristics of lytic activities of Acd24020, Acd24020-CD,
and Acd24020-BD. (a) The lytic activities of the enzymes were
determined by the Turbidity Reduction Assay using C. difficile 630
cells. Fifteen pg/ml (0.37 uM) of Acd24020 (filled circles), 5 ug/ml
(0.33 uM) of Acd24020-CD (open circles), or buffer (filled
triangles) was added to the cells, and then, the optical density at 600
nm (OD600) was measured at 2-min intervals for 30 min. (b) The
optimal pH for Acd24020 lytic activity was determined using borate
phosphate universal buffer. The lytic activity was tested with 15
pg/ml (0.37 uM) of Acd24020 and calculated after 15 min, as
follows:[ A OD600 test (Acd24020 added) — A OD600 control
(buffer only)]/initial OD600. The relative activities at pH 6.0 are
shown as 100%. (c)Inhibitor, MTSET; 0 uM (filled circles), 100 uM
(open circles), 120 uM (filled triangles), 140 uM (open triangles),
160 uM (filled diamonds), and15 pg/ml (0.37 uM) of Acd24020, or
buffer (open diamonds) were added to preincubated cells. The
turbidity was measured every 2 min. (d) The effect of salt (NaCl) on
Acd24020 (15 pg/ml, 0.37 uM) lytic activity was determined using
25 mM Tris—HCI (pH 7.0). Relative activity of 100% was assigned
to the value of 0 mM NaCl. Means in all experiments were
calculated based on three independent experiments. Standard
deviations in (b) and (d) were calculated by three independent
experiments, each with triplicate samples.
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Fig. 7 Gene Structure of Acd24020
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cd24020-CD, and

Acd24020-BD for various bacteria. Experiments were repeated
three times with similar results. (a) Two pg of purified
Acd24020 (49 pmol) and BSA as a nonbinding internal

standard were incubated on ice with

or without heat-inactivated

cells, indicated at the top of the gel. After centrifugation, the

supernatants were analyzed by 12%

SDS-PAGE. (b)Binding

assay of Acd24020-CD (2 pg, 132 pmol) using albumin as a
nonbinding internal standard and 15% SDS-PAGE is shown.
(c) Binding assay of Acd24020-BD (2 pg, 74 pmol) using BSA
as a nonbinding internal standard and 12% SDS-PAGE is

shown
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Fig. 10 Modeling structure of Acd24020-CD/peptidoglycan complex
and proposed catalytic reaction mechanism. (a) The hourglassshaped
substrate-binding groove of Acd24020-CD with the modeled peptide
side chains cross-linking two glycan backbones is illustrated. The
residues of the peptide side chains and the residues of the enzyme
interacting with peptide side chains are labeled. (b) Schematic diagram
of the interactions between Acd24020-CD and the modeled
peptidoglycan is shown. The peptide bond conformations of (¢, ¢ ) are
labeled on the residues of the modeled peptidoglycan. Putative residues
interacting with the modeled peptidoglycan are shown with hydrogen
bonds and salt bridges by dotted lines. (c) The catalytic Cys299 and
His354 residues in form-A and form-B are illustrated. Cys299 in the
intermediate position to be activated is shown by a thin bond (left). The
proposed catalytic reaction mechanism (dynamic Cys/His catalyzing
mechanism) of Acd24020 is shown (right)
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