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Background: Lytic enzymes (lysins) from bacteriophages are potential bactericidal agents.
Results: Positive net charge on lysin catalytic domains is a major factor in determining lytic activity and host range.
Conclusion: Lysins can be engineered to modify their dependence on their cell wall targeting domains.
Significance: This work suggests a number of approaches for fine-tuning lysins as novel antibiotics.

The recombinant lysins of lytic phages, when applied exter-
nally to Gram-positive bacteria, can be efficient bactericidal
agents, typically retaining high specificity. Their development
as novel antibacterial agents offers many potential advantages
over conventional antibiotics. Protein engineering could exploit
this potential further by generating novel lysins fit for distinct
target populations and environments. However, access to the
peptidoglycan layer is controlled by a variety of secondary cell
wall polymers, chemical modifications, and (in some cases)
S-layers and capsules. Classical lysins require a cell wall-binding
domain (CBD) that targets the catalytic domain to the pepti-
doglycan layer via binding to a secondary cell wall polymer com-
ponent. The cellwalls ofGram-positive bacteria generally have a
negative charge, andwe noticed a correlation between (positive)
charge on the catalytic domain and bacteriolytic activity in the
absence of the CBD (nonclassical behavior). We investigated a
physical basis for this correlation by comparing the structures
and activities of pairs of lysins where the lytic activity of one of
each pair was CBD-independent. We found that by engineering
a reversal of sign of the net charge of the catalytic domain, we
could either eliminate or create CBD dependence.We also pro-
vide evidence that the S-layer of Bacillus anthracis acts as a
molecular sieve that is chiefly size-dependent, favoring catalytic
domains over full-length lysins. Our work suggests a number of
facile approaches for fine-tuning lysin activity, either to enhance
or reduce specificity/host range and/or bactericidal potential, as
required.

The outer envelopes of Gram-positive bacteria consist of a
lipid bilayer and an �200–800-Å thick peptidoglycan (PG)3
cell wall as core elements (1). The outer membrane layer has a
high content of phospholipid, making it negatively charged, in
contrast to most host (eukaryotic) membranes. The PG layer
includes a network of linear glycan chains, polymers of the
disaccharide N-acetylmuramic acid-(�1–4)-N-acetylgluco-
samine (MurNAc-GlcNAc), which are cross-linked by short
peptides (“muropeptides”) that bind covalently to theMurNAc
moieties and to each other. The glycan chain adopts a helical
structure, allowing the formation of a thick three-dimensional
mesh (2). This mesh acts in part as a “molecular sieve,” with a
pore size estimated at �20 Å (3), allowing small secreted
enzymes and toxins in the 20–30-kDa range to diffuse freely
(4). The negative charge on the lipid and SCWP layers makes
many Gram-positive bacteria susceptible to the action of small
cationic antimicrobial peptides that rapidly transit through the
PG layer and disrupt the lipid bilayer (5).
There are twomajor classes of PG, which differ in the nature

of the muropeptides and the peptide cross-links (1). In most
bacteria of the family Bacillaceae andmost Gram-negative bac-
teria, including Escherichia coli, the cross-links are formed by a
direct peptide bond between diaminopimelic acid (DAP) and
D-Ala on apposing peptides (“type A1�”), although in the sec-
ondmajor class, type A3�, Lys replaces DAP and forms a cross-
peptide link, typically mediated by a third peptide (Fig. 1).
Gram-positive bacteria also display species- and strain-spe-

cific “secondary cell wall polymers” (SCWPs) that insert into or
attach to the lipid bilayer and/or PG layer (Fig. 1). These
SCWPs dramatically alter the appearance and charge of the
outer envelope. They include cell wall-anchored teichoic or
techuronic acids that decorate the surfaces of many Gram-pos-
itive bacteria, includingBacillus subtilis (6). TheBacillus cereus
group (including Bacillus anthracis and Bacillus thuringiensis)
utilize (uncharged) branched polysaccharides rather than cell
wall teichoic acid, but they also display membrane-anchored
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lipoteichoic acids that extend through the PG layer (7, 8). They
may also be further modified by the sortase-mediated covalent
linkage of proteins (such as pili and other adhesins) to the
muropeptide linkages (9, 10).
Pathogenic bacteria have, not surprisingly, devised many

ways to modify their cell wall structure to avoid host defenses.
B. subtilis, for example, modifies its membrane phospholipid
headgroups (11). InB. anthracis and the closely relatedB. cereus
RSVF1, N-deacetylation of the N-acetyl moieties of both Mur-
NAc and GlcNAc moieties provides resistance to human
lysozyme (12). Other common modifications designed to
reduce the negative charge are amidation of free carboxylate
groups on the muropeptide (1), and D-alanylation of teichoic
and lipoteichoic acids (13–15).
Two further protective layers are often observed. The

“S-layer” forms a quasi-crystalline protective protein sheath
that assembles around the PG layer of someGram-positive bac-
teria, generally attached to a cell wall decoration (16–18),
although other bacteria synthesize a polysaccharide “capsule”
that forms a protective outer shell. B. anthracis is unusual in
synthesizing both the S-layer and capsule and constructing its

capsule from poly-D-glutamic acid rather than polysaccharide
(8).
Phages are viruses that infect bacteria (19–21). They have

coevolved with their hosts such that they infect with high spec-
ificity and efficiency (22–24). During the final stage of infection,
“lytic” phages express a number of enzymes known as endoly-
sins (or simply “lysins”), which are transported from the cyto-
plasm through the outer membrane via phage-encoded holins
(25). Typical lysins have a mass of 25–40 kDa and include an
N-terminal catalytic domain and a C-terminal CBD (26).
Most lysins cleave either the glycosidic bonds between the

sugar moieties (endo-�-N-acetylglucosaminidase or N-acetyl-
muramidase; the “lysozymes”) or the glycan-peptide linkage
(N-acetylmuramoyl-L-alanine amidase (or “amidases”)) or
sometimes the peptide-peptide linkage (Fig. 1). PG cleavage
leads to rapid cell lysis, due in part to the high internal turgor
pressure maintained by Gram-positive bacteria (27).
Crystal structures of full-length lysins have been determined

in a few cases (e.g. the amidase from the Listeria monocytogenes
phage PSA (28); a cellobiohydrolase from Trichoderma reesi
(29, 30); and a lysin from the pneumococcal phage, Cpl-1, with
fragments of receptor andPGbound (24, 31)). The nature of the
interdomain linkers varies suggesting different degrees of free-
dom, but in all cases the structures are consistent with the
notion that CBD binding to a species-/strain-specific SCWP
positions the catalytic domain for efficient cleavage of PG
cross-links.
Recombinant lysins applied externally can be effective bacte-

ricidal agents, often retaining high specificity against their nat-
ural host (32–35), causing minimal disruption of commensal
flora (36) and no evidence for escape mutations (37). The rapid
high affinity actions of lysins may also minimize the effects of
primary antibody responses (38, 39).Moreover, lysins are effec-
tive onmucousmembranes and other surfaces such as skin (40,
41), which are major routes of infection/reservoirs for patho-
gens and where most conventional antibiotics are ineffective
(42). Indeed, this is themilieu inwhich twomembers of the host
“amidase-like” PG recognition immunity proteins operate (see
below) (43).
For “classical” lysins, specificity and bacteriolytic activity

require the strong binding (typically in the 2–100 nM range
(44–46)) of the CBD to its cognate SCWP. The assumption
here is that the catalytic domain has an inherently low affinity
for the PG layer, and it is only an effective lytic agent when
brought into close apposition with its target by its CBD. For
example, the B. anthracis phage lysin, PlyB, is a highly effective
killer of its host when applied exogenously as a full-length mol-
ecule, but a recombinant protein comprising only the catalytic
domain showed no detectable lytic activity (i.e. CBD-depen-
dent) (47).
However, we previously described a lysin, PlyL, derived from

a B. anthracis prophage, for which the recombinant catalytic
domain showed a high level of lytic activity (i.e. CBD-indepen-
dent; a “nonclassical” lysin). It also displayed an increased host
range compared with the full-length lysin (48).
Phage lysins are closely related to bacterial “autolysins,”

which are required for PG remodeling during growth and cell
division (22, 49), as well as to a small family of mammalian

FIGURE 1. Schematic of the PG type A1� cross-link. Two (MurNAc-GlcNAc)N
glycan chains are cross-linked by a pair of tetrapeptides, L-Ala-D-Glu-(meso-
DAP)-D-Ala. The carboxyl group on a MurNac moiety forms an amide bond
with the �-amino group of L-Ala. This bond is the target of amidase lysins.
D-Glu uses its �-carboxyl to makes an amide bond with m-DAP (structure of
DAP in inset), leaving its �-carboxylate free. In the A1� class, the bi-functional
m-DAP makes a cross-peptide bond to the terminal D-Ala from the other
peptide. The terminal noncross-linked D-Ala is often removed by a carboxy-
peptidase. In the other major class of PG, a lysine residue replaces DAP, and
the transpeptide bond is formed via the side-chain N� (although this is typi-
cally not direct). Free charges are circled, giving a potential net charge of Z �
�4 for the muropeptide bridge. However, species- and strain-specific modi-
fications are common; typically one (not both) of the free acids (D-Ala or
m-DAP) is enzymatically amidated. N-Deacetylation of either MurNac or
GlcNAC would create a free amino group (positively charged) on the glycan.
The cleavage positions of other common lysins are indicated (in red). SCWPs
are typically attached via the C-6 hydroxyl group on MurNac. In B. anthracis,
the S-layer attaches via the SCWP (16). Sortases may covalently link a number
of proteins to the free carboxylate on DAP or other peptides in the muropep-
tide linkage.
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proteins (four in humans), termed PG recognition protein
(PGRPs; also called PGLYRPs), which bind to the PG layer of
whole cells. They impart a variety of direct and indirect
immune responses that complement host recognition of cell
wall fragments (43, 49–51).
The PGRPs also adopt an amidase fold, but three of the four

human PGRPs lack Zn2�-coordinating residues and are cata-
lytically inactive. Nevertheless, they engage PG on bacterial cell
walls in an analogous fashion to E. coli autolysin, as judged by
crystallographic studies with PG-muropeptide fragments (24,
52–55). These studies demonstrate a rather broad “footprint”
for the lysin/PGRP on the PG layer; and a structural rationale
for discriminating between the major types of PG cross-links
has been proposed (43, 53). Affinities (Kd values) for the PG
layer have been estimated in the 10 nM range (56), similar to the
values obtained for CBDs.
The factors accounting for the specificity and bactericidal

activity of lysins (when applied externally) would thus appear to
be rather complex, arising from the nature of the SCWP, the
class of PG, as well as post-assembly modifications to both of
these and to the lipid bilayer. One unifying feature, however, is
the “continuum of negative charge” (57) created by the cell wall
elements.
Sowhy is the CBD sometimes critical for activity and at other

times dispensable or even inhibitory? Previous studies on
human host immunity proteins such as lysozyme and group
IIa-secreted phospholipase A2 offer a clue. These studies point
to the importance of positive charge for either hydrolyzing or
penetrating the PG layer. Thus, both proteins are small single
domain enzymes (�14 kDa) with very high positive charges
(Z � �8 and �15, respectively) (58, 59). Beers et al. (60) found
that five charge-reversal mutations (Z � �15 3 Z � �5)
reduced the activity of group IIa-secreted phospholipase A2 to
�1% of wild-type levels; and they also concluded that loss-of-
function was due to an overall reduction in charge rather than
any specific effect. Moreover, a Staphylococcus aureus strain
deficient in cell wall teichoic acid showed increased resistance
to group IIa-secreted phospholipase A2 (61), raising the possi-
bility that electrostatic interactions facilitate both localization
at the bacterial surface (via long range effects such as electro-
static steering (62)) and passage through the cell wall (63).
From reviewing the literature, we noted a correlation

between net (positive) charge on the catalytic domain of lysin
and its bactericidal activity in the absence of the CBD (Table 1)
(88–91), even though the absolute values were in general much
smaller than those of the host immunity proteins. By contrast,
the charges on the CBDs were typically small, often opposite in
sign to the catalytic domain, and showedno obvious correlation
with lytic activity.
To determine whether the catalytic domain charge/activity

correlation had a physical basis, we compared the structures
and activities of two pairs of lysins (an amidase pair and a
lysozyme pair) with homologous catalytic domains, but which
exhibited either classical or nonclassical bacteriolytic behavior.
Using structure-based engineering, we switched the sign of the
net charge on one of each pair of catalytic domains and found
that we could convert a CBD-dependent catalytic domain to
CBD independence and vice versa. Although net chargemay be

only one of many factors defining lytic activity and specificity,
our observations suggest a facile approach for fine-tuning lysin
activity, either for enhancing or reducing specificity/host range
and/or lytic activity as required. These findings may find appli-
cation in the development of novel therapeutics and detectors.

EXPERIMENTAL PROCEDURES

Cloning andMutagenesis—The primers used for cloning (see
supplemental Table 1) were designed based on the NCBI data
base sequences of XlyA (accession ID CAB13138) and PlyBa04
(accession ID NP_843024). The B. subtilis 168 (ATCC 27370)
and DNA extract of B. anthracis strain Ames (provided by Dr
Philip Hanna, University of Michigan Medical School) were
used as the templates for PCR. An internal NdeI site within the
gene of PlyBa04 was removed with a silence mutation. The
amplified DNA product was double-digested using NdeI and
BamHI and ligated into a pET15b vector (Novagen) before
transforming intoXL1-BLUE (Stratagene). The correct ligation
construct was selected by restriction digest and confirmed by
sequence analysis. QuikChange (Stratagene) and Multiple
QuikChange (Stratagene) were used for single and multiple
mutagenesis of the lysin genes, following the manufacturer’s
protocols.
The gene for PlyG was synthesized (GenScript Corp.) using

the sequence recorded in NCBI accession number ABB55421,
codon-optimized for expression in BL21DE3, with NdeI and
BamHI added at the 5� and 3� ends. The N-terminal catalytic
domain, 1–160, was obtained by PCR (supplemental Table 1).
Both full-length and catalytic domain constructs were ligated
into pET15b vectors.
Protein Expression andPurification—Wild-type andmutants

lysins were expressed in E. coli BL21DE3 cells. Freshly trans-
formed cells (CaCl2 method) were grown in LB at 37 °C to a
density ofA600� 1.0. Protein expressionwas induced by 0.2mM

isopropyl 1-thio-�-D-galactopyranoside and proceeded over-
night at 15 °C. For XlyA and its mutants, cells were then har-
vested by centrifugation at 4 °C and resuspended in a buffer
containing 300mMNaCl and 20mMTris-Cl, pH 7.0. Cells were
lysed by sonication and clarified by centrifugation for 1 h at
4 °C, before loading onto a 5-mlNi(II)-chargedHITRAPchelat-
ing column (GEHealthcare), and washed with 50ml of column
buffer containing 30mM imidazole. TheHis-tagged proteinwas
eluted using 0.3 M imidazole. The His tag was cleaved using
thrombin (Sigma) (1 unit per mg of protein) at 4 °C for 16 h.
Superdex S200 (GE Healthcare) gel filtration was used to fur-
ther purify the protein. The final buffer for crystallization trials
of XlyACAT and XlyACAT�5K was 20 mM Tris-Cl, pH 7.5, and
100 mMNaCl. The first three vector-derived residues, Gly-Ser-
His, remain in the final protein construct. Similar purification
protocols were used for PlyBa04 and PlyG, except that the lysis/
column buffer consists of 300mMNaCl, 20 mMMES titrated to
pH 6.5withNaOH. The final buffer for crystallization trials was
20 mM MES, pH 6.5, and 100 mM NaCl. In all cases, purified
proteins were concentrated to 20 mg/ml, and the quality was
confirmed by SDS-PAGE and MALDI-MS analysis. The cata-
lytic mutant, PlyL (E90A), was purified as described previously
(48).
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Crystallization—All crystals in this study were obtained
using the sitting-drop vapor-diffusion technique bymixing 2�l
of protein with 1 �l of crystallization liquor prior to equilibra-
tion. PlyBa04CAT crystals grew from 25% PEG-4000, 200 mM

NaCl, 100 mM sodium acetate at pH 4.5. XlyACAT crystals grew
from 40% PEG-400, 0.1 M MES, pH 6.2. The charge mutant,
XlyA�5KCAT, grew from 20% (w/v) PEG-8000, 0.1 M Tris-HCl,
pH 7.5.
X-ray Data Collection—XlyACAT (wild-type and mutant)

crystals were soaked in crystallization buffer� 10% glycerol for
a few seconds before freezing in liquid nitrogen. Diffraction
data for wild-type were collected at the Berkeley Advanced
Light Source (Beamline 12.3.1) using a single crystal at 100 K at
two wavelengths (peak and remote) at the zinc absorption edge
(Table 1). Mutant data were collected at 100 K using an in-
house Rigaku FRE high brilliance x-Ray generator (� � CuK�)
and an R-axis IV detector. For PlyBa04CAT, a mercury deriva-
tive was obtained by soaking in 5 mM methyl-mercuric nitrate/
crystallization buffer for 2 h at 20 °C. In both cases, crystalswere
flash-frozen in their crystallization liquor, and data were col-
lected on our in-house setup. A mutant with four of the five
residues mutated to lysine XlyA�4KCAT behaved similarly.
Structure Determination—Synchrotron data were integrated

and scaled with DENZO and SCALEPACK (64). In-house data
were processed with MOSFLM (65) and SCALA (66). Heavy
atom sites were determined for XlyACAT and PlyBa04CAT and
phases determined and refined and initial models built using
SOLVE and RESOLVE (67). Rebuilding and refinement were
performed using O (68), Coot (69), CNS (70), and REFMAC
(71). Initial phases for the XlyACAT mutant, which adopted a
different space group from wild type, were determined by
molecular replacement in MOLREP (72). Electrostatic poten-
tials were calculated using the PDB2PQR server and APBS pro-
gram within PyMOL (73).
Bacillus Lysis Experiments—Live cell lysis experiments were

performed as described previously (48). Briefly, cell cultures
were grown to mid-exponential phase, harvested, and resus-
pended in 10 mM sodium phosphate, pH 7.0. Purified lysins
were added to a final concentration of 0.4 mM, and lysis was
monitored using a Beckman Coulter DTX880 multimode
detector (reduction in light scattering at 600 nm). Experiments
were performed in triplicate in 96-well plates. The strains used
were B. anthracis 34F2 Stern strain, B. cereus ATCC 4342,
BacillusmegateriumWH320 andB. subtilis 168. Net charge (Z)
at pH 7.5 was simply estimated as the difference between the
number of (Lys � Arg)minus the number of (Asp � Glu) res-
idues. The zinc ion counted as �2 (or �1 if one of its protein-
coordinating ligands was deprotonated by the presence of
metal, e.g. Cys). Histidine residues were not considered,
although their pKa values will tend to increase in an acidic
milieu, favoring protonation.
CellWall Binding Experiments—Bacillus cells were grown to

A600 � 1, centrifuged, and washed once using PBS. Purified
His-tagged CBDs of PlyL or PlyG were added to Bacillus cell
pellets. Suspensions were incubated on ice for 5 min before
washing three times with PBS. Pellets were resuspended using
SDS-PAGE loading buffer. Samples were run on SDS-PAGE

and transferred onto a PVDFmembrane forWestern blot anal-
ysis using anti-His antibody (Qiagen).
Quantitative CBDCell Binding Assay—B. cereusATCC 4342

and B. subtilis 168 were grown under identical conditions to
mid-exponential phase, harvested, and resuspended in PBS.
His-tagged CBD was diluted into PBS before adding to cells,
whichwere rocked at room temperature for 1 h, then pelleted in
a table centrifuge (at 14,000 rpm), and washed three times with
PBS. An equal volume of 2� SDS-PAGE loading buffer was
added to the final mixture and boiled for 1 min at 100 °C. SDS-
PAGE was performed using the Invitrogen Tris-Gly 4–20%
minigel and then Western-blotted onto a Immobilon transfer
membrane (Millipore) using the Invitrogen XCell IITM blot
module according to the manufacturer’s instructions. The
membrane was blocked overnight with 2%milk powder in TBS
(50 mM Tris-Cl, pH 7.5, 200 mM NaCl, and 0.1% Triton X-100)
at 4 °C. The penta-His antibody (Qiagen) and the goat HRP-
conjugated anti-mouse antibody (Calbiochem) were the pri-
mary and secondary antibodies, with five TBS washes between
addition of antibodies. The substrate, Supersignal West Pico
chemiluminescent (Pierce), was added before exposure to a
Kodak Biomax film. The imagewas scanned and analyzed using
ImageJ 1.35 (rsb.info.nih.gov/). Band intensity was plotted and
fitted in Kaleidagraph using the equation: fraction bound �
[L]/([L] � Kd). No significant binding was observed with B.
subtilis.

RESULTS

Homologous Lysin Catalytic Domains ShowDisparate Bacte-
ricidal Activity—Table 1 lists published data on lysins where
the “external” bactericidal (lytic) activity has been assayed for
both full-length proteins and their catalytic domains. The cor-
relation between net charge on the catalytic domains and bac-
tericidal activity in the absence of their CBDs includes two dis-
tinct classes of lysins, the amidases (two different folds) and the
lysozymes (muramidase class GH25), and extends to phages
that infect distinct phyla: Proteobacteria (e.g. E. coli), Actino-
bacteria, and Firmicutes (class bacilli).We found that the E. coli
autolysin, AmiD, human lysozyme, and the PGRPs also fol-
lowed this rule. We therefore set out to test by structure-based
mutagenesis the hypothesis that net charge, per se, was a signif-
icant contributor to the lytic activity of the catalytic domain.
We previously showed that the catalytic domain of the lysin,

PlyL (an amidase from the B. anthracis � Ba02 prophage),
“PlyLCAT” displayed high lytic activity and a broader host range
than the full-length protein (48). Such nonclassical behavior
has been observed previously (47, 74) but rarely to such a dra-
matic extent. PlyLCAT carries a net charge of Z � �6 at pH 7.5.

We therefore sought a homologous lysin bearing a net nega-
tive charge. The catalytic domain from XlyA (from a B. subtilis
prophage (75)) has 45% identity with PlyL and a net charge of
Z � �3 at pH 7.5. We expressed and purified both full-length
protein (XlyAFULL) and catalytic domain (XlyACAT), and we
tested their ability to lyse their natural host, B. subtilis (Fig. 2A).
As expected, XlyAFULL lysed efficiently, although XlyACAT had
no effect, consistent with its negative net charge.We also found
that PlyLFULL had amodest lytic activity, although PlyLCAT was
a highly effective killer against this non-native target.
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TABLE 1
Net charge (Z) and lytic activity (�) of phage lysins in the absence of their CBD

* Species of the Firmicute phylum are classified as follows: FBBB, Firmicutes (phylum), Bacilli (class), Bacillales (order), and Bacillaceae (family); FBLS, Firmicutes (phylum),
Bacilli (class). Lactobacillales (order), and Streptococcaceae (family); FBBL, Firmicutes (phylum), Bacilli (class), and Bacillales (order), and Listeriaceae (family). % identities
are with respect to PlyL (amidases) and PlyBa04 (glycosyl hydrolases), catalytic domains only. PC, phosphatidylcholine; LTA, lipoteichoic acid; PGG, PG glycopolymer (un-
charged); WTA, wall teichoic acid; SL, S-layer; TUA, techuronic acid; LPS, lipopolysaccharide; intB, internalin B. B. megaterium and B. subtilis have A1� (DAP) PG and
WTA as their major SCWP but express techuronic acid in minimal phosphate media (as does B. subtilis).

** indicates not amidated on DAP. SCWP in red typeface is negatively charged.
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Structures and Catalytic Machinery of XlyACAT and PlyLCAT
Are Very Similar—If net charge is a critical determinant of lytic
activity, thenwemust demonstrate that the catalyticmachinery
is otherwise similar for the two enzymes. We therefore deter-
mined the crystal structure of XlyLCAT at 2.2 Å resolution (see
“Experimental Procedures” and Table 2) and compared it with
that of PlyLCAT (48).
As expected, the overall backbones are very similar, with a

root mean square difference (on C�) of 0.7 Å (Fig. 2B). The
fold consists of a central �-sheet sandwiched by �-helices
and elaborate loops, which define, on the “front” face of the
sheet, a pocket housing the active site. The catalytic center
includes a zinc ion (coordinated by 2 His and 1 Cys residues).
A fragment of PG-muropeptide has been modeled onto the
domains based on crystal structures of complexes with a host
PGRP and an E. coli autolysin (54), pointing to a strong

conservation of the active sites and broader recognition
pockets.
There are no steric clashes with themodeledmuropeptide in

either case, and the overlay places theZn2� ionwithin 3Åof the
scissile bond. Of particular note, the conserved glycine-rich
�3�-�4 loop (residues 76–83; stabilized by the conserved Asn-
86) defines, together with the conserved Trp-76 side chain, the
binding groove for the four amide/peptide bonds of the muro-
peptide (Fig. 2, B and C). The conserved Lys-136 in XlyA may
act both as general acid in the hydrolysis reaction as well as
stabilize the �-carboxylate group of D-Glu at position 2 of the
muropeptide. The conserved Glu-93 is positioned appropri-
ately to act as general base. Although there are some differences
at the back right of the substrate-binding pocket (presumably
contact sites for the extended glycan chain), they are mostly
conservative (e.g.W56F).

FIGURE 2. Similar structures and distinct behaviors of two homologous amidase lysins, PlyL and XlyA. A, bactericidal activities against B. subtilis of
full-length lysins and catalytic domains, as determined by decrease in light scattering of cells in suspension with time (see “Experimental Procedures”). Control
is addition of no enzyme. B, stereo overlay of XlyACAT (cyan) and PlyLCAT (green), shown as schematics, with secondary structure elements labeled as in Fig. 3A.
Selected protein side chains are shown as sticks (carbon atoms are cyan or green; others are colored by atom type). Residues in the 77–79 loop are shown as
balls. A glycan-muropeptide is also modeled into the active site (carbon atoms are yellow). C, semitransparent surface representation, same view as B, showing
fit of the muropeptide to the active site, and the locations of the key catalytic machinery (Lys-136, Zn2�, and Glu-93), as well as Trp-76, which may play a role
in PG selectivity (53).
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The general base (Glu-93) is in the same position asGlu-90 in
PlyL, which places it in a subclass of N-acetylmuramoyl-L-ala-
nine amidases that includes Ply21, PlyG, and Phi105 (48), and is
related to but distinct from a broader class of enzymes that
cleaves the same bond (class A1�) in Gram-negative bacteria
(48).
Given this high structural similarity, we tested whether the

innate catalytic activity of XlyACAT was similar to that of PlyLCAT
by constructing a chimeric lysin, an approach that has been
used for other lysins (76). To avoid the added complexity of the
S-layer, we used B. cereus (strain ATCC 4342) as a surrogate for
B. anthracis, because it has a very similar cell wall but no S-layer
(see below).We knew that neither XlyAFULL nor XlyACAT lysed
B. cereus, so we fused XlyACAT with the CBD of PlyL (PlyLCBD).
As expected, theXlyACAT:PlyLCBD chimera failed to lyseB. sub-
tilis, but it did lyse B. cereus, with an efficiency only 2–3 times
less than that of XlyAFULL for its host (B. subtilis) (Fig. 3A).
Engineering a Gain-of-Function Lysin Domain—We next

asked whether the innate catalytic activity of XlyACAT could be
converted into bactericidal activity simply by engineering a
positive net charge onto the domain.
By overlaying the crystal structures, we found five residues in

XlyACAT (Asp-7, Thr-22, Leu-24, Thr-63, and Thr-145) that
were surface-exposed, not close to the catalytic face of the

domain, and not playing any other obvious structural roles (Fig.
3, B and C). By mutating all five residues to Lys, we created a
mutant, “XlyA�5KCAT”, with a switch in sign of its net charge
from �3 to �3. XlyA�5KCAT expressed and folded well, as
judged by its thermal denaturation profile and our ability to
crystallize and refine its structure at 2.7 Å resolution (Fig. 3C,
Table 2, and supplemental Fig. 1). The mutant backbone struc-
ture is identical within experimental error (root mean square
difference on C� � 0.36 Å). The mutations alter the electro-
static surface potential on the sides and back of the domain but
not on the catalytic face (Fig. 3D).
We found that XlyA�5KCAT lysed B. subtilis cells at a rate

nearly identical to that of wild-type XlyAFULL (Fig. 3E). A sim-
ilar mutant with four of the five sites substituted behaved sim-
ilarly. However, XlyA�5KCAT showed no activity toward B.
cereus (data not shown).
To explore this observation further, we constructed variants

of XlyACAT, XlyA�5KCAT, and PlyLCAT that were catalytically
inactive but structurally sound by mutation of the active site
general base, Glu-93/90, to Gln. We expected these mutants to
bindZn2� normally with negligible disruption of the active site,
so that the enzyme could, in principle, recognize its target bond
within the PG layer, but not lyse it (by analogy with the PGRPs).
Using pulldown assays with live cells, we found that
PlyL(E90A)CAT bound strongly to both B. subtilis and B. cereus
(as well as B. anthracis Sterne) without lysing either of them
(Fig. 3F). We also observed significant binding of XlyA�
5K(E93A)CAT to B. subtilis but not to B. cereus, although
XlyA(E93A)CAT bound to neither species.
Engineering a Second Class of Endolysins, Muramidase

Lysozymes—We next explored whether a similar behavior
could be engineered into a lysozyme/muramidase that cleaves
the �-1,4-glycan linkage between the MurNac and GlcNAC
moieties (see Fig. 1). One such full-length lysin, PlyBFULL, effi-
ciently lyses B. cereus ATCC 4342 when applied externally,
although PlyBCAT (Z � �6) does not (47). We therefore
selected a homologous lysin with a net positive charge;
PlyBa04CAT (from theB. anthracisphage, Ba04) is 72% identical
but has Z � �1. We expressed both PlyBa04FULL and
PlyBa04CAT and tested their lytic activities. We found that
PlyBa04CAT lysed B. cereus as efficiently as the full-length lysin
(Fig. 4A).
We further found that PlyBa04CAT had an extended host

range compared with PlyBa04FULL, efficiently killing B. subtilis
and B. megaterium (Fig. 4B, left panel). This is very similar
behavior to PlyL (48). Moreover, PlyLCAT and PlyBa04CAT dis-
played synergistic killing (Fig. 4B, right panel) (77).

We determined the crystal structure of PlyBa04CAT at 1.4 Å
resolution using heavy atom methods (Fig. 4, C and D, and
Table 2). As expected, the structures of PlyBa04CAT and
PlyBCAT are very similar (Fig. 4C; root mean square differ-
ence � 0.38 Å for 160 C�s). They are “GH-25” family glycosyl
hydrolases, including a central mostly parallel eight-stranded
�-barrel, with an �-helix or extended loop connecting each of
the seven parallel strands in a simple circular topology. The 7th
and 8th strands are connected by a short �-hairpin, creating a
final (antiparallel) strand that extends to the bottom of the bar-
rel, where it elaborates a short helix (�8) that seals the base.

TABLE 2
Crystallographic statistics

a Figures in parentheses refer to the highest resolution shell.
b RSYM � ��Ih � 	Ih
�/�Ih, where 	Ih
 is the average intensity over symmetry equiv-
alent reflection.

c RWORK � ��Fobs � Fcalc�/�Fobs, where the summation is over the data used for
refinement.

d RFREE was calculated using 5% of data excluded from refinement (92).
e Data were calculated using PROCHECK (93).
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Two pairs of acidic residues that are conserved throughout
the GH-25 family are required for catalysis (78) and dominate a
negatively charged substrate-binding pocket at the top of the
barrel. In PlyBa04, these are Asp-90/Glu-92 and Asp-6/Asp-
172. A fragment of PG-muropeptide has been modeled onto
PlyBa04CAT based on the structure of the pneumococcal phage
lysin, Cpl-1 (Fig. 4C) (24). In the broader family of GH-25
domains, loops at the ends of�5 and�6 are themost variable; in
the model they cradle both glycan and muropeptide and may
thus provide specificity (24).

Having established a strong structural similarity, we pro-
ceeded to engineer PlyBa04, using a similar strategy as for the
amidases. However, in this case, we chose to build a loss-of-
function mutant, by creating a catalytic domain with a net neg-
ative charge. We introduced additional Asp residues into
PlyBa04, at four positions as follows: Asn-15, Gly-43, Thr-128,
and Thr-160 (situated on helices and loops that are not
expected to interfere directly with substrate binding or cataly-
sis) resulting in a change in net charge from Z � �1 to Z � �3
(Fig. 4, C and D).

FIGURE 3. Designing a gain-of-function lysin (amidase) catalytic domain, XlyA�5KCAT. A, bactericidal activities of wild-type lysins and a chimera (XlyACAT:
PlyLCBD) against B. cereus (Bcer) or B. subtilis (Bsub). B, sequence alignment and secondary structure assignments of XlyACAT and PlyLCAT. Residues involved in
catalysis and substrate recognition are boxed in red. Residue pairs in blue boxes indicate sites mutated to lysine in XlyACAT to create XlyACAT�5K. Below the
sequences, asterisks indicate identity; and colons indicate close similarity. C, stereo C� overlay of XlyACAT (pink), Xly A� 5KCAT (green), and PlyLCAT (cyan). XlyA
mutated residues are labeled, and their side chains shown as sticks. Orientation is the same as in Fig. 2B. D, electrostatic surfaces of wild-type XlyACAT and
XlyA�5KCAT, viewed as in A, showing that mutations do not affect the active site face. E, bactericidal activities (against B. subtilis) of wild-type and mutant XlyA
catalytic domains, compared with full-length enzyme. XlyA�4KCAT is similar to XlyA�5KCAT but has one less residue changed to lysine. F, pulldown (PD) binding
assays (Western blots using anti-His tag antibody) using whole cells (B. cereus, B. subtilis, or B. anthracis Sterne) and catalytically inactivated His-tagged mutants
of PlyLCAT, XlyACAT, and XlyA5KCAT. LC � loading control. The input protein concentration was 1 �M or (for B. anthracis) 10 �M.
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FIGURE 4. Engineering a loss-of-function (muramidase/lysozyme) lysin. A, comparison of the lytic activities of full-length and catalytic domains of B.
anthracis phage lysozymes, PlyBa04 and PlyB, against B. cereus ATCC 4243. The data for PlyB are derived from Fig. 1 of Porter et al. (47). Enzyme and bacterial
concentrations and strains are identical. B, PlyBa04CAT and PlyLCAT have similar host ranges and synergize in killing B. cereus. Left panel, PlyBa04CAT is a highly
effective killer of B. cereus, B. megaterium, and B. subtilis (t1⁄2 � 50 –100 s with 0.8 �M lysin), similar to the behavior of PlyLCAT (and faster than the full-length
protein in each case). Right panel, when used in combination, there is a clear synergistic effect between PlyLCAT and PlyBa04CAT against B. cereus. Total lysin
concentration is the same in each case (0.4 �M). P/B � 0.2 �M PlyLCAT � 0.2 �M PlyBa04CAT). C, stereo overlay of PlyBa04 (cyan) and PlyB (gray) catalytic domains,
with secondary structure elements as in C. The four mutation sites in PlyBa04CAT are indicated. The two pairs of conserved acidic residues at the active site are
shown as ball-and-stick (PlyBa04 numbering), as is a molecule of buffer (MES), which lines the center of the site and may be a substrate mimetic. A glycan-
muropeptide fragment is modeled based on an overlay with the structure of pneumococcal phage lysin, Cpl-1 (Protein Data Bank code 1H09), in complex with
a fragment of PG. E, comparison of lytic activities of PlyBa04 wild-type and mutant lysins against B. cereus in the context of full-length and catalytic domains.
D, structure-based sequence alignment and secondary structure assignments of PlyBa04CAT and PlyBCAT, with active residues boxed. Mutations sites are
numbered and labeled with *.
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This mutant, “PlyBa04-4DCAT,” expressed well and, as
expected, showed little or no lytic activity toward B. cereus (Fig.
4E), very similar to the behavior of PlyBCAT (Fig. 4A). However,
we also made the same mutant in the context of the full-length
lysin, PlyBa04–4DFULL, and found that a significant portion of
wild-type activity was retained.
Effect of S-layer—We compared the effects of PlyL and the

closely related PlyG (96% identical in the catalytic domain; 63%
in the CBD) on the B. anthracis Sterne strain (which makes
S-layer but not capsule) and a mutant Sterne lacking a key
S-layer gene (sap�). We showed previously that when applied
externally, PlyLCAT had a higher lytic activity than PlyLFULL

against Sterne (48). We found that PlyG behaved similarly (Fig.
5A); indeed, PlyGCAT killed Sterne more than twice as fast as
PlyGFULL.
Although the lytic activities of PlyLCAT (Z � �6) and

PlyGCAT (Z � �5) were unaffected by the absence of the
S-layer, both full-length lysins showed enhanced activity in the
absence of the S-layer; indeed, the relative activities of the full-
length proteins and catalytic domains were reversed (Fig. 5A).
In particular, PlyLFULL displayed an extremely high lytic activity
(higher even than against B. cereus (48), which lacks an S-layer
but has a very similar PG layer). PlyG also behaved like PlyL (48)
toward B. subtilis (which has a different SCWP architecture),
showing low activity as a full-length protein, although the cat-
alytic domains lysed cells rapidly. We also found that both
CBDs behaved similarly; they bound strongly to Sterne and B.
cereus, less well to the sap�mutant (and not at all to B. subtilis,
as expected) (Fig. 5B). Finally, we quantified the binding of PlyL
CBD to B. cereus (Fig. 5C) and obtained a Kd of 8 nM, compara-
ble with values reported for lysins that display a variety of CBD
architectures and target distinct cell walls (44–46, 79).

DISCUSSION

Few studies have investigated the role of the catalytic
domains in lytic (bactericidal) activity, specificity, and host
range. Our findings that a positive net charge is a requirement
for lytic activity by the catalytic domain in the absence of its
CBD (as well as our demonstration of “gain-of-function” of an
inactive negatively charged domain by facile engineering to cre-
ate a positively charged active mutant) have clear implications
for the design of lysins as macromolecular antibiotics.
We assume that the strong binding of the CBD to its cognate

receptor is dominant in localizing the catalytic domain to the
cell wall in the case where the recombinant catalytic domain is
negatively charged and has no detectable affinity/activity
toward the PG layer. Once the catalytic domain is positioned
close to the PG layer, the local concentration of substrate is
greatly enhanced (80), and although the negative charge on the
catalytic domain reduces its on-rate, significant catalysis may
ensue. The situation is similar for the chimeric lysin that we
constructed (XlyACAT:PlyLCBD), where both charge and PG
preference reduce but do not eliminate lysis.
Further support for this model comes from our study of

PlyBa04, where we successfully converted a positively charged
bactericidal catalytic domain into a negatively charged inactive
one. But when we expressed the same mutant in the context of

the full-length protein (with an authentic CBD), we found that
lytic activity was retained, but at a reduced level.
We found that a subset of catalytic domains (PlyLCAT,

PlyGCAT, andPLyBa04CAT) show strong lytic activity and broad
host range, which correlates with their ability to bind to the
surface of both native and non-native hosts. Although we did
not quantify the affinity for the PG layer, for PlyLCAT and
PlyGCAT it appears comparable with the binding of PlyLCBD to
its SCWP, as judged by whole-cell pulldown experiments per-
formed under similar conditions (compare Figs. 3F and 5,B and

FIGURE 5. Effect of the B. anthracis S-layer on lytic activity and whole cell
binding by two homologous amidases, PlyL and PlyG. A, cell killing activ-
ities of full-length (top) or catalytic domain (bottom) of PlyL (“L”) and PlyG (“G”)
against B. anthracis Sterne, B. anthracis (sap�) mutant deficient in S-layer syn-
thesis, and B. subtilis. Lysin concentration was 0.4 �M in each case. B, whole-
cell pulldown binding assays using His-tagged CBDs (1 �M) of PlyL (“L”) and
PlyG (“G”) and mutant and wild-type B. anthracis, B. cereus 4342 (which has a
similar PG/SCWP architecture but does not express an S-layer), and B. subtilis,
which serves as a control (it has a different SCWP architecture and does not
express an S-layer). Lower gels are Western blots using anti-His antibody (C �
cell pellet alone). Upper gels show expression of Sap protein, with markers at
59 and 107 kDa. C, quantitative binding assay for PlyLCBD to live B. cereus cells
(see “Experimental Procedures”). The derived Kd � 7.8 � 0.8 nM; curve-fitting
quality parameters are: �2 � 0.0067; R � 0.996.
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C). Precedents for high affinity (10–60 nM) binding by amidase
domains to the PG layer have been reported in the case of cer-
tain PGRPs (52, 56). By comparison, the gain-of-function
mutant, XlyACAT�5K, bound significantly less well to its host
and not at all to B. cereus, showing that although a positive net
charge may be a critical, additional elements contribute to the
overall binding affinity/lytic activity.
It is also interesting to consider the influence of the CBD on

the lytic activity of these highly active catalytic domains in the
context of a non-native host. Although positive charge is nec-
essary for activity and broad host range, we note that the
absolute value need not be high; thus, although PlyGCAT and
PlyLCAT have net charges of Z � �5 and �6, PlyBa04CAT (Z �
�1) showed the highest activity against (both native and) non-
native targets.
In the case of full-length lysins targeting non-native hosts,

the CBD typically has no affinity for the noncognate bacterial
surface, and we found the effect of the CBD on lytic activity to
be variable in extent but always inhibitory. We previously pro-
posed that auto-inhibitory interactions between the catalytic
domain and the CBD might be responsible for this inhibition
(48), but a comparison of the melting temperatures of full-
length PlyL and its domains argues against significant interdo-
main interactions (supplemental Fig. 2).

We therefore suggest the following scenario.When the CBD
does not have a cognate target, the determinants of cell wall
lysis may be quite different. The very high activity of PlyLCAT
and PlyBa04CAT likely arises from an ability of these domains to
bind strongly to and cut a path through the thick PG layer,
because of strong inherent binding, positive charge, and a size
small enough (�17 kDa) to readily penetrate the PG mesh (3).
The addition of a nonbinding CBD would then simply provide
unwelcome baggage, making the protein larger (26–30 kDa,
close to the PG size cutoff), as well as more negatively charged.
However, the extreme contrast we encountered between the
lytic activity of PlyBa04 in its full-length and catalytic forms
against B. subtilis (but not against B. megaterium) suggests that
more specific inhibitory mechanisms (perhaps recognition by
the CBD of a noncognate “decoy” SCWP) may operate in some
cases (Fig. 4B).
Presumably, PlyLCAT binds tightly to a highly conserved ele-

ment found on the PG surface of many Bacillus species. The
existence of distinct SCWP elements (cell wall teichoic acids)
on the outer surfaces of B. subtilis (and B. megaterium, which is
also efficiently lysed by PlyLCAT) does not seem to offer signif-
icant protection against PlyL.
For those bacteria that do not possess an S-layer or capsule,

the observation that most recombinant lysins efficiently and
specifically cleave their host when applied externally suggests
that the decorated PG layer has a similar appearance/accessi-
bility whether viewed from inside or outside the cell. However,
lysins have not evolved to contend with the asymmetric (exter-
nal) barrier created by the S-layer. Our data suggest that the
S-layer inB. anthracis Sterne also acts as amolecular sieve, with
a similar size exclusion limit to the PG but lacking the charge
requirement. Thus, the S-layer impeded full-length PlyG and
PlyL (30 kDa) as judged by their poor lytic activity, but both
recombinant catalytic domains (17 kDa; Z � �5 and �6) were

highly efficient killers (Fig. 5A); and their CBD domains (13
kDa; Z � �2 and �5) also penetrated and bound with an affin-
ity similar to binding to B. cereus ATCC 4342, which lacks an
S-layer (Fig. 5B).
In terms of potential therapeutics, our data suggest that cat-

alytic domain-only variants of lysins may offer advantages in
cases where an S-layer exists, because of their smaller size/
greater penetrance of the S-layer.We did not test the role of the
B. anthracis capsule, but Fischetti and co-workers (81) reported
that “the capsulated state of several B. anthracis strains exam-
ined indicated that the capsule does not block access of PlyG to
the cell wall.”
The correlation between positive charge and lytic activity

extends to many genera of bacteria as well as two classes of
lysins (amidases and muramidases). Given that the fundamen-
tal glycan building blocks are the same for all PGs, the lysozyme
lysins are potentially multifunctional. What are the prospects
for engineering amidase lysins that show broad lytic activity
against both major classes? Our experiments have been
restricted to bacteria displaying the common DAP-mediated
A1� PG linkage, although Streptococcus and Staphylococcus
utilize the lysine-mediated A3� linkage. Studies on host PGRPs
have shed some light in this direction (53). However, there are
some differences in the binding modes between lysins and
PGRPs (arising for example from a preference by the PGRPs to
bind the free ends of glycan strands inmany cases). Thus, direct
structural information on lysins in complex with more realistic
mimetics of the PG “continuum” are likely needed for optimal
rational design.
In summary, our results provide a novel avenue for fine-tun-

ing or defining the host range and activity of therapeutic lysins
that complement ongoing efforts in protein engineering (82)
and domain swapping (83–86). We suggest that refining or
increasing the host range of lysins may be achieved in a facile
manner by altering the net charge on the catalytic domain.Also,
the utility of endolysins as “biologics” may indeed depend upon
fine-tuning this balance, as too high a specificitymay lead to the
emergence or selection of resistant strains, although a lower
specificity/increased host range may lead to the destruction of
commensal bacteria. In other instances, broadly acting lysins
may be preferred (87), and our studies point to novel examples
of this class of lysin, which could be used singly or in combina-
tion. Finally, our work provides new insights into designing
therapeutic lysins to treat bacteria that express S-layers.
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