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A ntibiotic resistance among bacterial pathogens
represents a growing threat to public health. Of
particular concern is the surprising rate at which

resistance emerges under the selective pressure of con-
ventional antibiotics (1), which typically function by in-
hibiting key cellular catalysts. Due in part to the abbrevi-
ated useful lifetime of new drugs, the number of new
antibiotics approved by the Food and Drug Administra-
tion has been steadily declining for more than 20 years
(1). The stagnation in research and development com-
bined with widespread and sustained use of conven-
tional therapeutic agents has driven the evolution and
spread of resistance in pathogenic strains (2). Conse-
quently, the physician’s toolbox of efficacious antibacte-
rial therapies has been steadily shrinking, and there is
concern that multidrug-resistant and pan-resistant
pathogens could soon represent widespread threats.

Human lysozyme (hLYS) is a particularly effective an-
timicrobial peptide (AMP) that catalytically hydrolyzes
cell wall peptidoglycan (Figure 1) and has also been
shown to exert catalysis-independent antimicrobial
properties (3). These dual functions result in a protein
that efficiently kills both Gram-positive and Gram-
negative bacterial pathogens, and hLYS has been
shown to be one of the most effective cationic AMPs in
human airway fluids (4, 5). Lysozyme’s catalytic mode of
action represents a prospective advantage relative to
conventional therapies. Conventional antibiotics and
even antibody-based biotherapeutics act in a stoichio-
metric fashion, i.e., each therapeutic molecule typically
inhibits one target molecule in one cell. In contrast, a
single hLYS enzyme has the capacity to rapidly hydro-
lyze thousands of glycosidic bonds and attack multiple
bacterial cells. The catalytic nature of hLYS’s antimicro-
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ABSTRACT Lysozymes contain a disproportionately large fraction of cationic
residues, and are thereby attracted toward the negatively charged surface of bac-
terial targets. Importantly, this conserved biophysical property may inhibit ly-
sozyme antibacterial function during acute and chronic infections. A mouse model
of acute pulmonary Pseudomonas aeruginosa infection demonstrated that an-
ionic biopolymers accumulate to high concentrations in the infected lung, and the
presence of these species correlates with decreased endogenous lysozyme activ-
ity. To develop antibacterial enzymes designed specifically to be used as antimi-
crobial agents in the infected airway, the electrostatic potential of human lysozyme
(hLYS) was remodeled by protein engineering. A novel, high-throughput screen
was implemented to functionally interrogate combinatorial libraries of charge-
engineered hLYS proteins, and variants with improved bactericidal activity were
isolated and characterized in detail. These studies illustrate a general mechanism
by which polyanions inhibit lysozyme function, and they are the first direct demon-
stration that decreasing hLYS’s net cationic character improves its antibacterial ac-
tivity in the presence of disease-associated biopolymers. In addition to avoiding
electrostatic sequestration, at least one charge-engineered variant also kills bacte-
ria more rapidly in the absence of inhibitory biopolymers; this observation sup-
ports a novel hypothesis that tuning the cellular affinity of peptidoglycan hydro-
lases may be a general strategy for improving kinetics of bacterial killing.
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bial activity may provide for lower dosing and superior
efficacy.

Lysozymes are highly expressed in animal airways
(4, 5) and have confirmed roles in combating infections
(6−8). Yet bacterial infections of the animal airway are
relatively common, suggesting that endogenous ly-
sozyme function is diminished during acute or chronic
infections. It is known that lower respiratory tract infec-
tions create a hyperinflammatory environment and re-
sult in local accumulation of densely charged anionic
biopolymers. The concentrations of individual species
such as F-actin, DNA, mucin, and the bacterial exopo-
lysaccharide alginate can range from 100s of �g mL�1

to 10,000s of �g mL�1 in the infected lung (9−11). Un-
usually high concentrations of anionic biopolymers in
the airway surface fluid can profoundly impact the local
electrostatic environment and may ultimately compro-
mise the efficacy of endogenous cationic AMPs. These
observations have shaped a hypothesis that electrostat-
ics drive complex formation between hLYS and anionic
biopolymers (12) and that this sequestration is partially
responsible for the apparent inability of hLYS to effect
adequate bacterial clearance in lower respiratory tract
infections. Complex formation between bacteriophage
T4 lysozyme and negatively charged F-actin has been
demonstrated in vitro, and a mutated variant of the T4
lysozyme having reduced net positive charge was
shown to be less susceptible to electrostatic sequestra-
tion (13). Although the mutated enzyme was shown to
maintain �50% of the wild type enzyme’s antibacterial
activity in phosphate buffered saline, there was no

analysis of bactericidal function in the presence of
F-actin or other inhibitory biopolymers.

To develop highly active antimicrobial enzymes for
prospective use in the infected lung, we sought to sys-
tematically remodel the electrostatic potential of hLYS.
The conserved cationic nature of lysozymes indicates
that at least some subset of charged residues is critical
to the proteins’ antibacterial function. Therefore, arbi-
trary mutation of charged residues was deemed unlikely
to yield effective molecular designs. To more efficiently
sample functional sequence space, we used multiple
sequence alignments to identify those positively
charged hLYS residues that are poorly conserved among
other vertebrate lysozymes. We anticipated that some
combination of these target residues might be mutated
without disrupting bactericidal function. Combinatorial
gene/protein libraries were constructed on the basis of
our bioinformatics analysis, and subsequent functional
screens yielded the first lysozymes specifically engi-
neered for enhanced antibacterial activity in the infected
airway.

RESULTS AND DISCUSSION
Anionic Biopolymers Inhibit Wild Type Lysozyme

Function. The positive charge of cationic AMPs, includ-
ing hLYS, guides these natural antibiotics to their targets
and is one key means by which AMPs manifest specific-
ity for bacteria (14). In cases of acute and chronic lung
infection, however, electrostatic sequestration with an-
ionic biopolymers may contribute to a generalized, sys-
tematic inactivation of cationic AMPs. We used a mouse

Figure 1. Lysozyme (hLYS) catalyzes hydrolysis of peptidoglycan. A line drawing representing the two repeat-
ing carbohydrate units of the bacterial cell wall: �(1¡4)-linked N-acetyl muramic acid and N-acetyl glu-
cosamine. The catalytic residues of hLYS are shown in gray. The “R” group of N-acetyl muramic acid repre-
sents a C2-ether linked lactic acid moiety that is in turn coupled to adjacent polysaccharide chains via short,
cross-linking polypeptides. The resulting macromolecular net surrounds individual bacteria and forms the
protective sacculus that opposes osmotic stress. Sacculus integrity and cell viability are compromised by
hLYS-catalyzed hydrolysis of the polysaccharide chains.

810 VOL.5 NO.9 • 809–818 • 2010 www.acschemicalbiology.orgSCANLON ET AL.



model of acute Pseudomonas aeruginosa pulmonary in-
fection to explore the biological relevance of polyanion
accumulation in pulmonary infections and to examine
possible correlated effects on endogenous lysozyme
function. The airways of C57BL/6 mice were infected
via oropharyngeal aspiration of �107 colony forming
units (cfu) of P. aeruginosa strain FRD1, a mucoid clini-
cal isolate. Twenty-four hours postinfection, alginate
and extracellular DNA levels were analyzed in bron-
choalveolar lavage (BAL) fluid from both groups. Extra-
cellular DNA was not detectable in the BAL fluid of con-
trol mice but exceeded 190 �g mL�1 in BAL fluid from
the infected group (Figure 2, panel A). Similarly, we ob-
served a 10-fold higher concentration of alginate exopo-
lysaccharide in the BAL fluid of infected mice (Figure 2,
panel B). To monitor alginate in BAL samples, we used
an enzymatic assay employing purified bacterial alg-
inate lyase. The enzyme specifically degrades alginate
and produces a reaction product that can be detected
spectrophotometrically (15). Alginate in experimental
BAL samples is quantified by interpolation using stan-
dard curves produced with purified bacterial alginate.
We speculate that enzymatic detection of alginate in
BAL samples represents a significant advance over stan-
dard morphology-based mucoid phenotype detection
on agar plates. In particular, our assay directly quanti-
fies alginate in diagnostic samples and may enable de-
tection of transient alginate producing phenotypes that

revert to a non-
mucoid morphol-
ogy when cul-
tured outside of
the infected lung.

Consistent
with an immune
response to acute
infection, ELISA
assays of BAL
fluid show that
the airway sur-
face liquid of in-
fected mice con-
tained 3.2-fold
more endog-
enous mouse ly-
sozyme protein
than comparable

control samples (Figure 2, panel C). The BAL fluid of in-
fected and control groups, however, exhibited equiva-
lent levels of lysozyme enzymatic activity (Figure 2,
panel D). In aggregate, these observations demonstrate
that pulmonary infection with P. aeruginosa causes el-
evated concentrations of extracellular, anionic biopoly-
mers in the lung, and the appearance of these species
correlates with reduced endogenous lysozyme activity.
Importantly, the values reported in Figure 2 are those in
the BAL fluid and not the airway surface liquid itself. The
considerable dilution resulting from the lavage process
implies that the in vivo concentrations of extracellular
DNA and alginate are likely much greater.

To probe whether the human enzyme was subject to
similar inhibitory mechanisms, recombinant hLYS was
analyzed by in vitro kinetic assays in the presence of
high molecular weight DNA, alginate, and mucin. All 3
polyanions showed a dose�response effect, with com-
plete inhibition of wild type hLYS between 1 and 5 mg
mL�1 polyanion (Figure 3). Thus, lysozymes appear to be
particularly susceptible to inactivation by molecules
that are elevated in the infected and inflamed airway.

Design and Construction of Charge-Engineered hLYS
Libraries. We speculated that the observed in vitro and
in vivo inhibition of lysozyme stemmed from electro-
static mediated sequestration. Previous studies have
shown that T4 phage lysozyme forms electrostatic com-
plexes with F-actin in vitro and that charge modification
of the enzyme can reduce the extent of these electro-

Figure 2. Analysis of anionic biopolymers and lysozyme activity in a murine model of pulmonary in-
fection. Mucoid P. aeruginosa strain FRD1 or a PBS control was administered to the airways of
C57Bl/6 mice, and bronchoalveolar lavage (BAL) fluid was collected 24 h postinfection. A) High
concentrations of dsDNA were observed in cell-free BAL from P. aeruginosa infected mice compared
to control mice, which had no detectable extracellular DNA. B) Cell-free BAL fluid was analyzed for
alginate content using a novel enzymatic method. The assay showed BAL fluid from infected mice
contained more than 500 �g mL�1 of alginate, whereas BAL fluid from noninfected mice produced
a signal only marginally above background. C) A 3.2-fold increase in mouse lysozyme was ob-
served in infected mice, compared to PBS-treated animals. D) Cell-free BAL was assayed for endog-
enous mouse lysozyme activity by kinetic microplate assay, as described in the text. Although ly-
sozyme protein levels were significantly elevated following infection, lysozyme activity levels were
virtually identical in the infected and control groups. Error bars represent the SEM in all panels.
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static interactions (13). These pioneering studies repre-
sent a key conceptual demonstration, but the clinical
utility of the enzymes described in ref 13 is less clear.
Specifically, the viral origin of T4 lysozyme could prompt
a detrimental immune response in human patients,
and moreover there was no direct demonstration of the
modified T4 lysozyme’s antibacterial activity in the pres-
ence of F-actin or other anionic biopolymers. We there-
fore aimed to build upon this prior work and develop an-
tibacterial enzymes with greater clinical potential. To
this end, we specified that our molecular designs
should have bactericidal activity in the presence of dis-
ease associated polyanions, and we employed a human
enzyme scaffold in order to mitigate the intrinsic immu-
nogenicity of nonhuman proteins (16).

The hLYS crystal structure 1LZS (chain A) was com-
pared against a panel of 50 structural homologues us-
ing the ConSurf web server (17). The analysis produced
position-specific evolutionary conservation scores for
the hLYS template. Assuming that highly conserved resi-
dues are likely essential for hLYS function, eight basic
residues with the lowest conservation scores (i.e., color
scores �4) were selected for mutagenesis (R14, R21,
R41, R50, H78, R101, R115, and R122). Two gene librar-
ies were constructed as described previously (18). The
first was designated the “NDA Library”, in which target
sites encoded wild-type, Asn, Asp, or Ala residues, and
the second the “QEA Library” encoding wild-type, Gln,
Glu, or Ala residues. The alpha mating factor signal pep-
tide directed enzyme secretion from yeast, and the li-
braries were subjected to high-throughput functional

screening as described below. After selection and char-
acterization of first generation clones, a second genera-
tion “shuffled” library was constructed using the 22 mu-
tations associated with the highest activity NDA and
QEA enzymes.

High-Throughput Functional Screening. To rapidly
screen yeast libraries for lytic activity, solid yeast growth
media was supplemented with UV-inactivated, freeze-
dried Micrococcus luteus reporter bacteria at concentra-
tions sufficient to cause bulk phase turbidity. Yeast colo-
nies secreting wild type hLYS lyse the underlying M.
luteus cells, forming visible zones of clearance. Incorpo-
rating alginate in the screening media inhibits the lytic
activity of the wild type enzyme (Figure 4). It was antici-
pated that mutating cationic residues would improve
hLYS’s diffusivity in alginate hydrogels and that a sub-
set of these aggregation-resistant variants would retain
catalytic function and restore the halo-forming pheno-
type of the corresponding colonies. Thus, our agarose
plate assay provides a method to simultaneously evalu-
ate catalytic activity and diffusivity in polyanion
hydrogels.

Figure 3. Alginate, mucin, and DNA inhibit hLYS-mediated lysis of M.
luteus in a dose�response fashion, and each causes complete inhibi-
tion at physiologically relevant concentrations. Activities were normal-
ized to that of hLYS in the absence of inhibitory biopolymers (hLYS).
Error bars represent the SEM.

Figure 4. Plate-based halo formation screen for en-
hanced hLYS activity. In the absence of alginate inhibi-
tor, yeast secreting wild type hLYS generate a zone of
clearance due to M. luteus lysis (lower left panel),
whereas yeast secreting a scrambled peptide do not (up-
per left panel). Yeast secreting wild type hLYS fail to
generate a zone of clearance on media containing alg-
inate inhibitor (lower right panel).
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The NDA and QEA libraries were functionally interro-
gated using alginate (1.75% w/v) screening media, and
the populations were oversampled so as to yield
99.95% theoretical coverage (19). The NDA library
yielded 18 validated clones (�0.004% hit rate based
on total clones screened), and the QEA library yielded
51 (�0.01% hit rate). Validated first generation clones
were sequenced, and a “shuffled” second generation li-
brary was constructed by incorporation of synthetic oli-
gonucleotides by gene reassembly (ISOR) using syn-
thetic oligonucleotides encoding each mutation found
in selected first generation variants. Due to the pre-
sumed enhanced functionality of second generation li-
brary members, subsequent screening employed in-
creased stringency, i.e., 3% (w/v) alginate media.
Approximately 175,000 second generation clones were
interrogated, providing �99.99% coverage of the theo-
retical 16,875 member library. Despite the increased
screening stringency, the second generation library pro-
duced a substantially higher hit rate (176 clones,
0.10%). Interestingly, all selected second generation
clones bore an R115H mutation that was observed in
one first generation NDA clone. As this was not one of
the designed mutations, its original source was likely an
oligonucleotide impurity in the NDA library. Importantly,
20 randomly selected clones, sequenced before screen-
ing, showed no bias for the R115H mutation. Thus, its
dominance in the second generation clones highlights
the mutation’s functional significance.

A semiquantitative, fluorogenic, 96-well plate assay
was developed to rank-order the lytic activity of selected
enzyme variants. The SyTox Green nucleic acid stain is
largely impermeant to UV-inactivated and lyophilized M.
luteus bacterial cells despite their nonviable state. Addi-
tion of active lysozyme to M. luteus�SyTox mixtures
produces a fluorescent signal as cell walls are degraded
and SyTox dye intercalates into exposed genomic DNA.
The activity of culture supernatant from selected clones
was assessed by the fluorogenic cell wall permeability
assay, and the results were compared to a wild type
hLYS control. Kinetic data were acquired in both the
presence and absence of inhibitory alginate biopoly-
mer, and maximum slopes were normalized to enzyme
concentrations based on densitometry of Coomassie
stained SDS-PAGE gels. A total of 102 variants were as-
sessed for specific activity in the presence and absence
of alginate. All engineered enzymes possessed dramati-
cally improved kinetics in the presence of 1.0% (w/v) al-

ginate (Figure 5, y-axis), which is sufficient to com-
pletely inhibit the wild type enzyme. Under noninhibitory
conditions, however, the majority of charge modified
variants exhibited reduced enzyme activity (Figure 5,
x-axis). These results demonstrate that charge-reducing
mutations generally compromise inherent hLYS activity
but rare amino acid substitutions can produce variants
with superior all-around performance (e.g., 2-3-7, upper
right quadrant of Figure 5). Ultimately, five enzyme vari-
ants having high levels of activity both in the presence
and absence of alginate were selected for more detailed
characterization.

Gram-Negative Bactericidal Activity. Because the
high-throughput halo screen assessed lytic activity
against Gram-positive bacteria, it was not known a
priori whether the engineered enzymes would also kill
Gram-negative pathogens. This latter function is particu-
larly relevant to clinical applications, as Gram-negative
infections are becoming increasingly difficult to treat
(20). To assess this important metric of prospective clini-
cal utility, the five most promising hLYS variants were

Figure 5. Secondary screen for charge-engineered hLYS
variants. Charge-engineered hLYS variants secreted from
induced cultures of recombinant S. cerevisiae were tested
for enzyme activity using the fluorogenic membrane per-
meability assay in the absence or presence of polyanion
inhibitor. Specific activity (SA) measurements in buffer
alone (x-axis) were plotted against specific activity in the
presence of 1% (w/v) alginate (y-axis). Data from six repre-
sentative variants and the wild type enzyme are shown.
Specific activities are presented as a percentage of the
most active enzyme in each condition. Charge-engineered
variants displaying high relative activity in the absence
and presence of alginate (e.g., variant 2-3-7) were selected
for further characterization.
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purified by cation exchange chromatography and tested
for anti-pseudomonal activity by standard quantitative
culture assays. Only variant 2-3-7 exhibited high-level
bactericidal activity toward P. aeruginosa (98.5% that
of wild type hLYS activity; Figure 6). Given the high-
throughput screen’s readout of catalytic antimicrobial
activity and the fact that Gram-negative lysozyme activ-
ity is thought to occur by a catalysis-independent mech-
anism (3), these results were not entirely surprising. Be-
cause of its capacity to attack both Gram-positive and
Gram-negative bacterial targets, variant 2-3-7 was the
focus of subsequent studies.

Kinetic Characterization of hLYS Variant 2-3-7.
Prompted by promising preliminary results, the cata-
lytic properties of variant 2-3-7 were analyzed in greater
detail. Pseudo Michaelis�Menten analyses of 2-3-7
and wild type hLYS were performed using conventional
light scattering assays with freeze-dried M. luteus as a
substrate. Although the insoluble nature of the cellular

substrate and the complexity of the catalysis�lysis rela-
tionship preclude direct mechanistic interpretation of
the calculated kinetic parameters, the results are suit-
able for comparison of relative enzyme performance. In
the absence of biopolymer inhibitors, the apparent
Km of wild type hLYS was 100 �g mL�1 and its Vmax was
900 �A450 nm min�1 mg�1. These results are largely con-
sistent with previous kinetic analysis of hLYS (21). In
comparison, variant 2-3-7 possessed an apparent Km

of 40 �g mL�1 and a Vmax of 720 �A450 nm min�1 mg�1.
Thus, the two enzymes are essentially equally active in
the absence of inhibitor, with 2-3-7 exhibiting perhaps a
slight advantage in efficiency (Vmax/Km).

In contrast, the enhanced performance of 2-3-7 in
the presence of polyanion inhibitors was striking. The
specific activities of both enzymes were evaluated over
several log dilutions of physiologically relevant anionic
biopolymers, and IC50 values were determined by fitting
the data to sigmoidal dose�response curves. Com-
pared to wild type hLYS, the IC50 values of variant 2-3-7
were 3-fold higher with alginate, 7-fold higher with mu-
cin, and an impressive 43-fold higher with double
stranded DNA (Table 1). Importantly, the high-
throughput library screen for enzyme function was
based on alginate as the sole inhibitor. Therefore, the
enhanced functionality of 2-3-7 with a broader array of
anionic biopolymers underscores the nonspecific nature
of electrostatically mediated lysozyme inhibition. By
demonstrating increases in IC50 to a panel of structur-
ally distinct anionic biopolymers, we experimentally vali-
date charge engineering as an approach for developing
novel, functional cationic AMP therapies active in the
presence of diverse and physiologically relevant anionic
biopolymers.

During the process of enzyme characterization, two
different kinetic assays had been employed: conven-
tional light scattering (22) and a fluorogenic cell wall per-
meability assay. The need for the fluorogenic assay
stemmed in part from the fact that concentrated mucin

TABLE 1. Kinetics and IC50 values for hLYS and variant 2-3-7; pseudo Michaelis�Menten parameters
are reported � SEM

Enzyme Vmax (�A450 [min mg]�1) Km
App (�g mL�1) Vmax/Km

App IC50 alginate (�g mL�1) IC50 mucin (�g mL�1) IC50 DNA (�g mL�1)

hLYS 900 � 100 100 � 30 9 370 105 31
2-3-7 720 � 50 40 � 10 18 1150 730 1336

Figure 6. Bactericidal activity toward Gram-negative P.
aeruginosa. Purified enzymes (75 �g mL�1) were incu-
bated with P. aeruginosa strain PAO1 (25,000 cfu mL�1)
for 30 min, and viability was quantified by plating serial
dilutions and enumerating cfu’s upon overnight outgrowth.
Results were normalized to a buffer control treatment, i.e.,
no reduction in viability. Only variant 2-3-7 retained high
level anti-pseudomonal activity comparable to wild type
hLYS. Error bars represent the SEM.
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and alginate solutions are inherently turbid and inter-
fere with signal detection by light scattering. In the ab-
sence of any inhibitory biopolymer the two assays
yielded unexpectedly different results. Light scattering
assays showed that, in the absence of inhibitor and at
high substrate concentrations, wild type hLYS and vari-
ant 2-3-7 exhibited roughly equivalent lytic rates
(Figure 7, panel A). In contrast, the fluorogenic assay
performed under identical conditions showed that 2-3-7
was 300% faster (Figure 7, panel B). This apparent dis-
crepancy highlights a mechanistic distinction between
the two analytical techniques. Signal detection by light
scattering requires full lysis of target bacteria. In con-
trast, detection with the SyTox fluorogenic assay re-
quires only sufficient peptidoglycan hydrolysis to dis-
rupt the cell wall’s function as a barrier to diffusion. With
respect to therapeutic applications, it is almost certain
that sublytic cell wall damage is sufficient for killing.
Therefore the novel use of SyTox dye for lysozyme ki-
netic analysis may provide a more clinically relevant
metric than conventional light scattering measurements.

It is commonly assumed that lysozyme’s exception-
ally dense positive charge is critical to its antibiotic func-
tion (23). This prevailing view has been supported by
previous mutagenesis studies in which reduction of
hLYS’s positive charge resulted in decreased lytic activ-
ity under all conditions except the lowest ionic strengths
(24). Additionally, at least one group has attempted to
improve lysozyme’s antibacterial properties by conjuga-
tion to highly cationic nanoparticles (25). Our results
question previous assumptions regarding the relation-
ship between lysozyme charge and antibacterial func-
tion. In particular, we emphasize that lysozyme-
mediated bacterial death does not require complete ly-
sis but instead occurs when diffusional barriers to the
cell’s cytoplasm are compromised. Under the conditions
tested here, the charge density of wild type hLYS ap-
pears to drive excessively strong association with bacte-
ria and results in processive-like peptidoglycan hydroly-
sis beyond the point at which bacterial death occurs. As
a result, the wild type enzyme rapidly degrades a sub-
set of bacterial targets to the point of lysis, but is slower
to act upon bacterial populations as a whole. Con-
versely, the reduced charge of 2-3-7 (�-3 from hLYS)
likely results in faster off rates from bacterial surfaces,
and as a consequence, 2-3-7 would be expected to
more rapidly establish a homogeneous distribution in
concentrated cell suspensions. Accordingly, the engi-

neered enzyme would effect damage to a greater num-
ber of target cells. This hypothesis explains the variant’s
enhanced kinetics in the fluorogenic assay and also
suggests that the corresponding kinetics of actual bac-
terial killing should be improved.

To experimentally confirm the reduced affinity of
2-3-7 for bacterial surfaces, enzyme�bacteria pull down
experiments were performed. The variant and wild type
enzymes were mixed with M. luteus cells for �5 s, and
unbound enzyme was separated from the bacterial cells
by brief high speed centrifugation and careful removal
of supernatant. It was observed that �99% of wild type
hLYS was associated with the bacterial pellet, whereas
more than 11% of 2-3-7 remained in solution (Figure 7,
panel C).

Figure 7. Charge engineering improves noninhibited hLYS kinetics. A) In
the absence of inhibitor, specific activities of wild type hLYS and vari-
ant 2-3-7 are highly similar (p � 0.167) as assessed by light scattering
of M. luteus bacteria at 750 �g mL�1. Importantly, signal detection
requires lysis of target cells. B) Under identical reaction conditions, a
fluorogenic cell wall permeability assay reveals that 2-3-7 damages cell
walls 300% faster than hLYS. In contrast to light scattering, sublytic
peptidoglycan degradation is sufficient for detection with the fluoro-
genic SyTox Green probe. C) Cell wall binding was assessed by brief in-
cubation of each enzyme with M. luteus suspensions and subsequent
separation of bacteria by centrifugation. Data are presented as percent-
age of initial enzyme activity remaining in the supernatant, i.e., un-
bound enzyme. More than 11% of variant 2-3-7 was found in the super-
natant, whereas less than 1% of hLYS remained unbound. D) The ki-
netics of M. luteus killing by each enzyme were assessed by time
course quantitative culture. Specific rates of killing were determined by
linear regression of cfu versus time data. Under identical conditions,
variant 2-3-7 kills M. luteus cells approximately 2-fold faster than
hLYS. Error bars represent SEM.
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To determine whether the charge-engineered variant
would indeed exhibit an enhanced rate of killing, ki-
netic viability experiments were performed with both
wild type hLYS and 2-3-7. Consistent with our hypoth-
esis, these experiments demonstrated that the engi-
neered enzyme exhibited approximately 2-fold faster
specific rates of killing compared with wild type hLYS
(Figure 7, panel D). The reduced charge of 2-3-7 is
thought to facilitate faster dissociation from the surface
of bacteria, action upon a greater total number of target
cells, and ultimately enhanced lethality in dense bacte-
rial suspensions. Thus, mutations that site-specifically
reduce hLYS’s cationic character can enhance bacteri-
cidal capacity irrespective of the presence or absence of
inhibitory polyanions.

The findings of this study suggest that modulating af-
finity for bacterial targets could represent a general
method for improving the biocidal activity of lytic en-
zymes. Cell wall hydrolases from numerous sources are
currently considered attractive antibacterial candidates
(26). While evolution has optimized the catalytic do-
mains of these enzymes for potent lytic activity, their
molecular properties, in aggregate, may not be ideal for
therapeutic applications. Indeed, phage lysins employ

potent cell wall
binding domains,
and it has been sug-
gested that they
represent “single-
use” enzymes that
bind cell wall targets
with near irrevers-
ibility (27). Because
each molecule may
act upon a single
cellular target, rela-
tively high dosing of
phage lysins might
be required to effec-
tively treat an infec-
tion. The studies de-
scribed here
suggest a previ-
ously unrecognized
paradigm for engi-
neering cell wall hy-
drolases as antibac-

terial therapies: tuning cell wall affinity enhances overall
bactericidal function.

Molecular Origin of Enhanced Activity. At a pH of
7.0, wild type hLYS (pI � 9.28) has a calculated net
charge of 	7.77, whereas variant 2-3-7 (pI � 8.85) has
a net charge of only 	4.86. While this considerable
change in global charge state explains the enhanced
performance of 2-3-7 in a very general sense, the pre-
cise spatial distribution of a protein’s charge is more rel-
evant to its function and interaction with other charged
species. To visualize the effects of 2-3-7’s mutations in
finer detail, the electrostatic potential surfaces of wild
type hLYS (PDB code 1JWR) and variant 2-3-7 (PDB code
3LN2) were calculated using identical parameters. Only
three regions of negative potential were observed on the
wild type hLYS surface, the most substantial of which
was proximal to the catalytic residues Asp53 and Glu35
(Figure 8, panel A). As discussed above, the wild type
protein’s overwhelming positive potential drives electro-
static complex formation with negatively charged
biopolymers. In contrast, the mutations R101D and
R115H radically reshape the potential surface of vari-
ant 2-3-7 (Figure 8, panel B). The negative potential of
the charge modified variant spans the entire active site
cleft and extends in a continuous fashion to the distal

Figure 8. Two mutations radically alter electrostatic surface potential of hLYS. Relative electro-
static potentials mapped to the molecular surfaces of (A) wild type hLYS (PDB code 1JWR) and
(B) variant 2-3-7 (PDB code 3LN2). Positive potential is blue, and negative potential is red. The
white lines indicate the approximate location of the active site cleft, and the positions of the two
mutated residues are noted with arrows. The two mutations resulted in little alteration to the
global enzyme structure (overall superposition of the two structures yielded an rmsd � 0.97)
but dramatically reshaped the electrostatic potential of 2-3-7 as shown by the considerable ex-
pansion of negative surface potential. A movie showing the entirety of both protein surfaces is
provided in Supporting Information.
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side of the protein (see Supplementary Movie File). Im-
portantly, a superposition of the 1JWR and 3LN2 crystal
structures showed little deviation (rmsd � 0.37 for back-
bone atoms and rmsd � 0.97 overall), indicating that
the differences in the calculated potentials result prima-
rily from the charge-altering mutations as opposed to
gross structural reorganization. It appears that certain re-
gions of dense positive surface potential are in fact im-
portant for hLYS function but that the electrostatics of

the active site cleft can be remodeled while maintain-
ing antibacterial efficacy.

In summary, the overall enhanced functionality of
2-3-7 suggests that appropriately reducing positive
charge may be a powerful strategy for enhancing ly-
sozyme function in the infected lung environment and
beyond. Looking to the future, hLYS may represent an
adaptable scaffold upon which diverse panels of highly
efficacious, biocatalytic antibiotics can be engineered.

METHODS
Strains and Plasmids. S. cerevisiae expression host BJ5464

(28) and M. luteus bacteria were obtained from ATCC. P. aerug-
inosa strains PAO1 and FRD1 were gifts from George O’Toole
(Dartmouth College). Propagation of plasmids was performed
in E. coli DH5
. Construction of the centromeric expression vec-
tor p4GM-LYZ has been described previously (18).

Mouse Model of P. aeruginosa Infection. Overnight cultures of
P. aeruginosa FRD1 clones grown in LB were pelleted, washed,
and resuspended in PBS to a concentration of approximately 107

cfu per 40 �L. C57BL/6 male mice were briefly anesthetized
with isoflourane and inoculated by oropharyngeal aspiration
(29). After 24 h, mice were anesthetized with IP pentobarbital
(90 mg kg�1), the trachea was cannulated, and the lung lavaged
with 1 mL of PBS. BAL fluid was centrifuged at 1600 rpm for
5 min to remove airway cells and used for follow on studies. All
animal protocols were approved by the University of Vermont In-
stitutional Animal Care and Use Committee, and procedures
were performed according to their guidelines.

Quantifying Polyanions of the Mouse Lung. Measurements for
extracellular dsDNA in cell-free BAL from infected/control mice
were performed using a fluorescence assay. Fluorescence inten-
sity of 250 �L samples of cell-free BAL mixed with 50 nM Sy-
Tox Green was measured in microplate format and compared
to a serial dilution of salmon sperm DNA (Figure 2, panel A). Ki-
netic measurement of alginate lyase enzyme activity was used to
determine alginate concentration in cell-free BAL fluid from in-
fected/control mice. To remove interfering DNA, BAL was pre-
pared as previously described (30). A 195 �L sample of pre-
pared BAL was mixed with 250 ng of purified A1-III alginate lyase
in UV-transparent 96-well plates; kinetic measurements of ab-
sorbance at 235 nm were recorded, and initial rates were com-
pared to a standard curve of A1-III activity against known con-
centrations of purified FRD1 alginate (Figure 2, panel B).

Analysis of Airway Mouse Lysozyme Expression/Activity. Cell-
free BAL from mice infected with FRD1 was assayed for endog-
enous lysozyme using a Mouse Lysozyme ELISA Kit (CUSABIO
Biotech Co.) according to manufacturer’s recommendations
(Figure 2, panel C). Lytic activity of endogenous lysozyme
(Figure 2, panel D) was measured as described in Supporting In-
formation.

hLYS Activity Measurements. Light scattering assays were per-
formed essentially as described by Lee and Yang (22). Reaction
conditions for the fluorogenic membrane permeability assay can
be found in Supporting Information.

Construction of Mutant Libraries. Sequences for synthetic oli-
gonucleotides were designed for mutagenesis of 8 hLYS resi-
dues (R14, R21, R41, R50, H78, R101, R115, and R122) and are
reported in Supplementary Table 1. Following ISOR (31), muta-
genic amplicons and appropriately restricted expression vector
were electroporated into freshly prepared yeast expression host

exactly as described in ref 18. Typical transformation efficiency
was 1.0 � 107 cfu �g�1 backbone vector.

Functional Screening of Libraries. Recombinant yeast express-
ing charge-engineered hLYS variants were subjected to high-
throughput screening on alginate screening media. Details of
yeast plating and screening can be found in Supporting Informa-
tion.

Anti-pseudomonal Activity. For anti-pseudomonal assays,
25,000 cfu mL�1 of midlog cultures of P. aeruginosa strain PAO1
were mixed with 7.5 �g of purified hLYS variants in activity
buffer (10% LB v/v, 10 mM potassium phosphate, pH 7.0) in a
total reaction volume of 115 �L. Mutant hLYS enzymes were pu-
rified as described in Supporting Information. Dilutions were
plated after a 60 min incubation at 37 °C, colonies were enumer-
ated after overnight outgrowth, and results were compared to di-
lution plates sampled at time zero (Figure 6).

M. luteus Binding and Viability Experiments. For hLYS�M. lu-
teus binding experiments, 800 ng mL�1 hLYS variant was mixed
with 750 �g mL�1 M. luteus, and unbound enzyme was quanti-
fied as described in Supporting Information. Data are repre-
sented as percent of unbound enzyme (Figure 7, panel C). For vi-
ability experiments, M. luteus (final OD600 nm 0.75) was mixed
with 50 ng hLYS enzymes in 200 �L reactions and incubated for
several minutes. Reactions were sampled at various time points,
and remaining viable bacteria were assessed by microplate di-
lution and quantitative culture. Values are represented as
change in viable M. luteus cfu per minute per microgram en-
zyme (Figure 7, panel D) as described in Supporting Informa-
tion.

Calculation of Electrostatic Potentials. The electrostatic poten-
tial surfaces of wild type hLYS (PDB code 1JWR) and variant 2-3-7
(PDB code 3LN2) were calculated using the Yasara Structure
software suite (32). Details are included in Supporting Informa-
tion.
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