A waan | INfection and
SOCIETY FOR . ®
MICROBIOLOGY Immunlty

BACTERIAL INFECTIONS

L)

Check for
updates

Alternative Enzyme Protection Assay To Overcome the
Drawbacks of the Gentamicin Protection Assay for Measuring
Entry and Intracellular Survival of Staphylococci

Jin-Hahn Kim,2 Akhilesh Kumar Chaurasia,2 Nayab Batool,® Kwan Soo Ko, Kyeong Kyu Kima*

2Department of Molecular Cell Biology, Institute for Antimicrobial Resistance Research and Therapeutics, Sungkyunkwan University School of Medicine, Suwon, South

Korea

bSamsung Biomedical Research Institute, Samsung Advanced Institute for Health Sciences and Technology, Samsung Medical Center, Sungkyunkwan University School

of Medicine, Seoul, South Korea

ABSTRACT Precise enumeration of living intracellular bacteria is the key step to es-
timate the invasion potential of pathogens and host immune responses to under-
stand the mechanism and kinetics of bacterial pathogenesis. Therefore, quantitative
assessment of host-pathogen interactions is essential for development of novel anti-
bacterial therapeutics for infectious disease. The gentamicin protection assay (GPA)
is the most widely used method for these estimations by counting the CFU of intra-
cellular living pathogens. Here, we assess the longstanding drawbacks of the GPA by
employing an antistaphylococcal endopeptidase as a bactericidal agent to kill extra-
cellular Staphylococcus aureus. We found that the difference between the two meth-
ods for the recovery of intracellular CFU of S. aureus was about 5 times. We prove
that the accurate number of intracellular CFU could not be precisely determined by
the GPA due to the internalization of gentamicin into host cells during extracellular
bacterial killing. We further demonstrate that lysostaphin-mediated extracellular bac-
terial clearance has advantages for measuring the kinetics of bacterial internalization
on a minute time scale due to the fast and tunable activity and the inability of pro-
tein to permeate the host cell membrane. From these results, we propose that accu-
rate quantification of intracellular bacteria and measurement of internalization kinet-
ics can be achieved by employing enzyme-mediated killing of extracellular bacteria
(enzyme protection assay [EPA]) rather than the host-permeative drug gentamicin,
which is known to alter host physiology.

KEYWORDS gentamicin protection assay, Staphylococcus aureus, bacteria, enzyme
protection assay, host, lysostaphin

ost-pathogen interactions are steered by complicated defense and offense mech-

anisms between hosts and pathogens (1, 2). Professional phagocytes of the innate
immune system, such as neutrophils and macrophages, play a key role in frontline
defense against pathogens by engulfing them via phagocytosis and destroying them
intracellularly (1, 3). Conversely, bacteria can also invade and/or induce their own
internalization by a zipper or trigger mechanism for establishing a protected niche for
survival (4). Intracellular pathogenic bacteria such as Mycobacterium tuberculosis (5),
Salmonella enterica serovar Typhimurium (5), Listeria monocytogenes (4), and patho-
genic Escherichia coli (6) enter and replicate within host cells. However, pathogens such
as Helicobacter pylori (5) and Staphylococcus aureus (7) also invade and survive inside
host cells, although they are known to be extracellular bacteria, which facilitate
persistence and recurrence (8, 9). A small number of persistent intracellular bacteria can
remain dormant as intracellular bacterial communities (IBCs), and thus, IBCs are difficult
to treat with drugs. This very small population of IBCs is the primary cause of recurrent
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infections and chronic disease (5-7). However, the mechanisms of internalization, the
persistence of pathogens, and the intracellular killing of pathogens by professional or
nonprofessional phagocytes are not yet fully understood (9, 10). To investigate these
processes, it is necessary to precisely quantify the internalized bacteria in infected host
cells. The enumeration of intracellular living bacteria is further required for a systematic
and comprehensive understanding of host-pathogen interactions during the innate
immune response, for estimating bacterial virulence potential, and for evaluating the
efficacy of new antibiotics.

There are several direct methods to measure the intracellular bacterial population,
such as fluorescence-activated cell sorter (FACS) analysis and various microscopic
techniques (11, 12). However, as there is a possibility that dead bacteria, or physiolog-
ically unfit and compromised bacteria, which hence are highly vulnerable to death, may
also be counted. Therefore, direct counting methods, in many instances, are not
considered reliable for the assessment of host-pathogen interactions or for the deter-
mination of the actual number of surviving intracellular bacteria. The most widely used
enumeration method for intracellular living bacteria is a gentamicin protection assay
(GPA) (13), in which CFU of bacteria infecting host cells are counted after killing
extracellular bacteria with gentamicin (14, 15). The GPA relies on the ability of genta-
micin to kill all extracellular and membrane-bound bacteria and is also based on the
assumption of the inability of gentamicin to penetrate eukaryotic cells (16). However,
many reports suspected that higher concentrations of gentamicin for long incubation
times possibly cause the nonspecific killing of intracellular bacteria (13, 17-20), pre-
sumably by internalized gentamicin through pinocytosis (21). For this reason, the
results of the GPA often exhibit significant variation (22).

To our knowledge, there are no reports that have quantitatively shown the inter-
nalization of gentamicin and the adverse effect on measuring the invasion potential
and enumeration of surviving intracellular bacteria. Furthermore, precise kinetic mea-
surement of bacterial internalization during bacterial invasion or host cell phagocytosis
is hindered by the GPA, since the elimination of extracellular pathogens by gentamicin
takes hours due to slow killing kinetics (20). Therefore, the widely used antibiotic
protection assays, including GPA (23, 24), in basic host-pathogen interactions and
clinical research need to be revisited. Alternatively, bacteriolytic enzymes, such as
lysozyme and mutanolysin, have been introduced in enzyme-based protection assays
(25). The moderate enzymatic killing activity under physiological conditions as well as
the requirement for a specific pH and high temperature for optimal activity (26) have
presumably limited their usage in protection assays. Among the bacteriolytic enzymes,
lysostaphin has been successfully used in protection assays, mostly in combination with
gentamicin, for the specific and efficient killing of extracellular and host cell surface-
bound S. aureus (27-29). However, to the best of our knowledge, the exclusive use of
lysostaphin for enumeration of intracellular S. aureus bacteria is rare, and comparative
analyses of the GPA and EPA (enzyme protection assay) have not been performed.

In this study, we assessed the internalization of S. aureus USA300 strain FPR3757
(here referred to as S. aureus) in mouse macrophage cells (RAW264.7) and human
embryonic kidney cells (HEK293) by applying the GPA and EPA to evaluate the
drawbacks of the GPA and advantages associated with the EPA. S. aureus, a human
pathogen that causes mild to life-threatening infections and possesses intracellular
persistence properties (3, 30, 31), was chosen since it is one of the most important and
widely studied pathogens due to its multiple-drug-resistance patterns and relevance to
many human diseases (32, 33). The present study reveals that a lysostaphin-based EPA
has advantages; this method has fast killing kinetics, tunability by quenching of
lysostaphin activity, and negligible diffusion into live host cells. Thus, the application
repertoire of the EPA can be expanded to the precise measurement of invasion
potential, internalization kinetics, and intracellular killing kinetics of S. aureus on a
minute time scale, which cannot be achieved when the antibiotic protection assay is
applied.
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FIG 1 Comparison between the gentamicin protection assay (GPA) and the lysostaphin-mediated enzyme protection assay (EPA). (A) Quantitative assessment
of gentamicin concentration and time-dependent killing efficiency for S. aureus cells at various concentrations from 100 wg/ml (210 uM) to 400 ug/ml (840 wM).
Gentamicin at a concentration of 400 ug/ml (840 uM) could kill 99.999% of S. aureus cells within 60 min. (B) Concentration and time-dependent killing of S.
aureus cells using lysostaphin. One unit (8.8 nM) and 2 U (17.6 nM) of lysostaphin were incubated with 1 X 107 S. aureus cells in 1 ml DMEM containing 10%
FBS in a 5% CO, environment at 37°C. Nearly all (99.999%) the S. aureus cells were killed within 180 s with 2 U lysostaphin. (C) Killing efficiency of lysostaphin
against various methicillin-sensitive S. aureus (MSSA) (ST630, RN4220, and MSSA29213) and methicillin-resistant S. aureus (MRSA) (ST5, ST239, and USA300)
strains. Two units of lysostaphin eradicated all the tested clinical methicillin-sensitive and methicillin-resistant strains of S. aureus. C, control. (D) Concentration
and time-dependent killing of S. aureus in host cells. After infection of RAW264.7 cells (1 X 10°) by S. aureus cells (1 X 107) for 30 min, gentamicin (210 M and
840 uM) or lysostaphin (1 and 2 U) was applied to the host-pathogen mixture for 15, 30, 60, and 120 min. After rigorous washing using PBS to remove
gentamicin or EDTA-quenched lysostaphin in the infection medium, the host cells were lysed to release internalized bacteria, followed by serial dilution and
plating to count CFU of intracellular S. aureus. The GPA killed a significant number of intracellular S. aureus bacteria compared to the EPA. The intracellular killing
of S. aureus during the GPA versus the EPA was analyzed using Student’s t tests. ns, nonsignificant; **, P < 0.01.

RESULTS AND DISCUSSION

S. aureus infection of mammalian cells using gentamicin and enzyme protec-
tion assays. Lysostaphin kills S. aureus by hydrolyzing the polyglycine bridges that
cross-link glycopeptide chains in the peptidoglycan of the S. aureus cell wall (34). By
microscopic observations and measuring the CFU of S. aureus after treatment with
gentamicin or lysostaphin at various concentrations and incubation times, we observed
that 99.999% (5 log,, CFU difference) killing of S. aureus was achieved via treatment
with gentamicin at 400 ug/ml (840 wM) for 60 min of incubation (Fig. 1A; see also Fig.
S1A in the supplemental material). In contrast, 17.6 nM (2 U) lysostaphin was required
to kill the same number of S. aureus cells in only 180 s (Fig. 1B and Fig. S1B). Considering
that high-cell-density conditions are more likely to occur when in vitro infection
experiments are conducted at a high multiplicity of infection (MOI), we investigated the
killing efficiency of lysostaphin for high-cell-density S. aureus (optical density at 600 nm
[ODggol Of 1, or ~1.0 X 10° cells per ml) by treatment with various concentrations of
lysostaphin with a fixed incubation time of 180 s. The result showed that bacterial cells
were eradicated by 4 U of lysostaphin (Fig. S2). These results suggest that lysostaphin
has a much higher killing efficiency and faster killing kinetics than gentamicin.

To test whether lysostaphin can be applied to enumerate internalized S. aureus
bacteria by the EPA, we examined the killing efficiency of lysostaphin against various
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methicillin-sensitive S. aureus strains (ST630, RN4220, and MSSA29213) and methicillin-
resistant S. aureus strains (ST5, ST239, and USA300) (35-37). All the tested strains were
found to be susceptible to lysostaphin, and CFU could not be recovered when strains
were incubated for 5 min with 2 U of lysostaphin (Fig. 1C). However, the possibility of
the presence or occurrence of lysostaphin-resistant S. aureus cannot be ruled out
entirely based on our present experiments, as a lysostaphin-resistant S. aureus mutant
with increased lysostaphin resistance has been reported (38).

We next compared the numbers of bacteria internalized into host cells using the
EPA and the GPA (Fig. 1D). In each assay, RAW264.7 cells infected with S. aureus for
30 min were treated with bactericidal reagents at optimized concentrations for various
time periods. Lysostaphin was promptly deactivated, removed, and washed using cold
phosphate-buffered saline (PBS) (pH 7.4), while gentamicin was removed by aspiration
and repeated washing using cold PBS. After removal of gentamicin and quenching of
lysostaphin, CFU of S. aureus were measured using lysates of infected RAW264.7 cells.
From this analysis, we found that the CFU count reached a near-constant value within
15min for the EPA, while the CFU value continued to decrease with increasing
incubation times of gentamicin treatment during the GPA. Moreover, the CFU count for
the EPA was about 5 times higher than that for the GPA. The discrepancies in CFU
recoveries between the two methods were within a range of 1 log,, value, which
primarily depends upon the removal of bacteria, subsequent washing after infection,
and the duration and concentration of gentamicin used for killing extracellular bacteria
(Fig. 1D).

Visualization of intracellular killing of bacteria during the GPA. To investigate
what caused the discrepancy in CFU recovery between the EPA and GPA, we monitored
the internalization of S. aureus into RAW264.7 cells using confocal microscopy after
gentamicin (Fig. 2A) and lysostaphin (Fig. 2B) treatments. To visualize the bacteria, we
introduced the BacLight cell viability staining assay, in which total bacteria were stained
by green fluorescence emitted from SYTO9 bound to nucleic acids, and dead bacteria
with membrane damage were visualized by red or orange fluorescence generated by
the binding of internalized propidium iodide (PIl) to DNA. When the GPA was applied,
green dots, representing the total bacteria, were observed on the host cell surface or
inside the membrane (Fig. 2A). The red or orange dots, representing dead S. aureus cells
with membrane damage, were also found both on the host cell membrane and within
host cells (Fig. 2A). However, when the EPA was applied, there were no red dots but
only green ones found inside living host cells (Fig. 2B). Red dots were found inside a few
host cells that seemed to have lost cell integrity, possibly due to cell death. To validate
the localization of dead S. aureus bacteria by a quantitative analysis of two-dimensional
images, we measured the fluorescence intensity of the red dots as ~210 = 20 arbitrary
units (AU) and ~120 = 20 AU for dead S. aureus cells present extracellularly and
putative S. aureus cells inside the host cells, respectively. This analysis supports that
dead S. aureus cells were found inside the host cells in the GPA (Fig. S3) but not inside
the host cells in the EPA (Fig. S4).

To further evaluate and confirm the localization of dead S. aureus cells, phagocytic
RAW264.7 cells infected with S. aureus and subsequently treated with gentamicin were
subjected to z-stack live-cell imaging by confocal microscopy (Fig. 2C and Fig. S5A). The
RAW264.7-S. aureus (host-pathogen) complex after infection but without gentamicin
treatment was used as a control (Fig. 2D). The z-stack imaging and analysis of the center
stack showed a significant number of dead S. aureus bacteria inside RAW264.7 cells (Fig.
2C and Fig. S5A) as red dots, compared to the number detected when the same assay
was conducted using cells without gentamicin treatment (Fig. 2D). To further evaluate
whether the GPA method is suitable for monitoring intracellular bacteria, we repeated
the same experiments with nonphagocytic human embryonic kidney cells, HEK293 cells
(Fig. S5B and C). We were able to confirm the presence of dead S. aureus bacteria inside
HEK293 host cells under GPA conditions (Fig. S5C and S5C"), compared to the HEK293-S.
aureus (host-pathogen) complex control without gentamicin treatment (Fig. S5B and
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FIG 2 Visualization of intracellular killing of S. aureus during the GPA and EPA. The Live/Dead BacLight bacterial
viability kit (catalog no. L7007) was used for the qualitative assessment of dead bacteria with SYTO9 (green
fluorescence) and propidium iodide (Pl) (red fluorescence), which stain all cells and membrane-damaged cells,
respectively, and thus, all bacteria are shown in green, while only membrane-damaged bacterial cells are indicated
by red dots. (A and B) Confocal images of RAW264.7 cells infected with S. aureus after GPA-mediated (A) and
EPA-mediated (B) eradication of extracellular S. aureus showing that red dots are not found in lysostaphin-treated
cells (B) but are found in gentamicin-treated cells (A), indicating the presence of intracellular killing of S. aureus
during the GPA. (C and D) Central z-stack images of the host-pathogen complex (RAW264.7 cells and S. aureus) with
gentamicin killing for 2 h (C) and the without-gentamicin-killing control (D) showing that red cells are found only
under conditions of gentamicin treatment, while green cells are found under both conditions. These images
indicate that gentamicin causes intracellular killing of S. aureus.

S5B’). These results conclusively demonstrate that intracellular S. aureus could be killed
during the GPA.

Assessment of gentamicin internalization in host cells. The presence of a sig-
nificant number of dead bacteria inside the host cells during the GPA (Fig. 1D, Fig. 2,
and Fig. S3 and S5) suggests the possibility of intracellular S. aureus being killed by the
internalized gentamicin. Consistent with our results, the possibility of gentamicin being
internalized into host cells during the GPA was questioned previously (13, 17-20).
Therefore, we hypothesized that the effect of internalized gentamicin on intracellular
bacteria might be the main cause for the discrepancy between the EPA and the GPA.
To test this possibility, we first examined the entry of gentamicin into host cells by
confocal microscopy after treatment of RAW264.7 and HEK293 cells with gentamicin
labeled with a monoisomer of Texas Red-X succinimidyl ester (TR) (Fig. S6). The z-stack
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confocal images revealed that gentamicin-TR (GTTR) was internalized into both
RAW264.7 (Fig. 3A to C) and HEK293 (Fig. S7A to S7D) cells. Furthermore, three-
dimensional (3D) image analysis of single cells also clearly showed localization of
gentamicin-TR in the host cell cytoplasm near the nucleus for both RAW264.7 (Fig. 3C
and C') and HEK293 (Fig. S7C and S7D) cells.

The concentration of gentamicin inside RAW264.7 cells without S. aureus infection
was measured by an enzyme-linked immunosorbent assay (ELISA) using an antigen-
tamicin antibody after treating cells with 400 pwg/ml (840 wM) gentamicin in the growth
medium at various time points (Fig. 3D). RAW264.7 cells without gentamicin treatment
were used as a control. To eliminate the chance of measuring any residual extracellular
gentamicin, the gentamicin-treated host cells were washed four times with PBS.
Through this approach, we confirmed that the concentration of intracellular gentamicin
increased in proportion to the incubation time and reached a maximum of 89.6 ug/ml
(188 M), which corresponds to 22.4% of the extracellular gentamicin, at 60 min
(Fig. 3D). Although the concentration of intracellular gentamicin in RAW264.7 cells
appeared lower than the extracellular concentration, this concentration of gentamicin
could nevertheless potentially affect the survival of internalized pathogens. To corrob-
orate this result, we evaluated the killing effect of 89.6 wg/ml gentamicin on S. aureus
by incubating gentamicin with log-phase-grown S. aureus cells (ODgy, of 0.01, equiv-
alent to 1.0 X 107 cells) for 2 h under shaking culture conditions. The viable cell count
of S. aureus was significantly decreased by ~3 log,, CFU in Dulbecco’s modified Eagle’s
medium (DMEM) devoid of fetal bovine serum (FBS) (Fig. S8). Next, to eliminate the
possibility of the inactivation of the internalized gentamicin, we tested the antibiotic
activity of the internalized gentamicin. First, we pretreated RAW264.7 cells with
400 ug/ml of gentamicin and without gentamicin (control; treated with an equivalent
volume of water) for various periods of time (0, 15, 30, 60, and 120 min) in six-well
plates and washed the cells with PBS four times to remove any residual extracellular
gentamicin. The cell lysates of control and gentamicin-treated RAW264.7 cells were
exposed to S. aureus for 2 h. We observed that the CFU count decreased by up to
100-fold (2 log,, CFU) when the gentamicin-treated cell lysates were incubated with S.
aureus, compared to the control lysates (Fig. 3E). These results together demonstrated
that internalized gentamicin has the potency to kill intracellular S. aureus, and thus, the
CFU count of internalized bacteria can be affected by gentamicin treatment during
the GPA.

Assessment of permeation of lysostaphin into the host cell. To visualize lyso-
staphin permeation, lysostaphin was conjugated with TR. The fluorescence of the
lysostaphin-TR conjugate was confirmed by SDS-PAGE (Fig. 4A). In addition, lysostaphin
was also labeled with fluorescein isothiocyanate (FITC) for testing lysostaphin perme-
ation (Fig. S9). FITC-labeled lysostaphin has an advantage for assessing the internaliza-
tion of lysostaphin in live versus dead host cells, which could not be achieved using
lysostaphin-TR, owing to the overlap of the red fluorescence signal of Pl and Texas Red.

Lysostaphin-TR (2 U) was added to RAW264.7 cells for 30 min, along with Hoechst
33258 (2 ul of 10 mg/ml) for nucleus staining. After 30 min of incubation, excess
lysostaphin-TR and Hoechst 33258 were removed, and cells were washed using PBS.
The washed cells were fixed with 4% paraformaldehyde, followed by PBS washing three
times (2 ml each). The confocal images of lysostaphin-TR-treated RAW264.7 cells in
z-stack mode proved that lysostaphin could not be detected inside the host cells but
rather were mostly localized on the host cell surface (Fig. 4B and C); the conceivable
reason behind this may be that protein macromolecules cannot passively enter the live
cell membrane (39). The enlarged three-dimensional dissected images also showed that
the lysostaphin-TR signal was not found in the cytoplasm but was found only on the
host cell surface (Fig. 4D). Next, we performed an experiment to detect the internal-
ization of lysostaphin-FITC. After briefly exposing FITC-lysostaphin to host cells (10 min),
the host cells were imaged either without fixation (live-cell imaging) (Fig. S9A) or with
immediate fixation after incubation using 4% paraformaldehyde (Fig. S9B). The fixation

May 2019 Volume 87 Issue 5 e00119-19

Infection and Immunity

iaiasm.org 6


https://iai.asm.org

Precise Quantification of Intracellular Bacteria Infection and Immunity

O
m

-o- Untreated RAW264.7 cell-free extract

200 77 - Gentamicin treated RAW264.7 cell-free extract
S 1501 3
£ -]
Q o
E 1004 09
z o
o 54
& so0 -
09 . ; . ; . ; 4 ; ; ; ;
0 20 40 60 80 100 120 0 30 60 90 120
Time (min.) Time (min.)

FIG 3 Qualitative and quantitative assessment of internalization of gentamicin. (A) Central z-stack image of
RAW264.7 cells indicating the internalization of gentamicin conjugated with Texas Red (GTTR). RAW264.7 cells
seeded for 24 h were stained with 20 ug/ml Hoechst 33258 (blue) and 50 ug/ml GTTR (red) at 37°C for 1 h. (B)
Enlarged single image of the image in panel A. (C) Three-dimensional image of the cell in panel B. (C’) Dissected
section of the single cell marked in panel B. (D) Time-dependent internalization of gentamicin in host cells.
RAW264.7 cells were treated with gentamicin at a concentration of 840 uM for various time periods (0, 15, 30, 60,
and 120 min) in six-well microtiter plates. The host cells were then harvested and intensively washed to avoid
gentamicin contamination. The concentration of intracellular gentamicin was calculated at each time point and
plotted. (E) Antibacterial activity of gentamicin-treated host cells. RAW264.7 cells were treated with gentamicin
(840 wM) for various time periods. The host cells were harvested and intensively washed to avoid gentamicin
contamination. The host cell lysates were applied to S. aureus cells to investigate the antibacterial activity of
internalized gentamicin. RAW264.7 cells treated with water at an equivalent volume were used as a control for each
time point. CFU count is decreased up to 100-fold in gentamicin-treated host cell lysate compared to its
corresponding control.
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A 1U 2U

Texas-Red labeled lysostaphin

FIG 4 Assessment of lysostaphin internalization into the host cell. (A) Red fluorescence signals (excitation/emission wavelength of
588/615 nm) of 1 U (5 ul; 8.8nM) and 2 U (10 ul; 17.6 nM) lysostaphin-TR on SDS-PAGE gels. (B) RAW264.7 cells imaged by confocal
microscopy shown in split channels, with (i) host cell nucleus stained with 20 ng/ml Hoechst 33258 (blue), (ii) host cells stained with
2 U of lysostaphin-TR (red), (iii) bright-field images, and (iv) merged image of bright-field, blue, and red signals. (C and D) Image in
panel B enlarged in a z-stack (C) and analyzed in a 3D dissected section (D), confirming that the red signal from lysostaphin-TR was
located on the cell surface and not inside the host cells.

of host cells was necessary to cease the progression of the endosomal network toward
acidification, which may cause the quenching of pH-sensitive FITC fluorescence. In both
live- and fixed-cell images, the fluorescence signal from FITC-labeled lysostaphin was
observed only in the extracellular milieu and not inside cells (Fig. S9A and S9B). It is
noteworthy that FITC fluorescence was detected inside cells that were also stained by
Pl. Considering the fact that Pl can stain only dead cells, FITC-labeled lysostaphin was
detected only in the cytoplasm of dead host cells (Fig. S9A). To further support our
observation, FITC-labeled lysostaphin was applied to RAW264.7 cells for 30 min at 37°C
with 5% CO,, and each cell fraction was collected for SDS-PAGE analysis, followed by
highly sensitive fluorescence imaging. With this approach, it was consistently confirmed
that FITC-lysostaphin was observed only in the extracellular fraction and not in the
intracellular fraction (Fig. S9C).

Although we could not detect lysostaphin-TR and lysostaphin-FITC conjugates
under our experimental conditions, we cannot completely rule out the possibility of the
internalization of lysostaphin inside host cells. Alternatively, it is also the case that
internalized lysostaphin that is present at concentrations lower than the detection limit
or that has degraded may not have any practical impact on the intracellular CFU. For
instance, a fraction of lysostaphin internalized into host cells through pinocytosis, or
any uncharacterized internalization mechanism, is highly likely to be degraded/modi-
fied by host cells. To validate this possibility, we tested the killing efficiency of host
cell-internalized lysostaphin by treating S. aureus with cell lysates, which contain
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supposedly an intracellular fraction of lysostaphin. For the preparation of such cell
lysates, RAW264.7 cells were treated with buffer (control) or 2U of lysostaphin for
30 min at 37°Cin a CO, incubator. DMEM was then aspirated, and host cell or microtiter
plate surface-adhered lysostaphin was washed with PBS or PBS with 100 uM 1,10-
phenanthroline, followed by two additional gentle washing cycles with PBS. Control
and lysostaphin-treated RAW264.7 cells were lysed in 1.0 ml of lysis buffer. Log-phase-
grown S. aureus cells (ODg,, of 0.01) were exposed to 1 ml of host cell lysates in PBS for
2h at 37°C in a 5% CO, incubator, followed by CFU enumeration. There were no
significant changes observed in CFU counts between the control and lysostaphin-
treated host cell extracts, further suggesting that lysostaphin was not internalized into
the host cells or had been inactive in the host cells (Fig. S10). Several lines of evidence
(Fig. 1D and Fig. 2 and 4) suggest that lysostaphin-mediated killing of intracellular
bacteria during the EPA is negligible (nearly zero, if any), in comparison to gentamicin-
mediated killing during the GPA,; this is due to gentamicin being quite stable and, thus,
maintaining bactericidal properties inside the host cells (Fig. 3E).

The present results collectively support the hypothesis that accurate counting of
internalized bacteria can be confounded in the GPA due to the killing of intracellular
bacteria by internalized gentamicin. In contrast, the EPA could be useful for the
accurate measurement of internalized bacteria, since lysostaphin activity inside host
cells is nearly zero. Furthermore, the EPA has an advantage over the GPA in terms of
counting internalized cells on a minute time scale, since the lysostaphin bactericidal
activity is exceptionally high and the killing kinetics are significantly faster than those
of gentamicin.

Applicability and advantage of the EPA. Next, we tested the applicability of the
EPA to the study of host-pathogen interactions. First, we investigated the phenotypic
changes of mutant strains of S. aureus (fnbPAQEm™ and fnbPBQEm), which lack
fibronectin binding protein A (FnbPA) and FnbPB, respectively; this has been so
because the internalization of bacteria into host cells (40) via bridging fibronectin to
a5B1 integrin has been well established in nonprofessional phagocytic cells (41-43).
The internalization potentials of the wild-type (WT), fnbPAQEm®, and fnbPBQOEmM" strains
were investigated in HEK293 and RAW264.7 by employing the EPA and GPA. The
mutant strains showed reduced internalized CFU in HEK293 cells compared to WT S.
aureus, suggesting that both fibronectin binding proteins A and B contribute to the
internalization potential of S. aureus in HEK293 cells (Fig. 5A). Of the two proteins,
FnbPB seems to have greater importance since the fnbPBOEm™ mutant displayed less
internalization potential than the fnbPAQYEm™ mutant (Fig. 5A). It is noteworthy that the
FnbPB mutant showed marginally reduced internalization compared to the WT in
RAW264.7 cells (Fig. S11), although it is known that internalization of bacteria into
macrophages is not dependent on fibronectin bridging events between FnbP and
integrins. This result suggests that FnbP might be involved in the internalization of
bacteria into mouse macrophages through an unknown mechanism. For example, in
the case of nonprofessional phagocytes, Hsp60 has been reported to interact with
FnbPs directly without the bridging events of a5B1 integrin of host cells (44), which
might also be relevant for the murine macrophage RAW264.7 cell line.

Nonetheless, the difference in the internalization potentials between WT and fnbP
knockout strains was found to be less prominent in the GPA than in the EPA (Fig. 5A
and Fig. S11). Especially, this difference is less significant when CFU were compared in
RAW264.7 cells, presumably due to the fact that more gentamicin is internalized in
RAW264.7 cells than in nonphagocytic HEK293 cells (Fig. 5A and Fig. S11). Thus, precise
measurement of internalized bacteria is possible with the EPA, even if a knockout strain
has marginal phenotypic defects in invasion potential (Fig. 5A).

Next, we applied the EPA to examine the intracellular bactericidal capacity of host
cells by counting the number of intracellular bacteria remaining under a host defense
system in a time-dependent manner. For this purpose, we first prepared RAW264.7 cells
with internalized S. aureus by applying the EPA and then exposed the S. aureus-infected
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FIG 5 Applications of the lysostaphin-mediated enzymatic protection assay. (A) Assessment of the internalizing
potential of wild-type S. aureus and its isogenic mutants lacking functional FnbPA and FnbPA (fnbPAQEm" and fnbPBQEm).
Wild-type, fnbPAQEm", and fnbPBQEmM® S. aureus strains were added to nonphagocytic HEK293 cells for 30 min in a 5% CO,
environment at 37°C. After killing of the extracellular bacteria with gentamicin (300 wg/ml for 1 h and 100 wg/ml) and lysostaphin
(2 U for 5 min), the internalized S. aureus cells were assessed by counting CFU. Both fnbP mutant strains showed differential
reductions in internalization potential, demonstrating that the EPA can precisely discern a phenotypic change between mutant
and WT bacteria. Internalization potentials of S. aureus strains in nonphagocytic HEK293 cells were compared by one-way ANOVA
with Bonferroni’s multiple-comparison test. ns, nonsignificant; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (B) Measurement of
the bactericidal activity of RAW264.7 cells by the EPA. After 30 min of infection of RAW264.7 cells with S. aureus, the extracellular
bacteria were killed by lysostaphin. The infected RAW264.7 cells were treated with 100 wM Cu?* for various time periods (0, 30,
60, 90, and 120 min) in Hanks' balanced salt solution (HBSS). The number of intracellular S. aureus cells was monitored by
measuring CFU. As a control, B-tubulin was monitored by Western blotting. The time-dependent reduction of intracellular CFU
suggests that internalized bacteria were killed by a copper-mediated defense mechanism of the host. This experiment demon-
strates that the EPA can be applied to monitor changes in intracellular bacteria. (C) Internalization kinetics of S. aureus entering
RAW264.7 cells using the GPA and the EPA. RAW264.7 cells were infected with S. aureus for various time periods (5, 10, 20, 30, and
60 min). At each time point, the extracellular bacteria were killed by gentamicin (400 wg/ml for 1 h of incubation, followed by
gentamicin removal by washing) or lysostaphin (2 U for 10 min of incubation, followed by EDTA quenching and removal by
washing), and measurement of cell lysate CFU was performed. The internalization kinetics measured by applying the GPA were
significantly lower than those measured via the EPA.

RAW264.7 cells to cupric ion to trigger a host defense system, since it is known that
copper plays a crucial role in host defense against pathogens (45). The CFU count was
monitored over time up to 120 min in comparison to conditions with no treatment with
cupric ion as a control (Fig. 5B). With this approach, we were able to trace the
Cu-mediated killing of intracellular S. aureus in a time-dependent manner, wherein the
log,, CFU value decreased from 5.5 to 4.5 over a period of 120 min. As a control,
B-tubulin was monitored by Western blotting to evaluate the host cell physiology and
the number of living host cells (Fig. 5B’). Using the GPA, it can be difficult to measure
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such small changes in CFU counts on a minute time scale due to the long duration of
extracellular bacterial eradication and nonspecific killing of intracellular bacteria by
gentamicin (Fig. 5B). It is conceivable that Cu-mediated bactericidal activity can be
mimicked by the antimicrobial activity of antibiotics. Therefore, determination of the in
vitro efficacy of new antibiotics using the GPA would presumably give misleading
results due to the combined effect with internalized gentamicin. We thus confirmed
that the EPA is useful for studying host-pathogen interactions and determining the in
vitro antibacterial efficacy of newly discovered antimicrobial agents. Specifically, the
EPA could be used to evaluate the infection potential of bacterial pathogens, quanti-
tatively monitor small phenotypic changes of mutants, and measure time-dependent
host defense activities triggered by copper (Fig. 5A and B).

The most important application of the EPA in comparison to the GPA is the
measurement of internalization kinetics of bacteria. Extracellular bacteria can be killed
on a minute time scale (Fig. 1B and C and Fig. STB and S2), and the zinc metallopep-
tidase activity of lysostaphin can be completely abated immediately after metal ion
chelation. When we tested the effects of two metal chelators, EDTA and 1,10-
phenanthroline, on lysostaphin activity, we found that both chelators inhibited lyso-
staphin activity at their nonlethal concentrations, but higher quenching activity was
attained by 1,10-phenanthroline (Fig. S12), which is expected since 1,10-phenanthroline
is a zinc-specific metal chelator (46). These results suggest that it is possible to count
the number of internalized bacteria at any time point, which is not possible with the
GPA due to the slow killing kinetics of gentamicin (Fig. 1A and Fig. S1A) and the lack
of an optimal method to cease gentamicin activity. We monitored the internalization
kinetics of S. aureus entering RAW264.7 cells by measuring CFU after first infecting host
cells with S. aureus for given time intervals and then treating cells with lysostaphin or
gentamicin (Fig. 5C). Consistent with the results in Fig. 1D, the CFU values measured by
the EPA at the initial time points were approximately higher, in the range of 1 log;,
unit, than those obtained by applying the GPA. For example, while 955,256 bacterial
cells were counted as internalized into 4 X 10° host cells for the initial 20 min when the
EPA was applied, only 72,684 bacterial cells were found to enter host cells using the
GPA under the same conditions. These results once more suggested that bacterial cell
entry kinetics estimated by the GPA seem to deviate largely from the real values.
Interestingly, the difference between numbers of intracellular bacteria and internaliza-
tion kinetics obtained by the GPA and the EPA becomes smaller as time passes,
suggesting that the GPA is not suitable for counting internalized bacteria or measuring
their internalization kinetics in the early stages of infection (Fig. 5C).

The difference between the entry kinetics obtained by the EPA and GPA originates
from the death of internalized bacteria by gentamicin. Moreover, the slow killing
kinetics of gentamicin also seem to contribute to the misleading results obtained by
the GPA, since host cells are exposed to gentamicin for more than 1 h. Both internal and
external gentamicin can affect the internalization of bacteria by altering various host
cellular processes, such as protein trafficking (4) and translational termination (47),
which are relevant to the defense and offense mechanisms of host cells against
pathogens. To explore the effect of gentamicin on host-pathogen interactions, we
monitored the gentamicin-mediated killing of S. aureus infecting RAW264.7 cells by
time-lapse live-cell imaging for 1 h (see Video SV1 and Fig. S13 in the supplemental
material) and compared the results to those obtained for lysostaphin-mediated killing
(Video SV2 and Fig. S14). Various steps of the GPA and EPA are depicted and summa-
rized in Fig. 6A to C. In this experiment, despite the removal and washing of excess cells
(Fig. 6A), we observed entry of the remaining adhered S. aureus cells into RAW264.7
cells during the gentamicin killing step. However, such internalization was not observed
in the EPA because of lysostaphin-mediated rapid lysis of S. aureus cells. In this
experimental setting, we cannot exclude the possibility of phagocytosis-mediated
death of bacteria in RAW264.7 cells, since green fluorescence represents both live and
dead bacteria, whereas red fluorescence represents only dead bacteria with membrane
damage. Nevertheless, it is clear that the GPA causes miscounting of internalized
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FIG 6 Schematic diagrams showing the summary of drawbacks of the gentamicin protection assay and its comparison with the newly established enzyme
protection assay. The GPA is one of the key techniques in infectious disease biology to assess the invasion/infection potential of bacterial pathogens and the
efficacy of newly identified antibiotics. The major drawbacks of the GPA (text in red font), which kills internalized bacterial cells, are recognized. The EPA has
been devised to alleviate the drawbacks of the GPA with added advantages of measuring the internalization/invasion kinetics due to its exceptionally fast and
tunable enzymatic killing efficiency (text in green font). (A and B) Both the GPA and EPA share the first two steps: infection (A) and removal of excess bacterial
cells (B). (C) The killing of extracellular and surface-bound bacterial pathogens is the key step wherein gentamicin or lysostaphin was used, based on the results
that the killing agent cannot enter mammalian host cells. Gentamicin seeps into the cells (ks.,, = 3.7 X 10->min ") and kills the internalized bacteria, resulting
in the misleading infection potential of the bacterial pathogen and precise drug efficacy. In the EPA, lysostaphin efficiently kills host cell surface-bound bacterial
cells and cannot enter the host cells (k. = 0), which avoids any misleading calculation and interpretation of both the invasion potential and antibiotic drug
efficacy.

Lys

bacteria due to the entry of gentamicin and the internalization of bacteria during
gentamicin killing.

In summary, we have shown that intracellular bacteria can be miscounted when the
GPA or an antibiotic protection assay is applied due to the diffusion of the antibiotic
into host cells. As an alternative approach, we introduced the EPA for precise enumer-
ation of living intracellular bacteria. As an example, we used lysostaphin for counting
S. aureus bacteria, chosen for its rapid killing of extracellular and surface-bound
bacteria, instantaneous quenching of enzyme-mediated killing activity, and inability to
permeate host cells. We demonstrate that the enzyme protection assay is more
beneficial in the study of host-pathogen interactions than the gentamicin protection
assay, particularly for measurement of internalization kinetics and in determination of
antimicrobial efficacy of newly discovered antibiotics. By the same principle, this
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method can be expanded to count other species of intracellular bacteria by applying
enzymes that have killing activity against those specific pathogens. For example,
bacterium-specific endolysin, which acts as a hydrolase and is produced from bacte-
riophages, can be used for this purpose (12, 48). The gentamicin protection assay might
still be useful in comparative studies of the invasion potential of various pathogens or
the efficiency of different drugs against bacteria under in vitro conditions. However, we
propose that the EPA provides a viable alternative to the GPA for the absolute and
precise quantitative investigation of host-pathogen interactions.

MATERIALS AND METHODS

Growth and culture conditions of the pathogen and host cells. Wild-type S. aureus strain USA300
FPR3757 (here referred to as S. aureus) and its insertional mutants of the fibronectin binding proteins
FnbPA and FnbPB (fnbPAQEm' and fnbPBQOEmM") were obtained from the Network on Antimicrobial
Resistance in Staphylococcus aureus (NARSA), BEI Resources (49, 50). S. aureus strains were grown in
tryptic soy broth (TSB) under shaking culture conditions at 200 rpm or on tryptic soy agar (TSA) (1.5%
agar) plates at 37°C. The fnbPAQEm™ and fnbPBQOEm" insertion mutants were grown in TSB supplemented
with 10 ug/ml erythromycin (50). Bacterial growth was monitored by measuring the optical density at
600 nm (ODg,). The bacterial cultures were allowed to grow to logarithmic phase and were washed with
Dulbecco’s phosphate-buffered saline (PBS) (pH 7.4; Invitrogen) before infection. The mouse macrophage
cell line (RAW264.7) and the human embryonic kidney cell line (HEK293) were obtained from the
American Type Culture Collection (ATCC). RAW264.7 and HEK293 cells were grown in DMEM containing
10% fetal bovine serum (FBS). Mammalian cells were grown at 37°C in a humidified 5% CO, incubator,
by maintaining a cell density of 2 X 10¢ cells/ml.

Measurement of gentamicin and lysostaphin killing efficiencies. Log-phase S. aureus cells were
washed with PBS, and the cell number was adjusted to an OD,, of 0.01 (equivalent to ~1.0 X 107
cells/ml). The actual number of bacterial cells taken was calculated by serial dilution, plating, and
counting of CFU. The calculated number (ODg,, of 0.01) of S. aureus cells was resuspended in 24-well
plates filled with 1 ml DMEM. Various concentrations of gentamicin or lysostaphin were applied to S.
aureus in triplicate for each time point, and cells were incubated at 37°C in a 5% CO, incubator. Aliquots
were taken at various time points and diluted in PBS. To obtain CFU values, 100 ul of each serially diluted
sample was plated on a TSA plate and incubated at 37°C for 18 h.

Bacterial viability staining and confocal microscopy. S. aureus cells at log phase (ODgq, of 1.0,
equivalent to 1 X 10° cells) were harvested and washed with 0.9% saline (0.9% sodium chloride). The
harvested cells were stained using the Live/Dead BacLight bacterial viability kit (catalog no. L7007;
Invitrogen, USA), in which SYTO9 (green fluorescence) and propidium iodide (PI) (red fluorescence) were
used for staining total and dead cells, respectively. The stained bacterial cells were washed twice with
saline before confocal microscopy.

Infection and enumeration of intracellular bacteria. RAW264.7 and HEK293 cells were prepared in
6-well culture plates by seeding 1.0 X 10° cells into 2 ml medium and allowed to grow for 24 h. Two
hours before bacterial infection, the medium was changed to 1 ml fresh medium. For the infection
experiment, S. aureus cells at logarithmic phase were washed with ice-cold PBS and resuspended in RPMI
1640 medium. The multiplicity of infection (MOI) was adjusted to 10. Both host and pathogen cells were
kept on ice for 15 min for synchronization. After synchronization, S. aureus cells were mixed with
mammalian cells on ice. Infection was initiated by moving the host-pathogen mixture to a 37°C incubator
with 5% CO,. After 30 min of infection, the host-pathogen mixture was washed three times with PBS to
remove nonadherent host cells and excess extracellular S. aureus bacteria. The remaining extracellular
bacteria and the bacteria associated with the host cell surface were eradicated by using 100 to 400 ug/ml
gentamicin (210 to 840 uM) for various times or by using 8.8 and 17.6 nM (1 and 2 U) lysostaphin for
various times at 37°C to determine the optimized concentrations and incubation time. Lysostaphin
activity was quenched with 50 mM EDTA (pH 8.7) or 100 uM 1,10-phenanthroline. The host-pathogen
mixture was washed three times at 4°C and centrifuged at 500 X g for 5 min to remove any remaining
extracellular bacteria and antibacterial agents. Internalized bacteria in the host cells were enumerated by
measuring the CFU in host cell lysates, prepared by treating harvested host cells with 1 ml of 0.02% Triton
X-100 in water, followed by serial dilutions in PBS, plating, and incubation at 37°C for 18 h. The CFU of
internalized mutants of S. aureus lacking a functional fibronectin binding protein, FnbPA or FnbPB
(fnbPAQEm" or fnbPBQEM'), were counted in the same way as for wild-type S. aureus. For kinetic
measurement of internalization, S. aureus cells were incubated with RAW264.7 cells for the indicated time
periods. Before counting the intracellular bacteria, the extracellular bacteria were killed with 400 ug/ml
gentamicin (840 uM) for 60 min or with 17.6 nM (2 U) lysostaphin for 10 min.

Conjugation of gentamicin with Texas Red-X succinimidyl ester. Gentamicin was conjugated with
a monoisomer of Texas Red-X succinimidyl ester (TR) (AAT Bioquest, USA), as described previously (51).
Liquid chromatography (LC) and LC/mass spectrometry (MS) for separation and mass analysis of
gentamicin and TR-labeled gentamicin (GTTR) were performed as described previously (51). Briefly, a
gentamicin sulfate (Sigma-Aldrich, USA) solution (50 mg/ml or 70.6 mM) in 100 mM sodium carbonate
buffer (pH 10.0) and a 3.9 mM stock of a monoisomer of TR in dimethylformamide (DMF) were prepared
separately. Next, to conjugate gentamicin with TR, a 1.46-ml gentamicin solution (103.1 umol) and a
0.24-ml TR solution (0.94 wmol) were mixed. The reaction mixture was continuously mixed using a
rotator mixer at 4°C in a cold room for up to 8 days until the reaction was worked up. Separation (LC)
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and mass analysis of the gentamicin conjugate (GTTR) were performed as described previously (51).
The solvent of the gentamicin-TR conjugate was evaporated completely by purging with nitrogen gas,
and gentamicin-TR was dissolved in an equivalent volume of PBS. It is noteworthy that the separated
gentamicin-TR conjugate hardly possessed any visible TR colors, compared to the initial reaction mixture
of gentamicin and Texas Red. RAW264.7 and HEK293 host cells were seeded in a confocal disc 24 h prior
to the confocal imaging experiment. The nuclei of the host cells were stained with Hoechst 33258 (2 ul
of 10 mg/ml), 50 ug/ml of the GTTR conjugate was added, and the host cells were then incubated at 37°C
for 1hin a CO, incubator. The excess GTTR and Hoechst 33258 were washed off with PBS three times
at room temperature. The cells were fixed with 4% paraformaldehyde for 5 min, followed by three cycles
of washing with 2 ml of PBS, and cells were then visualized under a confocal laser scanning fluorescence
microscope using laser excitation for Hoechst 33258 (excitation wavelength [A_, i ai0n] at 355 nm and
Aemission @t 465 nm) and Texas Red (A citation at 591 NmM and A icsion @t 615 NM).

Measurement of intracellular gentamicin in RAW264.7 cells. RAW264.7 cells (~5.3 X 106 cells)
were incubated with gentamicin at 400 wg/ml (840 M) and without gentamicin but with an equivalent
volume of autoclaved water (control) for various times (0, 15, 30, 60, and 120 min). At each time point,
the medium was removed by aspiration, and RAW264.7 cells were washed four times using PBS. Both
control and gentamicin-treated RAW264.7 cells were harvested by scraping the adhered cells using a soft
rubber policeman and mixing the cells with 1.0 ml of lysis solution (ice-chilled distilled water containing
130 mM trichloroacetic acid [TCA] and 0.04% Triton X-100). Cells were lysed by repetitive pipetting. The
cell lysates were incubated on ice for 15 min and centrifuged at 10,000 X g for 10 min at 4°C. From the
supernatant, a volume of 200 ul of the cell-free lysate was diluted with the sample dilution buffer in
the gentamicin ELISA kit (product no. ABIN400596; Antibodies-Online, Germany) according to the
manufacturer’s instructions. The amount of gentamicin in the solution was estimated by measuring the
absorbance at 450 nm (A,5,). The RAW264.7 cell lysate treated with an equivalent volume of autoclaved
water was kept as a control for background correction. A standard curve was prepared by plotting the
absorbance against standard gentamicin at various concentrations. The cell volume of 5.3 X 106
RAW264.7 cells was estimated to be 50.8 ul by subtracting the volume of the lysis solution from the
volume of cell lysates. Therefore, intracellular gentamicin concentration was calculated as follows:
concentration (micrograms per milliliter) = [total amount of gentamicin in 200 ul of the cell lysate
(micrograms) X 1,051/2001/51 (microliters).

Assessment of the bactericidal activity of internalized gentamicin. RAW264.7 cells (1.0 X 106)
were treated with gentamicin at 400 wg/ml (840 uM) in 1 ml overlaid DMEM for various time periods (0,
15, 30, 60, and 120 min). RAW264.7 cells treated with an amount of autoclaved water (control) equivalent
to the gentamicin volume were kept as the control for each time point (0, 15, 30, 60, and 120 min).
RAW264.7 cells were washed 4 times with PBS to remove any extracellular gentamicin and then
harvested by scraping using a rubber policeman. The cells were lysed by 1 cycle of freezing and thawing,
followed by treatment with cell lysis buffer (1 ml). The cell debris was removed by centrifugation at
16,800 X g for 10 min at 4°C. S. aureus cells were grown to log phase in a culture tube, and 10 ul of the
log-phase-grown culture was aliquoted into a 24-well microtiter plate. The host cell lysates of RAW264.7
cells (1 ml) were applied to S. aureus cells in a microtiter plate. The bacterial cells were diluted and plated
accordingly to count the CFU.

FITC labeling of lysostaphin to assess the possibility of passive internalization into host cells.
Lysostaphin (Sigma, USA) was labeled with fluorescein isothiocyanate (FITC) by incubating FITC with
lysostaphin in carbonate buffer (pH 9.0) at a molar ratio of 2:1 for 20 min at 25°C using an orbital shaker
(400 rpm). FITC-labeled lysostaphin was separated from unbound FITC using a PD-10 column (GE
Healthcare, USA). The labeling of lysostaphin was confirmed using SDS-PAGE. FITC-labeled lysostaphin
was used to validate the impermeability of the host cells to lysostaphin via confocal fluorescence
microscopy.

Conjugation of Texas Red-X succinimidyl ester with lysostaphin. The amino terminus of lyso-
staphin (25 U; 220 nM) was labeled with TR (AAT Bioquest, USA) to obtain lysostaphin-TR. Briefly, a
native suspension buffer containing 25U of lysostaphin was exchanged with 100 mM sodium
carbonate buffer (pH 10) using a 3-kDa-cutoff Amicon Ultra-4 centrifugal filter (Millipore, USA) by
centrifugation (16,880 X g) at 4°C. After exchanging the buffer, 220 nM lysostaphin was diluted in
100 mM sodium carbonate buffer to maintain the volume up to 700 ul. The concentration of Texas
Red-X succinimidyl ester in the stock solution was 3.9 mM. To maintain the 1:200 ratio of lysostaphin
to TR, 11.3 ul of TR was added, and the volume of the reaction mixture was maintained at 1 ml using
100 mM sodium carbonate buffer (pH 10). The reaction mixture was continuously mixed overnight
using a rocker mixer at 4°C in a cold room. The unconjugated TR was removed from the lysostaphin-TR
conjugate using a 3-kDa-cutoff Centricon microcentrifuge by centrifugation (16,880 X g) at 4°C. The
labeled lysostaphin-TR conjugate was washed four times with 4 ml of 0.1 M phosphate buffer (pH 7.2)
using a 5-ml Centricon tube (3-kDa cutoff) and centrifugation (3,220 X g) at 4°C. Finally, the labeled
lysostaphin-TR was concentrated by centrifugation (16,880 X g) in a 3-kDa-cutoff Centricon microcen-
trifuge tube and resuspended to 125 ul (25U; 1 U/5ul) in 0.1 M phosphate buffer (pH 7.2). The
conjugation of lysostaphin with TR was confirmed using SDS-PAGE.

Monitoring copper-induced intracellular killing of S. aureus. The copper-induced intracellular
bactericidal activity of host cells against S. aureus was monitored. After allowing the internalization of S.
aureus into RAW264.7 cells by incubation at 37°C for 30 min, the culture was treated with 17.6 nM
lysostaphin for 10 min to remove extracellular bacteria (this step was followed by EDTA quenching).
Subsequently, cells were washed three times with fresh DMEM. The infected RAW264.7 cells were treated
with 100 uM Cu?* for various times in Hanks’ balanced salt solution (HBSS). The host cells were lysed, and
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the intracellular bacteria were counted using the above-mentioned CFU counting method. From this
analysis, the Cu2*-mediated bactericidal activity of mouse macrophages (RAW264.7 cells) was confirmed
by a reduction in the intracellular CFU. The B-tubulin level was measured alongside each CFU measure-
ment by Western blotting as a control.
Real-time monitoring of S. aureus infection of RAW264.7 cells using time-lapse confocal micros-
copy during gentamicin and enzymatic protection assays. S. aureus infection of RAW264.7 cells and
gentamicin or lysostaphin killing were monitored by confocal microscopy. Log-phase bacteria were
stained using the BacLight bacterial viability staining kit. For confocal live-cell imaging, RAW264.7 cells
were cultured for 1 day in a confocal disc and placed on the stage-top incubator of the confocal
microscope at 37°C in 5% CO,. The host cells were infected with S. aureus at an MOI of 200 by adding
the S. aureus cells directly to the host cells in the confocal disc, placed on the stage-top incubator of the
confocal microscope. Before the addition of S. aureus bacteria to RAW264.7 cells, the host cells were
imaged for 1 min (one image per 2 s). After 30 min of infection, excess S. aureus cells were removed by
washing twice with PBS, and 1 ml DMEM was then added to the RAW364.7 cells in the confocal disc. To
observe gentamicin killing, the confocal disc was monitored for 60 min with an 1,800-image acquisition
after the addition of gentamicin (400 wg/ml) and mixing with gentle pipetting (see Video SV1 and Fig.
S13 in the supplemental material). Similarly, lysostaphin killing was observed for 10 min after the addition
of 2 U of lysostaphin (Video SV2 and Fig. S14).

Statistical analysis. All the data are means =*

standard deviations. Statistical significance was

determined using Student’s t test or one-way analysis of variance (ANOVA) with Bonferroni’s correction
for multiple-comparison tests.
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