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Agents with novel mechanisms of action are needed to complement traditional antibiotics. Towards these

goals, we have exploited the surface-homing properties of vancomycin to tag the surface of Gram-positive

pathogens with immune cell attractants in two unique modes. First, vancomycin was conjugated to the

small molecule hapten 2,4-dinitrophenol (DNP) to promote bacterial opsonization. Second, we built on

these results by improving the tagging specificity and mechanism of incorporation by coupling it to

a sortase A substrate peptide. We demonstrated, for the first time, that the surface of Staphylococcus

aureus (S. aureus) can be metabolically labeled in live Caenorhabditis elegans hosts. These constructs

represent a class of promising narrow-spectrum agents that target S. aureus for opsonization and

establish a new surface labeling modality in live host organisms, which should be a powerful tool in

dissecting features of host–pathogen interactions.
Introduction

The human immune system is extremely efficient at preventing
the entry and colonization of the vast majority of pathogens
it encounters.1,2 However, its utility in ghting bacterial infec-
tions aer the onset of acute symptoms remains an open
question. Today, there is mounting evidence that immuno-
therapeutic agents can evoke selective responses to diseased
tissues (e.g., cancer) and dramatically reverse disease progres-
sion.3–7 These successes have been achieved despite similarities
between cancer and non-transformed cells, which provide
narrow therapeutic windows. In contrast, bacterial cells are
vastly different compared to patient cells in size, shape, and
composition – features that are already exploited by our innate
immune system.8,9 Given the urgent need for novel antibiotic
modalities, non-traditional immuno-modulatory agents against
bacteria could play important roles in complementing tradi-
tional strategies.

Our laboratory recently described a series of synthetic agents
that graed antigens onto bacterial cell surfaces by hijacking
the PG biosynthetic machinery.10–12 Despite inducing high levels
of antibody recruitment against a number of Gram-positive
pathogens, high concentrations were needed to compete with
endogenous PG building blocks, which exist in high mM to mM
concentrations (or effective concentrations). Herein, we
describe an alternative strategy to install haptens using an FDA-
approved antibiotic that inherently homes to bacterial cell
, 6 E Packer Ave., Bethlehem, PA 18015,

tion (ESI) available. See DOI:
surfaces. More specically, we used vancomycin to decorate
Gram-positive bacteria with 2,4-dinitrophenol (DNP) epitopes to
re-enlist components of the immune system. In addition,
a coupled sortase-A surface-remodeling strategy was used to
improve activity and selectivity towards drug-sensitive and
methicillin-resistant strains of S. aureus.

A number of FDA-approved antibiotics seek out bacterial
surfaces to inactivate vital cellular processes. Vancomycin binds
lipid II molecules at the cytoplasmic membrane to halt PG
biosynthesis but can also associate with D-Ala-D-Ala dipeptide
units within the full length pentapeptide found on mature PG
scaffolds (Fig. 1A and B). The amount of intact pentapeptide
units, which retain the vancomycin target D-Ala-D-Ala dipep-
tides, found on mature PG scaffolds is highly dependent on the
phylogenetic and phenotypic differences among bacteria. For
the problematic human pathogen S. aureus, PG D-Ala-D-Ala
content is �20%, with the rest being composed of shorter stem
peptides processed by carboxypeptidases or transpeptidases.13

Given the display of D-Ala-D-Ala on PG scaffolds of Gram-positive
bacteria, we reasoned that hapten-conjugated vancomycin
should effectively gra antigenic epitopes onto bacterial cell
surfaces (Fig. 1C).
Results and discussion
Vancomycin-based design

Semi-synthetic derivatives of vancomycin have proven to be
potent second generation glycopeptide antibiotics (e.g., tela-
vancin14) and valuable chemical probes. Fluorescent vancomy-
cin derivatives have been shown to label at the septal region of
Bacillus subtilis (B. subtilis), which has a higher density of lipid II
molecules, and also throughout the bacterial sidewalls.15–19
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (A) Association of vancomycin with the D-Ala-D-Ala motif on
lipid II. (B) Binding of vancomycin to PG scaffold on cell surface. (C)
Strategy to graft immune-cell attracts on the surface of S. aureus
based on PG targeting by vancomycin.

Fig. 2 (A) Chemical structures of VancCdnp and VancNdnp. (B)
Scheme of the assay to measure anti-DNP recruitment. (C) S. aureus
cells were incubated for 30 min with 10 mM of either VancCdnp or
VancNdnp followed by incubation with FITC-conjugated anti-DNP
antibodies and analyzed using flow cytometry. Data are represented as
mean + SD (n ¼ 3).
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Vancomycin can also target Gram-positive bacteria in live hosts
as recently demonstrated by a near-IR uorophore–vancomycin
conjugate, which labeled S. aureus infections in mice.20,21 Like-
wise, we repeated the labeling experiments using BODIPY® FL
vancomycin in B. subtilis, S. aureus, and Enterococcus faecium (E.
faecium) and analyzed by confocal microscopy imaging
(Fig. S1†). Cells were found to be labeled both at the septal
region and the sidewalls. Based on these results and the well-
established ability of vancomycin to target Gram-positive
bacteria, we anticipated that hapten-modied vancomycin
derivatives would effectively tag bacterial cell surfaces. Accord-
ingly, we synthesized two derivatives of vancomycin, VanNdnp
and VanCdnp that incorporated DNP epitopes (Fig. 2A) at the
amino group and carboxylic acid sites, respectively. S. aureus
cells were incubated with both vancomycin derivatives, exposed
to FITC-conjugated anti-DNP antibodies, and antibody recruit-
ment was measured by ow cytometry (Fig. 2B). Due to the
nature of our assay, it was important to minimize non-specic
binding of antibodies by surface anchored protein A. By using
a protein A-deletion mutant S. aureus strain, uorescence levels
should reect the specic recruitment of anti-DNP antibodies
onto cell surfaces. Treatment of S. aureus cells with VancCdnp
and VancNdnp resulted in 10.3-fold and 2.7-fold increases in
uorescence levels, respectively (Fig. 2C). Similarly, VancCdnp
led to greater antibody recruitment in E. faecium and B. subtilis.
These results indicated that anti-DNP recruitment can be
specically induced by DNP-modied vancomycin.
Sortase–vancomycin conjugates

Next, we redesigned VancCdnp to (1) increase surface display of
haptens in pathogens that have reduced D-Ala-D-Ala content on
mature PG scaffolds and (2) covalently incorporate haptens
This journal is © The Royal Society of Chemistry 2017
within the PG scaffold. Towards these goals, vancomycin–DNP
constructs were conjugated to the substrate peptide sequence
from S. aureus sortase A (SrtA). SrtA transpeptidase is a surface-
bound enzyme that attaches bacterial proteins onto the PG
scaffold (Fig. 3A).22,23 This mode of surface modication is
critically important for entry and colonization of the host
organism. The transpeptidase recognizes a SrtA specic peptide
sequence (LPXTG motif, where X is any amino acid) and cata-
lyzes the acyl-transfer onto lipid II of S. aureus.24 As the PG
monomeric unit from lipid II is loaded onto the existing PG
scaffold, so will the anchored protein.

Previous reports by Spiegel and co-workers established that
live S. aureus cells treated with uorescently labeled LPXTG
peptides (overnight incubation at 0.5–1 mM) resulted in the
labeling of bacterial surfaces.25,26 We hypothesized that the
covalent conjugation of vancomycin to LPXTG would bring the
substrate peptide to its partner (lipid II) based on the ability of
vancomycin to associate with the neighboring D-Ala-D-Ala
dipeptide on lipid II (Fig. 3A). The higher effective concentra-
tion should result in covalent PG labeling at physiologically
relevant concentrations.27 Most importantly for our design, the
combination of SrtA and vancomycin will decouple the tagging
step from availability of D-Ala-D-Ala on the PG scaffold. There-
fore, high tagging levels should be achievable irrespective of the
levels of D-Ala-D-Ala on surface exposed PG.

We rst repeated the cell labeling experiments using SrtA
sequences alone to establish baseline values. The three primary
peptide sequences were: K(FITC)LPETG, K(FITC)LPMTG, and
K(FITC)MGTLP. Bacterial cells were separately treated with all
three peptides (incubated overnight at 1 mM). S. aureus cells
Chem. Sci., 2017, 8, 6804–6809 | 6805
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Fig. 3 (A) Scheme showing the combination of vancomycin with SrtA
to anchor DNP epitopes onto bacterial PG. (B) Basic chemical struc-
ture of FITC-labeled constructs. S. aureus cells were treatedwith FITC-
based constructs with variable PEG spacers at Y position (C) or the X
position (D) and analyzed using flow cytometry. Data are represented
asmean + SD (n¼ 3). (E) Designation of variants with the common SrtA
substrate recognition peptide.
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displayed a 20-fold increase in uorescence at 1 mM using
K(FITC)LPETG, relative to unlabeled cells (Fig. S2†). Consistent
with previous reports,28 the methionine containing K(FITC)
LPMTG peptide resulted in an additional �2-fold increase in
surface labeling. Attenuated cellular uorescence was observed
for the control scrambled sequence peptide. We next assembled
molecules that combined SrtA substrate sequence and vanco-
mycin (Fig. 3B). The linker between LPMTG and vancomycin
was systematically varied to establish the optimum linker
length to bridge binding to D-Ala-D-Ala and SrtA. The tether
length was empirically established by evaluating a small panel
of polyethylene glycol (PEG) spacers. From our results, it is clear
that shorter linkers are preferred (Fig. 3C). Most importantly,
the covalent attachment of vancomycin to each one of these
constructs led to a major increase in surface tagging at 5 mM
(up to 200-fold increase). Similarly, the PEG spacer between
LPMTG and FITC was sampled at two different lengths (Fig. 3D).
A longer PEG linker was preferred, which should lead to
improved hapten availability to antibodies.

Confocal microscopy imaging was performed to delineate
the localization of cellular labelling of Sort1 (Fig. S3†). As ex-
pected with the proposedmode of installation, uorescence was
observed throughout the entire cell surface with pronounced
labeling at the septal region. The role of vancomycin within
6806 | Chem. Sci., 2017, 8, 6804–6809
Sort1 in mediating cellular labeling was also probed. The co-
incubation of S. aureus cells with Sort2 and vancomycin led to
uorescence signals near background levels (Fig. S4†). These
results suggest that it is not enough to treat cells with both
vancomycin and Sort2. The covalent conjugation is necessary to
induce a large increase in cellular labeling. Interestingly, the
addition of free vancomycin to cells treated with Sort1 resulted
in a 34% increase in cellular uorescence. This nding is in
agreement with previously reported increase in cellular uo-
rescence of cells treated with uorescent derivatives of vanco-
mycin.15 Moreover, it also points to the potential of co-treatment
with vancomycin in future in vivo testing, which should target
bacterial cells in two complementary ways.

To evaluate the labeling across different bacterial species,
cellular labeling was measured in S. aureus, Staphylococcus
epidermidis (S. epidermidis), Listeria monocytogenes (L. mono-
cytogenes), B. subtilis, and Escherichia coli (E. coli). Fluorescence
levels were highest for S. aureus treated with Sort1 followed by S.
epidermidis (Fig. 4A). These results are not surprising given the
similarity between these two bacteria and it was recently sug-
gested that S. epidermidis proteins displaying the sequence
LPXTG are important in biolm formation.29 B. subtilis were
sensitive to Sort1 presumably due to the presence of vancomy-
cin. Gram-negative E. coli showed background uorescence
levels, which is consistent with the mode of incorporation and
lack of vancomycin accessibility to the PG layer. L. mono-
cytogenes labeled�20-fold less than S. aureus, which may reect
a difference in utilization of SrtA. In fact, the ortholog SrtB has
been shown to be important for anchoring surface proteins in
L. monocytogenes.30 It should be the case that the preferred
substrate sequence (NAKTN) for SrtB should also label the
surface of L. monocytogenes cells.31 To test this idea, FITC(PEG)-
NAKTN was synthesized and incubated with L. monocytogenes
cells, which led to high levels of cellular uorescence (Fig. S5†).
Taken together, these results suggest that our constructs label
the surface of bacteria with dened specicity and can poten-
tially be generalized based on sortase substrate sequence.
Labeling in live host animal

With a construct in hand that operates at low mM concentra-
tions, we focused on establishing bacterial surface labeling in
Caenorhabditis elegans (C. elegans), which is a powerful model
animal for bacterial pathogenesis.32–34 C. elegans (L4 larval
stage) were incubated with S. aureus to establish bacterial
colonization.

Aer removing residual bacteria, S. aureus infected C. elegans
were treated with Sort1. Remarkably, bacteria were clearly
labeled in vivo post infection (Fig. 4B and S6†). This represents
the rst example of metabolic labeling of bacterial PG in vivo.
These results establish that exogenous epitopes can be selec-
tively graed onto the surface of S. aureus in a live host. Dis-
tinguishing PG features of Sort1 treated S. aureus cells were
readily visible in the green channel consistent with the mode of
incorporation. Localization of S. aureus cells was accomplished
under the constitutive cytosolic expression of mCherry.35

Co-localization of green and red signals were consistently
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (A) Specified bacteria were treated with Sort1 and Sort 2 (5 mM)
overnight and fluorescence was measured using flow cytometry. Data
are represented as mean + SD (n ¼ 3). (B) C. elegans infected with S.
aureus (expressing mCherry) were treated with Sort1 (50 mM), washed,
anesthetized, mounted on a bed of agarose, and imaged using
confocal microscopy. Scale bar presents 20 mm.

Fig. 5 (A) S. aureus cells were incubated overnight with 5 mM of Sort3
followed by incubation with FITC-conjugated anti-DNP antibodies
and analyzed using flow cytometry. Data are represented as mean +
SD (n ¼ 3). (B) Phagocytosis of bacterial cells was evaluated by treating
S. aureus cells in the presence or absence of 5 mM of Sort3. Untreated
or opsonized cells (with anti-DNP antibody) were incubated with
J774A.1 macrophages for 30 min in the absence or the presence of
calcein-AM labeled S. aureus cells. Fluorescence was measured by
flow cytometry. Data are represented as mean + SD (n ¼ 3).
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observed in all the samples analyzed. Treatment of S. aureus-
infected C. elegans with Sort2 (lacking the vancomycin moiety)
resulted in no observable green signal (Fig. S7†). Taken
together, the combined results demonstrated the ability to
target bacterial cells in live hosts.

A construct composed of DNP in place of FITC (Sort3) was
synthesized using the same synthetic route. The hapten DNP
was chosen due to the naturally high abundance of endogenous
anti-DNP antibodies in human serum.36–38 S. aureus cells were
exposed to Sort3 and anti-DNP recruitment was analyzed
similar to VanCdnp (Fig. 5A). Gratifyingly, a clear increase in
cellular uorescence was observed at sub-micromolar concen-
trations indicative of anti-DNP recruitment. At 5 mM, uores-
cence levels were 14.8-fold above untreated cells. Cell treatment
with Sort4 led to background uorescence levels, again sug-
gesting that vancomycin is critical for surface labeling.
Recruitment of anti-DNP was also observed directly from pooled
This journal is © The Royal Society of Chemistry 2017
human serum, indicating that Sort3 can potentially operate in
physiologically relevant conditions (Fig. S8†). Next, we shied
our focus to the pathogenic and widely disseminated
methicillin-resistant S. aureus (MRSA). Protein A on the surface
of MRSA can be disruptive to our assay read-out. To circumvent
this, MRSA cells were pre-treated with mock IgGs (lacking
a FITC label) to mimic the anticipated occupancy of protein A by
antibodies from serum. Satisfyingly, treatment of MRSA cells
with Sort3 led to similar uorescent levels to protein A-deleted
strains (Fig. S9†). In addition, pre-incubation of MRSA cells
with pooled human IgGs, which include anti-DNP antibodies,
effectively blocked binding of FITC-labeled anti-DNP.

The inherent toxicity of Sort3 towards S. aureus cells was
evaluated next. Surprisingly, exposing S. aureus to concentra-
tion > 100 mM led to no signicant change in cell density
(Fig. S10†). We hypothesize that the covalent anchoring of
vancomycin within the stem peptide leads to segregation from
its lethal lipid II target. In the future, we will explore the
incorporation of vancomycin at the C-terminus of the SrtA
substrate peptide sequence, which should release vancomycin
upon anchoring of the construct within the stem peptide.
Toxicity was also minimal towards mammalian cells at all
concentrations tested, a nding that was expected based on the
polarity and size of Sort3 and lack of cognate binding partners
(Fig. S11†). Finally, we set out to recapitulate the recognition
and phagocytosis of opsonized bacteria by macrophages.
Bacteria treated with Sort3 and exposed to anti-DNP antibodies
led to a 2-fold increase in phagocytosis compared to treatment
of Sort3 alone and anti-DNP alone (Fig. 5B and S12†). This result
demonstrates the surface of bacterial cells remodeled with Sort3
display antigenic epitopes that are available to engage with
immune cells.

Conclusions

In conclusion, we have described two classes of vancomycin
conjugates that tag S. aureus cell surfaces by non-covalent
association with the PG scaffold and covalent integration
within bacterial PG. Fluorescent-based constructs were
Chem. Sci., 2017, 8, 6804–6809 | 6807
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synthesized to optimize incorporation levels. We showed, for
the rst time, that the surface of S. aureus can be metabolically
tagged with unnatural epitopes in live C. elegans hosts.
Hapten-based constructs were synthesized and bacterial
opsonization was demonstrated, which resulted in the
induction of phagocytosis by macrophages. Combined,
we anticipate that this class of agents represents a prom-
ising immune-modulatory strategy to combat bacterial
infections.
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