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ABSTRACT: The number of antibiotic-resistant bacterial
infections has increased dramatically over the past decade. To
combat these pathogens, novel antimicrobial strategies must be
explored and developed. We previously reported a strategy based
on hapten-modified cell wall analogues to induce recruitment of
endogenous antibodies to bacterial cell surfaces. Cell surface
remodeling using unnatural single p-amino acid cell wall
analogues led to modification at the C-terminus of the

peptidoglycan stem peptide. During peptidoglycan processing, installed hapten-displaying amino acids can be subsequently
removed by cell wall enzymes. Herein, we disclose a two-step dipeptide peptidoglycan remodeling strategy aimed at introducing
haptens at an alternative site within the stem peptide to improve retention and diminish removal by cell wall enzymes. Through
this redesigned strategy, we determined size constraints of peptidoglycan remodeling and applied these constraints to attain
hapten—linker conjugates that produced high levels of antibody recruitment to bacterial cell surfaces.
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he introduction of antibiotics into clinical settings signaled
a revolution in modern medicine." Despite the almost
immediate detection of drug resistance nearly seven decades
ago, antibiotics continued to have tremendous utility due to the
pace of their development” However, the emergence of
extensive resistance among bacterial pathogens has rendered
several antimicrobial agents ineffective.”* A major health crisis
currently looms as the number of antibiotic-resistant pathogens
has drastically increased over the past few decades.”
Concomitantly, we have recently witnessed historically low
levels of U.S. FDA antibiotic approvals.” To reverse this
disconcerting trend, it is essential to explore innovative
antibiotic strategies that target pathogenic bacteria through
unique and previously unexplored mechanisms of action.
Treatment of bacterial infections traditionally impairs vital
cellular processes such as cell wall biosynthesis, DNA
replication, or protein synthesis.” In particular, targeting of
peptidoglycan biosynthesis has been highly successful.
Peptidoglycan, a major component of bacterial cell walls, is
composed of repeating units of N-acetylglucosomine (GlcNAc)
and N-acetylmuramic acid (MurNAc) that constitute a mesh-
like network that resides to the exterior of cytoplasmic
membranes. Stem peptides are attached to the MurNac sugar
units that include both 1- and p-amino acids.”~"" Cross-linking
of neighboring stem peptides is carried out through the
enzymatic activity of penicillin-binding protein (PBPs) trans-
peptidase domains to endow bacterial cell walls with the ability
to resist osmotic shock and turgor pressure.'” Due to the
critical role of these proteins, chemical inactivators that target
PBPs are the basis of several potent classes of antibiotics, such
as f-lactams.”’
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Recently, it has been established that several of the enzymes
in the peptidoglycan biosynthetic pathway display broad
substrate promiscuity.'*”'® This feature opens the door to
the metabolic labeling of peptidoglycan using unnatural cell
wall analogues. In particular, both Gram-positive and -negative
bacteria readily incorporate p-amino acids displaying unnatural
side chains into the stem peptide of the peptidoglycan.'” >
This cell surface remodeling process occurs during the cross-
linking step mediated by transpeptidase domains, which swap
the terminal p-alanine residue of the oligopeptide with an
exogenous D-amino acid from the media (Figure S1).2*
Together, synthetic cell wall probes are providing unprece-
dented insi§ht into cell wall biosynthesis and host—cell
interactions.”

The use of immunological agents to trigger the selective
clearance of cancer cells is an emerging strategy with an
impressive track record.”**' In fact, a significant number of
current anticancer agents under clinical evaluations rely on
some variation of immune modulation. We propose that
immune-modulatory therapeutics may provide an alternative to
traditional bactericidal agents. Our research group previously
demonstrated the successful remodeling of bacterial cell
surfaces with the ultimate goal of inducing a selective immune
response (Figure 1A).32’33 Treatment of bacteria with D-amino
acids conjugated to dinitrophenol (DNP) led to the surface
tagging of bacterial surfaces followed by the recruitment of the
endogenous anti-DNP antibodies. In this paper, we describe an
alternative mode of metabolic labeling that hijacks the
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Figure 1. (A) Labeling of bacterial cell surfaces with DNP containing b-amino acids results in anti-DNP IgG antibody recruitment and host clearance
of infection. (B) Transpeptidase “swapping” results in the incorporation of DNP-p-amino acids into the C-terminal position of the stem peptide.
Further transpeptidase and carboxypeptidase activity may result in removal of DNP hapten-containing amino acids. (C) Intracellular dipeptide
ligation via MurF results in installation of DNP on the fourth position of the stem peptide and permits greater hapten retention.

intracellular peptidoglycan biosynthetic pathway. By targeting
an earlier point in the biosynthetic pathway, unnatural
dipeptides installed haptens with improved retention at the
bacterial cell surface.

B RESULTS AND DISCUSSION

A prominent feature of bacterial cell walls is the continuous
remodeling that occurs during cell growth and division.**
Chemical modifications to the polymeric peptidoglycan chains
by endogenous enzymes are essential for maintaining cellular
viability. Two of the processes mediated by cell wall-linked
enzymes (carboxypeptidase and transpeptidase activities) can
potentially lead to the removal of the C-terminal position on
the peptidoglycan stem peptide (Figure 1B). p,p-Trans-
peptidase peptidoglycan cross-linking involves the hydrolysis
of the terminal residue to activate the acyl-donor chain.
Additionally, p,p-carboxypeptidases catalyze the hydrolysis of
the terminal residue to generate truncated tetrapeptides (Figure
S1).>® Both of these two reactions may hydrolyze hapten-
conjugated amino acids installed onto the terminal position,
thus reducing the hapten valency at the cell surface. To achieve
greater cell surface retention, we considered metabolic labeling
strategies that deliver haptens at alternative positions within the
stem peptide (Figure 1C). In addition to transpeptidase
substrate promiscuity, several additional enzymes operating in
the peptidoglycan biosynthesis pathway demonstrate extensive
substrate flexibility. Recently, the intracellular MurF, which is
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the enzyme responsible for the ligation of p-Ala-p-Ala dipeptide
onto the fourth and fifth positions of the growing peptidoglycan
precursor molecule, was found to tolerate dipeptides displaying
unnatural side chains.””*® By utilizing a dipeptide-based
metabolic labeling strategy, we hypothesized that it would be
possible to achieve greater hapten retention on bacterial cell
surfaces.

At first, we set out to explore the possibility that epitopes
could be conjugated directly to the side chain of p-amino acid-
based dipeptides. Treatment of bacterial cells with p-amino
acid-based dipeptides with unnatural side chains handles on the
N-terminus of the dipeptide unit should lead to epitope
installment at the fourth position within the stem peptide
(Figure S2). Therefore, by conjugating epitopes on the N-
terminal amino acid of the dipeptide, greater protection from
D,D-carboxypeptide- and -transpeptidase-mediated hapten re-
moval was expected. We previously found in our single amino
acid strategy that p-Lys was the most effective unnatural side
chain in the recruitment of anti-DNP antibodies. To evaluate
labeling levels, we synthesized an analogous fluorescent amino
acid p-Lys(NBD) (1), in which the ¢-amine of the lysine side
chain was modified with a nitrobenzoxadiazole (NBD) handle.
NBD served as an excellent surrogate for the similarly
structured DNP hapten, and it enabled quantification of
relative metabolic labeling levels.

Labeling levels were assessed with Bacillus subtilis, which was
chosen due to its extensive similarity to pathogenic bacteria.””
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Figure 2. (A) Chemical structures of NBD conjugates. (B) Flow cytometry analysis of B. subtilis cells when incubated overnight with 1 mM of NBD

conjugates. Data are represented as the mean = SD (n = 3).
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Figure 3. Antibody recruitment to bacterial surfaces. (A) Utilizing a dipeptide that contains a reactive chemical handle, bacterial peptidoglycan
surfaces can be remodeled. Bacterial cells incubated in the presence of a hapten-containing linker can then react with the chemical handle to yield a
hapten-modified bacterial cell surface that can recruit antibodies to the cell surface. (B) A “one-step” labeling strategy is limited by protrusion of
haptens from the peptidoglycan and therefore generates lower levels of antibody opsonization. Utilizing a “two-step” dipeptide strategy in which the
hapten is conjugated to a linker molecule allows for greater protrusion of the antibody recruitment molecule from the peptidoglycan, thus resulting

in greater bacterial cell opsonization.

Consistent with our prior studies, treatment of B. subtilis cells
with 1 led to a 20-fold increase in fluorescence relative to
untreated cells (Figure 2). To assess the possibility that p,p-
carboxypeptidase may reduce the valency of the unnatural cell
surface handle, 1 was incubated with a genetically modified
strain of B. subtilis devoid of dacA (p,p-carboxypeptidase).
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Cellular fluorescence in B. subtilis AdacA variants increased
~7.5-fold relative to wild type cells, thus indicating epitopes
installed on the terminal position via unnatural single amino
acids are susceptible to removal by endogenous enzymes.
Removal by p,p-transpeptidase could not be evaluated because
the complete knockout of these genes is lethal to bacteria.
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Figure 4. (A) Installation of thiol-containing amino acids followed by reaction with maleimide fluorophores endows bacterial cell surface labeling
through a two-step process. (B) Flow cytometry analysis of B. subtilis cells incubated overnight with 1 mM 4, S, 6, 7, or 8 was followed by incubation
with 50 uM FLO. Data are represented as the mean + SD (n = 3). (C) Chemical structures sulfhydryl-containing dipeptides used for two-step

labeling of bacterial surfaces are shown.

In an effort to minimize enzymatic removal of unnatural
modifications, we sought a strategy that installed epitopes onto
the fourth position within the stem peptide via the MurF
dipeptide pathway (Figure S2). Dipeptide 2 was synthesized to
mimic the lysine side chain in the single amino acid metabolic
labeling strategy (Figure 2A). Treatment of B. subtilis cells with
dipeptide 2 led to an insignificant increase over untreated cells.
From these results, it became apparent that side-chain size may
have contributed to drastically reduced labeling levels. We
proceeded to synthesize a similar dipeptide using D-2,3-
diaminopropionic acid (3) with the aim of minimizing the
overall size of the amino acid side chain. However, flow
cytometry analysis of B. subtilis bacteria treated with dipeptides
2 and 3 revealed minimal increases in labeling. (Figure 2B and
Figure S3). Interestingly, it is apparent from these results that
various levels of tolerance for unnatural cell wall analogues
exists depending on the entry point into the peptidoglycan
biosynthesis pathway. We recently demonstrated that side-
chain structural features control incorporation efficiency of
single D-amino acids.”® Finally, we synthesized a dipeptide
conjugated with a DNP hapten analogous to dipeptides 2 and 3
and observed no discernible anti-DNP antibody recruitment to
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the cell surface (data not shown). With these early results in
hand, we set out to redesign a dipeptide-based labeling strategy
that exploited the reduced removal at the fourth position on the
stem peptide but improved incorporation efliciency.

The lack of haptens displaying dipeptide incorporation
prompted us to develop a two-step labeling method. In this
strategy, a small chemically reactive side chain can be integrated
into the dipeptide to reduce steric hindrance. Upon epitope
display on the bacterial cell surface, cells are treated with a
complementary reaction handle modified with the DNP hapten
(Figure 3A). The choice of DNP was based on its small size
and an endogenous reservoir of anti-DNP I§G antibodies in
human serum within the general population.”** For a model
reaction scheme, we used sulfhydryl and maleimide handles as
complementary reactive partners. Thiol-maleimide chemistry
provided a moderately selective and facile method to monitor
modification of bacterial cell surfaces. We envisioned two
distinct benefits of decoupling hapten conjugation from MurF-
mediated metabolic labeling. First, incorporation of the
dipeptide is expected to increase due to better mimicking of
the endogenous p-Ala-p-Ala substrate. Second, in a two-step
strategy, it is possible to install linkers of lengths that may not
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be enzymatically tolerated but would provide improved cell
surface hapten protrusion. Haptens imbedded within the
peptidoglycan become unavailable for interaction and binding
with antibodies. By utilizing tethers modified with hapten, it
becomes possible to rescue epitopes that may be sterically
occluded within the mesh network of the peptidoglycan (Figure
3B).

To test whether this two-step dipeptide strategy would
provide greater cell surface modification, B. subtilis wild type
cells were incubated in the presence of thiol -containing
dipeptides and subsequently reacted with a maleimide-modified
NBD fluorophore to quantify labeling levels (Figure 4A). We
synthesized two cysteine-containing dipeptides, p-Cys-p-Ala
(4) and p-Ala-p-Cys (5), to provide a thiol-reactive handle at
the fourth or fifth position of the stem peptide, respectively. As
we had predicted, cells treated with dipeptide 4 displayed
higher levels of fluorescence relative to the dipeptide § and
single amino acid p-Cys (6). These results illustrate that a
properly designed dipeptide can lead to higher levels of surface
remodeling compared to the single amino acid strategy (Figure
4B and Figure S3). Control dipeptides (Figure 4C)
demonstrated stereochemistry to be critical in surface
remodeling as treatment of cells with neither the diastereomer
(7) nor the enantiomer (8) of dipeptide 4 leads to any
significant increase in fluorescence compared to untreated cells,
thus lending support to the MurF-based metabolic pathway.

Having established that dipeptide 4 provided superior cell
surface labeling relative to single p-amino acids, we sought to
optimize the tether length connecting the stem peptide
modification to the displayed epitopes. Cross-linking within
the peptidoglycan layer creates pores that range from S to 25
nm in diameter, potentially reducing the recruitment of
antibodies beyond surface-exposed haptens due to impeded
permeation.”> We hypothesized that elongated tethers may
facilitate antibody recruitment from stem peptides beyond the
immediate surface. We constructed a panel of fluorophore—
linker (FL) conjugates containing both a maleimide handle and
an NBD handle with the goal of determining permeability of
tethers within the peptidoglycan (Figure SA). These molecular
tethers were built with a central polar/flexible linker composed
of various units of (Gly-Gly-Ser) (GGS linker), where n = 0—4

306

(Figure SB). To evaluate the effect of tether length, B. subtilis
cells were incubated overnight in the presence of dipeptide 4,
subsequently labeled with each variant (FLO—FL4) and
analyzed for cellular fluorescence via flow cytometry. It is
evident that FLO and FL1 labeled bacterial cell surfaces to
similar levels, an indication that smaller tethers can readily
penetrate the peptidoglycan pores. Elongation of the tethers
revealed diminished labeling efficiency in a length-dependent
manner, with the longest tether FL4 resulting in approximately
half of the fluorescence levels of FLO (Figure SC). Although
these results serve as an integral part for the design of hapten
molecular tethers, we also realize that they can potentially be a
facile assay for peptidoglycan permeability. We anticipate that
based on the mechanism of incorporation, D-Cys epitopes are
evenly dispersed throughout the entire peptidoglycan. There-
fore, labeling levels can be interpreted as a readout on the
permeability of biomolecules from the extracellular space into
the peptidoglycan network.

Finally, we set out to demonstrate this strategy could be used
to induce a recruitment of endogenous anti-DNP antibodies to
the bacterial cell surface. The series FLO—FL4 served to inform
us about biomolecule permeation through the cell surface.
However, labeling levels were measured on the basis of total
cellular fluorescence and may not necessarily reflect epitope
availability for antibody binding. To optimize labeling levels
concomitantly with availability to antibody binding, we built a
second series of GGS-based tethered molecules. For this DNP-
linker (DL) series, a DNP antigen was installed on the N-
terminus in place of NBD (Figure 6A). B. subtilis cells
incubated with dipeptide 4 were subsequently treated with the
various DNP linker conjugates and incubated in the presence of
FITC-labeled anti-DNP IgG antibodies. Interestingly, flow
cytometry analysis showed a sharp contrast in opsonization
levels compared with the FL series (Figure 6B). Cells treated
with DL1 led to the highest levels of anti-DNP antibody
recruitment. On the basis of the extensive structural similarities
between the FL and DL series, it is reasonable to expect that
bacterial cell surfaces were remodeled with DLO to a similar
level as DL1. Yet, DLO-treated cells led to >2-fold lower
recruitment levels than DL1. Likewise, the much longer DLS
led to similar antibody recruitment levels as the shorter DLO.
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Figure 6. (A) Chemical structure of DNP-linker (DL) series; (B) flow
cytometry analysis of B. subtilis cells incubated overnight with 1 mM
dipeptide 4, S0 yM DNP-linker, and Alexa Fluor 488 anti-DNP IgG
antibody displaying an increase in opsonization. Data are represented
as the mean + SD (n = 3).

These results illustrate that to optimize bacterial cell
opsonization using our strategy, it is necessary to balance
tether permeation with hapten binding on the cell surface. Most
importantly, we showed that by decoupling the MurF-mediated
metabolic labeling from hapten conjugation it may be possible
to increase the availability of haptens on the cell surface for
antibody binding by adjusting the tether length.

In conclusion, we have demonstrated that a dipeptide-based
metabolic labeling strategy led to higher levels of remodeling
compared to single Dp-amino acids. MurF promiscuity was
exploited to enable intracellular hijacking of the peptidoglycan
biosynthetic pathway. By designing and synthesizing a
dipeptide to install modifications onto the fourth position of
the stem peptide, it became possible to improve the retention
of unnatural surface-bound epitopes. Subsequent modification
with heterobifunctional tethers of various lengths results in
improved display of epitopes for extracellular interactions.
Through the evaluation of various fluorescently tagged tethers,
pore size constraints for remodeling bacterial peptidoglycan
were established. On the basis of tether length restrictions, we
were able to successfully install haptens onto bacterial cell
surfaces and induce high levels of bacterial cell opsonization.
We anticipate that based on the strategy disclosed here, it
should be possible to use unnatural dipeptides displaying bio-
orthogonal handles to label bacterial cell surfaces for imaging
and therapeutic applications. More importantly, we propose
that the combination of elevated metabolic labeling levels and
the use of tethers to endow bacterial cells with readily accessible
epitopes could provide the basis for improved immunomodu-
lation strategies to combat bacterial infections.

B METHODS

Materials. Amino acids were purchased from Chem-Impex.
Antibody reagents were purchased from Life-Technologies. All
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other organic reagents were purchased from Fisher Scientific
and used without further purification. B. subtilis AdacA and B.
subtilis NCIB3610 were the strains of bacteria used for
experiments.

Cell Surface Modification. B. subtilis NCIB 3610 and B.
subtilis AdacA were grown in LB medium at 37 °C with
shaking. Cells were incubated overnight at 37 °C with shaking
in LB medium that was supplemented with 1 mM compound 1,
2, or 3 and protected from light. The following morning, the
cells were washed with phosphate-buffered saline (PBS) three
times. A 4% formaldehyde fixation solution was prepared in
PBS and used to fixate the cells prior to performing flow
cytometry analysis and fluorescence microscopy. Flow
cytometry analysis was performed with a BD Facs Canto II
(BD Biosciences, San Jose, CA, USA) equipped with a 488 nm
argon laser and a 530/30 band-pass filter (FL1). A minimum of
10,000 events were collected for each data set. The data were
analyzed using FACSDiva version 6.1.1 software. The
fluorescence data are expressed as mean arbitrary fluorescence
units and were gated to include all healthy bacteria.
Fluorescence microscopy was conducted using a Nikon Eclipse
TE-2000-U microscope with a 480/30 excitation band-pass
filter and a 530/30 emission band-pass filter at 100X
magnification.

Two-Step Dipeptide Cell Surface Modification. B.
subtilis NCIB 3610 and B. subtilis AdacA were grown in LB
medium at 37 °C with shaking. These cells were then incubated
overnight at 37 °C with shaking in LB medium that was
supplemented with 1 mM compounds 4—8. The following
morning the cells were washed three times with 5 mM
dithiothreitol (DTT) to reverse any thiol oxidation that may
have occurred. The cells were then subsequently washed five
times with PBS to remove any residual DTT. Following PBS
washing, the cells were then incubated with 50 #M FLO for 30
min at 37 °C and protected from light. The cells were then
fixated in a 4% formaldehyde solution prior to performing flow
cytometry analysis and fluorescence microscopy as previously
stated.

Peptidoglycan Pore Size Exclusion Determination. B.
subtilis NCIB 3610 was grown in LB medium at 37 °C with
shaking. These cells were then incubated overnight at 37 °C
with shaking in LB medium that was supplemented with 1 mM
D-Cys-p-Ala. The following morning the cells were washed
three times with S mM DTT to reverse any thiol oxidation that
may have occurred. The cells were then subsequently washed
five times with PBS to remove any residual DTT. Following
washing, the cells were then incubated with 50 uM FLO—FL4
for 30 min at 37 °C and protected from light. The cells were
washed three more times with PBS and were then fixated in a
4% formaldehyde solution prior to performing flow cytometry
analysis as previously stated. Linker lengths were calculated
using PyMol.

Anti-DNP IgG Antibody Bacterial Cell Opsonization. B.
subtilis AdacA was grown in LB medium at 37 °C with shaking.
These cells were then incubated overnight at 37 °C with
shaking in LB medium that was supplemented with 1 mM b-
Cys-p-Ala. The following morning the cells were washed three
times with S mM DTT to reverse any thiol oxidation that may
have occurred. The cells were then subsequently washed five
times with PBS to remove any residual DTT. Following
washing, the cells were then incubated with 50 uM DLO—DLS
for 30 min at 37 °C and protected from light. The cells were
then incubated for 1 h at 37 °C in 100 L of a PBS solution
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containing 10% fetal bovine serum (FBS) and 0.02 mg/mL
Alexa Fluor 488 conjugated rabbit anti-DNP IgG fraction KLH
(Life-Technologies, catalog no. A11097). The cells were
analyzed for bacterial cell opsonization using flow cytometry
as previously stated.
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