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taphylococcus aureus is a Gram-positive bacte-

rial pathogen that has become a major public

health threat. Most hospital isolates of S. aureus
are resistant to many if not all available treatments (2),
and recent reports suggest that more Americans die ev-
ery year as a result of S. aureus infection than due to
HIV/AIDS, Parkinson’s Disease, or emphysema (2, 3).
The virulence of this organism is mediated in part by pro-
teins in its cell wall, which enable it to interact with ani-
mal cells and tissues and to evade the human immune
system (4, 5). Flexible strategies for modulating the mo-
lecular composition of the S. aureus cell wall would
therefore be highly desirable and could enable both fun-
damental and therapeutic applications.

Here we demonstrate for the first time that the cell
surface of wild-type S. aureus can be re-engineered bio-
synthetically to incorporate non-native small molecules.
Exposure of wild-type bacteria to rationally designed,
low molecular weight substrates for the enzyme sortase
A (SrtA) (6) leads to covalent incorporation of func-
tional small molecules (fluorescein, biotin, or azide)
into the S. aureus cell wall (Figure 1). Diverse experimen-
tal techniques, including epifluorescence and electron
microscopy, flow cytometry, mass spectrometry, and
biochemical cell wall extraction, are employed to sup-
port these conclusions. Furthermore, cell-wall-
incorporated azide is exploited as a chemical handle
to perform an azide—alkyne cycloaddition reaction on
the bacterial cell surface. This report represents both the
first example of cell wall engineering of S. aureus
or any other pathogenic Gram-positive bacteria
and has the potential to enable wide-ranging
applications.
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ABSTRACT Staphylococcus aureus (S. aureus) is a Gram-positive bacterial
pathogen that has emerged as a major public health threat. Here we report that
the cell wall of S. aureus can be covalently re-engineered to contain non-native
small molecules. This process makes use of endogenous levels of the bacterial en-
zyme sortase A (SrtA), which ordinarily functions to incorporate proteins into the
bacterial cell wall. Thus, incubation of wild-type bacteria with rationally designed
SrtA substrates results in covalent incorporation of functional molecular handles
(fluorescein, biotin, and azide) into cell wall peptidoglycan. These conclusions are
supported by data obtained through a variety of experimental techniques (epifluo-
rescence and electron microscopy, biochemical extraction, and mass spectrom-
etry), and cell-wall-incorporated azide was exploited as a chemical handle to per-
form an azide-alkyne cycloaddition reaction on the bacterial cell surface. This
report represents the first example of cell wall engineering of S. aureus or any
other pathogenic Gram-positive bacteria and has the potential for widespread
utility.
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Figure 1. Schematic depiction of the reported method for sortase-
mediated tagging of the S. aureus cell wall. Bacteria are fed peptides
containing small molecule tags. Upon penetrating the cell wall, these
compounds are recognized by the periplasmic enzyme sortase A (red
dots), which cleaves between the C-terminal threonine and glycine resi-
dues and covalently attaches the remaining N-terminal portion to lipid

Il in the forming cell wall, as shown.

RESULTS AND DISCUSSION

Substrate Design and Incorporation into S. aureus.
Our design of synthetic SrtA substrates was based upon
the enzyme’s mechanism of action, which involves rec-
ognition of a conserved pentapeptide motif, typically
LPETG in S. aureus, near the C-terminus of various se-
creted proteins (6). Upon substrate recognition, the en-
zyme cleaves the threonine—glycine bond, forming an
acyl-enzyme intermediate. This complex is attacked by
the pentaglycine motif of lipid II, a peptidoglycan precur-
sor, and the resulting adduct is covalently attached to
the bacterial cell wall (6). We speculated that since natu-
ral StA substrates are structurally diverse, the native en-
zyme present in the bacterial periplasm might be able
to integrate LPXTG-tagged small molecules into the cell
walls of living bacteria in an analogous manner to
protein substrates. Indeed, previous in vitro studies
have demonstrated that SrtA is capable of catalyzing
transpeptidation reactions with non-natural LPXTG-
modified substrates (7—11). Also, purified, recombi-
nant SitA has been shown to catalyze transpeptidation
reactions on the surfaces of eukaryotic cells that have
been genetically manipulated to express LPXTG-
modified surface proteins (12—14). To our knowledge,
however, no one has metabolically incorporated small
molecule functionality into the S. aureus cell wall.

As a convenient means of assessing integration of
non-native small molecules into wild-type S. aureus,
we designed compounds 1—6, which were prepared
through Fmoc solid-phase peptide synthesis (Figure 2A).
Notably, since the presence of a carboxylic acid at the
LPETG C-terminus has been suggested to inhibit SrtA ac-
tivity (15), we chose to incorporate an amide at this po-
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sition. Incubating wild-type S. aureus cul-

0 tures with compound 1, which contains a

fluorescein-derivatized lysine residue at the
~O N-terminus of the LPETG pentapeptide, led
to highly fluorescent bacteria as measured
by epifluorescence microscopy (Figure 2B,
panels a and b). Neither control experi-
ments with vehicle alone (Figure 2B, pan-
els ¢ and d), nor with 2, a fluorescein-
containing peptide isomeric to 1 containing
a scrambled sorting sequence (Figure 2B,
panels e and f), demonstrated detectable
cellular fluorescence. This latter control ar-
gues against non-specific protein binding as
the cause of bacterial fluorescence and is
consistent with the proposed mechanism for small mol-
ecule integration. Furthermore, an isogenic S. aureus
strain lacking the SrtA gene (16) exhibited a greatly re-
duced ability to incorporate 1 into the cell wall, consis-
tent with a critical involvement of SrtA in this process
(Figure 2B, panels g and h).

We then quantified the levels of fluorophore incorpo-
ration as a function of synthetic small molecule concen-
tration using flow cytometry (Figure 2C). Detectable lev-
els of fluorescein (approximately 1000 molecules cell™?)
were observed at concentrations of 1 as low as 125 pM,
and the levels of incorporated fluorophores were ob-
served to be roughly proportional to the concentration
of 1 in treatment media within a range up to 6500 mol-
ecules cell™. Notably, the native S. aureus collagen ad-
hesin protein is surface exposed at a level of approxi-
mately 5000 molecules cell ™! in wild-type organisms
(17). Thus, the amount of incorporated small molecule
observed in our studies is comparable to expression lev-
els of this native protein. Importantly, treatment of bac-
teria with compound 1 neither affects cell viability as
measured by replating colonies after peptide treatment
at concentrations up to 1 mM (Supplementary Figure 1),
nor abrogates endogenous levels of protein A, a cell sur-
face protein and SrtA substrate (Supplementary
Figure 2). These results indicate the potential of this
technology for the non-disruptive labeling of living
bacteria.

Subcellular Localization of SrtA Substrates. To evalu-
ate further the subcellular localization of incorporated
small molecules, cell walls were extracted from wild-
type S. aureus that had been pretreated with either 1
or 2 (Figure 3A). Cell wall extracts from bacteria
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Figure 2. Observation and measurement of incorporated fluorescence into wild-type or SrtA-knockout

S. aureus following small molecule treatment. A) Synthetic small molecules employed in these studies.

B) Epifluorescence microscopy. Abbreviations: “wt” indicates wild-type S. aureus, “SrtA KO” indi-
cates a sortase A knockout strain of S. aureus (16), “Fluor” indicates epifluorescence images, and
“Merge” corresponds to fluorescent images superimposed atop brightfield images. All micrographs
were acquired under identical exposure settings and processed in an identical fashion. The depicted
trends were reproduced on at least three separate occasions. C) Quantitation of fluorescein incorpora-
tion via flow cytometry.
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Figure 3. SrtA-targeted small molecules are
localized to the cell wall. A) Fractionation
of wild-type S. aureus cells into cell wall
and cytosolic extracts following treatment
with compounds 1 or 2. Data represent the
average of triplicate experiments + SD. B)
Immunocryoelectron microscopy studies
of a protein A-knockout S. aureus strain in
the Newman genetic background. Cells
were incubated in the presence (panel a)
and absence (panel b) of 1. Arrow points to
an example of black dots, which corre-
spond to gold-labeled antibody binding.
Abbreviations: anti-FITC = rabbit anti-
fluorescein antibody; Au-secondary =
gold-labeled anti-rabbit secondary
antibody.

incubated with 1 exhibited approximately 8-fold greater
fluorescence versus those isolated from organisms
treated with scrambled peptide 2. Further, a 3.5-fold in-
crease in the fluorescence of cell wall versus cytosolic
fractions following treatment with 1 was observed. Inter-
estingly, 1-treated bacteria exhibited a small increase
in fluorescence compared to the control, indicating that
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fluorescein-LPETG constructs but not scrambled se-
quences partition into cytosolic extracts. This may re-
sult from a number of processes including contamina-
tion of cytosolic extracts with membrane vesicles
containing peptide bound to SrtA but not yet incorpo-
rated into cell wall, interactions with other membrane-
associated enzymes (such as S. aureus LPXTGase) (18,
19), or recycling of peptidoglycan components into the
cytosol for reuse (20).

Localization of 1 to the peptidoglycan layer was con-
firmed via immunocryoelectron microscopy (Figure 3B,
panels a and b). Here a S. aureus mutant deficient in cell
wall protein A (21) was incubated with peptide 1 and
then subjected to thin sectioning and immunostaining
with an anti-fluorescein antibody followed by a gold-
conjugated secondary antibody. Use of a protein
A-knockout was necessary here to prevent background
labeling of cell wall through interactions between pro-
tein A and the antibody’s Fc region. As shown, >90% of
gold labeling was observed in the vicinity of the cell
wall. A small amount of apparent intracellular labeling
was also detected, perhaps due to antibody background
or to the presence of overlapping cells in thin sections;
some degree of intracellular uptake or recycling of com-
pound 1 cannot be ruled out.

Measuring Covalency of SrtA-Targeted Small
Molecules. To demonstrate unambiguously that small
molecules were covalently incorporated into the cell
wall, we utilized a MALDI-TOF MS-based strategy (22).
These experiments provide direct evidence for covalent
attachment of synthetic small molecules into the Gram-
positive bacterial cell wall. S. aureus cultures treated
with and without constructs 3 and 4 were first digested
with the enzymes mutanolysin and lysostaphin to de-
grade the cell wall and release cell wall associated pro-
teins. Digests were then subjected to streptavidin affin-
ity chromatography followed by mass spectrometric
analysis. Because lysostaphin is a Gly-Gly endopepti-
dase and S. aureus cell wall proteins are tethered to the
peptidoglycan through a pentaglycine cross-link, we an-
ticipated that processing of 3-treated bacteria in our
mass spectrometry protocol would provide a biotin-LPET
fragment attached to multiple glycine residues (be-
tween 1 and 4).

Indeed, extracts from cells treated with 3 and ana-
lyzed through the above sequence exhibited strong
peak enrichments at 1098.60 and 1120.60 amu, which
were absent from all control conditions (Figure 4). These
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Figure 4. MALDI-TOF mass spectra of streptavidin affinity-purified S. aureus cell wall extracts after treatment of both wild-type and SrtA-
knockout strains with and without biotin-peptide hybrids 3 and 4. Abbreviations: “wt” indicates wild-type S. aureus, and “SrtA KO” in-

dicates a sortase A knockout strain of S. aureus (16).

masses correspond to [M + H] and [M + Na] ions for
the biotin-LPETGGG sequence, whose identity we were
able to confirm via MALDI MS/MS sequencing (Supple-
mentary Figure 3). Masses corresponding to biotin-
LPETGG and biotin-LPETGGGG were not well resolved in
these spectra, which is consistent with observations
from previous mass spectrometry studies of cell wall
proteins released from S. aureus following lysostaphin
digestion (23). Taken together, these data provide
strong evidence supporting covalent attachment of our
synthetic materials into the S. aureus cell wall through a
mechanism involving SrtA.

Bioorthogonal [3 + 2] Cycloaddition on the S.
aureus Surface. Bioorthogonal chemical reactions have
proven useful in the study of a wide array of biological
processes (24, 25). Only a few studies, however, have
employed bioorthogonal reactions in bacteria (26-32).
Furthermore, none of these to our knowledge have been
executed in S. aureus. Accordingly, we synthesized mol-
ecules 5 and 6, which both contain N°-azido-L-lysine
residues at their N-termini (Figure 2A). The azide func-
tionality in 5 and 6 was introduced because of its abil-
ity to undergo a [3 + 2] cycloaddition (“click”) reaction
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with alkyne-containing probes (33, 34). To this end, we
prepared Alexa Fluor 488-conjugated cyclooctyne probe
7 (Figure 5A). Structural analogues of compound 7 have
been shown to participate efficiently in bioorthogonal
copper-free click chemistry (24, 35-38). Wild-type

S. aureus cultured in the presence of putative SrtA sub-
strate 5 and then treated with compound 7 demon-
strated a marked increase in fluorescence versus both
background and scrambled control 6, as determined
by flow cytometry and epifluorescence microscopy
(Figure 5). These results demonstrate the ability of non-
natural SrtA substrates to decorate the staphylococcal
cell wall with reactive groups and represent the first
bioorthogonal chemical reaction performed on the sur-
face of S. aureus.

Conclusions. Strategies for re-engineering cell sur-
faces with small molecules have emerged as powerful
tools to perturb and study biological processes both in
vitro and in vivo (39, 40). Despite this, relatively few
such approaches involving bacteria have appeared
(26-32, 41, 42). Here we demonstrate for the first time
that the S. aureus surface can be modified to incorpo-
rate exogenous, non-native small molecules by way of
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Figure 5. A) Flow cytometry-based analysis of wild-type
S. aureus labeled with 5 or 6 following reaction with
compound 7. Data are reported as percent increase ver-
sus control (wild-type bacteria incubated with 7 with-
out pretreatment with 5 or 6), and represent the mean
of three replicate experiments = SD. Data in the left-
hand column were found to exhibit a highly statisti-
cally significant increase in fluorescence (***, P <
0.0001) compared to that in the middle or right-hand
columns following a one-way analysis of variance
(ANOVA) with Tukey’s multiple comparison posthoc
test. B) Epifluorescence microscopy. “Fluor” indicates
epifluorescence images, and “Merge” corresponds to
fluorescent images superimposed atop brightfield im-
ages. All micrographs were acquired under identical ex-
posure settings and processed in an identical fashion.
The depicted trends were reproduced on at least two
separate occasions.

its own biosynthetic machinery. Epifluorescence micros-
copy and flow cytometry experiments demonstrate that
these molecules are incorporated into bacteria at high

VOL.5 NO.12 + 1147-1155 « 2010 NELSON ET AL.

levels in a SrtA- and LPETG-dependent fashion. Subse-
quent cell wall extraction and electron microscopy data
indicate that these non-native materials are localized to
the cell wall, and mass spectrometry data confirms
that this labeling phenomenon involves covalent bond
formation. Finally, we exploit this biosynthetic labeling
technology to perform a bioorthogonal chemical reac-
tion on the S. aureus surface.

A diverse range of applications of this strategy can
be envisioned. For example, SrtA-mediated biosyn-
thetic incorporation of fluorescent materials into bacte-
rial peptidoglycan could enable the development of
novel in situ imaging protocols. Because labeling is SrtA-
dependent and highly selective and does not affect bac-
terial viability, it should prove advantageous in compari-
son to conventional techniques for labeling bacteria
with small molecules. Such strategies often involve pro-
miscuous electrophiles (e.g., FITC) and can perturb bac-
terial viability and/or behavior (43). The reported strat-
egy might also be useful in developing engineered
organisms with entirely novel functions. Indeed, by en-
abling the display of chemical functionality that cannot
yet be genetically encoded, SrtA-mediated biosynthetic
incorporation processes could complement ongoing ef-
forts in synthetic biology, which rely predominantly on
genetic manipulations (44). Given that SrtA is widely dis-
tributed among Gram-positive bacteria, this strategy
could be applied in diverse species including Strepto-
coccus pneumoniae, Bacillus anthracis, Corynebacte-
rium diphtheriae, and many others. Also, because sor-
tase enzymes in species other than S. aureus often
possess unique recognition and anchoring elements
(other than LPXTG) (45), this strategy may prove highly
selective, even in complex settings. Finally, biosynthetic
incorporation of small molecules into bacteria could
lead to novel therapeutic approaches. Strategies that
employ small molecules to enhance immunological rec-
ognition of pathogens have proven quite promising
(46-51); however, to our knowledge, none of these
have utilized biosynthetic mechanisms to incorporate
immunotargeting moieties. Such technologies could
possess unique advantages over available antibiotic
modalities and lead to novel paradigms in the treat-
ment of patients suffering from bacterial illness.
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METHODS

Cell Culture and Reagents. Wild-type S. aureus Newmann and
a matching SrtA- strain were kindly donated by O. Schneewind
(University of Chicago) (16). S. aureus strain spa::kan (21), a pro-
tein A knockout strain, was obtained from T. ). Foster (Trinity Col-
lege, Dublin, Ireland).

Peptide Synthesis Procedure. Rink amide resin preloaded
with either N*-Fmoc-Gly or N*-Fmoc-Pro was mixed with four col-
umn volumes (CV) of dimethylformamide (DMF) for 1 h prior to
the commencement of each peptide synthesis. Deprotection of
the resin prior to coupling was accomplished on shaking in 4 CV
of 20% piperidine/DMF for 30 min. For all subsequent coupling
reactions, Fmoc-protected amino acid (5 equiv),
0O-benzotriazole-N,N,N’,N'-tetramethyl-uronium-hexafluoro-
phosphate (HBTU, 5 equiv), and i-Pr,NEt (10 equiv) were sus-
pended with the resin in DMF (4 CV) and shaken at RT for 4 h.
In all syntheses, Fmoc-protecting groups were removed by shak-
ing for 5 min in 50% piperidine/DMF (4 CV).

For peptide cleavage reactions, resin was first treated with a
mixture of trifluoroacetic acid (TFA), triisopropylsilane (TIPS), and
water (94:3:3, 10 mL) at RT for 90 min. Cleavage solutions were
then filtered through cotton into cold ether, pelleted, resus-
pended twice in ether, and dried in vacuo. Peptides were puri-
fied via high pressure liquid chromatography (HPLC) and lyoph-
ilized, and their identities were confirmed via high-resolution
mass spectrometry.

Synthesis of Alexa Fluor 488-DIFO Conjugates (7). Perfluoro-
phenyl 4-((2,2-difluorocyclooct-3-ynyl)methybenzoate (3.1 mg,
7 pmol, 2 equiv) and i-Pr,NEt (2.4 L, 14 umol, 4 equiv) were
dissolved in DMF (0.5 mL) followed by Alexa Fluor 488 cadaver-
ine (2 mg, 3.1 pmol, 1 equiv), whose transfer was aided by the
use of DMF (0.5 mL). The reaction mixture was stirred for 48 h,
concentrated, and purified by HPLC to give 7. Suspension in
2 mL of PBS led to a 200 pM solution (0.4 wmol, 13% vyield) as
determined by UV absorbance at 495 nm.

Generic Bacterial Labeling Procedure. Bacteria were grown for
24 hin Luria Broth at 37 °C (supplemented with 10 ug mL™?
erythromycin for sortase-deficient mutants) containing com-
pounds at the desired concentration (1 mM unless otherwise
noted, final volume 500 pL). Subsequently, 100 L aliquots of
culture were taken, pelleted at 12,000 X g for 1 min, and
washed three times with PBS buffer. Cells were then used in
the following experiments.

Microscopy/Flow Cytometry. Labeled cells were resuspended
in 4% paraformaldehyde in PBS and incubated at RT on a nutat-
ing mixer for 45 min. Following three additional PBS washes,
bacteria were resuspended in 1 mL of PBS and analyzed on an
Accuri C6 Flow Cytomer. Levels of fluorescein incorporation were
quantitated by comparison to Quantum FITC MESF beads (Bangs
Laboratories). Aliquots (100 L) of the above were removed
(prior to cytometric analysis), pelleted, and resuspended in
20 pl of anti-fade media (Vectashield Mounting Media),
mounted onto Esco Superfrost Microscope slides, and allowed
to incubate overnight at 4 °C before images were obtained.

Quantitation of Fluorescence via Cell Wall Extraction. Following
labeling, bacteria were diluted with PBS to normalize total bac-
terial count and subjected to ultrasonication. The sonicated cells
were filtered via centrifugal filtration using Amicon YM-10 fil-
ters at 4 °C for 30 min. The filtrate was taken and used to deter-
mine the fluorescence intensity of the cytosol fraction, while
the high-molecular-weight pellet was collected and treated for
30 min at 37 °C with 500 pL of SMM buffer containing 50 p.g
mL~! lysostaphin prewarmed to 37 °C. The mixture was then
centrifuged at 14,000 rpm for 1 min, and the supernatant was
removed and placed on ice. Next, 500 p.L of 10% sodium dode-
cyl sulfate (SDS) was added to the cold supernatant mixtures,
100 L of each sample was taken, and fluorescence intensities
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were determined in triplicate using a Tecan Platereader (em
485 nm, ex 535 nm). Gain was set to the intensity of the wild-
type bacterial cell wall that had been incubated with peptide.
Cell wall fractionation data were derived by first subtracting the
appropriate blank (cell wall or cytosol) from fluorescence inten-
sity values and then measuring the difference between this
value and the fluorescence reading obtained for control condi-
tions (i.e., wild-type bacteria not treated with peptide). Entries
represent means from triplicate experiments, and error bars in-
dicate standard deviations.

Electron Microscopy. Following the generic protocol for bacte-
rial labeling outlined above, bacteria were resuspended in 4%
paraformaldehyde in PBS and incubated at RT on a nutating
mixer for 45 min. Samples were then pelleted, washed three ad-
ditional times with PBS, and suspended in 5% gelatin. Suspen-
sions were trimmed to small blocks and placed in 2.3 M sucrose
solution (cryoprotectant) overnight on a rotor at 40 °C. They
were transferred to aluminum pins and frozen rapidly in liquid
nitrogen. The frozen block was trimmed on a Leica CryoUltraCut,
and 75 nm thick sections were collected using the Tokoyasu
method (52). The frozen sections were collected on a drop of su-
crose, thawed, placed on a nickel Formvar/carbon coated grid,
and floated in a dish of PBS ready for immunolabeling.

Forimmunolabeling, grids were placed on drops of 0.1 M am-
monium chloride for 10 min to quench untreated aldehyde
groups and then blocked for non-specific binding on 1% fish
skin gelatin for 20 min. Grids were incubated on primary anti-
body (rabbit anti-FITC IgG, Invitrogen) at 1:10 and 1:50 dilutions
for 30 min. Controls were also performed using Rabbit IgG (Jack-
son) at the same dilution. Samples were then rinsed 6 times
on drops of PBS and labeled using 12 nm anti-rabbit colloidal
gold (Jackson) for 30 min. Grids were rinsed in PBS and fixed us-
ing 1% gluteraldehyde for 5 min, and a final rinse step with dis-
tilled water was performed before transferring grids to a UA/
methylcellulose drop for 10 min. Grids were dried and viewed
in a FEl Tencai Biotwin TEM at 80 Kv. Images were acquired us-
ing Morada CCD and iTEM (Olympus) software.

MALDI-TOF Mass Spectrometry. Following the generic proto-
col for labeling outlined above, bacteria were diluted with
3.5 mL of PBS and subjected to ultrasonication. The pellet was
then subjected to enzymatic digest with mutanolysin (150 pg
mL~") and lysostaphin (100 wg mL™?) in 500 pL of Tris-HCl buffer
(0.5 mM, pH 6.5). After gentle mixing, the solution was incu-
bated at 37 °C for 4 h. Samples were then pelleted and the su-
pernatant heated at 90 °C for 5 min before isolation of biotiny-
lated adducts.

Biotinylated peptides were isolated using an Avidin car-
tridge (ABI) with the ABI syringe setup and ABI protocols. The
avidin eluted biotinylated peptides were dried in a Savant
SVC100 SpeedVac, prior to dissolving in 4 pL of matrix solvent
(0.1% trifluoroacetic acid, 50% acetonitrile/water). Matrix was
prepared by dissolving a-cyano-4-hydroxycinnamic acid (CHCA)
in the matrix solvent to a concentration of 3.0 mg mL™. Brady-
kinin was added to the matrix as an internal calibrant at a final
concentration of 1.67 fmol wL™!. Spotting mixtures were pre-
pared by mixing 1 pL of sample with 4 pL of matrix in an Eppen-
dorf tube. Then, 0.8 pL of each mixture was spotted on a 384-
well sample target plate and allowed to air-dry. Matrix assisted
laser desorption ionization mass spectrometry (MALDI-MS) was
acquired on an Applied Biosystems/MDS SCIEX 4800 MALDI
TOF/TOF Analyzer in reflector positive mode. The mass range
from 700—4000 m/z was screened, and the spectra were inter-
nally calibrated to the bradykinin standard (protonated, mo-
noisotopic mass of 1060.569 Da).

Cell-Surface Labeling with DIFO Reagents. Following the ge-
neric protocol for labeling outlined above, bacteria were resus-
pended in ice-cold PBS (500 w.L). Click-reagent 7 was then
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added to the suspended bacteria to a final concentration of

10 wM, and cultures were then incubated for 48 h at 4 °Con a
nutating mixer. Cells were washed three times with PBS and
then fixed with 4% PFA for 30 min. Following three more washes,
the bacteria were resuspended in 1 mL of PBS and analyzed on
an Accuri C6 Flow Cytometer.

For microscopy, 100 L aliquots of the fixed samples from
above were removed prior to cytometric analysis. The aliquots
were pelleted by centrifugation, resuspended in 5 L of Fluoro-
Gel, mounted on Esco Superfrost Microscope slides, and al-
lowed to incubate overnight at 4 °C before images were
obtained.
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