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Abstract

The peptidoglycan cell wall is a common target for antibiotic therapy but its structure and
assembly are only partially understood. Peptidoglycan synthesis requires a suite of penicillin-
binding proteins (PBPs), the individual roles of which are difficult to determine because each
enzyme is often dispensable for growth perhaps due to functional redundancy. To address this
challenge, we sought to generate tools that would enable selective examination of a subset of
PBPs. We designed and synthesized fluorescent and biotin derivatives of the β-lactam-containing
antibiotic cephalosporin C. These probes facilitated specific in vivo labeling of active PBPs in
both Bacillus subtilis PY79 and an unencapsulated derivative of D39 Streptococcus pneumoniae.
Microscopy and gel-based analysis indicated that the cephalosporin C-based probes are more
selective than BOCILLIN-FL, a commercially available penicillin V analog, which labels all
PBPs. Dual labeling of live cells performed by saturation of cephalosporin C-susceptible PBPs
followed by tagging of the remaining PBP population with BOCILLIN-FL demonstrated that the
two sets of PBPs are not co-localized. This suggests that even PBPs that are located at a particular
site (e.g., septum) are not all intermixed, but rather that PBP subpopulations are discretely
localized. Accordingly, the Ceph C probes represent new tools to explore a subset of PBPs and
have the potential to facilitate a deeper understand of the roles of this critical class of proteins.
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Most bacteria are surrounded by a cell wall composed of a complex polymeric structure
called peptidoglycan (PG) that is essential for cell survival.(1) The biosynthetic pathway for
production of PG and the proteins required for its assembly have been the targets for many
antibacterial agents.(2) For example, penicillin-binding proteins (PBPs), which polymerize
and crosslink strands of PG (Figure 1, panel a) also have affinity for the β-lactam antibiotic
penicillin (Figure 1, panel b).(3, 4) PBPs are classified into three groups based upon their
molecular weight and conserved amino acid motifs: class A and class B high molecular
weight (HMW) PBPs and low molecular weight (LMW) PBPs. Class A HMW PBPs have
an N-terminal domain which possesses glycosyltransferase activity and a C-terminal domain
that performs transpeptidation. Class B HMW PBPs have C-terminal transpeptidase activity
and unknown N-terminal functions. LMW PBPs commonly have D,D-carboxypeptidase
activity and play a major role in regulating cross-linking between glycan chains.(5) These
proteins all contain a serine in their peptidase domain that is required for catalysis (Figure 1,
panel a). Penicillin potentiates PBP function by forming a stable acyl-enzyme intermediate
with this residue, which in turn inhibits crosslinking of PG (Figure 1, panel c). Despite the
effectiveness of β-lactam antibiotics, bacterial resistance has arisen very rapidly.(6, 7) A
better and more detailed understanding of the mechanism of PG synthesis may be the key
for design of new and more effective antibiotics.

Since the elucidation of penicillin's mechanism of action, it has been used as a probe to gain
more insight into bacterial physiology.(8, 9) A standard strategy for detection of PBP
activity is tagging with a radiolabeled β-lactam, such as penicillin, and subsequent
separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
detection by fluorography.(10) Although this method is well-established, radiolabeled β-
lactam molecules are hazardous making them non-ideal to handle for routine or large-scale
analysis. Furthermore, the experimental procedure is time consuming taking up to several
days and most importantly, it cannot be used for in vivo visualization of PBPs. Fluorescent
labeling has become a very useful tool for the monitoring of proteins in their native
environment. Green fluorescent protein (GFP) is a well-known example that has been used
to study protein expression and localization in living systems but requires genetic
manipulation of each protein of interest and artificial fusions can disturb protein localization,
function, and levels.(11, 12) Fluorescently labeled small molecule probes can be used to
overcome the disadvantages of both radioactivity- and protein fusion-based strategies with
the additional benefit of directly detecting the activity state of the target.

Small molecule-conjugated fluorophores that label their protein targets in an activity-
dependent fashion can provide superior temporal resolution and their activity can be
modulated by dose.(13) These compounds are also generally easy to use and enable
visualization in a broad range of organisms. Fluorophore-conjugated vancomycin and
ramoplanin have been generated and used to label PG biosynthetic precursors in various
Gram-positive bacteria to reveal the sites of new PG synthesis in these organisms.(14, 15)
Besides radiolabeled penicillin, fluorophore-conjugated variants such as BOCILLINFL
(Boc-FL), which is commercially available, have been developed to visualize bacterial
PBPs(16, 17) and peptidoglycan biosynthetic machinery in living cells. Although Boc-FL
has been an important research tool, it visualizes all PBPs at once abrogating the possibility
of exploring the function of only one or several PBPs. Accordingly, we sought to generate
tools that would enable selective examination of a subset of PBPs in vivo.

We anticipated that PBP selective probes could be obtained by derivatization of an antibiotic
known to target only the desired PBPs. In 2008, Staub et al. synthesized a library of
antibiotic-based chemical probes that included cephalosporin, aztreonam, and ampicillin
analogs to tag catalytically active PBPs in Pseudomonas putida, Listeria welshimeri, and
Bacillus licheniformis. Bacterial proteomes were labeled with these activity-based probes
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followed by attachment of a fluorophore tag (via click chemistry) and visualized using
fluorescence gel scanning.(18, 19) Each compound labeled a different set of PBPs in the
three organisms due to the structural differences between the three antibiotic-inspired
probes.(20) We sought to combine the ideas of utilizing a fluorescently-labeled antibiotic
with the use of a selective scaffold that interacts with only a subset of PBPs to generate
probes that could readily visualize the activity of specific PBP in live cells. Accordingly, we
synthesized a set of probes based upon the antibiotic cephalosporin C and applied them to
the study of both Bacillus subtilis and Streptococcus pneumoniae.

RESULTS AND DISCUSSION
It is well established that many HMW PBPs, the proteins that facilitate peptidoglycan
polymerization and incorporation into existing cell wall structures, are sensitive to
cephalosporin antibiotics making generation of probes based upon this scaffold an attractive
target.(21, 22) Cephalosporin-fluorophore conjugates have previously been utilized for
FRET-based detection of β-lactamase activity but have not been used for microscopic
visualization.(23) We designed and synthesized fluorescent cephalosporin C (Ceph C)
molecules to selectively label PBPs and monitor their localization in living bacterial cells.
These probes were used for the visualization and identification of PBPs with three different
techniques, protein gel electrophoresis, microscopy, and liquid chromatography-mass
spectrometry (LC-MS), and contained one of three reporter tags,
carboxytetramethylrhodamine (TAMRA; Ceph C-T), carboxyfluorescein (Ceph C-F), or
biotin (Ceph C-B; Figure 2, panel a).

To verify that the functionalized Ceph C analogs selectively label the anticipated HMW
PBPs, gel-based analysis was performed using B. subtilis PY79 cells. First, experiments to
assess the minimal inhibitory concentration of Ceph C (Supplementary Figure 1) and
viability over time (Supplementary Figure 2) established that B. subtilis cells could be
treated with concentrations of ≤10 μg/mL for periods of less than one hour without
significant cell damage. Accordingly, these conditions were utilized in all future
experiments. Gels obtained following labeling with Ceph C-T or Boc-FL are depicted in
Figure 2, panel b. Interestingly, in vivo labeling and in vitro labeling of the membrane
proteome with Ceph C-T resulted in somewhat different profiles in the PBP2 region (Figure
2, panel b; Supplementary Figure 3). Based upon comparison to the Boc-FL gel it appears
that PBP2a, 2b and 2c are labeled in vitro while only 2b and 2c label in vivo, with the
staining of the later being intensified under these conditions. This may indicate differences
in either accessibility of the proteins to the probe in whole cells and/or changes in PBP
activity upon cell lysis. In vivo labeling with Ceph C-F produced a similar profile to Ceph
C-T, but use of this probe in gel-based analysis was not optimal given the propensity of this
fluorophore to photobleach (data not shown). Pretreatment with unlabeled Ceph C prevented
fluorescent labeling by competition (Supplementary Figure 4). We infer that the
fluorescently labeled and unlabeled Ceph C bind to the same subset of proteins.

While comparison with the Boc-FL gel, whose protein content was previously assigned,(24)
enabled speculation about the proteins labeled with Ceph C-T, we employed Ceph C-B to
confirm their identities. B. subtilis PY79 membrane proteome was incubated with this probe
and the biotinylated proteins were enriched using a streptavidin-functionalized matrix. The
enriched proteins were subjected to proteolytic cleavage by trypsin and the resulting
peptides analyzed by LC-MS/MS (ESI-LCQ Deca XP Plus). The obtained data were
searched against the B. subtilis FASTA amino acid sequence database using the Mascot
algorithm (Matrix Science; Supplementary Table 2). The MS identifications revealed that
Ceph C-B labels the anticipated HMW PBPs in B. subtilis, PBPs 1a/1b, 2a, 2b and 4 (Figure
2, panel b), several of which are known to promote cell elongation and cell division of this

Kocaoglu et al. Page 3

ACS Chem Biol. Author manuscript; available in PMC 2013 May 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bacterium.(24) Given this information and the assignments from previous work in Boc-FL,
we can infer that the final band is PBP2c. This protein was observed in one data set by mass
spectral analysis but could not be unambiguously validated using this strategy likely because
this PBP is poorly labeled under in vitro conditions (Figure 2, panel b) and is known to be a
very low abundance protein.(22)

With the selectivity of the Ceph C-based probes established, we pursued microscopy studies
aimed at visualizing PBP localization in B. subtilis PY79. Cells were grown to midlog
phase, labeled with Ceph C-F and then stained with N-(3-triethylammoniumpropyl)-4-(6-(4-
(diethylamino)phenyl) hexatrienyl)pyridinium dibromide (FM-4–64) to visualize
membranes (Figure 3). The images revealed that Ceph C-F labels every other septum in a
chain of cells suggesting that the probe interacts only with the PBPs that are localized at the
site of active septal PG synthesis. As before, pretreatment with unlabeled Ceph C resulted in
preclusion of staining with the Ceph C-fluorophore conjugates (Supplementary Figure 5).
The observed labeling pattern is consistent with what has been noted with GFP fusion and
immunofluorescence techniques in that PBP1a/1b and 2b showed septal localization.(12,
25). The previously generated GFP-PBP2c and 4 localization data were inconclusive due to
processing of the fusion protein.(12) The Ceph C probes yielded similar localization patterns
to those seen with Boc-FL (Figure 3). This was expected given that previously reported GFP
fusion studies indicate that the highly abundant PBP5 is localized at both the septum and
along the lateral wall and PBP2a is also found at the septa.(12) PBP3 is generally not
localized at the septa, but instead shows peripheral staining. Fluorescence of the side wall
was faint when labeled with either Ceph C-F or Boc-FL.

We also sought to determine the localization of the labeled PBPs relative to ZapA (FtsZ
rings). Cells containing a yellow fluorescent protein (YFP) fused to the C-terminus of ZapA
(ZapA-YFP)(26) were stained with Ceph C-T, unlabeled Ceph C or TAMRA dye. When
treated with either unlabeled Ceph C or TAMRA dye, the Z-ring localized to the midcell
normally (Supplementary Figure 6). However, when exposed to Ceph C-T the septal
localization appeared to be disrupted and ZapA primarily localized to the cytoplasm as a
diffuse haze. We infer that inhibition of the PBPs alone by treatment with an antibiotic (i.e.,
unlabeled Ceph C) does not affect Z-ring formation, but that the added bulk of the
fluorophore present on Ceph C-T may prevent critical interactions between the PBPs and
other cellular components leading to Z-ring disruption. Intriguingly, this would potentially
require that the PBPs communicate from outside the cell to affect FtsZ ring placement inside
the cell. Consistent with outside-in interference of cytoskeletal elements, we note that
extracellular inhibition with cell wall disrupting antibiotics has recently been demonstrated
to interrupt dynamics of the cytoplasmic MreB cytoskeletal element in B. subtilis.(27, 28)

With these new tools in hand, we next sought to determine if we could combine the use of
Ceph C-T and Boc-FL to visualize the two subpopulations of PBPs in a single cell. Ceph C-
susceptible PBPs were first saturated by incubation with Ceph C-T and then the remaining
PBPs were labeled with Boc-FL. Gel-based analysis showed that sequential labeling resulted
in retention of the specificity seen in single labeling experiments and that Ceph C-T labeling
saturation was achieved (Figure 4, panel a and Supplementary Figure 7). As expected, PBPs
1a/1b, 2b, 2c and 4 were stained with Ceph C-T and PBPs 2a, 3 and 5 were labeled with
Boc-FL.

Wide-field images of B. subtilis obtained after dual labeling showed co-localization of both
dyes at the septa (Figure 4, panel b), which is consistent with the images seen after treatment
with a single compound. However, examination of these cells using super-resolution
microscopy (3D-SIM) yielded greater detail. At this resolution, unique septal labeling
patterns were observed between the two PBP subsets (Figure 5; PBPs 1a/1b, 2b, 2c and 4 in
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red, PBPs 2a, 3 and 5 in green and chromophore overlap appears yellow). Our experiments
were performed on non-synchronized populations of cells and we hypothesize that the
localization patterns varied depending upon the divisional status of the cell (> 95% of the
observed cells stained as described). Cells with the earliest divisional septa, as indicated by
the absence of membrane invaginations, showed crescent-shaped fluorescent labeling with
asymmetric intensity (Figure 5, panel a). In the next stage, marked by invaginations of the
membrane, the fluorescence localized as a disk that bisected the parent cell with Boc-FL
tagged PBPs (likely PBP5 since PBP2a and 3 are known to stain peripherally) on the
exterior and Ceph C-labeled PBPs on the interior (Figure 5, panel b). Following division,
indicated by a complete staining of the septum with membrane stain, crescent shapes were
retained at the pole of each daughter cell (Figure 5, panel c). Collectively, these data indicate
that septally localized PBPs may be interspersed, but that PBP subpopulations are
differentially activated about the septa depending upon the divisional status of the cell. PBP
activating proteins have recently been identified in E. coli and dynamic activation by
hypothetical PBP activators in B. subtilis could account for the complex activity we observe
at the septum.(29, 30)

Control experiments to examine the super-resolution fluorescence staining patterns of Ceph
C-T alone, Boc-FL alone, unlabeled Ceph C followed by Boc-FL or Boc-FL followed by
Ceph C-T were also performed (Supplementary Figure 8). As anticipated, labeling with only
Boc-FL resulted in full septal staining while pretreatment with nonfluorescent Ceph C
followed by Boc-FL resulted in a partial disk with no labeling in the center indicating
saturation of the Ceph C susceptible PBPs. Additionally, sequential staining first with Boc-
FL and then Ceph C-T yielded cells stained only with the former compound again indicating
saturation with the utilized dye concentration. Additional control experiments showed that
dual-labeling patterns were not affected when cells were labeled in growth medium instead
of being suspended in phopshate-buffered saline and imaged using a 2% agarose pad and
plain cover slips instead of slides coated with poly-lysine (data not shown).

To demonstrate the generality of the devised probes, we also employed them in the
visualization of PBPs in live Streptococcus pneumoniae IU1945, an unencapsulated
derivative of strain D39.(31) Both Ceph C-T and Boc-FL were applied to wild type cells and
a collection of PBP mutants and assessed in our gel-based assay (Figure 6, panel a). In
single labeling experiments, Ceph C-T preferentially labels PBPs 1b and 3, with a minimal
amount of staining of PBP1a, whereas Boc-FL labels all PBPs. In S. pneumoniae, PBPs 1a,
1b, and 2a are Class A, PBPs 2b and 2x are Class B, and PBP3 (DacA) is a low molecular
weight PBP, which previously was shown to have affinity for certain cephalosporins.(32–
34) Pretreatment with unlabeled Ceph C prevented fluorescent labeling by competition
indicating that fluorescently labeled and unlabeled Ceph C bind to the same subset of
proteins (Supplementary Figure 9). In addition, gel-based control experiments showed that
in vivo labeling of S. pneumoniae cells with Ceph C-T and Boc-FL was saturated
(Supplementary Figure 9). Single labeling of a set of mutants deficient in non-essential
PBPs(34) confirmed the identities of the PBPs (Figure 6, panel a).(33, 34)

The probes were next utilized in conventional single-label fluorescence microscopy
experiments (Figure 6, panel b). Ceph C-T or Boc-FL separately labeled the septal and
equatorial regions of S. pneumoniae IU1945 cells. This labeling pattern was expected from
previous work. In ellipsoid-shaped (ovococcus) cells, the equators of pre-divisional cells
become the division septa, and the protein machines, which contain PBP1a and 1b and other
PBPs that synthesize peripheral (side-wall) and septal peptidoglycan, localize to the midcell
regions of dividing S. pneumoniae cells.(33–36) In addition, both probes labeled the surface
of the cells, consistent with their labeling of PBP3 (Figure 6, panel a), which is randomly
distributed over the surfaces of S. pneumoniae cells.(37, 38)
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Dual labeling experiments were performed and gel-based analysis indicated that Ceph C-T
labels only 1b and 3 under these conditions (Figure 6, panel c). This pattern is consistent
with the weak staining of PBP1a by Ceph C-T seen in the single probe experiment (Figure 6,
panel a). PBP3 appears to co-stain with both probes; however, this staining will have little
effect on septal or equatorial labeling patterns since this protein is not localized in these
regions.(37, 38) Accordingly, any Ceph C-T septal or equatorial staining would be due
largely to visualization of PBP1b. Dual labeled cells were imaged using both wide-field
fluorescence microscopy and super-resolution microscopy. Separation of the two PBP
populations is not obvious in the lower resolution images with nearly all labeled regions
appearing yellow from overlap of the two fluorophores (Supplementary Figure 10). In
contrast, at higher resolution, segregation of the protein subsets can be seen (Figure 7). Ceph
C-T and Boc-FL both label at the septal and equatorial regions, but surprisingly,
comparatively little overlap of the stains is observed. Instead, extended punctal localization
of the two protein subsets is detected. This labeling pattern is remarkably similar to what
was seen in B. subtilis (Figure 5). These observations suggest that PBP activities are not
uniform in the midcell regions of dividing S. pneumoniae and that different populations of
PBPs may be active at discrete locations at different times during division. These labeling
patterns are consistent with the emerging model that septal and peripheral peptidoglycan
biosynthesis are catalyzed by two separate protein machines located at midcell.(33–36)

Control experiments to examine the super-resolution fluorescence staining patterns of Ceph
C-T alone, Boc-FL alone, unlabeled Ceph C followed by Boc-FL or Boc-FL followed by
Ceph C-T were also performed (Supplementary Figure 11). Labeling with only Boc-FL
yielded cells displaying staining in both the septal and equatorial areas as both punctate
spots and incomplete rings around the equator. Labeling with Ceph C-T alone resulted in
punctal staining throughout both regions. Sequential staining first with Boc-FL and then
Ceph C-T yielded cells stained only with the former compound confirming labeling
saturation. Additional control experiments showed that dual-labeling patterns were not
affected when S. pneumoniae IU1945 cells were labeled in growth medium, instead of being
suspended in phopshate-buffered saline or when cells were viewed on slides not coated with
poly-lysine (data not shown).

In summary, by generation of Ceph C-based probes we have produced selective, time-
efficient biochemical methods to study the roles of PBPs in live Gram-positive bacteria. We
have shown that these probes label active PBPs during nascent PG synthesis at the divisional
septa and enable selective visualization of a subset of PBPs, which the commercially
available penicillin analog, Boc-FL, does not. Accordingly, the Ceph C-based probes
represent new tools to tease apart the function of a limited number of PBPs and enable rapid
and simple corroboration of results obtained with other methods such as GFP-PBP fusions
or PBP mutants. Examination of dual labeled B. subtilis and S. pneumoniae revealed that
subsets of PBPs are differentially localized within the same region of a cell and that staining
is heterogeneous around the septa indicating that there are areas of non-uniform PBP
activity. Work is ongoing to utilize the Ceph C-based probes to further explore PBP
localization in both B. subtilis and S. pneumoniae and to generate probes with other
selectivity profiles. Future work will also seek to address generation of probes with utility in
Gram-negative organisms.

METHODS
The syntheses of Ceph C-F, Ceph C-T, and Ceph C-B, application of Ceph C-B, analysis by
LC-MS/MS, generation of mutant strains and details for dual labeling experiments are
described in the Supporting Information.
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In vivo labeling of B. subtilis and S. pneumoniae PBPs with Ceph C-T and Boc-FL for gel-
based analysis

B. subtilis PY79 cells were grown in Luria-Bertani (LB) broth at 37 °C to OD600 0.4–0.5.
Cells from 1 mL of culture were harvested by centrifugation (16,100 × g for 1 min at RT)
and washed with phosphate buffered saline (PBS; pH 7.4). Cell pellets were resuspended in
50 μL of PBS containing 10 μg mL−1 of Ceph C-T or 5 μg mL−1 of Boc-FL (Molecular
Probes). After incubation for 30 min with Ceph C-T or 10 min with Boc-FL at RT, the cells
were washed and resuspended in 100 μL of PBS containing 1 mg mL−1 of lysozyme and
were incubated for 30 min at 37 °C. The cells were lysed by Branson Sonifier 250 (power
setting 3, 30% duty cycle for 5 × 6 s intervals) and membrane proteome was isolated by
ultracentrifugation (Beckman Coulter Optima Max-XP Ultracentrifuge) at 100,000 × g (1 h),
4 °C. Membrane proteome was resuspended in PBS and protein concentration was
determined by NanoDrop 1000 Spectrophotometer (Thermo Scientific). Proteome sample
was diluted to 2.5 mg mL−1 in PBS. Following the addition of 17 μL of 4 × SDS-PAGE
loading buffer to 51 μL of proteome, the sample was heated for 5 min at 90–95 °C, cooled
to RT, run on a 10% SDS-PAGE and labeled proteins were visualized in gel using a
Typhoon 9210 gel scanner (Amersham Biosciences). All gel images were analyzed using
ImageJ software (NIH).

S. pneumoniae IU1945, E177 (Δpbp1a), E193 (Δpbp1b), E180 (Δpbp2a), IU5080 (Δpbp1b
pbp2a) and IU5078 (Δpbp1b pbp1a) cells were grown in Becton-Dickinson brain heart
infusion (BHI) broth at 37 °C in an atmosphere of 5% CO2 to OD620 0.2–0.4. Cells from 1
mL of culture were centrifuged at 16,100 × g for 2 min at RT and washed with PBS (pH
7.4). The cells were resuspended in 50 μL of PBS containing 10 μg mL−1 of Ceph C-T or 5
μg mL−1 of Boc-FL (Molecular Probes). After incubation for 30 min with Ceph C-T or 10
min with Boc-FL at RT, the cells were washed and resuspended in 100 μL of PBS
containing 1 mg mL−1 of lysozyme and 20 μg mL−1 of mutanolysin. The cells were
incubated for 30 min at 37 °C and then lysed by Branson Sonifier 250 (power setting 3, 30%
duty cycle for 5 × 6 s intervals). The membrane proteome was isolated by centrifugation
(Eppendorf Centrifuge 5424) at 16,100 × g (20 min), 4 °C. Membrane proteome was
resuspended by adding 100 μL of lysis buffer (1% SDS, 0.1% Triton X-100 in PBS) and
protein concentration was determined by NanoDrop 1000 Spectrophotometer. Proteome
sample was diluted to 2.5 mg mL−1 in lysis buffer. Following the addition of 17 μL of 4 ×
SDS-PAGE loading buffer to 51 μL of proteome, the sample was heated 5 min at 90–95 °C,
cooled to RT, run on a 10% SDS-PAGE and labeled proteins were visualized in gel using a
Typhoon 9210 gel scanner (Amersham Biosciences). All gel images were analyzed using
ImageJ software (NIH).

Fluorescence imaging of B. subtilis and S. pneumoniae PBPs labeled with Ceph C-F, Ceph
C-T and Boc-FL

B. subtilis PY79 cells were grown in LB broth at 37 °C to OD600 0.4–0.5. Cells from 1 mL
of culture were harvested by centrifugation and washed with PBS. Cells were resuspended
in 50 μL of PBS containing 10 μg mL−1 of Ceph C probes or 5 μg mL−1 of Boc-FL. After
incubation with Ceph C probes for 30 min or Boc-FL for 10 min at RT, the cells were
washed to remove excess probe and resuspended in 50 μL of PBS containing 10 μg mL−1 of
FM-4-64 or TMA-DPH (Molecular Probes). Following 2 min incubation at RT, the cells
were washed and resuspended in 50 μL of PBS. For fluorescence imaging, 5 μL of cell
suspension was spotted onto a clean slide and covered with a poly-L-lysine treated cover
slip. Cells were also labeled in LB broth and imaged using 2% agarose pad and plain cover
slips. The resulting images were identical (data not shown).
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S. pneumoniae IU1945 cells were grown in Becton-Dickinson brain heart infusion (BHI)
broth at 37 °C in an atmosphere of 5% CO2 to OD620 0.2–0.4. Cells from 1 mL of culture
were centrifuged at 16,100 × g for 2 min at RT and washed with PBS (pH 7.4). The cells
were labeled with Ceph C-T or Boc-FL and prepared for imaging as described above. Cells
were also labeled as above but instead in BHI broth and covered with plain cover slips. The
resulting images were identical (data not shown).

Cells were observed with either a Nikon 80i microscope equipped with an Excite 120 metal
halide lamp or a Nikon E-400 epifluorescence phase-contrast microscope equipped with a
mercury lamp with a 100 × Nikon Plan Apo oil-immersion objective (numerical aperture,
1.40), using a C-FL HYQ FITC Filter Cube (FITC, excitation filter 460–500 nm, barrier
filter 515–550 nm) for Ceph C-F and Boc-–FL, a C-FL HYQ Texas Red Filter Cube
(excitation filter 532–587 nm, barrier filter >590 nm) for Ceph C-T and FM-4-64, and an
UV-2E/C DAPI Filter Cube (excitation filter 340–380 nm, barrier filter 435–485 nm) for
TMA-DPH. Images were captured using a CoolSNAP HQ2 charge-coupled device (CCD)
camera (Photometrics) and processed with either Metamorph software (Molecular Devices)
or NIS-Elements AR imaging software (Nikon).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the transpeptidation reaction performed by penicillin-binding proteins
(PBPs) and their inactivation by the β-lactam antibiotic, penicillin. (a) PBPs catalyze
transpeptidation by cleavage of the terminal D-Ala residue of the stem peptide resulting in
formation of an acyl-enzyme intermediate. In most Gram-positive bacteria, this ester is
subsequently attacked by the lysine residue of a neighboring stem peptide to crosslink the
chains. M = N-acetylmuramic acid, G = N-acetylglucosamine. In B. subtilis, L-Lys is
replaced with meso-diaminopimelic acid. (b) Penicillin is a structural mimetic of the natural
substrate for PBPs. (c) The active site serine in PBPs attacks the highly strained β-lactam
ring resulting in opening of the lactam. This reaction leads to irreversible covalent
modification of the PBP.
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Figure 2.
Structures of the cephalosporin C-based probes and utilization in gel-based analysis in
comparison to BOCILLIN-FL. (a) Ceph C probes were designed with three reporter tags.
Ceph C core (R), TAMRA (Ceph C-T), fluorescein (Ceph C-F) and biotin (Ceph C-B). (b)
Gel-based analysis of the PBP profiles of B. subtilis PY79 cells that are labeled with Ceph
C-T (in vivo or in vitro labeling of membrane proteome) or Boc-FL (in vivo labeling shown,
in vitro profile was similar). Several bands show differential labeling by Ceph C-T when this
compound is applied to live cells versus membrane proteome. Whereas Boc-FL labels all
active PBPs in the sample, Ceph C labels only four PBPs when utilized in in vivo
experiments. These proteins were subsequently identified as PBPs 1a/1b, 2b, 2c and 4.
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Figure 3.
Localization of Ceph C-F and Boc-FL labeled PBPs in B. subtilis PY79. Cells were stained
with either Ceph C-F or Boc-FL and then subjected to a membrane dye (FM-4-64). The two
probes yielded similar staining patterns with the PBPs labeled by Ceph C-F and Boc-FL
both being localized on every other division septa. Scale bar, 2 μm.
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Figure 4.
Imaging of B. subtilis PBPs after dual labeling with Ceph C-T (red) and Boc-FL (green) in
vivo as visualized with gel-based and wide-field fluorescence microscopy methods. (a)
Labeling was performed first with Ceph C-T (30 min) followed by treatment with by Boc-
FL (10 min). The selectivity profile observed when labeling the cells with only Ceph C-T
was preserved (PBPs 1a/b, 2b, 2c and 4). (b) Wide-field microscopy images of dual labeled
cells show almost complete co-staining with Ceph C-T and Boc-FL. 1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH) was
used to dye the entire membrane (blue). Scale bars, 2 μm.
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Figure 5.
Imaging of B. subtilis PBPs after dual labeling with Ceph C-T (red) and Boc-FL (green) in
vivo as visualized with 3D-SIM super-resolution microscope. Labeling was performed first
with Ceph C-T (30 min) followed by treatment with by Boc-FL (10 min). TMA-DPH was
used to stain the entire membrane (blue). Images demonstrate that Ceph C-T and Boc-FL
labeling at the division septa are not co-localized indicating that the PBPs targeted by the
probes are found in different regions. Top images are of the whole cell while bottom panels
show an end on view of the divisional septa. (a) Cells with the earliest divisional septa
showed crescent-shaped fluorescent labeling with asymmetric intensity. (b) Cells marked by
invaginations of the membrane show PBP localization as a disk. (c) Following division,
crescent shapes were retained at the pole in each daughter cell (c). Scale bars, 1 μm.
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Figure 6.
PBP labeling of S. pneumoniae with Ceph C-T (red) or Boc-FL (green). (a) Gel-based
analysis of S. pneumoniae PBPs labeled with Ceph C-T or Boc-FL. Mutant strains were
used to assign the proteins labeled with Ceph C-T. This probe labels PBP1a (faint), 1b and
3. Boc-FL labels all active PBPs including PBPs 2a, 2b and 2x, which are not labeled by
Ceph C-T. (b) Staining patterns of Ceph-T and Boc-FL labeled PBPs in live cells as detected
by wide-field fluorescence microscopy. Scale bar, 2 μm. (c) Gel-based analysis of S.
pneumoniae PBPs labeled first with Ceph C-T (30 min) followed by treatment with by Boc-
FL (10 min). The weak labeling of PBP1a by Ceph C-T is outcompeted with Boc-FL. In
addition, PBP3 is labeled by both probes (two bands are the result of slight variation in
migration of the two labeled proteins).
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Figure 7.
Super-resolution (3D-SIM) images of S. pneumoniae IU1945 PBPs after dual labeling with
Ceph C-T (red) and Boc-FL (green) in vivo. Both dyes were seen in the septal and equatorial
regions but little co-localization of the two PBP subsets was observed indicating differential
distribution. Scale bar, 1 μm.
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