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Abstract

Peptidoglycan (PG) is a mesh-like heteropolymer made up of glycan chains cross-linked by short
peptides and is the major scaffold of eubacterial cell walls, determining cell shape, size, and
chaining. This structure, which is required for growth and survival, is located outside of the
cytoplasmic membrane of bacterial cells, making it highly accessible to antibiotics. Penicillin-
binding proteins (PBPs) are essential for construction of PG and perform transglycosylase
activities to generate the glycan strands and transpeptidation to cross-link the appended peptides.
The B-lactam antibiotics, which are among the most clinically effctive antibiotics for the treatment
of bacterial infections, inhibit PBP transpeptidation, ultimately leading to cell lysis. Despite this
importance, the discrete functions of individual PBP homologues have been difficult to determine.
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These major gaps in understanding of PBP activation and macromolecular interactions largely
result from a lack of tools to assess the functional state of specific PBPs in bacterial cells. We have
identified S-lactones as a privileged scaffold for the generation of PBP-selective probes and
utilized these compounds for imaging of the essential proteins, PBP2x and PBP2b, in
Streptococcus pneumoniae. \We demonstrated that while PBP2b activity is restricted to a ring
surrounding the division sites, PBP2x activity is present both at the septal center and at the
surrounding ring. These spatially separate regions of PBP2x activity could not be detected by
previous activity-based approaches, which highlights a critical strength of our PBP-selective
imaging strategy.

Graphical Abstract

O,
0,
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S. pneumoniae cell

The integrity of the bacterial cell wall, known as peptidoglycan (PG), is dependent upon a
complex structure. Efforts to inhibit PG biosynthesis have yielded many antibacterial agents,
and although resistance has become a significant factor in antibiotic efficacy, opportunities
clearly remain for the identification of novel antibiotic targets through a more complete
understanding of the proteins that dictate cell wall construction.! One major antibiotic target
is the penicillin-binding proteins (PBPs), membrane-anchored enzymes involved in the PG
polymerization (transglycosylation) and cross-linking (transpeptidation) steps required for
cell wall synthesis (Figure 1a).1 As the targets of the S-lactam antibiotics, which inhibit their
transpeptidase activity, the PBPs have been therapeutically significant for many decades.
Despite this importance, the discrete functions of individual PBP homologues have been
difficult to determine because each enzyme is often dispensable for growth, possibly due to
functional redundancy, and because of a lack of tools to assess the functional state of the
PBPs in live bacterial cells.

The PBPs are categorized into three classes based on their functional capacity. Class A high-
molecular weight (HMW) PBPs are bifunctional proteins with transglycosylase (TG) and
transpeptidase (TP) activities. Class B HMW PBPs are monofunctional TPs. The major class
C or low molecular weight (LMW) PBPs are remodeling D,D-carboxypeptidases that
remove ultimate D-Ala residues from PG peptides, modulating cross-linking between glycan
chains.2 All PBPs possess a catalytic serine in their peptidase domain, which is required for
substrate turnover and covalently modified by the Blactam antibiotics (Figure 1b and c).3
The hydrolysis of the g-lactam complex is slow, allowing these molecules to occupy the
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active site for extended periods and prevent the enzyme from catalyzing further reactions,
leading to cell lysis.*

Since it was determined that penicillin V acts as a global PBP inhibitor, S-lactams have been
used as probes to gain insight into bacterial physiology.>® A standard strategy is tagging
with a radio- or fluorophore-labeled penicillin (BOCILLIN-BODIPY FL, Boc-FL; 1 in
Figure 2), followed by gel-based separation and detection’=9 to provide information about
the catalytic activity of the PBPs.3:10 However, penicillin-based compounds label all PBPs,
preventing discrete characterization of each homologue. Single PBPs can be studied with
fluorescently labeled protein constructs; however, artificial fusions can perturb protein
concentration, function, or localization.11:12 Moreover, PBP protein localization does not
provide information about activity state. Alternatively, small molecule-conjugated
fluorophores avoid the need for genetic manipulation and enable temporal resolution. For
example, nascent PG can be imaged with fluorophore-conjugated vancomycin (Van-FL) and
ramoplanin, which label PG biosynthetic precursors in various Gram-positive bacteria.l3
Additionally, D-amino acid analogs that bear either a fluorophore or a bioorthogonal handle
have been incorporated into the stem peptide during PG synthesis (fluorescent D-amino
acids; FDAAs).14-17 FDAAs are being utilized in many investigations!8 including our work
to study the spatial separation of the PG synthesis machines'920 and lack of PG turnover
and recycling?! in Streptococcus pneumoniae. However, their nonspecificity for individual
PBPs can only indicate regions of the cell where there is TP activity.2!

To dissect the distinct roles of the enzymes responsible for PG synthesis, small molecules
that selectively target individual PBPs in an activity-dependent fashion are required. Several
groups have synthesized S-lactam-based probes for /n vitro protein labeling, largely yielding
compounds that label both PBPs and other bacterial proteins.22:23 We previously reported
that PBP-selective imaging probes could be obtained by derivatization of an antibiotic,
cephalosporin C.24 Our studies focused on S. pneumoniae, an ovoid-shaped Gram-positive
bacteria that causes serious diseases such as pneumonia, bacteremia, and meningitis, and is
the major cause of worldwide childhood mortality from infectious disease.2> In addition to
being clinically significant, S. pneumoniae is an important model of PG biosynthesis as it
possesses a relatively simple PBP complement with three class A PBPs (PBP1a, PBP1b, and
PBP2a), two class B PBPs (PBP2x and PBP2b), and one class C PBP (PBP3 or DacA; D,D-
carboxypeptidase). Molecules based on cephalosporin C were utilized in combination with
Boc-FL to separate the catalytic activity of PBP1b from that of PBP1a, PBP2x, PBP2a, and
PBP2b. Intriguingly, these studies indicated that different populations of PBPs may be active
at discrete locations during division. Clearly, tools that facilitate deeper examination of this
issue will be instrumental in teasing apart the complex biology of the PBP family.

Probes designed to target individual PBP homologues require the identification of scaffolds
that selectively inhibit each enzyme. We recently reported evaluation of 20 commercially
available g-lactams from five classes of clinically utilized compounds for selective PBP
inhibition in S. pneumoniae and Escherichia coli?8:27 Several compounds may provide the
foundation for generation of selective probes; however, many PBPs are poorly inhibited by
existing B-lactams. To address this challenge, we have identified a comparatively simple 5
lactone-scaffold that can be utilized to generate PBP-selective imaging reagents. We have
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applied these probes to the examination of PBP activity in S. pneumoniae, with a focus on
the essential homologues, PBP2x and PBP2b.

RESULTS AND DISCUSSION

BLactones (2-oxetanones) have been shown to covalently modify enzymes.28 The most
well-known B-lactone, tetrahydrolipstatin (THL; Orlistat), is a long-term antiobesity drug
that functions by irreversibly inhibiting a lipase.2% Natural products containing this moiety
were first reported ~50 years ago;3%-31 however, only a small number are known to possess
antibiotic activity, including obafluorin,32 SQ 26,517,30:33 hymeglusin,3! and THL (Figure
2a).34 Recent work has illuminated several classes of enzymes involved in Slactone
biosynthesis,35-37 but the bacterial targets of B-lactone activity remain largely undetermined.
Obafluorin protects mice infected with S. pyogenes and causes cell elongation in £. coli,
suggesting cell wall biosynthesis inhibition. It was also the first example of a S-lactone
substrate of a S-lactamase enzyme.38 A study using THL-based probes revealed several
lipase enzymes as potential antibacterial targets of this molecule in Mycobacterium bovis
BCG.3* Synthetic Blactones have been shown to inhibit proteins involved in metabolism,
antibiotic resistance, the g-lactamase PBP4* in Bacillus subtilis, and a virulence-associated
protein, caseinolytic protease P (ClpP).3%-42 Of particular interest to us was the
determination that a D,D-carboxypeptidase is one of 13 targets of a S-lactone probe in
Mycobacterium smegmatis (CpIP inhibitor; Figure 2a).42

BLactone Compound Library Design and Assessment

Given the potential of the B-lactone to interact with active site serine residues, including
those in B-lactamases and a carboxypeptidase,38:39:42 and the structural similarity of several
of these compounds to the S-lactam antibiotics, we postulated that this scaffold could be
optimized to create PBP-selective probes. Assessment of the natural product SQ 26,51743
indicated that it is a weak inhibitor of PBP2a (Figure 2a; SI Figure S1). Examination of the
corresponding deacylated lactone, as well as the other cisisomer of this electrophilic core,
demonstrated no PBP inhibition (SI Figure S2). Together, these data indicate that the -
lactones do not cause nonspecific PBP acylation and have the potential to inhibit these
proteins.

We designed molecules with an amide group proximal to the electrophilic carbonyl and the
ring substituents in the ¢/s conformation to mimic SQ 26,517 and the S-lactam antibiotics
(Figure 2a and 2T in b; lactone ring numbering indicated). For diversification, we appended
an amino acid moiety, such as D-Ala to mimic the natural substrate or Phe to mimic the side
chain of penicillin, onto this core and a fluorophore for visualization (Figure 2c). Probes
were synthesized by adaptation of a known solution phase route (SI Scheme S1).44 The
library contained 24 molecules, six that display a lactone coupled directly to a fluorophore
[Figure 2b; 2-4; TAMRA (T), BODIPY-FL (B), or fluorescein (FL)], six compounds with
substrate-like side chains (Figure 2c; 5 and 6), eight compounds with side chains to mimic
groups found in B-lactam antibiotics (7-9), two functionalized with glycine to assess the role
of the amino acid side chain in protein labeling (10), and two with alternative hydrophobic
side chains (L-Val and L-Trp, 11 and 12).
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Assessment of both c/s-functionalized analogs, (2R,35)-f-lactone (2) and (25, 3R)-flactone
(3; Figure 2b), demonstrated that the stereochemistry of the substituents on the lactone ring
is crucial for productive labeling. The compounds displaying these groups in the same
orientation as is found in B-lactams, (2R, 35)-5-lactone (2FL and 2T), labeled most PBPs
(PBP1a, PBP1b, PBP2x, and PBP2a), while the opposite isomer labeled nothing ((25,3R)-5
lactone, 3T; Figure 3a and b). We also found that lactone labeling of the PBPs is competitive
with penicillin, indicating that these molecules are active-site directed, and that the resulting
acylated protein complex is stable, as it is not displaced by subsequent incubation with
penicillin V (SI Figure S3). The selectivity of this simple scaffold for the PBPs is
remarkable given the relatively large number of protein classes tagged in previous studies
with S-lactone-containing molecules.3%-4144 Indeed, these results are especially intriguing
given that our probes lack an ionizable group to mimic the C-terminal D-Ala residue
carboxylate in the native stem peptide, which is found in all clinically relevant g-lactam
antibiotics.#® Finally, we also found that five-membered &-lactones do not inhibit the PBPs
(4FL and N-acyl homoserine lactones;*® SI Figure S4).

We next assessed probes designed to resemble the stem peptide. The molecule containing a
D-Ala residue and TAMRA (5T) labeled all five HMW PBPs, making it more general than
compounds without a side chain (Gly derivative, 10T; HMW PBP2a not labeled) or those
that lack an amino acid diversity element (Figure 3a; 2FL and 2T; HMW PBP2b not
labeled). This may indicate that a similar binding pocket is accessed by D-Ala in the probe
and in the natural peptide substrate. However, the fluorescein-functionalized probe (5FL)
labeled only PBP1b and PBP2x, suggesting that the fluorophore component can also
influence protein labeling (Figure 3b). This phenomenon was most commonly observed with
BODIPY-FL-functionalized molecules, which often yielded substantially different profiles,
including the labeling of non-PBP targets (e.g., Figure 4a 8B versus 8FL and 8T; Sl Figures
S5, S6, and S7).

Next, we evaluated probes displaying hydrophobic side chains, several of which are found in
Blactam antibiotics, such as a phenyl group in penicillin G or the hydroxyphenyl displayed
on amoxicillin. Resolution of PBP1a and PBP1b, which migrate very closely in the gels, was
accomplished by utilizing ApbpIaand Apbplb mutant strains (E177 and E193, respectively;
S| Figure S8). The D-Phe derivative (8FL) tagged PBP1b, PBP2x, and PBP2b, while the L-
Phe and L-Tyr FL derivatives (7FL and 9FL) labeled only PBP1b and PBP2x (Figure 4a and
b). Indeed, a large number of probes, including those with alternative hydrophobic side
chains, colabeled PBP1b and PBP2x (L-Ala, 6T and 6FL ; D-Ala, 5FL; L-Phe, 7FL; L-Tyr,
9FL; L-Val, 11T; L-Trp, 12T). Overall, we found that PBP1b is labeled by all of the tested
B-lactone probes, and several compounds coselectively labeled PBP1b and PBP2x. This may
indicate that these proteins are tolerant of side chains with diverse size and configuration (Sl
Table S1 and Figures S9 and 10). Intriguingly, PBP2x is a common target of the S-lactams
and is often coinhibited with PBP3,2” which was not labeled by any of the f-lactone probes.
In contrast, PBP1b is among the less frequently targeted PBPs by S-lactam antibiotics,
indicating that our probe library may be accessing a different region of binding space within
the PBP active sites (comparisons of g-lactam and g-lactone inhibition trends in SI Figure
S10). PBP2b, which is the least inhibited PBP with conventional S-lactam antibiotics, was
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labeled by three probe scaffolds (5T, 5FL 8T, 8FL, 10T). PBP1a and PBP2a labeling was
only observed with compounds displaying a small side chain (PBPla: 2FL, 2T, 5FL, 5T,
5B, 10T, and 10B; PBP2a: 2T, 2FL, 5T, and 5FL).

To further examine the differences in the PBPs that may be responsible for the disparate
labeling response, we compared the structures of PBP2x and PBP1a, the former being
labeled by many probes and the latter tagged by only a small subset. Both proteins have been
cocrystallized with tebipenem or biapenem, and we overlaid these structures for comparison
of their active sites (2ZC3, PBP2x-biapenem; 2ZC4, PBP2x-tebipenem; 2ZC5, PBP1la-
biapenem; 2ZC6, PBP1a-tebipenem; Sl Figure S11).4” In PBP1a, a bulky residue can be
found near C6 of the lactam core structure (i.e., F577), a position that we anticipate may be
occupied by the diversity element in our probes. The presence of this large group may
explain the requirement of a small side chain on the probes for productive binding. In
contrast, PBP2x has an open cleft at this position, which is consistent with the observed
tagging by a diversity of probes.

Although the only LMW PBP in S. pneumoniae, PBP3, is inhibited by the vast majority of
SBlactam antibiotics,2’ none of the B-lactone probes labeled this protein. It has been
postulated that the facile inhibition of PBP3 can be partially attributed to the high catalytic
efficiency of this D,D-carboxyendopeptidase as determined by the hydrolysis of the pseudo-
substrate A-benzoyl-D-alanylmercaptoacetic acid (A Ky = 50 500 M~1s71).48 |n addition,
although one might anticipate rapid hydrolysis of the resulting acylated protein species in
this endopeptidase, previous work has shown that the deacylation rates of PBP3 and
transpeptidase PBP1b, the most commonly labeled protein in these studies, are comparable
when treated with [3H]benzylpenicillin (5.7 x 107° s~ and 5.6 x 1075 s71, respectively).*8
Thus, it is clear that neither catalytic efficiency nor hydrolysis of the resulting covalent
species can explain the lack of PBP3 labeling with the B-lactone probes. Indeed, PBP3 and
PBP2x are commonly inhibited to a similar extent by S-lactam antibiotics, a trend that was
not observed in these studies. These data, along with the ability of the g-lactones to achieve
PBP selectivity in the absence of a negatively charged substrate mimic, suggests that our
probes may be accessing different binding space than the S-lactams.

PBP Imaging in S. pneumoniae with g-Lactone Probes

PBP2x is an essential HMW PBP in S. pneumoniae involved in septal PG synthesis.19:49.50
Mutations in the conserved motifs of PBP2x have been associated with B-lactam resistance;
therefore, it is an important target for antibacterial agents.51-53 PBP2x has recently been
shown to localize to septa of dividing S. pneumoniae cells using epitope tags or optimized
GFP fusion constructs,19:0:54 corroborating its role in septal PG machinery. FDAA labeling
of wild-type bacteria treated with methicillin to specifically inhibit PBP2x TP activity and in
bacteria depleted for PBP2x also indicated that PBP2x migrates to the centers of septa in
mid-to-late divisional cells.1® A PBP2x-selective activity-based probe is needed to directly
corroborate the findings from these experiments by displaying only the active form of this
PBP in live cells. Although we did not identify a probe that labels only PBP2x, we did
uncover several compounds that label only PBP2x and PBP1b (Sl Table S1), the latter of
which can be deleted to yield a strain that is phenotypically indistinguishable from the wild-
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type organism.>® Thus, the ApbpIb mutant (E193) provides the ideal platform in which to
image PBP2x.

We utilized the 2R,35-B-lactone-L-Phe-fluorescein (7FL) probe in imaging studies to
localize PBP2x during the course of cell division (Figure 5). These images showed that
PBP2x localized at the division septum as a ring in early-to-mid divisional cells. In mid-to-
late divisional cells, PBP2x localized to both the constricting ring and a separate site at the
center of the ring, as well as the equators of daughter cells. Finally, enzyme activity was
constricted down to a single point at the division site before cell separation. This indicates
that subpopulations of active PBP2x demonstrate different localization patterns during a
single constriction event, which correlates well with recent reports of PBP2x
localization,19:50 as well as a newly synthesized cell wall labeled by FDAAs (Figure 6). In
previous reports, immunolabeling showed that PBP1a remained as a larger ring at later
stages of cell division, while PBP2x concentrated to the center of the septa. Previous work
using FDAAs strongly supported this finding but could not determine if any PBP2x
remained in the outer division site ring because the FDAAs are incorporated by multiple
PBPs. Clarification of this question highlights a critical strength of a PBP-selective, activity-
based imaging strategy%21 and emphasizes the need to understand how PBP dynamics are
regulated. PBP2x has been demonstrated to interact with the serine-threonine kinase StkP,
and the protein GpsB has recently been shown to modulate septal closure and PBP2x
migration,20 but the exact mechanism behind PBP2x localization remains unclear. Since the
7FL probe can specifically label PBP2x, it may be an effective way to monitor changes in
PBP2x localization in future studies of PBP dynamics.

To confirm that the observed patterns were due exclusively to PBP2x labeling, cells were
pretreated with methicillin, which specifically inhibits PBP2x in S. pneumoniae.®® Gel-
based analysis confirmed that PBP2x labeling is dramatically decreased following
methicillin treatment (SI Figure S12). 3D-SIM imaging of cells labeled with 7FL after
pretreatment with methicillin (Figure 5) revealed elongated cells with a labeled ring at the
division site, but with minimal or no constriction evident. Importantly, >98% of methicillin-
treated late division cells (~40 cells examined) in both the wild-type and Apbp1b strains
displayed empty septal rings, in contrast with untreated controls from both strains that
showed central septal labeling in 85% of wild-type and 73% of Apbp1b cells (~40 cells
examined). This indicates a lack of active PBP2x due to methicillin inhibition, which aligns
with previous results®6 and strongly supports the conclusion that septal 7FL labeling is due
exclusively to binding of PBP2x. Any labeling at the division site after methicillin treatment
is likely due to residual uninhibited PBP2x, since a small amount of PBP2x activity remains
(Sl Figure S12).

Dual Labeling Enables Visualization of Essential Proteins, PBP2x and PBP2b

PBP2b is the essential peripheral transpeptidase in S. pneumoniae.® Similar to PBP2x, it is
a primary penicillin-resistance determinant.®® In previous work, we showed that PBP2b
localizes differently than FtsZ, which is the principal organizer of bacterial cell division.1? In
early stages of S. pneumoniae division, FtsZ mediates the recruitment of division proteins,
including PBP2b, to the midcell septal ring. At later stages of division, FtsZ migrates to the
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equators of the new daughter cells, while PBP2b remains at the closing septum.1® To
complement this previous work, we sought to assess the activity of PBP2b throughout the
bacterial cell cycle using the lactone probe 8T, which labels PBP1b, PBP2x, and PBP2b
(Figure 7). When utilized alone, this probe yields a nearly identical labeling pattern (SI
Figure S13) as 7FL (Figure 5) due to their shared targets. 8T labels the division site as a
single ring in early division and labels the center of the division site, the constricting
divisional ring, and the new equatorial rings of the future daughter cell in mid-to-late
division. Finally, it constricts down to a single point at the division site just before the cells
separate. Pretreatment with methicillin produced elongated cells with 8T -labeled divisional
rings and minimal constriction. Importantly, >98% of late divisional cells treated with
methicillin (~40 cells examined) in both the wild-type and Apbp1b strains showed empty
septal rings, where untreated strains showed 8T central septal labeling in 81% (wild-type)
and 76% (Apbp1b) of cells (~40 cells examined). This mirrors our results seen for 7FL and
reinforces the idea that PBP2x alone is localized to the center of the constricting division
site.

In order to target PBP2b specifically, 8T was utilized on cells first labeled with 7FL . Results
of gel-based studies indicate that this combination tags PBP2x (green) and PBP2b (red)
individually in the Apbp1b mutant (Figure 7). 3D-SIM imaging of dual labeled cells
revealed that 7FL displayed a labeling pattern similar to the single labeling results seen in
Figure 5, as expected. However, labeling of 8T was excluded from the center of the division
site in >83% of wild-type and Apbp1b cells (~40 cells examined). Instead, it was restricted
to the outer peripheral ring around the division site and the equatorial rings of future
daughter cells, which have not yet begun to constrict. These results correlate well with
previous work®’ that demonstrated that PBP2b localization remained separate from and
external to PBP2x during constriction, and we have now shown that active PBP2b follows
this pattern as well and ruled out the possibility that methicillin treatment disrupts PBP2b
localization. Importantly, this study is the first to demonstrate colocalization of specifically
labeled PBPs confirmed to be enzymatically active, and our results agree well with previous
reports on PBP localization in S. pneumoniae.1949:50.54.59

BLactone Imaging Probes Show Antibacterial Activity

We previously reported PBP2x as the main killing target for g-lactam antibiotics in S.
pneumoniae.2’ Given the observed affinity of our S-lactone probes for this PBP, we
hypothesized that they might possess an inhibitory effect on pneumococcal growth. We
found the minimum inhibitory concentrations of 7FL and 8T probes (80 tg/mL), which
interact with this protein, to be substantially lower than that of SQ 26,517, a mild
antibacterial agent (500 g/mL; Table S2).33

Conclusions and Summary

PG biosynthesis remains an outstanding target for new antibiotics; however, there are
significant gaps in our knowledge about the mechanisms and control of PBP activity during
this process. Continued development of tools to map the activities of the PBPs is a critical
component to our understanding of bacterial growth and may lead to the identification of
new therapeutic targets. Here, we report the generation of a library of compounds based
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upon a scaffold not previously known to target the PBPs, the B-lactones. These probes
demonstrated distinct interaction patterns with the PBPs in comparison to g-lactam
antibiotics and enabled us to examine PBP2x and PBP2b activity in live S. pneumoniae. \We
found that PBP2b and PBP2x colocalize as a single ring in early division, but during mid-to-
late division, the central septal site contains PBP2x, while PBP2b remains at the outer
division ring. This is the first demonstration of separate labeling of the activity state of these
two essential proteins and confirms that PBP2b and PBP2x display distinct patterns of
localization during constriction. As such, this work highlights the importance of the
development of PBP-selective probes. Their combination with powerful cell biology tools
will be essential for examination of bacterial function by evaluating the localization and
activation of the PBPs in myriad eubacteria.

MATERIALS AND METHODS

Synthesis and characterization of probes and additional experimental protocols are discussed
in detail in the Supporting Information.

Application of gLactone Probes to S. pneumoniae Cells

Specific settings and experimental details are discussed in the Supporting Information. S.
pneumoniae 1U1945, E177 (Apbp14a), and E193 (Apbp1b) cells were grown in Becton-
Dickinson brain heart infusion (BHI) broth at 37 °C in an atmosphere of 5% CO5 to ODgyq
0.2. Cells from 1 mL of culture were resuspended in 50 £ of PBS containing 1-20 g mL™1
of different B-lactone probes or 5 g mL™1 of Boc-FL, washed with PBS, and digested by
lysozyme and lysed by sonification. The membrane proteome was isolated by centrifugation
at 4 °C and then resuspended in 100 4L of PBS. Protein concentration was adjusted at 2.5
mg mL~1, Samples were mixed with 4 x SDS-PAGE loading buffer and heated for 5 min at
90-95 °C, cooled to RT, and run on a 10% SDS-PAGE, and labeled proteins were visualized
in gel and analyzed by ImageJ software (NIH).

For imaging experiments, the cells were washed with appropriate buffers to remove excess
probe after the incubation period and resuspended in 15 z1 of Vectashield Hardest Antifade
(Vector Laboratories) and kept on ice. For fluorescence imaging, 1.2 4L of cell suspension
was spotted onto a clean slide and covered with a coverslip and imaged via 3D-SIM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Cell wall biosynthesis requires the penicillin-binding proteins. (a) The PBPs link lipid 11
subunits with transglycosylase and transpeptidase reactions. (b) Mechanism of
transpeptidation; PBPs form an acyl-enzyme intermediate, resulting in cleavage of a D-Ala
residue. A neighboring group intercepts this activated intermediate to yield cross-linked
peptidoglycan. (c) Active site serine attacks the g-lactam ring, leading to covalent
modification of the PBP.
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Figure 2.
Blactone-based probe library. (a) Structures of BOCILLIN-FL and three lactone-containing

molecules with antibacterial activity. (b) Lactone probes bearing one of three fluorophores:
5(6)-carboxytetramethylrhodamine (TAMRA, T), 5(6)-fl uorescein (FL), and boron-
dipyrromethene (BODIPY, B). These probes include a stereochemical mimic of biologically
active g-lactams (2R,3S-B-lactone; 2T, FL, B), the opposite isomer (25,3 R-f-lactone; 3T,
B), and a five-membered ring &-lactone (4FL). (c) Amino acid components were
incorporated to yield probes with functional groups found in the natural peptidoglycan
substrate, D-Ala (5), and the opposite stereoisomer, L-Ala (6), or in S-lactam antibiotics, L-
Phe (7), D-Phe (8), and L-Tyr (9), and Gly to assess the importance of the side chain (10).
Two additional hydrophobic amino acids were also incorporated, L-Val (11) and L-Trp (12).
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Figure 3.
Gel-based analysis of probes to examine ring geometry (2 and 3) and side chains that act as

substrate mimetics (5 and 6). (a) TAMRA-functionalized probes. (2R,35)-flactone (2T)
and (25,3R)-p-lactone (3T) showed different labeling profiles. The addition of glycine
between the lactone and fluorophore group (10T) altered the labeling profile to include
PBP2b but not PBP2a. The D-Ala-based probe (amino acid stereochemistry found in stem
peptide; 5T) labeled all HMW PBPs, while the L-Ala-functionalized molecule was more
selective (6T; PBP1b and PBP2x). (b) Fluorescein-functionalized probes. PBP labeling with
2FL and 6FL is comparable to the TAMRA probes. The D-Ala-based probe (5FL; PBP1b
and PBP2x) tagged fewer PBPs than the TAMRA analog (5T). All probes were assessed at 5
Mg/ mL.
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Figure 4.
Gel-based analysis of probes containing side chains to mimic g-lactam antibiotics. (a) L-

Phe-(2R,35)-Alactone (7T, B, and FL), D-Phe-(2R,35)-flactone (8T, B, and FL) labeling
was generally identical between FL and T variants, while BODIPY often increased the
number of proteins labeled, including non-PBPs (see 8B). L-Phe-(2R,35)-8-lactone-based
probes (7) showed promise for assessment of PBP2x by use of the Apbp1b strain. Gel-based
analysis of S. pneumoniae wild-type (1U1945), Apbpla (E177), and Apbp1b (E193) strains
was performed to confirm specific labeling of PBP2x in the mutant strain. (b) Additional
hydrophobic side chains were examined including L-Tyr (9FL), L-Val (11T), and L-Trp
(12T), all of which labeled PBP1b and PBP2x. All probes were assessed at 5 zg/mL.
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Figureb.
7FL labeling of PBP2x with or without PBP1b and a PBP2x-inhibiting concentration of

methicillin. Wild-type (1U1945) and Apbp1b (E193) were grown and pretreated with
methicillin (0.1 zg mL™1) for 20 min, where indicated. Cultures were then labeled with 7FL.
Each image in the top row is a separate cell, and the outlines in each image in the top row
demonstrate the orientation of the cell. The bottom two rows consist of pairs of images of
the same cell, but one image has been rotated around the indicated axis. 7FL labeling does
not change in the absence of PBP1b, and methicillin-treated cells are elongated and lack
septal labeling compared to the untreated controls. Solid arrows point to central septal
labeling, and empty arrows highlight empty rings after methicillin pretreatment. These
images are representative of ~40 mid-to-late division cells for each condition from two
biological replicates.
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Figure 6.
7FL labeling colocalizes with regions of new cell wall synthesis. Wild type (1U1945) and

Apbp1b (E193) cells were labeled for several generations with the FDAA 7-
hydroxycoumarin-3-carboxylic acid 3-amino-D-alanine (HADA, H, pseudocolored blue),
then for 5 min with the FDAA tetramethylrhodamine 3-amino-D-alanine (TADA, T,
pseudocolored red), and finally with (25,3 R)--lactone-L-Phe-fluorescein (7FL,
pseudocolored green) as detailed in the Materials and Methods. Each row has six views of
the same cell, with one image in each pair rotated around the indicated axis. New cell wall
synthesis and 7FL labeling colocalize at all stages of division. These images are
representative of >40 cells at all stages of division for each condition from two biological
replicates.
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Figure7.
Dual labeling with (2R,35)-B-lactone-L-Phe-fluorescein (7FL) followed by (2R,35)-5-

lactone-D-Phe-TAMRA (8T). (a) This strategy enables separate visualization of the activity
of PBP2x (green) and PBP2b (red) in gel-based analysis. Both probes were used at 5 zg/mL
for 20 min. (b) Labeling with 7FL followed by 8T reveals distinct PBP localization patterns.
Cultures of wild-type (1U1945) and Apbp1b (E193) were grown, labeled with 7FL, washed,
labeled with 8T, and imaged. Each set is two rows of images of the same cell, with the
bottom row rotated relative to the top row around the indicated axis. In both strains, 8T
labeling is excluded from the septum and restricted to peripheral rings when the cells are
labeled first with 7FL. Solid arrows highlight central septal labeling, and empty arrows
highlight the exclusion of 8T labeling from the center of the division site. These images are
representative of ~40 mid-to-Ilate division cells for each condition from two biological
replicates.
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