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ABSTRACT: Peptidoglycan (PG) is a cross-linked, meshlike
scaffold endowed with the strength to withstand the internal
pressure of bacteria. Bacteria are known to heavily remodel
their peptidoglycan stem peptides, yet little is known about
the physiological impact of these chemical variations on
peptidoglycan cross-linking. Furthermore, there are limited
tools to study these structural variations, which can also have
important implications on cell wall integrity and host
immunity. Cross-linking of peptide chains within PG is an
essential process, and its disruption thereof underpins the
potency of several classes of antibiotics. Two primary cross-linking modes have been identified that are carried out by D,D-
transpeptidases and L,D-transpeptidases (Ldts). The nascent PG from each enzymatic class is structurally unique, which results
in different cross-linking configurations. Recent advances in PG cellular probes have been powerful in advancing the
understanding of D,D-transpeptidation by Penicillin Binding Proteins (PBPs). In contrast, no cellular probes have been
previously described to directly interrogate Ldt function in live cells. Herein, we describe a new class of Ldt-specific probes
composed of structural analogs of nascent PG, which are metabolically incorporated into the PG scaffold by Ldts. With a panel
of tetrapeptide PG stem mimics, we demonstrated that subtle modifications such as amidation of iso-Glu can control PG cross-
linking. Ldt probes were applied to quantify and track the localization of Ldt activity in Enterococcus faecium, Mycobacterium
smegmatis, and Mycobacterium tuberculosis. These results confirm that our Ldt probes are specific and suggest that the primary
sequence of the stem peptide can control Ldt cross-linking levels. We anticipate that unraveling the interplay between Ldts and
other cross-linking modalities may reveal the organization of the PG structure in relation to the spatial localization of cross-
linking machineries.

Bacterial cell walls are the frontline in controlling how
bacteria interact with their environment (or host

organisms) and serve to counter high internal turgor pressure.
Peptidoglycan (PG), a primary component of bacterial cell
walls, is an essential scaffold that provides physical and
mechanical stability to bacterial cells (Figure 1A).1−3 Despite
the large diversity in bacterial shapes and cell wall
configurations, the overall primary PG structure remains
relatively constant by having two major structural components.
The backbone glycan chain is assembled with disaccharide

building blocks that are composed of N-acetyl-glucosamine
(GlcNAc) and N-acetyl-muramic acid (MurNAc). A pentapep-
tide chain (stem peptide) is attached to MurNAc via its N-
terminus. Although there are variations within the stem
peptide sequence between bacteria, the canonical sequence is
L-Ala-D-Glx-(L-Lys/m-DAP)-D-Ala-D-Ala.

Received: May 31, 2019
Accepted: September 5, 2019
Published: September 5, 2019

Articles

pubs.acs.org/acschemicalbiologyCite This: ACS Chem. Biol. 2019, 14, 2185−2196

© 2019 American Chemical Society 2185 DOI: 10.1021/acschembio.9b00427
ACS Chem. Biol. 2019, 14, 2185−2196

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

pubs.acs.org/acschemicalbiology
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acschembio.9b00427
http://dx.doi.org/10.1021/acschembio.9b00427
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


A growing body of evidence points to the fact that PG
undergoes extensive chemical remodeling−both in the glycan
and peptide segments−in order to refine its chemical and
physical properties.4−6 Modifications include the N-glycolyla-
tion of muramic acid in the glycan backbone,7 O-acetylation,8,9

or amidation of D-glutamate and m-DAP in the peptide side
chain.10 These modifications are critical for the proper integrity
and architecture of the PG scaffold. In addition, PG
remodeling can have significant influences on drug sensitiv-
ity,11−14 interaction with PG sensors on cell surfaces,15,16 and
host-microbiota interaction.17−20 The most prominent chem-
ical change to nascent PG scaffold involves covalent cross-
linking of neighboring stem peptides by membrane-anchored
transpeptidases (TPs). Cell wall cross-linking is essential to
bacteria as its inhibition represents a primary mode of action
for some of the most potent antibiotics in clinical use. Covalent
PG cross-links greatly enhance cell wall strength and define the
porosity of this scaffold. Cross-linking levels can vary
considerably, ranging from 20 to 90% depending on the
organism.21,22

The primary function of PG transpeptidation is to generate
an amide bond between the side chain of a stem peptide to the
C-terminus of an adjacent stem peptide. Two main classes of
enzymes are responsible for PG cross-linking: D,D-trans-
peptidases and L,D-transpeptidases (Ldts). D,D-transpepti-
dases (Ldts). D,D-Transpeptidation reactions are carried out
by various Penicillin Binding Proteins (PBPs) and are
considered to be the predominant mode of PG cross-linking
for several classes of bacteria (Figure 1).1 A new class of PG
transpeptidases, Ldts, was initially identified in Enterococcus
hirae,23 but the enzyme itself was first characterized more
recently in Enterococcus faecium.24,25 Since its discovery, Ldts
have been shown to be operative in a large number of
organisms including Bacillus subtilis,26 Mycobacterium tuber-
culosis,27 Clostridium dif f icile,28 and Escherichia coli.29

There are structurally subtle but functionally important
differences between PBP TPs and Ldts. Despite having similar

enzymatic functions, the two enzymes have no primary
sequence homology. Indeed, Ldts have no similarity to
proteins currently in the protein database.14 PBP TPs cross-
link PG stem peptides by first removing terminal D-Ala
residues on pentapeptide substrates to form covalent
intermediates (Figure S1). A neighboring nucleophilic amino
group from the third position (L-Lys or m-DAP, depending on
the bacterial class) captures the acyl intermediate to generate a
4-3 cross-link. The main variation between PBPs and Ldts is
that Ldts generate 3-3 cross-links between PG stem peptides
because its substrates are tetrapeptides (Figure 1B). As the
enzyme name implies, Ldts substrates are not terminated as
D,D-stereocenters but instead as L,D-stereocenters.14,25,30 A
majority of bacterial PGs are composed of mostly 4-3 cross-
links, with some organisms having a minor component of 3-3
cross-links. A prominent exception is mycobacterial PG, which
is composed of mostly 3-3 cross-links.31−34 In the case of drug-
sensitive E. faecium, the PG scaffold is composed of mostly 4-3
cross-links, yet both PBPs and Ldts are expressed.35 Exposure
of E. faecium to either ampicillin or vancomycin results in a
shift to 3-3 cross-links for two different reasons. In vancomycin
resistant enterococci (VRE) cells, vancomycin treatment leads
to the truncation of the pentapeptide on lipid II.36−38

Tetrapeptide is a substrate for Ldts but not PBPs, resulting
in higher levels of 3-3 cross-links. In ampicillin-resistant E.
faecium, inactivation of PBPs is compensated by shifting cross-
linking substrates from pentapeptide to tetrapeptide.25,39

PG biosynthesis is initiated in the cytoplasm where a series
of enzymatic transformations produce lipid II, a lipid-linked
disaccharide pentapeptide precursor.2,30 Lipid II is then
translocated across the cytoplasmic membrane, and nascent
PG is integrated into the existing cell wall by the combination
of transglycosylases and TPs. Both steps are critical for proper
PG assembly as evidenced by the fact that disruption of these
processes can be lethal to bacterial cells. There are two major
classes of PG TPs, namely PBPs TPs and Ldts. Both classes
play important roles in the assembly of the PG scaffold,

Figure 1. (A) PG cross-linking modes associated with Ltds and PBPs. X represents the third position amino acid (either m-DAP or L-lysine-based
amino acids). (B) A synthetic mimic of the stem peptide modified with a fluorescent handle (green hexagon) is covalently incorporated within
growing PG scaffold. First, a terminal D-Ala residue is removed by Ltd, leading to a covalent intermediate. Second, this acyl-donor is captured by
the third position amino acid within existing PG thus leading to its cross-linking with PG and generating a measurable fluorescent signal.
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although it is unclear whether they are functionally redundant
or assume specialized roles. The emergence of single D-amino
acid PG probes has been fundamental in advancing live cell PG
fluorescence analysis.40−48 As examples of these advances, the
presence of PG in Chlamydia trachomatis was established,49

and treadmilling by FtsZ filaments was shown to drive PG
synthesis.50−52 Prior studies have demonstrated that structural
mimicry of nascent PBP substrates results in PG incorporation
in vitro53 and in live bacterial cells.54,55 Also, during the
preparation of our manuscript it was shown, in vitro, that Ldts
mediate cross-linking of synthetic Ldt substrates.56 In contrast,
there are currently no Ldt-specific probes to tag and visualize
Ldt activity in live cells. We assembled a synthetic substrate of
Ldt to specifically interrogate Ldt activity and better
understand how the primary sequence of the stem peptide
can modulate Ldt-mediated cross-linking.

■ RESULTS
We anticipated that Ldt cross-linking of PG could be
quantified by conjugating a fluorescent handle onto the N-
terminus of the tetrapeptide PG mimic. Treatment of bacterial
cells with the fluorescently tagged stem peptides should lead to
their covalent incorporation into the expanding PG scaffold
during cell growth (Figure 2A). Cellular fluorescence is
subsequently quantified using flow cytometry, and fluorescence
levels should correlate with PG cross-linking of synthetic stem

peptide mimics. At first, two synthetic stem peptide mimics
were synthesized: TetraFl and PentaFl (Figure 2B). Both
peptides are structurally similar except for the additional
terminal D-Ala in PentaFl, which mimics the endogenous
donor substrates of PBP TPs. Drug-sensitive E. faecium cells
(WT) at low cell densities (OD600 ∼ 0.05) were treated with
either TetraFl or PentaFl, and fluorescence levels were
measured after 16 h. In the absence of synthetic stem peptides,
background cellular fluorescence levels were low (Figure 2C).
Cellular treatment with TetraFl led to an ∼210-fold
fluorescence increase over background and an ∼5.5-fold
increase over PentaFl. Higher labeling levels for TetraFl
relative to PentaFl in E. faecium (WT) likely reflect either a
higher overall catalytic efficiency by Ldts or a greater flexibility
by Ldts in tolerating synthetic stem peptide mimics. Notably,
we did not observe an in situ accumulation of carboxypeptidase
products upon overnight incubation of either TetraFl or
PentaFl (Figure S2). As expected, treatment of E. faecium with
PG probes led to their incorporation into the PG matrix
consistent with Ldt processing as revealed by mass
spectrometry analysis of PG extracted from cells treated with
TetraFl (Figure 2D and Figure S3) and PentaFl (Figure S4).
Furthermore, a time-dependent decrease in cellular fluores-
cence was observed upon lysozyme treatment (Figure S5), and
confocal imaging of the isolated sacculi also showed
fluorescence consistent with PG incorporation (Figure S6).

Figure 2. (A) Schematic diagram delineating incorporation of synthesized fluorescent Ldt substrate and incorporation into bacterial PG. (B)
Chemical structure of fluorescein-modified tetrapeptide (TetraFl) and pentapeptide (PentaFl) PG stem mimics. (C) Flow cytometry analysis of E.
faecium (WT and drug resistant strain) treated overnight with 100 μM TetraFl or PentaFL. Data are represented as mean + SD (n = 3). (D) Mass
spectrum and XIC of TetraFL-PG with 3-3 cross-link with observed [M + H]+2 m/z of 818.3503.
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No apparent effect on cell growth and morphology was
observed. These initial results represent the first example of
live cell analysis of Ldt activity.
Fluorescence levels were higher for both probes in the drug-

resistant strain, which may reflect additional controls in TP
cross-linking modalities besides protein expression levels
(Figure 2C). Similar trends were found for an additional
drug-sensitive and drug-resistant strain of E. faecium further
confirming our general strategy of labeling cell surfaces with
Ldt analogs (Figure S7). Having established the feasibility of
labeling cell surfaces with synthetic stem peptide analogs of Ldt
substrates, we set out to extensively map how structural
variations can impact cross-linking by surface-bound TPs.
Variations of the tetrapeptide sequence were installed within
four strategic sites: C-terminus (acid/amide), terminal
residue(s) (D-Ala/L-Ala), second position (iso-Gln/iso-Glu),

and third position (L-Lys/acetylated L-Lys). Each variation
was designed to interrogate specific aspects of substrate
recognition by TPs. For the tetrapeptide series, the stereo-
specificity was evaluated first by cell treatment with TetraFl-
2−a variant that has a terminal L-Ala (Figure 3A). Cellular
fluorescence levels were reduced to near background levels,
thus indicating a strong selection for the correct stereocenter at
the terminal Ala position. In TetraFl-3, the third position Lys
residue is acetylated to block any potential acyl-transfer
reaction to this nucleophilic site. While there was an ∼2.3-
fold decrease in fluorescence, labeling levels suggest con-
tribution of the synthetic step peptide as an acyl-acceptor. The
introduction of a carboxylic acid at the second position iso-Glu
(TetraFl-4), instead of iso-Gln, resulted in a 4.5-fold decrease
in surface labeling, a finding that is consistent with recent in
vitro analysis that showed reduction in cross-linking.56

Figure 3. Flow cytometry analysis of E. faecium (drug resistant) treated overnight with 100 μM of tetrapeptide (A) or pentapeptide (B) with
variations. Data are represented as mean + SD (n = 3). Chemical series of tetrapeptides and pentapeptides with variations at the C-terminus (acid/
amide), terminal residue(s) (D-Ala/L-Ala), second position (iso-Gln/iso-Glu), and third position (L-Lys/acetylated L-Lys).
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Amidation of the C-terminus (TetraFl-5) also led to decreased
levels of cell surface labeling, which points to a preference for
the endogenous carboxylate at the stem peptide terminus.
A similar panel of stem peptide variants was built for the

pentapeptide probes (Figure 3B). Overall, the trends were
mostly consistent with the tetrapeptide probes including the
stereoselectivity at both the fourth and fifth positions. It is
interesting that these trends are similar despite the lack of
structural similarities between PBP TPs and Ldts. It is worth

noting that we were able to recapitulate in E. faecium the in
vitro demonstration that the lack of amidation of iso-Glu
results in greatly diminished cross-linking by PBPs from
Enterococcus faecalis, Streptococcus pneumoniae, and Staph-
ylococcus aureus (S. aureus) (PentaFl-6).31,53,57 Identical
patterns of cellular labeling were observed in a second strain
of E. faecium across the panels of tetra- and pentapeptide
probes (Figure S8), thus reconfirming the necessity for
amidation at iso-Glu.

Figure 4. (A) Flow cytometry analysis of E. faecium (M9) treated overnight with 100 μM TetraFl or PentaFl with or without ampicillin/
Meropenem. Data are represented as mean + SD (n = 3). (B) E. faecium (M9) treated with 100 μM TetraFl with 16 μg/mL ampicillin, 8 μg/mL
meropenum, or DMSO (vehicle control) at early log phase. Cells were collected at various time points and analyzed by flow cytometry. Data are
represented as mean + SD (n = 3). (C) Flow cytometry analysis of E. faecium (M9) treated overnight with 100 μM TetraFl (blue bars) or PentaFl
(orange bars) and increasing concentrations of ampicillin, amoxicillin, vancomycin, or erythromycin. Data are represented as mean + SD (n = 3).
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Next, we set out to evaluate how PG cross-linking modes
may be affected by various antibiotics in M9 (a multidrug
resistant strain of E. faecium)58 (Figure 4A). Initially, we
evaluated two β-lactam agents: ampicillin and Meropenem.
Whereas ampicillin is not known to inhibit Ldts, Meropenem
(along with other carbapenems) has been shown to inhibit
both PBPs and Ldts.59,60 At low concentrations (0.05 μg/mL)
of Meropenem no change in cellular fluorescence was
observed. As expected, treatment at higher concentrations
(16 μg/mL) led to reduction in both TetraFl and PentaFl cell
labeling. Despite the reduction in cellular fluorescence to basal
fluorescence levels, bacterial cells grew similar to untreated
cells (MIC ∼ 18 μg/mL). Most interestingly, there was a near
2-fold increase in TetraFl-labeling upon treatment with 16 μg/
mL of ampicillin. A similar trend was also observed in a VanA-
resistant E. faecium strain (Figure S9). Inclusion of asparagine
onto the lysine side chain of TetraFl, which is a closer mimic
of E. faecium PG, also demonstrated an ampicillin-induction in
surface labeling (Figure S10).
To gain further insight into the induction of TetraFl-

labeling, a time-course analysis was performed (Figure 4B). E.
faecium cells from early log (OD600 ∼ 0.05) were treated with
ampicillin, Meropenem, or DMSO and coincubated with
TetraFl. Within 60 min, there was a significant difference in
fluorescence between DMSO and ampicillin treated cells that
became greater over the next 3 h. These results suggest that
induction of TetraFl-labeling was observable through the log
phase of growth. Finally, we performed a comprehensive
concentration-dependency analysis of both TetraFl and
PentaFl in the presence of eight antibiotics (Figure 4C and
Figure S11). Two agents from the penicillin-class of β-lactams
(ampicillin and amoxicillin) yielded similar patterns of
response: a concentration-dependent increase in TetraFl
labeling and decrease in PentaFl labeling. Critically, reduction
in fluorescence levels of bacteria treated with PentaFl suggests
that PentaFl is not processed by Ldts. Treatment with two
antibiotics that are not β-lactams (vancomycin and eryth-
romycin) led to no significant change in fluorescence across all
sublethal concentrations. Moreover, both carbapenems tested
(Meropenem and imipenem) led to a reduction of both
TetraFl and PentaFl labeling (Figure S11). Likewise, there
was a decrease upon treatment with a cephalosporin agent
(ceftriaxone), which was previously shown to inhibit Ldt in
vitro.60 Finally, no change in labeling levels was observed upon
treatment with a monobactam (aztreonam), and this finding is
consistent with prior studies showing insensitivity to this
particular agent.61,62

Localization studies were performed next with the two
cellular probes that mimic the substrates of the two primary
TPs in bacteria. To differentiate the fluorescence signals
between the tetra- and pentapeptide probes, the fluorescent
moiety in TetraFl was replaced with rhodamine (TetraRh).
The goal of this experiment was to establish how PG cross-
linking modes are spatially organized within bacterial cells. For
these pulse-treatments, all three probes (TetraRh, PentaFl,
and DADA) were simultaneously incubated with E. faecium
cells. Cells from early log phase (OD600 ∼ 0.1) were labeled for
5 min and subsequently imaged by confocal microscopy
(Figure 5A). PentaFl labeling was almost exclusively observed
at the septal region of cells. Quite strikingly, Ldt activity
showed a clear difference in labeling pattern compared to PBP
TP activity. TetraRh labeling was prominent at the septal
region but also found throughout the entire cell surface. E.

faecium labeling with TetraRh-3, which cannot act as an acyl-
acceptor strand, labeled in a similar manner to TetraFl (Figure
S12). These results may reflect a difference in localization of
Ldt activity relative to PBP TP activity in E. faecium. E. faecium
cells were also incubated with a single D-amino acid derivative
(Diethyl-Amino-coumarin-D-Alanine, DADA Figure S13), and
the isolated PG was digested for LC-MS analysis. Similar levels
of incorporation of DADA into the fourth and fifth positions
within the PG stem peptide were observed (Figure S14).
These results clearly confirm that single D-amino acids can
report mixed modes of incorporation and are not universally
Ldt-specific. Based on the tetrameric structure of TetraFl, we
anticipated it would not get incorporated by D,D-trans-
peptidases and intracellular pathways and be mediated solely
by Ldts.61,62

Toward the goal of assessing Ldt activity in living host
animals, we investigated whether TetraRh can label in
Caenorhabditis elegans (C. elegans). C. elegans are powerful
model animals for studying bacterial pathogenesis.63−65 As an
example, C. elegans were recently used to establish how a PG
hydrolase from E. faecium can protect C. elegans against
Salmonella pathogenesis.17 Moreover, it was previously
established that S. aureus cells can be metabolically labeled in
live C. elegans by sortase substrates analogs.66,67 For our
current work, C. elegans (∼L4 stage) were incubated with E.
faecium to establish bacterial colonization. After removing
noncolonized bacteria, E. faecium infected C. elegans were
incubated with TetraFl for 2 h. Following a washing step, C.

Figure 5. (A) Confocal microscopy image of E. faecium (WT) treated
with 5 min pulse of 500 μM TetraRh, 500 μM PentaFl, and 5 mM
DADA (scale bar: 1 μm). (B) In vivo labeling of E. faecium in model
host. C. elegans were infected with E. faecium for 4 h, washed to
remove noncolonized bacteria, and incubated with 50 μM TetraRh
for 2 h. The C. elegans were washed, anesthetized, mounted on a bed
of agarose, and imaged using confocal microscopy (scale bar: 10 μm).
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Figure 6. (A) Flow cytometry analysis of M. smegmatis (WT) treated overnight with 100 μM tetrapeptide or pentapeptide with variations (see
Figure 3). Data are represented as mean + SD (n = 3). (B) Flow cytometry analysis of M. smegmatis (WT) and Ldt knockout mutants treated
overnight with 100 μM TetraFl, TetraFl-2, or TetraFl-5. Data are represented as mean + SD (n = 3). (C) Confocal microscopy image of M.
smegmatis (WT) treated with 30 min pulse of 500 μM TetraRh, 500 μM PentaFl, and 5 mM DADA (scale bar: 2 μm). (D) Flow cytometry
analysis of M. smegmatis (WT) treated overnight with 100 μM TetraFl or PentaFl with increasing concentrations of ampicillin or meropenum.
Data are represented as mean + SD (n = 3).
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elegans were visualized using confocal microscopy (Figure 5B).
Remarkably, we were able to specifically label the PG of
colonized bacteria in live C. elegans. These results may pave the
way to establishing how PG cross-linking is controlled by
external factors, including a host response to bacterial
infection.
Having established the ability to track Ldt activity in E.

faecium, we turned our attention to a different class of
pathogens. The PG polymer in mycobacteria68−71 is
surrounded by the highly impermeable mycomembrane that
endows these organisms with intrinsic resistance to vast types
of antibiotics. PG cross-linking in mycobacteria is unique in
that proportions of 3-3 cross-linking can reach levels close to
80%. At first, we evaluated the panel of tetra- and
pentapeptides for their ability to tag PG of Mycobacterium
smegmatis using similar conditions as E. faecium (Figure 6A).
Remarkably, high labeling levels were observed for both
TetraFl and PentaFl, albeit with lower levels for PentaFl.
High labeling levels are unusual considering the well-
established permeability barrier imposed by the mycomem-
branes. Transport via an outer membrane pore may explain the
high levels of probe penetration past the mycomembrane layer,
a feature that we are currently investigating. The specificity of
PG labeling was confirmed by the terminal L-Ala control for
both TetraFl and PentaFl. Differences in labeling between
TetraFl and PentaFl may reflect the ability of Ldts and PBPs
to tolerate the lysine residue on position 3 (as opposed to the
natural m-DAP). In addition, iso-Glu amidation was also found
to be important for PG incorporation as demonstrated by the
reduced fluorescence levels in cells treated with TetraFl-4.
We next used Ldt-deletion mutant M. smegmatis strains to

establish the contribution of Ldts to cell labeling by
tetrapeptide probes. Strains of M. smegmatis were treated
with a subset of three tetrapeptides (TetraFl, TetraFl-2, and
TetraFl-5) (Figure 6B). A clear reduction in labeling levels was
observed in the single Ldt deletion mutant (ΔldtC) across
both TetraFl and TetraFl-5 suggestive of this enzyme being
involved in incorporation of Ldt probes. Further deletion of
Ldts led to a greater than 5-fold reduction.31 The retention of
cellular labeling in the triple-deletion strain is most likely a
result of the three Ldt genes encoded in the M. smegmatis
genome. As expected, treatment with the stereocontrol
TetraFl-2 led to basal cell surface labeling levels across all
strains. Together, these results implicate Ldts as being the
primary mode of PG incorporation by tetrapeptide probes.
The localization of PG cross-linking by the two primary TP

modes in M. smegmatis was visualized using confocal
microscopy (Figure 6C). Strikingly, clear spatial separation
was observed between TetraRh and DADA. DADA-labeling
was observed primarily at the pole, and TetraRh-labeling was
extensive throughout the cell sidewalls. Pole labeling observed
with DADA is similar to single-amino acid probes previously
reported for mycobacteria.71 More specifically, a single pole
within a dividing cell was labeled more prominently with
DADA than the other pole. Co-incubation of M. smegmatis
cells with both TetraRh and DADA revealed that primary
labeling sites with DADA are mostly devoid of TetraRh
labeling.
The sensitivity of the tetra- and pentapeptide probes against

a range of antibiotics was also measured in M. smegmatis
(Figure 6D). In contrast to our observations with E. faecium,
titration of the β-lactam ampicillin led to no observable change
in fluorescence levels for TetraFl treated M. smegmatis cells. As

expected, ampicillin treatment led to a concentration-depend-
ent decrease in fluorescence in M. smegmatis incubated with
PentaFl. Treatment with a carbapenem antibiotic (Merope-
nem) led to reductions in cellular fluorescence in cells treated
with either TetraFl or PentaFl. Together, these results show a
lack of response to ampicillin in TetraFl labeling of M.
smegmatis and the inhibition of TPs results in reduced labeling
levels. The role of iso-Glu amidation in the incorporation of
PG probes, and hence PG cross-linking, was also confirmed by
treatment of M. smegmatis cells with PentaRh and PentaRh-6
and visualized by fluorescence microscopy (Figure S15).
Unmodified iso-Glu in the second position of the stem peptide
resulted in background labeling levels. Labeling was shown to
be mediated by enzymatic processes as heat-killed M.
smegmatis cells did not show any labeling in the presence of
PentaRh.
Finally, labeling experiments were extended to M. tuber-

culosis, the causative agent of tuberculosis. M. tuberculosis cells
were incubated with TetraRh and imaged using confocal
microscopy at various time points to analyze the progression of
surface labeling (Figure 7 and Figure S16). Within 30 min,

there was a unique labeling pattern that was contained within
segments of cells. At longer incubation times, there was
complete labeling throughout the sidewalls of most cells
analyzed. Interestingly, treatment with sublethal concentrations
of Meropenem resulted in morphological changes that caused
bulging of the pole and more accentuated polar labeling
(Figure S17). As in the case for both M. smegmatis and E.
faecium, two other organisms that express Ltds, labeling of M.
tuberculosis cells with TetraRh resulted in higher cellular
fluorescence levels than PentaRh (Figure S18). In addition, it
was confirmed that amidation of iso-Glu plays a determinant
role in PG cross-linking in M. tuberculosis (Figure S19).

■ DISCUSSION
Despite the fundamental importance of PG cross-linking to the
growth and division of bacterial cells, key questions relating to
enzymes that drive this process remain unanswered. These
include the following: Are both modes of TP operative at the

Figure 7. Confocal microscopy image of M. tuberculosis treated with
50 μM TetraRh for 30 min and 3 h (scale bar: 5 μm).
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same time in certain organisms? How are PBP TPs and Ldts
organized spatially within a cell? How do structural
modifications within the stem peptide control PG cross-
linking. Answers to these questions can greatly enhance our
current understanding of PG biosynthetic control and
dynamics. To address some of these questions, we hypothe-
sized that we can specifically identify Ldt-mediated cell wall
cross-linking in live bacterial cells using synthetic nascent PG
analogs. We built mimics of the substrate stem peptides for
both PBP TPs and Ldts that could serve as surrogates for the
endogenous PG substrate in PG cross-linking, thereby
becoming covalently imbedded within the PG scaffold in live
bacteria.
Structural mimicry of TP substrates served to reveal how the

primary structure of PG stem peptides may alter or control PG
cross-linking levels in live cells. Our probes may complement
existing D-amino acid probes to study cell wall biosynthesis. It
is well established that the incubation of bacterial cells with
noncanonical D-amino acids can result in PG incorporation at
the fourth or fifth position within the stem peptide.6 The site
and mode of exogenous D-amino acid incorporation is highly
dependent on the bacterial species and can happen via Ldts,
D,D-transpeptidases, and also through the intracellular Ddl
ligase pathway6 (independent of TPs). The intracellular route
was shown to be the preferred mode of incorporation for the
alkyne-displaying D-amino acid Listeria monocytogenes (Al-
kDAla).72 While in some organisms exogenous D-amino acids
are exclusively incorporated by Ldts,40,42,52,69,73,74 the mode of
incorporation cannot be controlled and is entirely dictated by
how the bacteria naturally processes D-amino acids. In other
instances, it may be the case that incorporation into the PG is
mediated by two or more pathways thus making it impossible
to isolate the PG-remodeling mode.6 In contrast, the
tetrapeptide based probes should only be processed by Ldts,
thus allowing for the specific Ldt-based labeling.
Another distinction in using stem peptide analogs to probe

PG processing, compared to single amino acid probes, is that it
provides a mode to investigate how the primary structure can
control cross-linking levels. In this work, we showed that
amidation of iGlu is essential for robust levels of PG cross-
linking. These results confirmed that amidation of the stem
peptide by MurT/GatD may play a pivotal role in dictating PG
cross-linking levels by Ldts. A recent CRISPRi phenotype
screen identified that deletion of the enzymes responsible for
the amidation of iso-Glu (MurT/GatD) is lethal, which may
reflect the lack of PG cross-linking in the absence of iso-Glu
amidation.75 These results confirm that structurally subtle
changes to the stem peptide structure can potentially impact
PG cross-linking levels in live bacterial cells and confirm that
MurT/GatD may be a promising antibiotic target. Another
example of how we can interrogate PG cross-linking in live
cells was demonstrated by the antibiotic challenge in the
presence of the PG probes we developed. The exposure of E.
faecium cells to ampicillin led to increased labeling of cells.
These results suggest that there may be an adaptation response
by E. faecium cells when challenged with ampicillin. Bacteria
are armed with a number of strategies that allow them to
respond to potentially toxic agents, which can be the basis for
drug-resistant phenotypes.76 In fact, inducible antibiotic
responses have been previously described in enterococci.77−81

We are currently investigating possible response elements that
may be responsible for the observed increase in TetraFl
labeling.

In conclusion, we have demonstrated for the first time that
synthetic tetrapeptide analogs of nascent PG can be
incorporated onto PG scaffolds by Ldts in live bacterial cells.
The tolerability of N-terminal modification on the synthetic
stem peptide allowed for a fluorescent handle to quantify Ldt-
based PG incorporation and track the delineation of Ldts
across cell surfaces in E. faecium, M. smegmatis, and M.
tuberculosis. With these cellular probes in hand, we were able to
illustrate how subtle structural modifications to the primary
sequence of the stem peptide can control cross-linking
efficiency, including recapitulating in vitro results related to
iso-Glu amidation. These results are the first live cell
confirmation that the enzymes responsible for the amidation
of iso-Glu (MurT/GatD) may be potential drug targets. Upon
evaluating how cross-linking was altered when challenged with
antibiotics, an induction in labeling with the tetra- but not the
pentapeptide probe was observed. Additional studies are
ongoing to understand if this could represent a drug-resistance
mechanism that is related to cellular stress.

■ METHODS
Flow Cytometry Analysis of Bacteria Labeling with TetraFl

or PentaFl. Brain heart infusion (BHI) broth containing 100 μM
TetraFl or PentaFl was prepared. E. faecium WT (D344s) or drug-
resistant E. faecium (M9) from an overnight culture was added to the
medium (1:100 dilution) and allowed to grow overnight at 37 °C
with shaking at 250 rpm. The bacteria were harvested at 6,000g and
washed three times with original culture volume of 1× PBS followed
by fixation with 2% formaldehyde in 1× PBS for 30 min at ambient
temperature. The cells were washed once more to remove
formaldehyde and then analyzed using a BDFacs Canto II flow
cytometer using a 488 nm argon laser (L1) and a 530/30 bandpass
filter (FL1). A minimum of 10,000 events were counted for each data
set. The data was analyzed using the FACSDiva version 6.1.1. For
Mycobacterium smegmatis ATCC 14468, the previous procedure was
repeated except using LB (0.05% tween) as the growth media.

Flow Cytometry Analysis of E. faecium Labeled with
Tetrapeptide or Pentapeptide Variations. Brain heart infusion
(BHI) broth containing 100 μM of compounds in Figure 3 was
prepared. E. faecium WT (D344s) or drug-resistant E. faecium (M9)
from an overnight culture was added to the medium (1:100 dilution)
and allowed to grow overnight at 37 °C with shaking at 250 rpm. The
bacteria were harvested at 6,000g and washed three times with
original culture volume of 1× PBS followed by fixation with 2%
formaldehyde in 1× PBS for 30 min at ambient temperature. The cells
were washed once more to remove formaldehyde and then analyzed
using a BDFacs Canto II flow cytometer using the previously stated
parameters. For Mycobacterium smegmatis ATCC 14468, the previous
procedure was repeated except using LB (0.05% Tween) as the
growth media.

Flow Cytometry Analysis of Antibiotic Treated E. faecium
M9 Labeled with TetraFl or PentaFl. Brain heart infusion (BHI)
broth containing 100 μM TetraFl or PentaFl was prepared. To the
medium was added antibiotics ampicillin, amoxicillin, Meropenem,
imipenem, ceftriaxone, aztreonam, vancomycin, or erythromycin at
varying submic concentrations. E. faecium (M9) was added to the
corresponding medium (1:100 dilution) and allowed to grow
overnight at 37 °C with shaking at 250 rpm. The bacteria were
harvested at 6,000g and washed three times with original culture
volume of 1× PBS followed by fixation with 2% formaldehyde in 1×
PBS for 30 min at ambient temperature. The cells were washed once
more to remove formaldehyde and then analyzed using a BDFacs
Canto II flow cytometer using the previously stated parameters. For
Mycobacterium smegmatis ATCC 14468, the previous procedure was
repeated except using LB (0.05% Tween) as the growth media.

Time Course Analysis of Antibiotic Treated E. faecium M9
Labeled with TetraFl. Brain heart infusion (BHI) broth containing
100 μM TetraFl was prepared. To the medium was added antibiotics
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ampicillin (final concentration 16 μg/mL) or Meropenem (final
concentration 8 μg/mL) or DMSO (final concentration 1%). E.
faecium (M9) was added to the corresponding medium (1:10
dilution) and incubated at 37 °C with shaking at 250 rpm. Samples
were collected at various time points, washed three times with 1×
PBS, and fixed with 2% formaldehyde in 1× PBS for 30 min at
ambient temperature. The cells were washed once more to remove
formaldehyde and then analyzed using a BDFacs Canto II flow
cytometer using the previously stated parameters.
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