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Background: Enzymes involved in the biosynthesis of bacterial cell walls are validated antibiotic targets, including penicillin
binding proteins (PBPs).
Results: We unveiled the permissible structural composition of unnatural D-amino acids in labeling bacterial surfaces via PBPs.
Conclusion: The chemical nature of fluorescent D-amino acids governs their effectiveness as probes of peptidoglycan
biosynthesis.
Significance: Chemical probes of PBPs can be powerful tools to decipher cell wall assembly.

Peptidoglycan is an essential and highly conserved mesh
structure that surrounds bacterial cells. It plays a critical role in
retaining a defined cell shape, and, in the case of pathogenic
Gram-positive bacteria, it lies at the interface between bacterial
cells and the host organism. Intriguingly, bacteria can metabol-
ically incorporate unnatural D-amino acids into the peptidogly-
can stem peptide directly from the surrounding medium, a pro-
cess mediated by penicillin binding proteins (PBPs). Metabolic
peptidoglycan remodeling via unnatural D-amino acids has pro-
vided unique insights into peptidoglycan biosynthesis of live
bacteria and has also served as the basis of a synthetic immunol-
ogy strategy with potential therapeutic implications. A striking
feature of this process is the vast promiscuity displayed by PBPs
in tolerating entirely unnatural side chains. However, the chem-
ical space and physical features of this side chain promiscuity
have not been determined systematically. In this report, we
designed and synthesized a library of variants displaying diverse
side chains to comprehensively establish the tolerability of
unnatural D-amino acids by PBPs in both Gram-positive and
Gram-negative organisms. In addition, nine Bacillus subtilis
PBP-null mutants were evaluated with the goal of identifying a
potential primary PBP responsible for unnatural D-amino acid
incorporation and gaining insights into the temporal control of
PBP activity. We empirically established the scope of physical
parameters that govern the metabolic incorporation of unnatu-
ral D-amino acids into bacterial peptidoglycan.

Peptidoglycan is a mesh-like biopolymer that maintains bac-
terial cell shape and serves to counter intracellular turgor pres-
sure (1). Monomeric peptidoglycan units are composed of the
disaccharides N-acetylglucosamine and N-acetylmuramyl

linked to a short stem pentapeptide (2–7). Quite uniquely, the
stem peptide is composed of various D-amino acids that can
differ slightly in composition on an organism-dependent basis
(Fig. 1A). The assembly of peptidoglycan relies on several
enzymes working in concert. Of great importance are the pen-
icillin binding proteins (PBPs),2 which are tasked with the
assembly and maturation of the peptidoglycan, including gly-
cosyl transfer, transpeptidation (TP), and carboxypeptidation
(CP) (8, 9). PBP TP domains are tasked with cross-linking
neighboring stem peptides to increase structural strength and
rigidity of the peptidoglycan, a vital process for the viability of
bacterial cells. Because of their essential role in the life cycle of
bacteria, small molecules that inactivate PBP TPs (e.g. �-lac-
tams) display powerful antibiotic activities (10). The first step in
PBP TP cross-linking entails removal of the terminal D-alanine
to yield a covalent acyl intermediate between the stem peptide
and the PBP active site serine. Acyl transfer of the covalent
intermediate by an amino group on meso-diaminopimelic acid
(or L-lysine), results in an amide bond cross-link. Given the
importance of PBPs as drug targets, it is surprising that the
specific role of various PBPs in cell wall assembly remains
the subject of active research.

The peptidoglycan stem peptide is an integral component of
the cell wall. As such, its composition and structure are linked
to cell wall stiffness and susceptibility to binding partners, fea-
tures that have important implications in drug resistance to cell
wall antibiotics and host immunity. Recently, it has been dem-
onstrated that changes to levels of cross-linking of the stem
peptide chains by PBP TP correlate with methicillin resistance
in Staphylococcus aureus (11). In another example, the replace-
ment of the fifth-position D-alanine with D-lactic acid in the
stem peptide of Enterococcus faecium and Enterococcus faecalis
directly renders these pathogens resistant to the antibiotic van-
comycin (12). Alteration of the amide backbone to an ester
backbone on the stem peptide is sufficient to reduce the affinity
of vancomycin for the stem peptide by 3 orders of magnitude
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(13). Additionally, peptidoglycan stem peptides play a central
role in the recognition of pathogenic bacteria by the human
immune system. Nucleotide-binding oligomerization-like
receptors sense motifs within the peptidoglycan, activating
response mechanisms (14). Clearly, structural changes to the
stem peptide can potentially have profound physiological con-
sequences. The recent demonstration that peptidoglycan stem
peptides are prone to chemical remodeling by unnatural D-a-
mino acids from the growth medium reveals an additional
mode of stem peptide modification.

PBP TP activity is fundamental to normal bacterial physiol-
ogy. However, to date, it has not been possible to conclusively
determine which PBPs may be most critical for TP activity in
live cells. Redundancy within PBPs can further compound the
difficulties in establishing the role of PBP in peptidoglycan bio-
synthesis. Recent work has demonstrated that S. aureus can
survive despite genomic deletion of seven of the nine total PBPs
(15). Likewise, strains of Bacillus subtilis lacking PBP1, PPB2c,
PBP2d, and PBP4 (either alone or in various combinations) dis-
play little to no change in peptidoglycan cross-linking ratios
(16). Genetic deletion of PBP2b in B. subtilis is lethal, suggest-
ing that it may play a primary role in TP activity (17). Together,
these examples highlight the limitations of using genetic
manipulations alone to track PBP enzymatic activity. Chemical
probes that report on the activity of PBPs in live bacterial cells
can complement genetics-based models by providing critical
information on enzymatic activity with spatial and temporal
resolution (18 –21). A more comprehensive examination of
PBP TP activity may have a profound effect on our understand-
ing of cell wall biosynthesis and drug lead development.

Metabolic stem peptide remodeling via synthetic peptidogly-
can mimetics has paved the way for a novel class of PBP chem-
ical probes. Unnatural D-amino acids facilitate the tracking of
new peptidoglycan production, and they have revealed the
presence of peptidoglycan in Chlamydia trachomatis for the
first time, a subject of intense debate for over 50 years (18, 20,
22–24). Supplementation of unnatural D-amino acids to the
culture medium leads to their incorporation onto bacterial cell
surfaces by mischarging at the TP step, generating a swapped
terminal amino acid (Fig. 1A) (25). Swapping of the terminal
D-alanine with unnatural D-amino acids from the medium is a
robust method to decorate bacterial surfaces with diverse
chemical handles (22, 23, 26 –32). For example, our research
group recently introduced a class of D-amino acid hapten con-
jugates designed to recruit endogenous antibodies to the bac-
terial surface as a novel immunomodulatory strategy (33, 34).
Prior studies involving unnatural D-amino acids to remodel
bacterial surfaces suggest that the PBP TP domains possess
extraordinary promiscuity in tolerating diverse amino acid side
chains. However, to date, no systematic correlation between
incorporation efficiency and side chain structural features (e.g.
charge, size, and polarity) of unnatural D-amino acids had been
established. Here we quantitatively determined the side chain
tolerability of unnatural D-amino acids by bacterial PBP TP in
live cells. We anticipate that a comprehensive map of the struc-
tural elements tolerated by PBP TPs may guide future designs of
unnatural side chains of D-amino acids for mechanistic investi-
gations and therapeutic interventions. Additionally, nine

B. subtilis mutant strains lacking PBPs reported to possess TP
activity were probed with fluorescent D-amino acids.

Experimental Procedures

Materials—All amino acids were purchased from Chem-Im-
pex. All other chemicals were purchased from Sigma-Aldrich
or Fisher Scientific and used without further purification. The
bacterial strains that were used for these experiments were as
follows: B. subtilis NCIB 3610, B. subtilis �dac, B. subtilis
�pbpA, B. subtilis �pbpC, B. subtilis �pbpD, B. subtilis �pbpF,
B. subtilis �pbpG, B. subtilis �pbpH, B. subtilis �pbpI, B. subti-
lis �PonA, Staphylococcus epidermidis NRS 101, Escherichia
coli MG1665, S. aureus ATCC 25923, S. aureus SCO1, and
E. faecalis ATCC 29212.

D-Amino Acid Fluorescent Labeling—Bacterial cells were
grown overnight at 37 °C in LB. The following day, the medium
was replaced with LB supplemented with fluorescently labeled
D-amino acids. The bacteria were grown in the presence of the
fluorescent D-amino acid for either 4 h or overnight, depending
on the experiment. Following incubation, the bacteria were
harvested, washed three times with PBS, and fixated with a 4%
formaldehyde solution. All experiments were run in triplicate
from independent bacterial cell cultures and analyzed using
flow cytometry on a BDFacs Canto II (BD Biosciences)
equipped with a 488-nm argon laser (L1) and a 530/30 band-
pass filter (FL1). The fluorescence data are expressed as mean
arbitrary fluorescence units of the 10,000 events that were
counted for each data set and gated to include all healthy bac-
teria. The data were analyzed using FACSDiva version 6.1.1.

Sodium Dithionite Quenching of Fluorescently Labeled
Bacteria—B. subtilis cells were grown overnight at 37 °C with
shaking in LB medium supplemented with either 100 �M D-Lys-
(NBD) or 100 �M L-Lys(NBD). The following morning, the cells
were washed three times with PBS. The bacteria were then sub-
jected to incubation with 5 mM sodium dithionite for 5 min.
The bacteria were then washed again three more times with
PBS, fixated with a 4% formaldehyde solution, and analyzed via
flow cytometry.

Sulfhydryl Fluorescent Labeling of Bacterial Surface—Com-
pounds SH-1, SH-4, and SH-6 were bought from Chem-Impex
and used without any further purification. B. subtilis �dacA
cells were incubated for 4 h at 37 °C with shaking in LB medium
supplemented with 500 �M of each sulfhydryl compound. The
cells were harvested and washed three times in a 5 mM dithio-
threitol solution to reverse any oxidation that may have
occurred overnight. The cells were then washed an additional
five times with PBS. The cells were then incubated in PBS con-
taining 50 �M of the NBD-L-Lys-(maleimide) conjugate at
37 °C for 30 min. The cells were then washed three more times
with PBS and fixated with a 4% formaldehyde solution. Follow-
ing fixation, the cells were analyzed via flow cytometry. To con-
firm that labeling occurred because of the presence of the incor-
porated sulfhydryl group, cells were incubated with 50 �M

N-ethylmaleimide for 30 min following the overnight incuba-
tion with the sulfhydryl compounds as described previously.
The cells were then washed three times and incubated with
NBD-L-Lys-(maleimide), washed, and analyzed as described
previously. To confirm that cell labeling occurred on the cell
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surface, the labeled cells were subjected to treatment with
sodium dithionite to quench fluorescence from the NBD fluo-
rophore as described previously.

D-Lys(FITC)-OH Pulse Labeling of B. subtilis Mutant
Strains—B. subtilis mutants were grown in LB medium at 37 °C
overnight with shaking. The following morning, the A600 of all
the mutants was diluted to A600 � 0.1. The bacteria were then
grown in LB medium until reaching either early log (A600 �
0.3), mid-log (A600 � 0.6), or stationary phase (A600 � 1.0). At
the respective phase, D-Lys(FITC) was spiked into the solution
to achieve a final concentration of 1 mM in LB medium. The
cells were then incubated for 15 min in the presence of the
D-amino acid fluorophore. Following incubation, the cells were
washed three times with PBS, fixated with a 4% formaldehyde
solution, and then analyzed via flow cytometry or imaged with a
Nikon Eclipse TE2000-U microscope at �100 magnification.

Results

The replacement of the terminal D-alanine in the peptidogly-
can stem peptide with unnatural D-amino acids is mediated by a
PBP TP reaction. Although PBP TP promiscuity is unusual in
its ability to accommodate a number of naturally and unnatu-
rally occurring D-amino acids as substrates, the expansive sub-
strate scope was highlighted prominently by the successful
incorporation of D-amino acids displaying entirely non-native

side chains (e.g. large hydrophobic fluorophores and biorthogo-
nal handles) (22, 27, 29). However, the relative incorporation
levels of D-amino acids across a range of side chains have not
been reported. We set out to systematically assess the permis-
sible chemical space of the D-amino acid side chain in live bac-
terial cells. We hypothesized that inherent PBP active site con-
straints could be discerned by evaluating labeling levels with a
library of unnatural D-amino acids.

First, we evaluated a set of two amino acid derivatives (D-Lys-
(NBD) and L-Lys(NBD)) for the ability to label the peptidogly-
can of B. subtilis (Fig. 1B). B. subtilis was chosen as our initial
model organism because of its wide use in unnatural D-amino
acid studies and its compatibility with genetic manipulation
(35). The small fluorophore NBD was conjugated to the side
chain to monitor incorporation of the D-amino acid into the
bacterial cell wall (see supplemental Experimental Procedures).
We have shown previously that D-Lys(NBD) is incorporated
within the peptidoglycan stem peptide by a combination of
peptidoglycan isolation and mass spectrometry (34). To show
that the fluorescence signal measured by flow cytometry is
reflective of the D-amino acid incorporated within the cell wall,
we performed a fluorescence quenching assay. Following the
labeling of B. subtilis cells with either D-Lys(NBD) or L-Lys-
(NBD), cells were exposed to a short treatment of the reducing

FIGURE 1. A, schematic showing the monomeric unit of peptidoglycan. The pentapeptide is processed by PBPs CP and TP to generate three possible products,
all resulting from the acyl intermediate following the release of the terminal D-Ala. B, schematic demonstrating the three possible labeling locations within the
bacterial cell. Only extracellular labeling would lead to complete reduction of the signal in the presence of the reducing agent sodium dithionite. Inset,
reduction of the nitro group on NBD by sodium dithionite quenches the green fluorescence. B. subtilis cells were labeled with either D-Lys(NBD) or L-Lys(NBD)
overnight. Cells were analyzed by flow cytometry. Data are represented as mean � S.D. (n � 3).
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agent sodium dithionite. Sodium dithionite is known to reduce
the NBD nitro group to produce a non-fluorescent aryl amine
derivative (Fig. 1B) (36). The poor lipid bilayer permeation of
the highly polar dithionite species limits the quenching of the
NBD moiety to the extracellular space of the cell (37). We rea-
soned that complete quenching of the fluorescence signal fol-
lowing treatment with sodium dithionite would be consistent
with extracellular incorporation of the NBD moiety (Fig. 1B).
Intracellular accumulation of the unnatural D-amino acid or a
combination of intracellular/extracellular accumulation would
be expected to yield a fluorescence signal above basal levels.
B. subtilis cells were labeled with D-Lys(NBD) and analyzed by
flow cytometry with and without sodium dithionite treatment
(Fig. 1B). As we observed previously, the fluorescent D-Lys-
(NBD) efficiently labeled B. subtilis cells. The exposure of
labeled bacterial cells to sodium dithionite reduced fluores-
cence signals down to basal levels (similar to unlabeled cells), a
result that is consistent with the site-selective incorporation of
the NBD label on the exterior of the cell. Next, the same proce-
dure was performed with the enantiomer L-Lys(NBD). As

expected, minimal B. subtilis labeling was observed in the
absence of sodium dithionite. The stereospecificity of the label-
ing is indicative of incorporation of D-Lys(NBD) by PBP TP
(25). Together, these results establish that NBD-conjugated
D-amino acids can report on the incorporation of unnatural
D-amino acids into bacterial peptidoglycan.

Next we set out to comprehensively assess the PBP TP toler-
ability of the side chain modifications. We synthesized a library
of 16 unnatural D-amino acid derivatives with diverse side
chains (Fig. 2A). For all variants, NBD was conjugated cova-
lently onto a side chain amino group to track incorporation and
has been demonstrated previously to be a suitable fluorescent
probe for tracking peptidoglycan biosynthesis (28, 29). The side
chains were chosen to encompass a wide-scoping set of chem-
ical space by including structural elements that vary in length,
bulkiness, flexibility, polarity, and charge. With the NBD-mod-
ified D-amino acids assembled, we performed a series of labeling
experiments that quantitatively established the relative incor-
poration of these variants. Initially, we determined incorpora-
tion levels of the unnatural D-amino acids in the human patho-

FIGURE 2. A, metabolic labeling of bacterial surfaces with D-lysine conjugated to the small fluorophore NBD. B, labeling of S. aureus cells (methicillin-sensitive
and -resistant) was performed with all the members of the D-amino acid NBD conjugates. Cells were incubated overnight at 100 �M and analyzed by flow
cytometry. Data are represented as mean � S.D. (n � 3). C, S. epidermidis and E. faecalis cells were labeled with the panel of NBD-conjugated D-amino acids for
4 h at stationary phase at 100 �M. E. coli cells were labeled with the panel of NBD-conjugated D-amino acids for 4 h at stationary phase at 500 �M. Cells were
analyzed by flow cytometry, and data are represented as mean � S.D. (n � 3).
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gen S. aureus by incubating the bacteria with each D-amino acid
variant and assessing incorporation by flow cytometry (Fig. 2B).
Clear preferences for side chain composition emerge from this
first set of data. Not unexpectedly, the overall size of the side
chain has a strong influence on incorporation efficiency. The
variant with the smallest sidechain, 1, displayed the highest incor-
poration levels. The endogenous substrate (most commonly D-al-
anine) for PBP TP has a small side chain, a feature that is likely
matched by the cavity in the TP active site. The elongation of the
side chain by methylene units from 1-4 highlights the correlation

between side chain length and labeling levels. There is approxi-
mately a 3.5-fold decrease in surface labeling from D-diaminopro-
pionoic acid (1) to D-lysine (4). Further elongation of the side chain
by conjugation to flexible/polar PEG spacers (5-7) reduced incor-
poration to near basal levels. From these results, it can be con-
cluded that there is considerable tolerance in linear tethers con-
necting the backbone to the NBD moiety even in instances when
the side chain is vastly different from D-alanine.

The combination of linker length and location of an internal
amide bond was assessed among derivatives 8-12. Amidation of

FIGURE 3. A, chemical structures of B. subtilis cells were labeled with the panel of sulfhydryl containing D-amino acids. Cells were incubated for 4 h at stationary
phase at 500 �M, incubated with NBD-L-Lys(maleimide), and analyzed by flow cytometry. Data are represented as mean � S.D. (n � 3). D, wild-type and �dacA
mutant B. subtilis cells were labeled with the panel of NBD-conjugated D-amino acids. Cells were incubated for 4 h at stationary phase at 100 �M and analyzed
by flow cytometry. Data are represented as mean � S.D. (n � 3).
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D-diaminopropionoic acid with glycine to yield 8 was a well
tolerated modification. This particular variant is important
because of the combination of small side chain size and an easy
point of acylation to various conjugates of interest (e.g. fluoro-
phores). Minimal discrimination was observed on the basis of
the location of the tether amide bond for similarly sized tethers
(variants 10, 11, and 12). Three additional side chain attributes
were assessed among derivatives 13-16: side chain charge, tol-
erance of aromatic group, and secondary amino group. The
positively charged 13 and the negatively charged 15 have the
same tether as the uncharged 11. The introduction of a neg-
ative charge drastically reduced labeling levels, whereas a
positive charge was permissible. Perhaps surprisingly, the
aromatic side chain in 14 proved to be compatible with sur-
face labeling. Finally, it was observed that the pyrrolidine
ring of D-proline abolished incorporation altogether. Steric
constraints imposed by a secondary amine (the nucleophilic
species in the TP reaction) may kinetically disfavor acylation
onto the peptidoglycan-anchored tetrapeptide.

The incorporation profile of methicillin-resistant S. aureus
cells was also obtained. Despite the established difference in
PBPs between methicillin-resistant and methicillin-sensitive
S. aureus, a minimal difference in labeling profile was observed
(Fig. 2B) (38). There appears to be a slight decrease in labeling
across some of the D-amino acid derivatives, an intriguing find-
ing that will be the subject of future investigations. Having
established the incorporation profile of one human pathogen,
we sought to gain a similar insight into the side chain preference
for additional organisms. The incorporation profile of S. epi-
dermidis displayed similar labeling preferences as S. aureus, a
finding that is consistent with a shared genus (Fig. 2C). Next we
set out to evaluate the incorporation profile of a distinct Gram-
positive pathogen. E. faecalis has emerged as a problematic
pathogen because of increasing instances of drug resistance.
Although many of the trends are similar, there are some prom-
inent deviations (Fig. 2C). The aromatic variant 14 labeled
E. faecalis cell surfaces most efficiently. The incorporation pro-
file of the Gram-negative E. coli was also obtained. Despite dif-
ferences in the architecture of the peptidoglycan, the trend
remained in line with the Gram-positive organisms evaluated.
Interestingly, D-proline has been shown previously in vitro to be
incorporated onto peptidoglycan monomers by E. coli PBP1A
(25). The lack of labeling with the similar D-proline-based 16
may reflect altered substrate specificity in live E. coli cells.

The conjugation of the NBD fluorophore to D-amino acids
variants 1-16 was critical in facilitating quantitative measure-
ment of surface labeling. Although its small size is expected to
only minimally contribute to the trends in incorporation pro-
files, it still prevented our ability to assess the incorporation of
small side chains. It has been demonstrated previously that
D-cysteine can be incorporated into the stem peptide of bacte-
rial peptidoglycan through a variety of methods (39, 40). We
devised an alternative strategy to measure labeling efficiency to
corroborate our findings with NBD-conjugated D-amino acids
on the basis of sulfhydryl-maleimide coupling (Fig. 3A). B. sub-
tilis cells were treated with the sulfhydryl-displaying variants
(SH-1 to SH-6), exposed to a short treatment with dithiothre-
itol to reverse oxidation, and detected with an NBD-maleimide

conjugate. The incubation of D-cysteine (SH-1) served to estab-
lish the conditions for cell surface labeling. Incubation of cells
with SH-1 led to a marked increase in cellular fluorescence (39).
Remarkably, the D-lysine derivative SH-2 labeled nearly as well
as the much smaller SH-1. These results highlight the unusual
tolerance of accommodating large side chains equally well as
small side chains. The addition of a PEG chain (SH-3) resulted
in significantly lower levels of cell surface labeling. Clearly, the
tolerance of side chain bulk has some limitations, consistent
with our NBD-conjugated D-amino acids. Interestingly, D-cys-
teine (SH-4) was incorporated to high levels despite its larger
size. Perhaps it represents a homologated analog of the endog-
enous TP substrate m-DAP. Display of the sulfhydryl onto a
D-proline resulted in no surface labeling, consistent with 16.
Lastly, the Food and Drug Administration-approved agent
D-penicillamine (SH-6) was chosen to evaluate the tolerance of
steric bulk near the N terminus. A complete lack of incorpora-
tion was observed for cells treated with SH-6, a strong indica-
tion that side chain bulk near the backbone can interfere with
incorporation.

We further confirmed that all of the observed fluorescent
signals originate from the incorporation of exogenous D-amino
acid sulfhydryl compounds by incubating sulfhydryl-labeled
cells with N-ethylmaleimide (a nonfluorescent compound)
prior to exposing the cells to NBD-maleimide conjugate. The
exposure of the cells to N-ethylmaleimide reduced fluorescent
signals to basal levels, confirming that the observed fluorescent
signals are a result of cellular incorporation of the D-amino acid
sulfhydryl compounds (data not shown). Additionally, to con-
firm that these compounds were located in the peptidoglycan,

FIGURE 4. A, chemical structures of D-Lys(NBD)-OH and D-Lys(NBD)-NH2. B,
B. subtilis cells were labeled with the panel of NBD-conjugated D-amino acids.
Cells were incubated overnight at 100 �M and analyzed by flow cytometry.
Data are represented as mean � S.D. (n � 3). C, data are represented as mean
relative to the wild type � S.D. (n � 3).
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FIGURE 5. A, mutant strains of B. subtilis lacking specified PBPs were labeled with NBD-conjugated D-amino acids. Cells were incubated for 4 h at stationary
phase at 100 �M and analyzed by flow cytometry. Data are represented as mean � S.D. (n � 3). B, heat map of labeling a series of B. subtilis mutants with the
NBD-conjugated D-amino acids. (Data were derived from A). The heat map of incorporation shows relative fluorescence levels to unlabeled cells. Red cells
indicate elevated incorporation, and blue cells indicate lower incorporation.
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we again took advantage of the cell-impermeable compound
sodium dithionite. Sulfhydryl-labeled cells were first incubated
with NBD-maleimide conjugate, followed by a second incuba-
tion with sodium dithionite, which resulted in the quenching of
fluorescent signals to background levels (data not shown.)
These two results in conjunction indicate that fluorescence is
due to the incorporation of the sulfhydryl displaying D-amino
acids into the bacterial peptidoglycan.

Next the incorporation profile was obtained for wild-type
B. subtilis (Fig. 3D). As with other organisms, there is a size
dependence in incorporation efficiency, and additional struc-
tural preferences appear to be mostly conserved. However, not
all the trends were identical. For example, there is a marked
difference in labeling levels between 8 and 9 in wild-type B. sub-
tilis, a feature that is not shared by any of the other Gram-
positive organisms we evaluated. The incorporation profile of a
mutant B. subtilis strain lacking the gene dacA was also
obtained. PBP5 (the protein product of dacA) is a PBP that
possesses D,D-CP activity. PBP5 hydrolyzes the fifth position
D-amino acid, which, in most organisms, is D-alanine. Overall,
incorporation levels were elevated in B. subtilis (�dacA) �10-
fold for most of the D-amino acid variants compared with wild-
type B. subtilis. There are two possible explanations for the
increase in D-amino acid incorporation. One possibility is that
an increased abundance of terminal D-alanine results in higher
levels of PBP TP activity and, consequently allows greater mis-
charging with unnatural D-amino acids. Hydrolysis of the stem
peptide by PBP5 serves to trim it to a tetrapeptide, a product
that is no longer a substrate for D,D-TP. Second, PBP5 may act
to remove unnatural D-amino acids already incorporated onto
the fifth position of the stem peptide. There is some evidence
showing that the CP activity of PBP5 removes unnatural D-
amino acids from the fifth position on the stem peptide (24).
The use of a D-amino acid-based dipeptide displaying either an
alkyne or an azido group on the side chain led to the installment
of unnatural D-amino acid at the fifth position initiated at
the intracellular MurF ligase. The incorporation by MurF
decouples the process from competing PBP TP activity and
strongly suggests that PBP5 CP activity also displays side chain
promiscuity. Along these lines, we hypothesize that differences
in relative incorporation between wild-type and �dacA B. sub-
tilis strains may correlate with inherent PBP5 CP preferences
for side chains on the terminal position of the stem peptide. For

example, surface labeling of 1 is greater than 2-fold compared
with 3 in wild-type B. subtilis, whereas no significant difference
is observed in B. subtilis (�dacA). The decreased labeling of 3 in
wild-type B. subtilis may reflect a decreased retention within
the stem peptide because of PBP5 CP activity.

From our NBD library scan, it is evident that PBPs have dis-
tinct structural side chain preferences of the unnatural D-amino
acid. Aside from the side chain, variations within the D-amino
acid scaffold can be accommodated at the C terminus. Interest-
ingly, conversion of the unnatural D-amino acid C terminus
from a carboxylic acid to a carboxamide has been shown previ-
ously to block PBP TP on the modified stem peptide (41). Like-
wise, we have demonstrated previously that entirely unnatural
changes to the C terminus can modulate labeling efficiency
(42). It is conceivable that carboxamide modification also ren-
ders the stem peptide resistant to CP, a feature that would result
in elevated labeling levels in wild-type strains that express
PBP5. We set out to establish the effect of D-amino acid amida-
tion on additional PBP-null B. subtilis strains (Fig. 4). Clearly,
the simple amidation of the C terminus led to larger variations
in incorporation on a PBP-dependent manner, a finding that
supports our previous findings. The relative incorporation (to
wild-type cells) also revealed key differences in how individual
PBPs may be processing amidated D-amino acids. Amidation of
the D-amino acid caused a decrease in labeling in cells deficient
of PbpH, contrary to the carboxylic acid variant.

Having established comprehensive incorporation profiles for
a number of organisms, we next sought to apply our D-amino
acid library toward the activity profiling of individual PBP with
TP activity in B. subtilis. We anticipated that the fluorescently
labeled D-amino acids could form the basis of a class of chemical
probes that reveal insights into PBP activity. Surprisingly, to
date, the specific PBP responsible for TP activity has not been
established conclusively. In B. subtilis, it has been shown
recently in vitro that PBP1a/b can catalyze the installment of
unnatural D-amino acids onto stem peptides (41). Although
instrumental in deciphering the mechanism of unnatural D-a-
mino acid incorporation, it is unclear whether the same PBP
would be the primary protein responsible for this process in live
bacteria. In all, eight single PBP TP deletion mutant B. subtilis
strains were subjected to evaluation. Overall, it appears that
most of the PBP-null strains result in a minimal change in label-
ing across all 16 D-amino acid variants (Fig. 5). A closer inspec-

FIGURE 6. A, chemical structures of D-Lys(FITC)-OH. B, B. subtilis cells were labeled with the panel of NBD-conjugated D-amino acids. Cells were incubated for 4 h
at stationary phase at 100 �M and analyzed by flow cytometry. Data are represented as mean � S.D. (n � 3).
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tion reveals subtle but significant differences in several strains
that may reflect distinctions in TP active sites. In the case of the
PBP2c-null incorporation profile, there is increased incorpora-
tion of 2 and 3 but lower incorporation of 9 relative to the
wild-type strain. PBP3-null cells labeled considerably better
with 12 and 14 but displayed lower incorporation of 9. Inter-
estingly, significant increases in incorporation were observed
upon deletion of PBP4b or PbpH. Perhaps the deletion of a PBP
leads to a compensatory activity for a complementary PBP

whose TP activity is able to more efficiently mischarge with
unnatural D-amino acids. Most importantly, a prominent
decrease in incorporation across the board was observed for
PBP4-null cells. From these results, we propose that PBP4 is the
primary protein responsible for the incorporation of unnatural
D-amino acids on B. subtilis peptidoglycan stem peptides.

Cell wall biosynthesis and cell division require the orchestra-
tion of PBPs within the cell surface. Localization of PBPs and
defined regulation of their activity is crucial for the proper
assembly of newly synthesized peptidoglycan and septation
(41). We hypothesized that we could gain insights into the tem-
poral control of PBP TP activity by leveraging the combination
of fluorescently labeled D-amino acids with the panel of PBP-
null B. subtilis strains. During various stages of cell growth and
division, there may be distinct cellular requirements in terms of
cell wall-modifying PBPs. Regulation of PBPs may not be found
at the DNA/RNA level and, therefore, may not be trackable by
traditional techniques (e.g. RT-PCR). Instead, we propose that
D-amino acid activity-based probes could be used to monitor
potentially subtle changes in PBP TP activities. The quantifica-
tion of probe incorporation at different growth stages of B. sub-
tilis should allow for sensitive measurements PBP TP activity.
We sampled B. subtilis at three distinct stages (early log, mid-
log, and stationary phase) by a pulse incubation with D-Lys-
(FITC)-OH, another suitable fluorescent probe for monitoring
peptidoglycan biosynthesis (28, 29). The change in the fluoro-
phore from NBD to FITC did not appreciably alter relative
incorporation within the panel of PBP mutants, whereas, at the
same time, it allowed for better quantification of signals in com-
parison with NBD because of the increased brightness provided
by the FITC fluorophore (Fig. 6). For wild-type B. subtilis, there
is substantially greater incorporation at the early log phase. By
the mid-log stage, all labeling levels are approximately halved.
Finally, there is another 4-fold reduction at stationary phase
(Fig. 7). The relative labeling (to wild-type cells) within each
stage reveals PBP-dependent patterns (Fig. 8). For most
mutants, there is a relative decrease in labeling at stationary
phase compared with the two other phases. For example,

FIGURE 7. Pulse labeling of mutant strains of B. subtilis lacking specified PBPs with
D-Lys(FITC)-OH. Cells were incubated for 15 min at specified phases at 1 mM and
analyzed by flow cytometry. Data are represented as mean � S.D. (n � 3).

FIGURE 8. Pulse labeling of mutant strains of B. subtilis lacking specified PBPs
with D-Lys(FITC)-OH. Cells were incubated for 15 min at specified phases at 1
mM and analyzed by flow cytometry. Data are represented as mean relative to
wild type � S.D. (n � 3).
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PBP1a/b and PBP2c mutant cells label half as efficiently in the
stationary phase, whereas there is almost no distinguishable
difference between early and mid-log phases. Other mutants
(e.g. PBP2d and PBP4b) damped the difference across growth
phases, an indication that they may not play a significant role in
PBP TP. Primarily septal labeling was observed for all B. subtilis
strains, including the wild type (Fig. 9A). A slight deviation from
this pattern was observed in PBP2d-null cells at early log phase,
in which labeling was observed throughout the entire cell sur-
face at approximately equal intensity, with no punctate fluores-
cence at the septal interface. Analysis of the labeling at mid-log
phase revealed an intriguing switch in labeling for PBP4-null
cells (Fig. 9B). PBP TP activity in PBP4-null cells is observed
through the entire cell at early log phase. However, by mid-log
phase, the labeling is heavily concentrated at the septal regions.
These results suggest temporal control in PBP TP activity that
is linked with the growth phase of the cells.

Discussion

In the short time since the initial discovery that unnatural
D-amino acids can be incorporated onto bacterial peptidogly-
can, this mode of surface remodeling has spurred peptidogly-
can probes and potentially unique antimicrobial strategies. Our
scan represents the most comprehensive analysis of D-amino
acid incorporation to date, and it may give unique insights into
the physiological function of this remodeling process. We
anticipate that this thorough evaluation of the incorporation of
unlabeled D-amino acids can shed some light onto aspects that
control peptidoglycan remodeling. Although there are a few
examples of D-amino acids being generated and utilized in
eukaryotic organisms, it was believed that its existence in bac-
teria was limited to being a building block for non-ribosomal
peptide synthesis and the core component of the peptidogly-
can. The discovery that many bacterial species are capable of
generating diverse D-amino acids that are expelled into the sur-
rounding medium suggests that this process may have specific
physiological consequences (43, 44). However, there has not
been any conclusive physiological role assigned to peptidogly-
can remodeling via unnatural D-amino acids.

A striking feature of the replacement of bacterial surface-
bound D-alanine with unnatural D-amino acids is the vast
promiscuity displayed by PBPs in tolerating entirely unnatural
side chains. However, the chemical space and physical features
of the side chain have not been mapped out systematically. In
this report, we assembled a series of 16 D-amino acid variants
with diverse side chains. For all the variants, the small fluoro-
phore NBD was covalently conjugated onto an amino group.
The side chains were chosen to encompass a diverse set of
chemical space by including structural elements that vary in
length, bulkiness, flexibility, polarity, and charge. With the
NBD-modified D-amino acids in hand, we measured incorpo-
ration levels using flow cytometry in a number of bacteria,
including B. subtilis, S. epidermidis, E. faecalis, S. aureus, and
E. coli. In addition to serving as guides for the design of unnat-
ural side chains of D-amino acids, our scan represents the most
comprehensive analysis of D-amino acid incorporation to date,
and it may give unique insights into the physiological function
of this remodeling process. In addition, we evaluated labeling
with unnatural D-amino acids for a series of PBP-null B. subtilis
mutants and found specific mutations that modulate the
incorporation.
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