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ABSTRACT: Fluorescent D-amino acids (FDAAs) have previ-
ously been developed to enable in situ highlighting of locations of
bacterial cell wall growth. Most bacterial cells lie at the edge of the
diffraction limit of visible light; thus, resolving the precise details of
peptidoglycan (PG) biosynthesis requires super-resolution micros-
copy after probe incorporation. Single molecule localization
microscopy (SMLM) has stringent requirements on the
fluorophore photophysical properties and therefore has remained
challenging in this context. Here, we report the synthesis and
characterization of new FDAAs compatible with one-step labeling
and SMLM imaging. We demonstrate the incorporation of our
probes and their utility for visualizing PG at the nanoscale in
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Gram-negative, Gram-positive, and mycobacteria species. This improved FDAA toolkit will endow researchers with a nanoscale
perspective on the spatial distribution of PG biosynthesis for a broad range of bacterial species.

P eptidoglycan (PG) is the essential material that composes
the bacterial cell wall. Surrounding the cytoplasmic
membrane, PG forms a mesh-like structure from long glycan
chains that are cross-linked by p-amino acid (DAA)-containing
short peptides, thus providing mechanical rigidity and
protecting cells from external stresses. PG biosynthesis is
crucial for adapting the bacterial cell shape as cells grow, and
its exclusivity as a biomolecule found in bacteria makes it a
valuable target for novel antibiotics. To investigate the role of
PG in bacterial growth and survival, fluorescent p-amino acids
(FDAAs) were developed by conjugating fluorophores with
DAA backbones."”” FDAAs can incorporate into PG cross-links
by transpeptidase-mediated reactions.” Specifically, FDAAs
replace the fourth or fifth DAA of the PG stem peptide, which
is further cross-linked through the activity of periplasmic p,p-
transpeptidases (and 1,p-transpeptidases if present).” There-
fore, FDAAs can enable visualization of nascent PG biosyn-
thesis in living cells. In the intervening years, additional FDAAs
have been synthesized and reported; for example, FDAAs with
distinct fluorescence spectra,’ and fluorogenic FDAAs that
become fluorescent only upon incorporation into the cell wall.”
These tools allow researchers to resolve the history of PG
biosynthesis in individual cells via a multistep pulse labeling, or
real-time continuous tracking of PG biosynthesis with high
temporal resolution.

Despite the insights already gained through the use of
FDAAs, bacterial cells often lie at the diffraction limit of light
microscopy (~250—400 nm), and PG ultrastructure is thus
challenging to observe. Super-resolution optical microscopy
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methods allow fluorescence imaging with a resolution beyond
the diffraction limit.° Among them, structured illumination
microscopy (SIM), which does not require specific photo-
physical properties of fluorophores themselves and achieves a
resolution of ~120 nm, has been widely applied to study
FDAA-labeled nascent PG.””” Another super-resolution
method, SMLM (also referred to as PALM or STORM),
provides a much higher spatial resolution (~30 nm) and relies
on nonlinear optical transitions of the fluorophores. In brief]
transitions between fluorescent and dark states result in single
molecule photoblinking, which when optimized enables the
emission from each fluorophore to be temporally and spatially
isolated from its neighbors. By localizing single emitter events
from thousands of imaging frames, one can reconstruct a
SMLM image.'” Given the unusual properties required of
fluorophores for SMLM, few studies have reported its use in
conjunction with FDAAs. Two strategies have been applied to
FDAAs in SMLM imaging: (1) to synthesize an FDAA
incorporating a fluorophore; (2) to synthesize a DAA
derivative that can be modified via a “click reaction”. In the
first case, the FDAAs TAMRA-D-lysine (TDL) and Cy;B-p-
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Figure 1. Newly synthesized FDAAs (A—D). Examples of corresponding widefield images of FDAA-labeled B. subtilis cells (E—H) after 20 min
incubation with 0.5 mM during midexponential phase. Scale bar: 1 ym.
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Figure 2. (A) WF (left), SMLM (middle) and zoom-in SMLM (right) images of B. subtilis cells labeled with FDAAs. Cell-cell contact areas
highlighted. Scale bar: 1 um. (B) Intensity profiles for three lines drawn in zoomed image in (A), profile color corresponds to line color in (A). (C)
Localization density measured in cell wall region (insert schematic, orange rectangle). N = 15 cells for each FDAA. (D) FRC calculated for SMLM
images of sCy;DA (left) and sCy;DL . (right) labeled cells (Supplementary Methods).
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alanine (Cy;BADA) were synthesized and tested for photo-
blinking and SMLM imaging.* Although the dyes incorporated
well into Escherichia coli cells, SMLM revealed patchy images
of the cell envelope, where the poles and septum were missing.
This suggests that TDL and Cy;BADA are able to penetrate
the cell wall and cross-link with PG, but they are not suitable
dyes for SMLM imaging. In the second case, click reactions
were applied to link Alexa-Fluor 647 (AFy;) to DAA
derivatives after their incorporation into the cell wall
Subsequent SMLM imaging offered nanoscale PG visualization
in Staphylococcus aureus and Streptococcus pneumoniae cells,™'>
although with the inconvenience of two-step labeling.

We demonstrate a streamlined strategy, for efficient
incorporation and photoblinking, while retaining the simplicity
of single-step labeling. We discovered that the results of this
strategy, combining dyes known to be optimal for SMLM with
different DAA backbones, can be optimized for cell wall
incorporation and super-resolution imaging. Here, we report a
new set of FDAAs for cell wall labeling, with superior
performance for SMLM imaging.

We started with three commercially available fluorophores
that have been reported to show high performance in SMLM
imaging: Sulfo-Cyanine S (sCys), Alexa Fluor 647 (AFq,;), and
DyLight 755 (DL,g;)."”'* Following a chemical synthesis
method similar to the one previously reported' (Supplemen-
tary Methods), we conjugated these fluorophores to p-alanine
(DA) and p-lysine (DL) backbones, respectively, to make new
FDAAs: sCy.DA, sCysDL, AF,,;DA, AF¢,;DL, DL,;;DA, and
DL,;;DL (Figures 1A—C, S1—S6). Additionally, we made
sCySDA ,.iq. and sCySDL __.;., the amide versions of sCy;DA
and sCy,DL, respectively (Figures 1D, S7, S8). Such amide-
modified FDAA derivatives were reported to be better
incorporated into the cell wall of many Gram-positive bacteria,
compared with carboxyl group-containing FDAAs."

We next tested the dye incorporation by incubating these
new FDAAs with Bacillus subtilis cell cultures for ~1 cell cycle
during exponential growth phase. The Gram-positive B. subtilis
lacks an outer membrane; thus, the cell wall is readily
accessible to probes in the growth media. In widefield (WF)
images, cells labeled with either sCy; or AFg,, derivatives
showed a clear cell outline where the cell periphery and septum
could be distinctly observed (Figures 1E,F, S9). In contrast,
cells incubated with DL, derivatives appeared decorated with
small blobs of dye and yielded low contrast images, where cell
shape details could barely be inferred (Figures 1G, S10). This
indicated that the DL, derivatives suffered from poor cell wall
incorporation. The molecular weight of DL,ss (1092 g/mol,
NHS ester) is intermediate to those of sCy; (778 g/mol, NHS
ester) and AF,; (1250 g/mol, NHS ester), indicating that size
is probably not the issue. While the formula of DL, has not
been disclosed, we suspect that the chemical properties of
DL, (e.g, net charge, hydrophobicity) may inhibit its cell
wall incorporation and thus limit its labeling efficiency. WF
images of sCySDA 4. and sCySDL , . labeled B. subtilis
cells (Figures 1H, S11) also showed clear outlines and septum
similar to sCy;DA and sCy;DL (Figure 1E).

We then performed SMLM imaging of B. subtilis cells
labeled with each of the eight new FDAAs. As desired, the cell
outline and septum are clearly apparent in reconstructed
SMLM images, except for those cells labeled with DL,ssDL
and DL, DA (Figures 2A, S10). We also tested SMLM
imaging of TDL-labeled B. subtilis under the same
experimental conditions (Figures S13, S14). Here, the overall
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bacterial shape (e.g., cell pole and septum) observed in WF
could barely be detected by SMLM. Both DL, derivatives
and TDL were incompatible with high quality SMLM imaging,
but for different reasons: DL,; fails to incorporate, while TDL
fails to photoblink. For the other FDAAs, we used regions of
close proximity between two cells to examine image quality.
Cells labeled with sCy;DA, sCy;DA .4, sCysDL,
sCysDL 4o and AFg,DA demonstrated a clear “V-shape”
pattern with continuous cell wall localizations, while those
labeled with AF4,,DL appeared slightly patchy (Figure 2A).
The distance between distinguishable features reflects the
image quality, so we quantified the distance between adjacent
cell walls with line profiles. For sCysDA- and sCy;DL 4.
labeled cells, we found neighboring cells could be resolved at
~150 nm apart (Figure 2B).

SMLM images are pointillist reconstructions of molecular
positions; thus, their quality depends in part on the density of
localized molecules. We compared the mean density of
localizations in the lateral cell wall. Among the six acid version
FDAAs, sCys was the best-performing fluorophore (~1000
loc/um?) followed by AFq,, (~500 loc/um?) and DL, (~200
loc/um?) (Figure 2C). Since AF,; was reported to exhibit the
best photophysical properties for SMLM,"” the higher sCys
localization density could be due to better cell wall
incorporation. With a net charge of —1, sCys should be
more readily incorporated into the also negatively charged cell
wall, compared to AF,, with its net charge of —3.'° This is
consistent with the lower intensity of WF images collected
under identical imaging conditions (Figure 1E,F). Overall, the
amidated sCyDL ,..q. (~4000 loc/um*) and sCy;DA e
(~2000 loc/um?) enabled the highest localization densities.
Labeling density is a consequence of retention as well as
incorporation: sCysDA 4. and sCysDL , .4 are charge
neutral, and amidation of the stem peptides may confer
resistance against transpeptidase-mediated displacement."
Since sCysDA 4 resulted in a lower labeling density than
SCysDL e B. subtilis transpeptidases may catalyze p-alanine
based carboxamides more efficiently.

Finally, we used the Fourier ring correlation (FRC) method
to measure the image resolution. FRC measures the correlation
between two images—reconstructed from subsets of the
localizations—at different spatial frequencies, thus providing
an estimation of SMLM image resolution.'” It is indirectly
sensitive to different factors, including the localization
uncertainty, labeling density, and the sample’s spatial structure.
For cells labeled with sCy;DA and sCy;DL .4, the calculated
FRC resolution was ~60 nm (Figure 2D). Calculated for
different images, the FRC resolution ranged between 50 and
110 nm, with similar results obtained for sCy;DA,
sCysDA ,nide SCysDL, sCyDL , 4o and AF¢DA labeling
(Figure S15). The calculation of FRC resolutions for SMLM
images of DL,ssDA, DL,ssDL, and TDL labeled cells failed,
consistent with our conclusion that these dyes are not reliable
for SMLM imaging. Overall, sCy;DL 4. performed best as

an FDAA for SMLM imaging of B. subtilis, with sCysDA _i4e
sCysDA, sCy;DL, and AF,,DA being good alternatives.

We next applied SMLM imaging to resolve nascent PG
growth in Caulobacter crescentus. We chose C. crescentus as a
challenging case, due to its small size (~500 nm in diameter)
and the fact that it is Gram-negative, with an outer cell
membrane that could act as a permeability barrier to our
probes. We found sCy;DA to be a better label for C. crescentus

than sCy;DL _ .4 (Figure S16), consistent with a previous
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study that reported Gram-negative bacteria incorporated p-
amino carboxamides less effectively.'> C. crescentus has a well-
characterized PG growth model: dispersed insertion along the
sidewalls during elongation, asymmetric growth between the
lateral sides to give rise to cell curvature,"™" polar PG
remodeling during stalk formation,”® and then zonal insertion
at midcell prior to division and during constriction.”’ To
highlight newly synthesized PG, we performed pulse-chase
labeling where cells were incubated with a green FDAA
(sBADA) for more than one generation, followed by a short-
pulse labeling with sCy;DA for only S min (~5% of cell cycle
duration) (Figure 3A).

+ sBADA + sCysDA
| | > |
! 120 mi I 5 .
min o 5min O
@ﬁg\* e 'a@(@
iii
iii
iii
~300 nm

~250 nm

~100 nm

Figure 3. (A) Schematic of the pulse-chase labeling strategy: C.
crescentus cultured in PYE was incubated with 0.25 mM sBADA for
120 min, then with 0.5 mM sCy;DA for S min. (B—E) (i) WF images
of pulse-chase labeled C. crescentus cells, SBADA (green) and sCy;DA
(yellow); (ii) SMLM imaging of sCy;DA; (iii) intensity profile along
the long axis of rectangle (B and D), the midline (C), or two axes of
the rectangle (E). Scale bar: 500 nm.

We examined the organization of PG synthesis in C.
crescentus cells at different stages of the cell cycle (Figures 3B—
E, S17). In some cases (Figure 3B), both visual examination
and intensity profile showed higher labeling of one lateral cell
wall (red box), compared with the other (blue box). This is
consistent with the overall cell curvature, where PG insertion
into the outer (convex) wall is enhanced relative to the inner
(concave) wall. Polar PG insertion (white arrow) is also visible
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at one cell end, perhaps indicating the onset of stalk growth.
We observed PG insertion along the longitudinal cell axis to be
asymmetric relative to midcell, with the stalked pole showing
higher PG remodeling than the flagellar pole (Figure 3C). We
also noticed that the zonal PG band at midcell was slightly
shifted toward the flagellar pole. We observed a few cells
(Figures 3D, S18) with an unusual double-ring of PG insertion
at midcell rather than the more common single band (Figure
3B). Zonal PG growth in C. crescentus occurs during both cell
elongation and division, shifting from more dispersed to more
constrained at the division site during septum formation. The
double-band structure here might indicate a transition state
during cell constriction. Notably, the bacterial septal PG
growth is driven by the FtsZ-containing protein complex called
the divisome, and in Streptococcus pneumoniae FtsZ can form a
double-ring.22 In a predivisional cell (Figure 3E), we found
that the septal PG appeared as a ring-like band with a small
nonlabeled region at the center. Such a dip in intensity could
result from a 2D projection of the septal PG ring. The intensity
profile along two orthogonal directions (blue, along the cell
length and red, along the cell width) showed a septal width of
~100 nm, while the distance between two lateral PG peaks was
~250 nm.

Since sCy;DL 4. incorporated well into Gram-positive B.
subtilis while sCy;DA was superior for Gram-negative C.
crescentus cells, we next examined the labeling in other bacterial
species using the two dyes. We focused on human pathogens,
where fundamental knowledge of their PG growth character-
istics is of particular interest. We performed a long-pulse
labeling (1—2 cell cycle durations) of 12 different species and
assessed cell wall incorporation as well as the quality of the
corresponding SMLM images.

Gram-negative bacteria generally retained less fluorescence
compared to Gram-positive and mycobacteria. We therefore
used a higher dye concentration for their labeling. Among
them, Pseudomonas aeruginosa showed cell-to-cell variation of
labeling density, compared to the more homogeneous staining
in C. crescentus, Vibrio cholerae, or Klebsiella pneumoniae
bacteria (Figures 4A, S19). The weak labeling of P. aeruginosa
could result from its thin PG sacculus (~3 nm) compared to
that of E. coli (~6 nm) and C. crescentus (~7 nm),”” > and
low permeability of its outer membrane.*® The Gram-positive
bacteria showed more continuous and denser labeling either
with sCysDL 4. or sCysDA, with the septum of B. subtilis
and Paraclostridium, the equatorial ring of Staphylococcus
aureus, and the size variance of Streptococcus pneumoniae cells
all clearly visible in SMLM images (Figures 4B, S19).

Mycobacteria are different from Gram-negative and -positive
bacteria due to their unique cell wall architecture which
includes a waxy surface layer composed of long-chain fatty
acids, mycolic acids.”” SMLM images of M. smegmatis, M.
abssensus, and M. marinum revealed details lacking from WF
images, such as a rough cell surface whose width varies along
the mostly cylindrical cell wall (Figures 4C, S20). We found
that M. tuberculosis easily forms aggregates during cultivation,
which may lead to nonuniform labeling in SMLM images.
Nevertheless, isolated M. tuberculosis cells were well-labeled
and highly resolved (Figures 4C, $20). We further tested short-
pulse labeling of M. smegmatis for ~10% of cell cycle duration.
Consistent with previous reports that asymmetric division in
M. smegmatis results from differential growth at the cell tips,”®
we observed an asymmetry between the PG inserted into the
two cell poles (Figures S21, S22). Interestingly, we also
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Caulobacter crescentus Vibrio cholerae

Gram-negative

Gram-positive

Mycobacteria

Figure 4. WF and SMLM imaging of (A) Gram-negative bacteria: C.
crescentus (0.5 mM sCysDA), V. cholerae (0.5 mM sCysDA), K
pneumoniae (0.5 mM sCysDA), P. aeruginosa (1 mM sCy;DA), (B)
Gram-positive bacteria: B. subtilis (0.1 mM sCy,DL , .4.), Para-
clostridium spp. (0.1 mM sCy;DA), S. aureus (0.1 mM sCy;DA), S.
pneumoniae (0.1 mM sCy;DA), and (C) mycobacteria: M. smegmatis
(0.1 mM sCysDA), M. abscessus (0.5 mM sCy;DA), M. marinum (1
mM sCyDL ,..q.), M. tuberculosis (1 mM sCyDL . .4.). Scale bar: 1

pm.

observed cells in which the nascent PG was concentrated at
one pole and dispersed on the other cell half, which lacked
polar growth. This is compatible with a previous atomic force
microscopy (AFM) study, which proposed a biphasic growth
model in which the new cell pole experiences a lag when
switcging from a slow to fast growth mode initiated by the old
pole.
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The FDAAs reported here incorporate well to highlight the
cell wall in a wide variety of bacteria, including Gram-positive,
Gram-negative, and mycobacteria. The dyes sCy;DA,
sCysDA .40 sCysDL, sCyDL , 4., and AFg,DA out-
performed other probes for SMLM applications with good
incorporation and photoblinking capabilities. When used for
SMLM imaging, they can reveal details of cell shape and PG
distribution lacking from standard WF imaging. Combined
with spectrally distinct protein markers, they can enable
multicolor super-resolution studies of cell growth. In
experimental designs using pulse-labeling, our new probes
can advance the study of bacterial cell wall organization with
unprecedented spatial detail.
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