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Amethod of choice to study the spatio-temporal dynamics of bacterial cell growth and division is to analyze

the localization of cell wall synthesis regions by fluorescence microscopy. For this, nascent cell wall

biopolymers need to be labeled with fluorescent reporters, like fluorescent D-alanines (FDAs) that can be

incorporated into the peptidoglycan. To achieve high spatial and temporal resolution, dense, high-

intensity fluorescence labeling must be obtained in the shortest possible time. However, modifications

carried by D-Ala can hinder their uptake by the enzymes that incorporate them into the peptidoglycan,

such as the D,D-transpeptidases. Conversely, these modifications can impede the elimination of the

incorporated D-Ala derivatives by D,D-carboxypeptidases, making the labeling more persistent. In this

context, we synthesized clickable D-Alas and tested their incorporation into the peptidoglycan using

different labeling approaches, prior or after their conjugation to clickable fluorescent dyes through

SPAAC reaction. Our data allow ranking of the D-Ala derivatives in terms of their ease of incorporation

and resistance to trimming during one-step, “one-pot” two-step or sequential two-step labeling

strategies. We further show that a hybrid “one-step” approach, in which a FDA is used in combination

with clickable choline and fluorescent dye, enables two-color co-labeling of peptidoglycan and teichoic

acids. Finally, we identify a strategy compatible with the cell fixation required for super-resolution

microscopy, by combining one-step labeling with FDA and sequential two-step labeling with clickable

choline and fluorescent dye, allowing to obtain two-color high-resolution images of peptidoglycan and

teichoic acid synthesis regions.
Introduction

The bacterial cell wall is an essential structure that plays
a crucial role in maintaining the shape and the structural
integrity of the cell. In Gram-positive bacteria, it is composed of
polymeric layers of peptidoglycan (PG), which is the main and
ubiquitous component in the bacterial kingdom, and teichoic
acids (TAs), which are polyphosphosaccharidic chains cova-
lently linked to the PG or to membrane lipids. Their co-
assembly during cell division and elongation is dynamically
controlled by the cell wall synthesis machinery, making this
step a prime therapeutic target with major challenges in
understanding the underlying mechanisms.1

To study and understand the expansion of the cell wall, it is
essential to dispose of specic labeling tools that can track the
genesis of the PG or the TAs. There are several strategies based
on the incorporation of modied metabolites, which are
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constituents of bacterial wall biopolymers. Among them, sugar
derivatives are an effective means of labeling or installing
a clickable group in the cell wall.2,3 To specically label the PG,
D-alanine (D-Ala) derivatives are commonly used due to their
ease of chemical synthesis and selectivity.2–4 The metabolic
incorporation of clickable D-Ala derivatives into the PG has
provided highly accurate monitoring of its fate during bacterial
division and elongation.3,4 This has been made possible by
conjugating the incorporated clickable probes to uorescent
dyes carrying complementary clickable functions, and subse-
quent localization using super-resolution microscopy.5,6

For TAs, we developed their rst selective uorescent
labeling by taking advantage of their decoration by phos-
phocholine groups, which is a particularity of Streptococcus
pneumoniae and enables specic metabolic labeling using
modied choline.7 It should be noted that this metabolic
incorporation has limited steric tolerance, as the presence of
a uorescent coumarin tag on choline 1 (Fig. 1) does not result
in labeling. A two-step labeling approach was therefore set up,
involving the metabolic incorporation of azido-choline 2 (azido-
Cho), which positions several azide functions in the TAs. The
latter can then react with a uorescent cyclo-octyne 3 by strain-
promoted azide–alkyne click reaction (SPAAC).8 Given that the
RSC Adv., 2024, 14, 33133–33142 | 33133
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metabolism of choline is rapid, we developed a “one-pot” two-
step approach, which consists of adding azido-Cho 2 and the
uorescent dye 3 at the same time, thereby increasing the
temporal resolution of TA labeling.8 In this approach, the key to
success lies in the rapid metabolic incorporation of the azido-
Cho 2 into the TAs, combined with graing of the uorescent
dyes by click reaction.

The PG is constituted by polysaccharide strands made of N-
acetylglucosamine (GlcNAc)-N-acetylmuramic acid (MurNAc)
repeating units, the latter bearing a pentapeptide that harbors
a D-alanine-D-alanine (D-Ala-D-Ala) sequence at its distal C-
terminus. The incorporation of newly synthesized glycan
strands into the PG mesh requires the cross-linking of the
peptide chains. In S. pneumoniae, this process is carried out by
D,D-transpeptidases (TPs), which remove the terminal D-alanine
(D-Ala) to establish a covalent link between the D-Ala in position
4 and an amine-bearing side chain of another peptide. Alter-
natively, when a signicant amount of free D-Ala is present in
the medium, TPs can replace the departing D-Ala in position 5
by another D-Ala. This enzymatic futile cycle allows to incorpo-
rate a uorescent D-Ala (FDA) at this stage, enabling the detec-
tion of TP activity and serving as a proxy for PG synthesis.
However, this one-step incorporation can be impaired by the
size of the uorescent dye,9,10 making the approach unsuitable
Fig. 1 Fluorescent labeling of nascent cell wall components by one-
or two-step labeling approach; teichoic acids (TA) are labeled by the
metabolic incorporation of azido-choline 2 followed by SPAAC reac-
tion with fluorescent cyclo-octyne 3 (two-step labeling); peptido-
glycan (PG) can be labeled either by one-step labeling with the
incorporation of a fluorescent D-alanine (FDA) 4 or by two-step
labeling with clickable D-alanine (D-Ala) 5 that reacts with thematching
clickable fluorescent dye 6. Trimming by PBP3 of the terminal D-Ala,
carrying either the clickable function or the fluorescent dye, is indi-
cated by purple arrows.

Scheme 1 Formation of FDAs through the conjugation of D-Ala-BCN
7, D-Ala-DIBO 8 or D-Ala-DBCO 9 to an azido derivative of the fluo-
rescent dye AF488. The SPAAC reaction kinetics in PBS at 37 °C is given
below each compound.

33134 | RSC Adv., 2024, 14, 33133–33142
for short pulse-labeling, which needs to be fast and intense. The
alternative is thus to use a two-step approach by introducing the
uorescent dye via a copper-free click reaction aer the
metabolization of a D-Ala carrying a small TP-compatible click-
able function. SPAAC is one of the most widely used reactions
for this purpose. The azide group and the cyclo-octyne are
uncharged and sufficiently small to be well tolerated by
enzymes. In addition, the SPAAC kinetics are fast enough to
usually ensure sufficient graing of the uorescent dye and
obtain strong labeling in just a few minutes. This strategy also
offers the opportunity to use a wide variety of uorescent
probes, particularly those compatible with super-resolution
dSTORM (direct STochastic Optical Reconstruction Micros-
copy), regardless of their size or charge. However, the two-step
labeling approach requires more handling because of succes-
sive additions and washings, similar to a pulse-chase sequence.
In addition, aer incorporation of the D-Ala derivatives in living
cells, the labeled regions will evolve spatially during the click
reaction period and their location will no longer accurately
reect the regions of PG neosynthesis. In such case, the
multiple successive steps will decrease the spatio-temporal
resolution of the experiment. The transposition of the “one-
pot” two-step labeling concept developed for TA to the labeling
of PG is therefore highly desirable. It should be noted that PG
labeling by modied D-Ala presents a difficulty compared to TA
labeling. Indeed, the persistence of the labeling can be quickly
© 2024 The Author(s). Published by the Royal Society of Chemistry
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compromised by the action of D,D-carboxypeptidases (CPs),
which convert the pentapeptides into shorter tetrapeptides by
removing the FDA in position 5.11 TPs and CPs thus have
opposite actions in terms of probe incorporation. Furthermore,
the clickable function carried by the D-Ala, whether conjugated
or not to a bulky uorescent group, can greatly inuence their
uptake by enzymes. In the case of a “one-pot” two-step labeling
approach, where all the ingredients are added at the same time,
all these parameters increase the complexity in interpreting the
efficiency of D-Ala incorporation, uorescent labeling and
maintenance of the incorporated probes.

In this work, the properties of three cyclo-octynes with
different reaction kinetics and steric hindrance were tested
under various addition schemes to exploit the action of TPs and
CPs for strong pulse labeling. Depending on the application, for
conventional uorescence microscopy with live cells or for
dSTORM with xed cells, we sought to identify the optimal
operating way for carrying out pulse and pulse-chase experi-
ments with the best temporal resolution. With these conditions
in hand, we have extended our work to co-labeling of the PG and
TA, and produced the rst two-color dSTORM localization
images of nascent PG and TA.
Fig. 2 (A) One-step pulse-labeling scheme. S. pneumoniae cells are inc
azido-AF647). (B) Fluorescence of labeled cells measured by flow cytom
azido-AF647. The time to reach the labeling intensity plateau indicates t
fluorescence microscopy images of cells labeled with FDA, following a p
of 2.5 h. Left panels show the peptidoglycan (PG) synthesis region reveale
and right panels show merged phase contrast and AF647 channels. All im
levels were treated identically for each panel. Scale bars, 1 mm. (D) Histo
moniae D39 Dcps and R800 cells analyzed by flow cytometry. The FDA
fluorescence intensity measured for D39 Dcps cells labeled with the FDA
a reference.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Reaction kinetics of D-Ala-cyclo-octynes with azide uorescent
dyes

The SPAAC reaction can be carried out with functions of various
sizes, from the small azide group tomore voluminous polycyclic
cyclo-octynes, and offers a range of reaction kinetics. We have
explored how these parameters inuence cell wall labeling for
uorescence microscopy. We selected the cyclo-octynes BCN,
DIBO and DBCO because uorescent dyes carrying these func-
tions or their matching clickable functions are commercially
available (Fig. S1†). The second-order rate constant k2 reported
for BCN (inmethanol), DIBO (in CD3CN/D2O 3 : 1) and DBCO (in
methanol) reacting with aliphatic azides at room temperature
was reported to be 1.4 × 10−1, 1.2 × 10−1 and 3.1 × 10−1 M−1

s−1, respectively.12 The D-Dap (amino-D-alanine), as a central
scaffold mimicking the D-Ala, was chosen to accommodate
these cyclo-octynes, giving D-Ala-BCN 7,13 D-Ala-DIBO 8 and D-
Ala-DBCO 9.14 We then carried out a comparative study of the
reaction kinetics between 7–9 and azido-AF488 in biologically
compatible condition (phosphate buffer saline (PBS), 37 °C,
Scheme 1). Compared to the literature, we found a ten-fold
higher k2 value for D-Ala-BCN (1.2 ± 0.2 M−1 s−1) and much
ubated for 10 min with a solution of FDA (D-Ala-(7–9) pre-clicked with
etry for various time of pre-click reaction between products 7–9 and
he pre-click time required for full conversion to FDA. (C) Conventional
re-click reaction between product 7–9 and azido-AF647 over a period
d by the AF647 signal, middle panels show phase contrast (PC) images
ages were recorded with the same acquisition parameters, and signal
gram showing the relative fluorescence intensity of labeled S. pneu-
s used for labeling were obtained by pre-click reactions of 2.5 h. The
issued from compound D-Ala-DIBO 8 and azido-AZ647 was taken as

RSC Adv., 2024, 14, 33133–33142 | 33135



Fig. 3 (A) One-step pulse-labeling scheme. S. pneumoniae R800WT and DdacA cells are incubated for 10 min with a solution of FDA (D-Ala (7–
9) pre-clicked with the azido-AF647 for 2.5 h). (B) Histogram showing the relative fluorescence intensity of labeled R800 WT and DdacA cells
analyzed by flow cytometry (the fluorescence intensity measured for R800 WT cells labeled with the FDA issued from compound DIBO 8 pre-
clicked to azido-AF647 was taken as the reference). (C and D) Conventional fluorescence microscopy images of R800 WT (C) or DdacA (D) cells
labeled with FDA as illustrated in panel (A). Left panels show the peptidoglycan (PG) synthesis region revealed by the AF647 signal, middle panels
show phase contrast (PC) images and right panels show merged phase contrast and AF647 channels. All images were recorded with the same
acquisition parameters, and signal levels were treated identically for each panel. Scale bars, 1 mm.
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higher ones for D-Ala-DIBO (11± 3 M−1 s−1) and D-Ala-DBCO (68
± 8 M−1 s−1). This marked difference may be explained by the
change in temperature andmedium, but also by the presence of
the D-Dap moiety carried by the clickable molecule.15 As a result,
the range of kinetics is wider than anticipated, with excellent
kinetics for 8 and 9.
Comparison of labeling approaches in the study of PG
neosynthesis

To label the PG, the one-step labeling approach was rst tested
(Fig. 2A). A solution of 7–9 was pre-incubated (pre-clicked) for
different periods with the uorescent dye azido-AF647 in PBS
buffer to determine the minimum incubation time for full
conversion into the corresponding FDA. The reaction products
were used to label the PG of the laboratory strain D39 Dcps S.
pneumoniae, and the uorescence of labeled cells was measured
by ow cytometry to estimate the relative yield of FDA conver-
sion (Fig. 2B). Reaching a plateau of labeling intensity was
considered of the consequence of the full conversion of the D-
Ala-cyclo-octynes into FDA during the preincubation. Consis-
tent with the reaction kinetics measured in vitro, a plateau was
33136 | RSC Adv., 2024, 14, 33133–33142
reached aer a few tens of minutes of pre-click reaction for 8
and 9, whereas it took 2.5 h for D-Ala-BCN 7. Interestingly, the
labeling intensity was not the same between FDAs, with the pre-
clicked D-Ala-DIBO 8 and D-Ala-DBCO 9 compounds providing
the strongest and weakest signals, respectively. Fluorescence
microscopy images of pneumococcal cells labeled with
compounds pre-clicked for 2.5 h show midcell localization
patterns that are typical of probes incorporated into newly
synthesized PG (Fig. 2C). The labeling intensity obtained for the
different compoundsmirrors that observed with ow cytometry.
The variations observed between the different FDAs likely reect
differences in their ability to be incorporated by the TPs and
susceptibility to be trimmed by PBP3, the single pneumococcal
CP. In the other widely used laboratory strain S. pneumoniae
R800, D-Ala-DIBO 8 also yielded the strongest uorescent signal,
albeit less intense than in strain D39 Dcps (Fig. 2D). To compare
uorescence intensities in the subsequent experiments, when-
ever possible, 10 min pulse-labeling of WT strains with D-Ala-
DIBO was taken as a reference (normalized reference = 100).

To analyze the trimming action of PBP3 during pulse
labeling, we used a R800 strain deleted from the dacA gene
© 2024 The Author(s). Published by the Royal Society of Chemistry



Paper RSC Advances
coding for PBP3 (Fig. 3A). When analyzed by ow cytometry
aer a 10 min pulse-labeling with FDAs, all DdacA cells exhibi-
ted stronger uorescence compared to WT cells (Fig. 3B).
Observation of the labeled cells by conventional uorescence
microscopy conrmed this result (Fig. 3C and D), highlighting
a signicant trimming action of PBP3, which varies depending
on the incorporated FDA. The FDAmade from D-Ala-DIBO 8 and
azido-AF647 is less prone to be removed by PBP3 (2.9-fold
reduction of the signal intensity between DdacA and WT cells,
Fig. 3B) compared to D-Ala-BCN 7 and D-Ala-DBCO 8 products
(8.8 and 5.1-fold reduction, respectively). The incorporated FDA
obtained from D-Ala-DIBO 8 is thus the poorest substrate for
PBP3. In the absence of PBP3, the strongest uorescent signal
was observed for the FDA obtained from D-Ala-BCN 7, indicating
that TPs incorporate this compound more efficiently than those
obtained from D-Ala-DIBO 8 or D-Ala-DBCO 9. Eventually, the
best balance between FDA incorporation and trimming is ob-
tained with the compound made from D-Ala-DIBO 8, as it
provides the strongest uorescent signal in WT cells (Fig. 2C
and 3A).

The “one-pot” two-step approach was next investigated with
the concomitant incubation of D-Ala-cyclo-octyne 7–9 and azido-
AF647 with D39 Dcps cells, in the context of a 5- or 10 min pulse-
labeling experiment (Fig. 4A). Since D-Ala-cyclo-octynes 7–9
carry fast SPAAC groups, their incorporation into the PG
competes with their click reaction in solution with azido-AF647.
The labeling thus results from the combination of a true two-
step process (i.e. incorporation of D-Ala-cyclo-octyne into the
PG, followed by click reaction with azido-AF647) and
Fig. 4 (A) “One-pot” two-step pulse-labeling scheme. S. pneumoniae D
octyne (7–9) and azido-AF647. (B) Histogram showing the relative fluore
by flow cytometry. (C) Conventional fluorescencemicroscopy images of
as illustrated in panel (A). Left panels show the peptidoglycan (PG) synt
contrast (PC) images and right panels show merged phase contrast and
parameters, and signal levels were treated identically for each panel. Sca

© 2024 The Author(s). Published by the Royal Society of Chemistry
incorporation of FDA that has been formed in the medium by
click reaction between free D-Ala-cyclo-octyne and azido-dye.
Unlike the previous one-step labeling experiment using pre-
clicked FDAs, the clickable probe that provided the strongest
uorescent signal was this time D-Ala-DBCO 9 (Fig. 4B). The
difference observed between the two experiments suggests that
during concomitant addition of D-Ala-cyclo-octyne and azido-
AF647, the labeling mainly results from a two-step process,
with rapid incorporation of the clickable D-Ala probes, followed
by rapid xation of the uorescent dye. Between 5 and 10min of
pulse, the brightness of the labeling doubles for D-Ala-BCN 7
and D-Ala-DBCO 9, whereas it quadruples for D-Ala-DIBO 8,
reaching almost the labeling level of D-Ala-DBCO 9. It is inter-
esting to note that modied D-Ala that are poorly incorporated
as pre-clicked FDA (one-step labeling), such as that produced
from D-Ala-DBCO 9 (see Fig. 2D), can result in much stronger
labeling when incorporated with a “one-pot” two-step approach.

To better separate the respective effects of the D-Ala incor-
poration and the click uorescent labeling, the two-step
approach was also performed sequentially, by incubating cells
with products 7–9 for 10 min, followed by washes and labeling
by click reaction with azido-AF647 for 10 min (Fig. 5A). In these
conditions, the trimming took place over a longer time (20 min
in total), while the incorporation of clickable D-Ala and the click
reaction remained unchanged (10 min each). This longer
trimming time had no signicant inuence on the ranking of
labeling efficiency between the clickable D-Ala (DBCO > DIBO >
BCN, Fig. 5B). With the sequential approach, the labeling
39 Dcps cells were labeled by concomitant addition of D-Ala-cyclo-
scence intensity of D39 Dcps cells labeled for 5 or 10 min and analyzed
D39Dcps cells labeled for 10min with products (7–9) and azido-AF647,
hesis region revealed by the AF647 signal, middle panels show phase
AF647 channels. All images were recorded with the same acquisition
le bars, 1 mm.

RSC Adv., 2024, 14, 33133–33142 | 33137



Fig. 5 (A) Two-step pulse-labeling scheme. S. pneumoniae D39 Dcps cells were incubated for 10 min with D-Ala cyclo-octyne (7–9), washed
and labeled with azido-AF647 for 10 min. (B) Histogram showing the relative fluorescence intensity of labeled D39 Dcps cells analyzed by flow
cytometry. Fluorescence intensity obtained with D-Ala-DIBO 8was taken as the reference. (C) Conventional fluorescencemicroscopy images of
D39 Dcps cells labeled with products 7–9 and azido-AF647 as illustrated in panel (A). Left panels show the peptidoglycan (PG) synthesis region
revealed by the AF647 signal, middle panels show phase contrast (PC) images and right panels showmerged phase contrast and AF647 channels.
All images were recorded with the same acquisition parameters, and signal levels were treated identically for each panel. The red insets show
regions of the images in which the contrast was modified to visualize the fluorescent signal. Scale bars, 1 mm.
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efficiency observed for compounds 7–9 correlates with their
SPAAC reaction kinetics.

Finally, we compared by ow cytometry the one-step, the
“one-pot” two-step and the two-step labeling approaches to
Fig. 6 (A) Comparison of the fluorescence intensity of labeled S. pneumo
labeled for 10 min with D-Ala-DIBO 8 and azido-AF647 by the one-step (
approaches. (B) Comparison of the fluorescence intensity of labeled S.
labeled for 10 min with D-Ala-DIBO 8 and 40 or 100 mM of azido-AF6
concentration of azido-AF647 improves the labeling (**p < 0.01).

33138 | RSC Adv., 2024, 14, 33133–33142
identify which one provides the most intense labeling for
a 10 min pulse with D-Ala-DIBO 8 (Fig. 6A). The one-step
approach using pre-clicked FDA appears to be the most effec-
tive, with twice the brightness compared to the other two
niaeD39 Dcps cells analyzed by flow cytometry (*p < 0.05). Cells were
pre-click), “one-pot” two-step (concomitant) or two-steps (sequential)
pneumoniae D39 Dcps cells analyzed by flow cytometry. Cells were
47 by the “one-pot” two-step (concomitant) approach. An increasing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approaches. The SPAAC reaction in the context of the “one-pot”
two-step approach is therefore not fast enough during a 10 min
pulse to match the uorescence intensity obtained by one-step
labeling with FDA. However, by increasing the concentration of
the uorescent dye to speed up the click reaction, it was
possible to signicantly increase the labeling rate and reach the
efficiency of the one-step labeling with FDA (see comparison for
DIBO, Fig. 6A and B).
Comparison of labeling approaches in pulse-chase
experiments

We next investigated the labeling obtained with our D-Ala
probes in a pulse-chase experiment, which allows investigating
the fate of neosynthesized PG regions (Fig. 7A). Given that D-Ala-
DIBO 8 and D-Ala-DBCO 9 provided the strongest signals in the
“one-pot” two-step labeling, we used these probes and this
approach to label D39 Dcps cells for 10 min. The cells were then
directly observed by conventional uorescence microscopy, or
further incubated for 20 min in the absence of the labeling
compounds (chase period) before microscopy analysis (Fig. 7B).
The labeling remained persistent aer the chase period, indi-
cating that the incorporated probes have not been signicantly
trimmed over time and can thus be used to investigate the
localization of newly synthesized regions of the PG along the
cell cycle.
Fig. 7 (A) “One-pot” two-step pulse-chase labeling scheme. (B) Conve
cells labeled with products 8, 9 and azido-AF647 as illustrated in pane
peptidoglycan (PG) synthesis region revealed by the AF647 signal, midd
phase contrast and AF647 channels. All images were recorded with the sa
each panel. Scale bars, 1 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Two-color labeling of PG and TA for conventional optical
microscopy

The next objective was to carry out concomitant labeling of PG
and TA, each with a different uorescent probe. We have already
performed such co-labeling during a 5 min pulse.8 It consisted
of combining a one-step labeling of PG using the FDA hydrox-
ycoumarin-amide-D-Ala (HADA) with a “one-pot” two-step
labeling of TA using azido-Cho 2 and DIBO-AF488. However,
as we have just seen, some FDAs do not efficiently label the PG
when used in one-step labeling pulse (see Fig. 2), thus
precluding the use of large uorophores, which could more
easily extend the color range and be compatible with super-
resolved imaging by dSTORM. We thus tested a dual “one-
pot” two-step approach, involving two SPAAC reactions at the
same time (Fig. 8A), which is an easy procedure to implement
rather than successive addition and washing steps. We know
that choline can only be incorporated into TA if not clicked to
a uorophore6 and that the “one-pot” two-step labeling with
clickable D-Ala involves predominantly the two-step pathway
(see Fig. 4). In a dual “one-pot” two-step approach, the clickable
choline and D-Alas should therefore be mostly incorporated into
the cell wall before being conjugated to the uorescent dyes or
to each other. The main risk in such experiment lies in higher
occurrence of unwanted SPAAC cross-reactions, i.e. (1) in solu-
tion, between clickable D-Ala and choline, which may adversely
affect their availability to the cell, or between the latter and the
ntional fluorescence microscopy images of S. pneumoniae D39 Dcps
l A, observed before or after a 20 min chase. Left panels show the
le panels show phase contrast images and right panels show merged
me acquisition parameters, and signal levels were treated identically for

RSC Adv., 2024, 14, 33133–33142 | 33139



Fig. 8 (A) “One-pot” two-step dual labeling scheme for PG and TA. S. pneumoniae R800 WT cells were incubated with D-Ala-DIBO 8, azido-
AF647 and DBCO-AF488, in the presence or absence of azido-Cho 2 for 10 min. (B) Labeling scheme combining the one-step approach with
FDA and “one-pot” two-step approach for TA. S. pneumoniae R800 WT cells were incubated with the FDA issued from D-Ala-DIBO 8 clicked to
azido-AF647, and with DBCO-AF488, in the presence or absence of azido-Cho 2 for 10 min. (C and D). Conventional fluorescence microscopy
images of R800 WT cells labeled as illustrated in panels (A) (for C) or (B) (for D), in the presence (+2) or absence (−2) of azido-Cho. Images
acquired with the phase contrast (PC), AF488 (for labeled teichoic acids, TA) and AF647 (for labeled peptidoglycan, PG) channels are shown,
together with amerged image. All images were recordedwith the same acquisition parameters, and signal levels were treated identically for each
panel scale bars, 1 mm.
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clickable dye in the second step, and (2) in the cell wall, where
incorporated clickable D-Ala and choline may react with probes
remaining present in solution or with probes incorporated in
neighboring TA or PG, leading to impaired cell wall synthesis
and growth arrest. To test the innocuity of complementary
clickable functions in TA and PG, D39 Dcps cells were incubated
with a mixture of azido-Cho 2 and/or D-Ala-DIBO 8 for 10 min,
washed and further grown in BHI to assess the ability of labeled
cells to resume growth. Incorporation of azido-Cho 2 and D-Ala-
DIBO 8 for 10 min had no effect on the bacterial growth
(Fig. S2†). This observation suggests that complementary
clickable D-Ala and choline probes do not create any toxic arti-
cial cross-link in the cell wall. We cannot exclude that some
labeled PG and TAmay click together but if this were to happen,
it does not prevent cell growth, as previously reported for arti-
cial cross-linking of the PG.16–18

Cells labeled with the “one-pot” two-step approach were then
analyzed by conventional uorescence microscopy (Fig. 8C). In
parallel, we combined one-step labeling of PG using FDA
(resulting from a pre-click reaction between D-Ala-DIBO 8 and
azido-AF647) with “one-pot” two-step labeling of TA (Fig. 8B).
Both experiments showed consistent labeling of PG and TA, but
higher levels of uorescence were obtained with the “one-pot”
two-step approach (Fig. 8D). For the “one-pot” two-step
approach, an experiment carried out without azido-Cho 2 (−2)
showed an intensity of PG labeling that was similar to that
obtained with all the labeling compounds, indicating that the
33140 | RSC Adv., 2024, 14, 33133–33142
expected cross-reaction between azido-AF647 and DBCO-AF488
does not impair uorescent labeling. Although DIBO has slower
reaction kinetics than DBCO, the click reaction between D-Ala-
DIBO 8 and azido-AF647 is fast enough to not be signicantly
impacted by the cross-reaction between azido-AF647 and DBCO-
AF488. Altogether, these results show that a dual “one-pot” two-
step approach with complementary PG and TA probes allows
efficient two-color labeling.
Two-color labeling of PG and TA for dSTORM microscopy

To perform dSTORM, cells must be xed to prevent cell lysis,
which is induced by the phototoxicity of the lasers used for
sample illumination. Cell xation offers the possibility to
dissociate certain labeling steps. For PG labeling, FDA derived
from the assembly of D-Ala-DIBO 8 with azido-AF647 was used,
as being previously identied as the most effective (Fig. 2). For
TA labeling, the two-step approach is mandatory. FDA and
azido-Cho 2 were thus incubated at the same time with the
bacteria for 10 min (Fig. 9A). Aer washing, the cells were xed
overnight before incubation with DBCO-AF532 for uorescent
labeling of the incorporated azido-Cho 2. As the cells were xed,
the click reaction between DBCO-AF532 and azido-Cho 2 could
be carried out for a longer time (60min) than in a “one-pot” two-
step experiment, without altering the temporal resolution of the
labeling. This strategy provided equivalent labeling densities
between PG and TA (Fig. 9B). In these conditions, we have
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 9 (A) Hybrid labeling scheme for dual localization of PG and TA. Cells were incubated for 10 min in the presence of FDA (D-Ala-DIBO 8 pre-
clicked with azido-AF647) and azido-choline 2, chemically fixed with paraformaldehyde and incubated with DBCO-AF532 for 60 min. (B) Super-
resolution dSTORM images of S. pneumoniaeD39 Dcps cells in which PG and TA were co-labeled as illustrated in panel A. Reconstructed dSTORM
images obtained from the AF647 (PG labeling) and AF532 (TA labeling) channels are shown, together with a merged image. Scale bar, 1 mm.

Paper RSC Advances
succeeded in obtaining the rst two-color dSTORM images of
PG and TA synthesis regions. The experiment consisting of
interchanging the two uorescent probes, i.e. using FDA derived
from the assembly of D-Ala-DIBO 8 with azido-AF532 and
labeling TA with DBCO-AF647, was also carried out successfully
(Fig. S3†).
Conclusions

Fluorescent labeling of cell wall components requires identifying
suitable probes and methods to obtain the best temporal and
spatial resolution, or in other words to obtain an intense uo-
rescent signal for a minimal labeling time. In this work, we tested
the labeling efficiency of three clickable D-Ala 7–9 in various
experimental conditions. Our data show that when incorporation
of FDA by TP proves difficult, it is possible to circumvent this
issue with “one-pot” two-step labeling, i.e. where the clickable D-
Ala is inserted into the PG before its conjugation to the uores-
cent dye that is also present in the reactionmix. In our hands, this
observation was particularly true for D-Ala-DBCO 9. We have also
demonstrated the effectiveness of this approach for two-color
“one-pot” two-step labeling of PG and TA, which involves two
simultaneous SPAAC reactions. In this approach, the SPAAC
reaction must be rapid to achieve strong uorescent labeling in
a short time, but rapid click kinetics can also lead to the forma-
tion of probe-uorophore conjugates that will not be well incor-
porated into the cell wall. A balance must therefore be found
between the kinetics of the click reaction and the incorporation of
the probe. In our work, we show that D-Ala-DIBO 8 and D-Ala-
DBCO 9, which harbor rapid SPAAC kinetics, are nonetheless
incorporated into the PG before being clicked to the uorophore,
© 2024 The Author(s). Published by the Royal Society of Chemistry
indicating that the labeling mainly occurs in a two-step process.
This method is simple to implement, compatible with pulse-
chase studies on living cells, and offers a relatively wide choice
of uorophores that can be conjugated by click reaction. The
question is whether this “one-pot” two-step method can be
applied to Gram-negative bacteria, given that they have an addi-
tional external lipid membrane, bringing more constraints to the
incorporation of modied metabolites and clickable uorescent
probes. Success will depend on identifying the best operating
conditions for matching the size and kinetic parameters of the
clickable groups. Regarding the labeling conditions for dSTORM,
the FDA obtained from the coupling of D-Ala-DIBO 8 with azido-
AF647 was identied as the best compound for one-step
labeling. Combined with a sequential two-step labeling of TA in
which the SPAAC reaction is carried out over a long period on
xed cells, this approach enabled us to obtain the rst super-
resolved co-localization images of PG and TA. This protocol lays
experimental foundations for the study of the interplay between
the synthesis mechanisms of the two main components of the
pneumococcal cell wall.
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1. Supplementary schemes and figures
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Fig. S1. Molecular structures of commercially available clickable fluorescent dyes used in this work.

Fig. S2. Comparison of the growth of S. pneumoniae D39 cps cells after a 10-min incubation with 

250 µM of  choline chloride,  azido-choline 2,  D-Ala-DIBO 8 or  azido-choline 2 and D-Ala DIBO 8. 

Absorbance at 600 nm was monitored every 20 min.
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Fig. S3. Hybrid labeling scheme for dual localization of PG and TA. Cells were incubated for 10 min in the 

presence of FDA (D-Ala-DIBO 8 pre-clicked with azido-AF532) and azido-choline 2, chemically fixed with 

paraformaldehyde and incubated with DBCO-AF647 for 60 min. B. Super-resolution dSTORM images of S. 

pneumoniae D39 Δcps cells in which PG and TA were co-labeled as illustrated in panel A. Reconstructed 

dSTORM images obtained from the AF532 (PG labeling) and AF647 (TA labeling) channels are shown, 

together with a merged image.  Scale bar, 1 μm.

2. General synthetic methods

Chemicals and solvents used for reactions were purchased from BLD-Pharm, Fluorochem, 

Merck and Sigma-Aldrich and were used without any other purification. 

The reactions were monitored by thin-layer chromatography (TLC) on Macherey-Nagel silica 

gel 60 with UV detection at 254 nm. Flash column chromatographies (FCC) were performed using 

Macherey-Nagel silica gel 60 M.
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HPLC analyses were performed on an Agilent 1100 Series equipped with a column Macherey-

Nagel EC 250/ 4.6 Nucleodur C18 Isis (5 µm, 250 × 4.6 mm). The retention time (tR) is expressed in 

minutes with a flow rate of 1 mL/min.

Nuclear magnetic resonance (NMR) spectra were recorded either on a Brüker Avance Neo 

(400 MHz for 1H, 100 MHz for 13C) or on a Brüker Avance III (500 MHz for 1H, 126 MHz for 13C). 

Deuterated solvents (MeOD, DMSO-d6 and (CD3)2CO) were purchased from Deutero GmbH 

(Kastellaun, Germany). Chemical shifts (δ) are expressed in ppm (parts per million) with the following 

references: MeOD (3.30 ppm for 1H and 49.15 ppm for 13C), DMSO-d6 (2.50 ppm for 1H and 39.52 

ppm for 13C) and (CD3)2CO (2.05 ppm for 1H and 29.84 ppm for 13C). The following abbreviations were 

used: s (singlet), br s (broad singlet), d (doublet), m (multiplet). When two signals are observed for 

protons on the same carbon atom close to a stereocenter, they are differenciated with the letters a 

and b. In presence of rotamers or diastereoisomers, when two signals are observed for the same 

proton or carbon, the second signal is labeled with a *.

High resolution mass spectrometry (HRMS) spectra were recorded by the Institut de Chimie 

Moléculaire de Grenoble (ICMG). The spectra were recorded on a LTQ Orbitrap XL Thermo Scientific 

with ElectroSpray Ionization (ESI). 

Optical rotations were recorded on a Perkin Elmer Polarimeter 341 (wavelength 589 nm) on a 

sodium lamp using a cuvette with a path length of 10 mm. Specific optical rotations are expressed in 

deg·mL·g-1·dm-1 and reported without unit. The associated concentration is given in g/(100 mL). 

11,12-Didehydro-5,6-dihydrodibenzo[a,e][8]annulen-5-yl 4-nitrophenyl carbonate was 

prepared according to the literature.1 Succinimidyl 4-(11,12-didehydrodibenzo[b,f]azocin-5(6H)-yl)-4-

oxobutanoate (DBCO-NHS) was prepared according to the literature.3 BCN-D-Ala was synthesized as 

described by Bertozzi et al.2

O
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(R)-2-((tert-Butoxycarbonyl)amino)-3-((11,12-didehydro-5,6-dihydrodibenzo[a,e][8]annulen-5-

yloxycarbonyl)amino)propanoic acid
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Chemical Formula: C25H26N2O6
Molecular Weight: 450,49

N-Boc-D-Ala-DIBO

To a solution of DIBO-(4-nitrophenyl) carbonate (84 mg, 0.22 mmol, 1 equiv.) in DMF (5 mL) was 

added DIPEA (380 µL, 2.2 mmol, 10 equiv.) and Boc-D-2,3-diaminopropionic acid (49 mg, 0.24 mmol, 

1.1 equiv.) at room temperature. After 15 h, DMF was removed under vacuum and an aqueous 

solution of H3PO4 (5 % H3PO4 in water) was added. The resulting mixture was extracted with EtOAc 

and the combined organic layers were dried over MgSO4, filtered and concentrated under reduced 

pressure. The crude product was purified by FCC (0.3 % AcOH/ 2.7 % MeOH/ 97 % CH2Cl2 to 0.5 % 

AcOH/ 4.5 % MeOH/ 95 % CH2Cl2) to afford the protected amino acid N-Boc-D-Ala-DIBO as a white 

solid (90 mg, 91 % yield). 

Rf = 0.21 (MeOH 6 %/ CH2Cl2 94 %) 

1H NMR (400 MHz, (CD3)2CO) δ (ppm) 1.42 (br s, 9H, H23), 2.84 (m, 1H, H1a), 3.24 (m, 1H, H1b), 3.54 

(m, 1H, H18a), 3.65 (m, 1H, H18b), 4.39 (m, 1H, H19), 5.46 (m, 1H, H16), 7.32-7.52 (m, 7H, HArom), 

7.63 (m, 1H, HArom); 13C NMR (100 MHz, (CD3)2CO) δ (ppm) 28.6 (3×CH3, 3×C23), 43.1 (CH2, C18), 47.0 

(CH2, C1), 55.1 (CH, C19), 77.3 (CH, C16), 79.5 (C, C22), 110.7 (C, C9), 113.4 (C, C8), 121.8 (C, C10), 

124.4 (C, C7), 125.1 (CH, CArom), 126.6 (CH, CArom), 126.9 (CH, CArom), 128.0 (CH, CArom), 128.1 (CH, 

CArom), 129.1 (CH, CArom), 131.2 (CH, CArom), 131.3 (CH, CArom), 152.2 (C, C2), 153.3 (C, C15), 156.5 (C, 

C17 or C21), 156.9 (C, C17 or C21), 172.4 (C, C20)

HRMS (ESI): m/z calc. for C25H26N2O6 [M-H]+ 449.1718, found 449.1713

[α]D
20 = + 6.86 (c = 0.91, MeOH)
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(R)-2-Amino-3-((11,12-didehydro-5,6-dihydrodibenzo[a,e][8]annulen-5-yloxycarbonyl)amino) 

propanoic acid
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Chemical Formula: C20H19ClN2O4
Molecular Weight: 386,83

8

N-Boc-D-Ala-DIBO (30 mg, 0.07 mmol, 1 equiv.) was dissolved in a solution of HCl (0.5 mL of a 

4N solution in dioxane) and left under stirring during 1 h at 0 °C. The solvent was evaporated under 

vacuum and allowed to dry under high vacuum (oil pump). The resulting mixture was triturated in 

diethyl ether overnight. Then, the product was filtered and dried under vacuum to obtain the amino 

acid 8 as a white solid (24 mg, 96 %). After trituration in Et2O, an aliquot was purified by reverse-

phase chromatography on silica gel C18 (99,9 % H2O/ 0.1 % TFA to 79.9 % H2O/ 20 % MeOH/ 0.1 % 

TFA)

HPLC: tR= 13.7 min (MeCN 30 %/ H2O 70 %)

1H NMR (400 MHz, CD3OD) δ (ppm) 2.83 (m, 1H, H1a), 3.23 (m, 1H, H1b), 3.63 (m, 1H, H18a), 3.74 

(m, 1H, H18b), 4.09 (m, 1H, H19), 5.45 (m, 1H, H16), 7.27-7.43 (m, 7H, HArom), 7.53-7.63 (m, 1H, 

HArom); 13C NMR (100 MHz, CD3OD) δ (ppm) 42.1 (CH2, C18), 47.1 (CH2, C1) , 47.4 (CH2, C1*), 55.1 (CH, 

C19), 78.9 (CH, C16), 110.1 (C, C9), 114.0 (C, C8), 122.5 (C, C10), 125.1 (C, C7), 125.2 (CH, CArom), 125.3 

(CH, CArom), 127.0 (CH, CArom), 127.3 (CH, CArom), 128.4 (CH, CArom), 128.5 (CH, CArom), 129.4 (CH, CArom), 

131.4 (CH, CArom), 152.5 (C, C2), 153.2 (C, C15), 158.9 (C, C17), 170.1 (C, C20)

HRMS (ESI): m/z calc. for C20H19N2O4 [M]+ 351.1339, found 351.1339

[α]D
20 = + 11.71 (c = 0.85, MeOH)
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(R)-2-((tert-Butoxycarbonyl)amino)-3-(4-(11,12-didehydrodibenzo[b,f]azocin-5(6H)-yl)-4-

oxobutanamido)propanoic acid
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Chemical Formula: C27H29N3O6
Molecular Weight: 491,54

N-Boc-D-Ala-DBCO

To a solution of activated DBCO-NHS (60 mg, 0.15 mmol, 1 equiv.) in DMF (4 mL) was added Boc-D-

2,3-diaminopropionic acid (34 mg, 0.16 mmol, 1.1 equiv.) and DIPEA (114 µL, 0.66 mmol, 4.4 equiv.) 

at room temperature. After 3 h, DMF was removed under vacuum and an aqueous solution of H3PO4 

(5 % H3PO4 in water) was added. The resulting mixture was extracted with EtOAc and the combined 

organic layers were dried over MgSO4, filtered and concentrated under reduced pressure. The crude 

product was purified by FCC (0.3 % AcOH/ 2.7 % MeOH/ 97 % CH2Cl2) to afford the protected amino 

acid N-Boc-D-Ala-DBCO as a white solid (58 mg, 79 %).

Rf = 0.23 (AcOH 0.5 %/ MeOH 4.5 %/ CH2Cl2 95 %)

1H NMR (400 MHz, (CD3)2CO, mixture of 2 rotamers) δ (ppm) 1.39 (s, 18H, 9×H25-9×H25*), 1.87 (m, 

2H, H17), 2.09 (m, 2H, H18), 2.39 (m, 2H, H18*), 2.76 (m, 2H, H17*), 3.40-3.60 (m, 4H, H20a-H20a*-

H20b-H20b*), 3.63 (d, J = 13.9 Hz, 2H, H1), 4.17-4.26 (m, 2H, H21-H21*), 5.14 (d, J = 13.9 Hz, 2H, 

H1*), 7.22-7.52 (m, 14H, 7×HArom-7×HArom*), 7.64-7.71 (m, 4H, HArom-HArom*-NH-NH*); 13C NMR (100 

MHz, (CD3)2CO, mixture of rotamers) δ (ppm) 28.6 (6×CH3, 3×C25-3×C25*), 30.8 (2×CH2, C17-C17*), 

31.46 (CH2, C18), 31.51 (CH2, C18*), 41.3 (2×CH2, C20-C20*), 55.1 (2×CH, C21-C21*), 56.0 (2×CH2, C1-

C1*), 79.4 (2×C, C24-C24*), 108.9 (2×C, C9-C9*), 115.1 (2×C, C8-C8*), 123.0 (2×C, C10-C10*), 124.1 
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(2×C, C7-C7*), 126.0 (2×CH, CArom-CArom*), 127.67 (CH, CArom), 127.69 (CH, CArom*), 128.4 (2×CH, CArom-

CArom*), 128.74 (CH, CArom), 128.77 (CH, CArom*), 128.89 (CH, CArom), 128.91 (CH, CArom*), 129.7 (2×CH, 

CArom-CArom*), 130.55 (CH, CArom), 130.59 (CH, CArom*), 133.5 (2×CH, CArom-CArom*), 149.5 (2×C, C2-C2*), 

152.82 (C, C15), 152.86 (C, C15*), 156.4 (2×C, C23-C23*), 172.26 (2×C, C16 or C19 or C22- C16* or 

C19* or C22*), 172.34 (2×C, C16 or C19 or C22- C16* or C19* or C22*), 173.6 (2×C, C16 or C19 or 

C22- C16* or C19* or C22*)

HRMS (ESI): m/z calc. for C27H30O6N3 [M+H]+ 492.2129, found 492.2125

[α]D
20 = + 5.2 (c = 1, CHCl3)
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Chemical Formula: C24H22F3N3O6
Molecular Weight: 505,45

9

To a solution of protected N-Boc-D-Ala-DBCO (27.5 mg, 0.056 mmol) in 1.2 mL of CH2Cl2 was 

added TFA (300 µL) at 0 °C. After 1 h at 0 °C followed by 1 h at room temperature, CH2Cl2 and TFA 

were evaporated under vacuum and allowed to dry under high vacuum (oil pump). The resulting 

mixture was triturated in diethyl ether overnight and the product was filtered and dried under 

vacuum to obtain the amino acid 9 as an off-white solid (18.4 mg, 65 %). After trituration in Et2O, an 

aliquot was purified by reverse-phase chromatography on silica gel C18 (99,9 % H2O/ 0.1 % TFA to 

79.9 % H2O/ 20 % MeOH/ 0.1 % TFA)

HPLC: tR= 5.7 min (MeCN 30 %/ H2O 70 %)

1H NMR (500 MHz, DMSO-d6, mixture of rotamers) δ (ppm) 1.82 (m, 2H, H17), 2.05 (m, 2H, H18), 

2.26 (m, 2H, H18*), 2.61 (m, 2H, H17*), 3.18-3.28 (m, 2H, H20a-H20b), 3.39-3.52 (m, 4H, H21-H21*-

H20a*-H20b*), 3.63 (d, J = 14.0 Hz, 2H, H1), 5.04 (d, J = 14.0 Hz, 2H, H1*), 7.29-7.41 (m, 6H, 3×HArom-

3×HArom*), 7.45-7.53 (m, 6H, 3×HArom-3×HArom*), 7.62-7.70 (m, 4H, 2×HArom-2×HArom*); 13C NMR (126 

MHz, DMSO-d6, mixture of rotamers) δ (ppm) 9.52 (CH2, C17), 29.57 (CH2, C17*), 30.33 (CH2, C18), 

30.37 (CH2, C18*), 39.2 (2×CH2, C20-C20*), 53.5 (2×CH, C21-C21*), 54.9 (2×CH2, C1-C1*), 108.1 (2×C, 

C9-C9*), 114.2 (2×C, C8-C8*), 121.4 (2×C, C10-C10*), 122.5 (2×C, C7-C7*), 125.2 (2×C, CArom-CArom*), 

126.8 (2×C, CArom-CArom*), 127.7 (C, 2×CArom-CArom*), 128.0 (2×C, CArom-CArom*), 128.2 (2×C, CArom-CArom*), 

129.0 (2×C, CArom-CArom*), 129.6 (2×C, CArom-CArom*), 132.4 (2×C, CArom-CArom*), 148.4 (2×C, C2-C2*), 

151.5 (2×C, C15-C15*), 168.3 (2×C, C19-C19*), 171.13 (C, C16), 171.17 (C, C16*), 172.3 (2×C, C22-

C22*)

HRMS (ESI): m/z calc. for C22H22O4N3 [M-C2O2F3]+ 392.1605, found 392.1609

[α]D
20 = - 1.15 (c = 0.54, MeOH)
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3. PG labelling in S. pneumoniae

S. pneumonia R800 WT, R800 dacA and D39 cps strains were grown in brain heart infusion (BHI) at 

37°C with 5% CO2. The bacterial culture was diluted twice at 1:10 volume ratio in 10 mL of pre-

warmed BHI to reach a steady-state growth at the exponential phase (OD600nm ≈ 0.3). Exponential 

phase cultures were pelleted (9,000 x g, 5 min) and resuspended at a 6 x 108 cells/mL in pre-warmed 

BHI containing 250 µM D-Ala-cyclo-octynes and 40 µM azido-AF647 for 10 min at 37°C: concomitant 

labeling. Cells were then washed 3 times with PBS before immediate observation by conventional 

fluorescence microcopy.

For sequential labeling, bacteria were first incubated 10 min at 37°C in BHI containing 250 µM D-Ala-

cyclo-octynes, then centrifuged and resuspended in BHI containing 40 µM azido-AF647. When 

specified, a pre-click was performed between 2.37 mM of D-Ala clyco-octynes and 382 µM of azido-

AF647 fluorophore for the indicated time, before adding to bacteria for 10 min à 37°C (final 

concentration: 0.25 mM D-Ala-DIBO 8, 10 µM azido-AF647).

Flow cytometry was performed on a MacsQuant VYB flow cytometer (Miltenyi) with a 561 nm laser 

and a 655/730 filter. Ten thousand events were analyzed for each run of analysis. Median 

fluorescence values of the cell population are shown. 

For conventional fluorescence microscopy, labeled bacteria resuspended in PBS were deposited on a 

glass slide and immediately observed on an Olympus IX83 microscope with UPFLN 100 O-2PH/1.3 

objective and a Hamamatsu Orca Flash4 CMOS camera. Images were acquired using the Cellsens V3 

software (Olympus) and analyzed using FIJI software. Images from a same experiment were 

processed with the same brightness and contrast.

For dSTORM imaging, the bacterial pellet from a 10-mL culture in exponential phase was 

resuspended in 1/30th volume (about 300 µL) of pre-warmed BHI supplemented with the appropriate 

labeling probes. A mix of 3.8 mM D-Ala-DIBO 8 and 308 µM azido-fluorophore (azido-AF647 or azido-

AF532) was prepared 90 min before its addition to the concentrated bacterial culture (final 

concentration: 0.25 mM D-Ala-DIBO 8, 20 µM azido-fluorophore), together with 0.6 mM azido-Cho 2. 

The sample was then incubated for 10 min at 37°C before being washed twice with PBS. Next, the 

cells were fixed with 2% paraformaldehyde (PFA) in PBS overnight at 4 oC. Cells were pelleted the 

next day (9,000 x g, 5 min) and resuspended into 160 µL PBS containing 30 µM DBCO-fluorophore 

(DBCO-AF532 or DBCO-AF647, avoiding the dye already used in the mix with D-Ala-DIBO). The 

samples were incubated at room temperature for 1 h, then washed 3 times with 1 mL PBS before 

microscopy observation.
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Labelled cells were resuspended in dSTORM buffer containing 100 mM β-mercaptoethylamine and 

an oxygen-depleting system consisting of a GLOX enzyme mix (40 µg/mL catalase, 0.5 mg/mL glucose 

oxidase) in 75 mM Tris-HCl pH 8.0, 25 mM NaCl, 10% glucose (w/v). The sample was mounted 

between a microscopy slide and a high-precision coverslip as described previously by Trouve et al..4 

The edges of the coverslip were then sealed using colorless nail polish. 

The sample was observed with an Abbelight SAFe 360 commercial STORM microscope, which uses 

ASTER technology that provides a homogeneous sample excitation. The field was excited with a 640-

nm scanning laser at maximum intensity (800 W/cm2 of average effective power density at the 

sample level), upon which AF647 dyes started going through cycles of fluorescent state and dark 

state. When most AF647 fluorophores had displayed this transition, a set of 15 000 consecutive 

frames were taken with 50-ms exposure time. A second fluorescence signal acquisition was then 

carried out for AF532 in the same manner.

The two 15,000-frame sets were processed with the FIJI plugin ThunderSTORM, which localized the 

center of a Gaussian function fitted to each individual fluorescence signal, returned a data table 

containing the localization coordinates of all labelled molecules and conducted drifts correction by 

cross-correlation for each set of acquisition. These drifts corrected data tables were loaded onto 

NEOAnalysis program, which then align the two sets of acquisition using the Channel Realignment 

X/Y feature. Finally, the aligned data were processed by ImageJ/FIJI plugin ThunderSTORM to 

reconstruct the two super-resolution images individually, which were combined into a single image 

stack with 2 channels.

4. SPAAC kinetics study

To better understand the labeling efficiency of different clickable D-amino acids observed by 

fluorescence microscopy after reaction with clickable fluorophores, we determined the click reaction 

rates in PBS.  More specifically, we studied the reactions of D-Ala-BCN 7 (DA-BCN in the graphics), D-

Ala-DIBO 8 (DA-DIBO) and D-Ala-DBCO 9 (DA-BCN) with azido-AF488 (z488).

The concentration of azido-AF488 was determined by its absorbance at 494 nm, using the extinction 

coefficient 71,000 M-1⋅cm-1 (https://www.thermofisher.com/fr/fr/home/brands/molecular-

probes/key-molecular-probes-products/alexa-fluor/alexa-fluor-dyes-across-the-spectrum.html).

https://www.thermofisher.com/fr/fr/home/brands/molecular-probes/key-molecular-probes-products/alexa-fluor/alexa-fluor-dyes-across-the-spectrum.html
https://www.thermofisher.com/fr/fr/home/brands/molecular-probes/key-molecular-probes-products/alexa-fluor/alexa-fluor-dyes-across-the-spectrum.html
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The concentration of the D-Ala-BCN 7, D-Ala-DIBO 8 and D-Ala-DBCO 9 stock solution was determined 

by titration with azido-AF488 after reaction was complete.  The required incubation times were first 

determined by time course experiments.

Determination of [D-Ala-BCN 7]stock

In 2-µL reaction volumes of PBS, 1 µL of azido-AF488 stock solution was mixed with varying volumes 

(0 to 0.6 µL) of D-Ala-BCN 7 stock solution.  After 6 and 7 days at 37°C, the reactions were diluted to 

125 µL, and 10 µL were analyzed by electrophoresis in 17.5% acrylamide gel (29:1 acrylamide:bis-

acrylamide) in the presence of 0.1% SDS with a Tris-Tricine buffer system after addition of 2 µL of 

loading buffer (1% SDS).

The absorbance at 494 nm of the diluted reactions was determined from absorbance spectra.

The relative amounts of the reacted (adduct) and unreacted azido-AF488 were determined from the 

non-saturated image of the gel trans-illuminated by near UV light (Geldoc BioRad) using ImageJ.

Abs494nm ± sd = 0.194 ± 0.025

Volume of DA-BCN per 2 µL reaction
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[azido-AF488]stock = Abs494nm x 125 / 71000 = 340 ± 40 µM

Titration linear fit = 5.0 ± 0.2 µL-1

VolumeEq = 1 / 5 = 0.20 ± 0.01 µL

[D-Ala-BCN 7]stock = 0.340/0.20 = 1.7 ± 0.3 mM

To measure the rate of the reaction between D-Ala-BCN 7 and azido-AF488, the two compounds 

were mixed, and the reaction was stopped after various time intervals by the addition of a large 

excess of azido-choline that reacts rapidly with the remaining D-Ala-BCN 7.

In PBS at 37°C, 20 µL of azido-AF488 at 1.4 µM were added to 20 µL of D-Ala-BCN 7 at concentrations 

of 0.17 (A), 0.34 (B), 0.68 (C) and 1.36 mM (D).  At various times, 5 µL were withdrawn and added to 

5 µL of azido-choline 2 at 100 mM.  After addition of 2 µL loading buffer (1% SDS), samples were 

analyzed by electrophoresis as above.

The relative amounts of the reacted (adduct) and unreacted azido-AF488 were determined as above.

Apparent first order rate constants were obtained by fitting the band intensities to exponential 

curves.  The second order rate constant was obtained by linear fitting of the apparent rates as a 

function of [D-Ala-BCN 7].  Alternatively, the second order rate constant was obtained by global 

fitting of the time course data using the software Dynafit (Biokine).
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[D-Ala-BCN 7] (µM) kapp (min-1)

85±15 0.007

170±30 0.014

340±60 0.022

680±120 0.048

k = 75±4 (M-1min-1) = 1.25±0.07 (M-1s-1) error on fit

k = 74±2 (M-1min-1) = 1.23±0.04 (M-1s-1) error on fit (global fit)

k = 74±14 (M-1min-1) = 1.2±0.2 (M-1s-1) including error on concentration
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Determination of [D-Ala-DIBO 8]stock

In 2-µL reaction volumes of PBS, 1 µL of azido-AF488 stock solution was mixed with varying volumes 

(0 to 0.6 µL) of D-Ala-DIBO 8 stock solution.  After 1 and 2 days at 37°C, the reactions were diluted to 

125 µL, and 10 µL were analyzed by electrophoresis in 17.5% acrylamide gel (29:1 acrylamide:bis-

acrylamide) without SDS with a Tris-Tricine buffer system after addition of 2 µL of loading buffer 

(without SDS).

The absorbance at 494 nm of the diluted reactions was determined from absorbance spectra.

The relative amounts of the reacted (adduct) and unreacted azido-AF488 were determined from the 

non-saturated image of the gel trans-illuminated by near UV light (Geldoc BioRad) using ImageJ.

Abs494nm ± sd = 0.20 ± 0.03

[azido-AF488]stock = Abs494nm x 125 / 71000 = 350 ± 50 µM

Titration linear fit = 2.8 ± 0.2 µL-1

VolumeEq = 1 / 2.8 = 0.26 ± 0.02 µL

[D-Ala-DIBO 8]stock = 0.350/0.26 = 1.3 ± 0.3 mM

Volume of DA-DIBO per 2 µL reaction
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To measure the rate of the reaction between D-Ala-DIBO 8 and azido-AF488, the two compounds 

were mixed, and the reaction was stopped after various time intervals by the addition of a large 

excess of azido-choline that reacts rapidly with the remaining D-Ala-DIBO 8.

In PBS at 37°C, 20 µL of azido-AF488 at 1.4 µM were added to 20 µL of D-Ala-DIBO 8 at 

concentrations of 33 (A), 65 (B), 130 (C) and 260 µM (D).  At various times, 5 µL were withdrawn and 

added to 5 µL of azido-choline 2 at 100 mM.  After addition of 2 µL loading buffer (no SDS), samples 

were analyzed by electrophoresis as above.

The relative amounts of the D-Ala-DIBO 8 reacted with azido-AF488 (adduct) and remaining azido-

AF488 were determined as above.

Apparent first order rate constants were obtained by fitting the band intensities to exponential 

curves.  The second order rate constant was obtained by linear fitting of the apparent rates as a 

function of [D-Ala-DIBO 8].  Alternatively, the second order rate constant was obtained by global 

fitting of the time course data using the software Dynafit (Biokine).
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[D-Ala-DIBO 8] (µM) kapp (min-1)

16.3±3.6 0.010

32.5±7.5 0.019

65±15 0.044

130±30 0.110

k = 670±60 (M-1min-1) = 11±1 (M-1s-1) error on fit

k = 670±20 (M-1min-1) = 11±0.3 (M-1s-1) error on fit (global fit)

k = 670±150 (M-1min-1) = 11±3 (M-1s-1) including error on concentration
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Determination of [D-Ala-DBCO 9]stock

In 4-µL reaction volumes of PBS, 2 µL of azido-AF488 stock solution was mixed with varying volumes 

(0 to 2 µL) of D-Ala-DBCO 9 stock solution.  After 1 and 2 days at 37°C, the reactions were diluted to 

125 µL, and 10 µL were analyzed by electrophoresis in 17.5% acrylamide gel (29:1 acrylamide:bis-

acrylamide) without SDS with a Tris-Tricine buffer system after addition of 2 µL of loading buffer 

(without SDS).

The absorbance at 494 nm of the diluted reactions was determined from absorbance spectra.

The relative amounts of the reacted (adduct) and unreacted z488 were determined from the non-

saturated image of the gel trans-illuminated by near UV light (Geldoc BioRad) using ImageJ.

Abs494nm ± sd = 0.15±0.01

[azido-AF488]stock = Abs494nm x 62.5 / 71000 = 130±9 µM

Titration linear fit = 1.8±0.1 µL-1

VolumeEq = 1 /1.8 = 0.55±0.03 µL

[D-Ala-DBCO 9]stock = 2 x 0.130/0.55 = 470±60 µM

Volume of DA-DBCO per 2 µL reaction
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To measure the rate of the reaction between D-Ala-DBCO 9 and azido-AF488, the two compounds 

were mixed, and the reaction was stopped after various time intervals by the addition of a large 

excess of azido-choline that reacts rapidly with the remaining D-Ala-DBCO 9.

In PBS at 37°C, 20 µL of azido-AF488 at 1.4 µM were added to 20 µL of D-Ala-DBCO 9 at 

concentrations of 19.8 (A), 39.5 (B) and 79 µM (C).  At various times, 5 µL were withdrawn and added 

to 5 µL of azido-choline 2 at 100 mM.  After addition of 2 µL loading buffer (no SDS), samples were 

analyzed by electrophoresis as above.

The relative amounts of the D-Ala-DBCO 9 reacted with azido-AF488 (adduct) and remaining azido-

AF488 were determined as above.

Apparent first order rate constants were obtained by fitting the band intensities to exponential 

curves.  The second order rate constant was obtained by linear fitting of the apparent rates as a 

function of [D-Ala-DBCO 9].  Alternatively, the second order rate constant was obtained by global 

fitting of the time course data using the software Dynafit (Biokine).
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[D-Ala-DBCO 9] (µM) kapp (min-1)

9.9±0.7 0.041±0.002

19.8±1.4 0.071±0.06

39.5±2.8 0.13±0.02

k = 3800±200 (M-1min-1) = 63±3 (M-1s-1) error on fit

k = 3800±300 (M-1min-1) = 63±5 (M-1s-1) error on fit (global fit)

k = 3800±500 (M-1min-1) = 63±8 (M-1s-1) including error on concentration
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Summary Table

Reaction rate with azido-AF488 in PBS at 37°C (M-1s-1)

D-Ala-BCN 7 1.2±0.2

D-Ala-DIBO 8 11±3

D-Ala-DBCO 9 63±8
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6. Appendix

Untreated images of the in-gel fluorescence used for the cyclooctyne titration and SPAAC kinetics 

determination.  The original .tif files are available at https://doi.org/10.6084/m9.figshare.26310523 

https://figshare.com/s/779df9bfd3d5add5418b

D-Ala BCN titration

Volume of DA-BCN 7 per 2 µL reaction from left to right: 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.6 µL.

https://doi.org/10.6084/m9.figshare.26310523
https://figshare.com/s/779df9bfd3d5add5418b
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D-Ala BCN kinetics

20 µL of azido-AF488 at 1.4 µM were added to 20 µL of D-Ala-BCN 7 at concentrations of 0.17 (A), 

0.34 (B), 0.68 (C) and 1.36 mM (D).  At various times, 5 µL were withdrawn and added to 5 µL of 

azido-choline 2 at 100 mM. 

A

From left to right, withdrawal times were 0, 4, 8, 16, 32, 64, 128, 192 min

B

From left to right, withdrawal times were 0, 4, 8, 16, 32, 64, 128, 192 min

C

From left to right, withdrawal times were 0, 2, 4, 8, 16, 32, 64, 128 min

D
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From left to right, withdrawal times were 0, 1, 2, 4, 8, 16, 32, 64 min

D-Ala DIBO titration

Volume of DA-DIBO per 2 µL reaction from left to right: 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.6 µL.
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D-Ala DIBO kinetics

20 µL of azido-AF488 at 1.4 µM were added to 20 µL of D-Ala-DIBO 8 at concentrations of 33 (A), 65 

(B), 130 (C) and 260 µM (D).  At various times, 5 µL were withdrawn and added to 5 µL of azido-

choline 2 at 100 mM. 

A

From left to right, withdrawal times were 0, 4, 8, 16, 32, 64, 128, 203 min

B

From left to right, withdrawal times were 0, 4, 8, 16, 32, 64, 128, 203 min

C

From left to right, withdrawal times were 0, 2, 4, 8, 16, 32, 64, 128 min
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D

From left to right, withdrawal times were 0, 1, 2, 4, 8, 16, 32, 64 min

D-Ala DBCO titration

Volume of DA-DBCO per 4 µL reaction from left to right: 0, 0.125, 0.25, 0.5, 0.75, 1, 1.33, 2 µL.
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D-Ala DBCO kinetics

20 µL of azido-AF488 at 1.4 µM were added to 20 µL of D-Ala-DBCO 9 at concentrations of 19.8 (A), 

39.5 (B) and 79 µM (C).  At various times, 5 µL were withdrawn and added to 5 µL of azido-choline 2 

at 100 mM. 

A

From left to right, withdrawal times were 0, 4, 8, 16, 32, 64, 128, 192 min

B

From left to right, withdrawal times were 0, 2, 4, 8, 16, 32, 64, 128 min

C

From left to right, withdrawal times were 0, 1, 2, 4, 8, 16, 32, 64 min
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