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Abstract 
Over the years, the field of bioorthogonal chemistry has developed many 
biocompatible ligation reactions or ‘click reactions’, that are highly suitable for 
detection of biomolecules of interest by fluorescence-based analysis techniques. 
Click reactions are very interesting for the visualization of intracellular bacteria, due 
to the various challenges that are encountered when studying these organisms in 
situ. This chapter describes the basics of applying bioorthogonal chemistry to the 
study of intracellular bacteria. 
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1.1 The biochemistry of a cell 
At the smallest level of organization, all life is built from cells. Cells are tiny 
compartments that exist to seclude the internal processes, that are essential to  life, 
from the outside, that is considered lifeless. Life is fundamentally driven by 
chemistry, primarily used to metabolize fuel into energy (catabolism) and build new 
biomolecules (anabolism).1 A cell consists of four major types of biological 
macromolecules; proteins, carbohydrates, lipids and nucleic acids. These 
macromolecules themselves are made from smaller biological building blocks, such 
as amino acids, sugars, fatty acids and nitrogenous bases.2 The biochemistry of a 
cell is highly complex, and it has been estimated that around a billion reactions 
occur per cell per second. There are six major classes of biochemical reactions; 
oxidation/reduction, hydrolysis/condensation, ligation/cleavage, functional group 
transfer, isomerization and the formation/removal of carbon-carbon double 
bonds.3 Due to their high activation energy and the relatively low temperature in a 
living cell, most biochemical reactions must be sped up by biological catalysts, 
called enzymes. Enzymes are usually proteins but in some cases RNA can function 
as an enzyme (ribozyme).4 Compartmentalization of biochemical reactions inside 
cells and subcellular compartments is thought to have been crucial for life to evolve 
to the complexity of multicellular organisms such as humans.5 

1.2 Bioorthogonal chemistry & click chemistry 
Bioorthogonal chemistry refers to chemical reactions that can be selectively 
performed within the complex environment of a living cell, without interacting or 
interfering with the biological system.1 The term bioorthogonal was coined by 
Bertozzi in 2003 and refers to orthogonality between the artificially introduced 
reaction and all biochemical reactions that occur within a living system (i.e. the 
cell).2,3 True bioorthogonality requires high selectivity, fast kinetics, 
biocompatibility of the reaction, biological and chemical inertness of the 
introduced functional group and the resulting product, as well as accessible 
engineering of the biomolecule.1,3,4 The first bioorthogonal reaction is arguably the 
Staudinger ligation, in which an organic azide is irreversibly ligated to a 
triphenylphosphine moiety to form an amide group (Figure 1A).5–7 Historically, 
various attempts were made to obtain bioorthogonality already in 1990 by the 
group of McCarthy8, with a condensation reaction between hydrazine and aldehyde 
moieties and in 1997 by the group of Bertozzi9, with a condensation reaction 
between hydrazide and levulinoyl moieties. However, since the functional groups 
used in these reactions are not unique in nature and the products of these reactions 
are instable, they cannot be considered truly bioorthogonal. 
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Although fundamentally different in nature, the terms bioorthogonal chemistry and 
click chemistry are often used interchangeably. The term click chemistry was coined 
by Sharpless in 1998 and refers to ligation reactions in which two functional groups 
can be joined selectively, quickly and with high yield in aqueous solution, producing 
a physiologically stable product without toxic byproducts.10 Although some click 
reactions can be performed in live cells, biocompatibility is not a requirement. Click 
reactions are ideally suited for the production of biologically active molecules in 
organic synthesis, as well as for biochemical ligation reactions, in which a reporter 
moiety is connected to a ‘click handle’-containing biomolecule of interest, to 
facilitate the analysis of said biomolecule.11 In practice, the reporter is usually a 
fluorophore for fluorescent measurements or a biotin for enrichment of the tagged 
biomolecule (e.g., for mass spectrometry analysis).12 Bioorthogonal reactions can 
be considered the ideal click reactions for ligations in living cells, due to their 
biocompatibility and bio-inertness of their click handles. 

The first reported click reaction was the Cu(I)-catalyzed azide-alkyne cycloaddition 
(CuAAC; Figure 1B), also known as the copper-catalyzed Huisgen cycloaddition 
(ccHc), discovered simultaneously but independently by the group of Sharpless13 
and the group of Meldal14. Although this reaction can be performed successfully in 
fixed cells (and live cells under special conditions15,16), this reaction cannot be 
considered as a true bioorthogonal reaction, due to cytotoxicity of the Cu(I)-
catalyst.17 To avoid this toxicity, Bertozzi and coworkers then went on to develop a 
copper-free click reaction, using the intrinsic ring-strain of cyclooctynes to 
overcome the activation energy of the azide-alkyne cycloaddition.18,19 This reaction 
is known as the Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC; Figure 1C) or 
strain-promoted Huisgen cycloaddition (spHc). In order to overcome the 
suboptimal reaction kinetics of these cycloadditions, another copper-free click 
reaction was then developed, combining the ring-strain of a cyclooctyne with the 
stereoelectronic tunability of a nitrone moiety. This reaction was termed the Strain-
Promoted Alkyne-Nitrone Cycloaddition (SPANC; Figure 1D).20 

Although many other bioorthogonal reactions have been developed to date21,22, 
the most notable recent addition is the inverse electron demand Diels–Alder 
(IEDDA) reaction, due to its excellent reaction kinetics, chemical orthogonality and 
biocompatibility.23 The IEDDA reaction involves a cycloaddition between a 1,2,4,5-
tetrazine and a (strained) alkene group, and is often referred to as the tetrazine 
ligation reaction (Figure 1E).24,25 Both reaction partners of this reaction can be 
extensively tuned to optimize the reaction in terms of speed, selectivity and 
stability of the product. Several different strained alkenes have been developed, 
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including norbornene26, cyclopropene27, spirohexene28 and trans-cyclooctene 
(TCO)25,29. 

 

 

 

Figure 1. Overview of the most common bioorthogonal (click) reactions. (A) Staudinger ligation (a.k.a. 
Staudinger-Bertozzi ligation). (B) Cu(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC, a.k.a. copper-click 
reaction). (C) Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC, a.k.a. copper-free click reaction). 
(D) Strain-Promoted Alkyne-Nitrone Cycloaddition (SPANC). (E) Inverse Electron-Demand Diels-Alder reaction 
(IEDDA), here showing the reaction between a tetrazine and a TCO (tetrazine ligation). 
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1.3 Bioorthogonal metabolic labeling 
Metabolic labeling (also known as metabolic engineering) involves the 
incorporation of a detectable chemical label into a biomolecule of interest, using 
the native metabolism of the organism.30 This is achieved by creating a synthetic 
analogue of a building block (e.g., an amino acid) that can be incorporated into 
larger biomolecules by the organism. The synthetic analogue needs to be 
sufficiently similar to the original, in order to be accepted by the cellular machinery, 
while containing a detectable label. Metabolic labeling can be achieved either by 
one-step labeling, in which the initial label can be detected directly (e.g. 
fluorophore or radioactive isotope), or two-step (direct) labeling, in which the initial 
label can be selectively ligated to a reporter molecule for detection (e.g. click 
handle), also known as bioorthogonal metabolic labeling.30 The main advantage of 
bioorthogonal metabolic labeling is its broad compatibility with common analysis 
methods such as fluorescence microscopy, flow cytometry and proteomics31 
without interfering with the cellular processes32, which is often observed for one-
step labeling approaches33. 

Bioorthogonal metabolic labeling was originally developed by the group of Bertozzi, 
in order to selectively label and modify cell surface glycans.9,34,35 In this study, a 
levulinoyl-analogue of N-acetylmannosamine (ManLev) was incorporated by the 
cells into the cell surface associated sialic acids. A hydrazide-functionalized biotin 
moiety could then be selectively ligated to the levulinoyl-modified sialic acids and 
subsequently visualized using a fluorophore-modified avidin moiety (which 
selectively binds to biotin).9 Switching to an azide-analogue of N-
acetylmannosamine (ManNAz), in combination with the more biocompatible 
Staudinger ligation, eventually made it possible to study cell surface glycans in living 
animals.36 Bertozzi then continued to modify this strategy, using SPAAC to visualize 
the azide-modified sialic acid, which proved possible in living animals as well.37 
Although CuAAC is insufficiently biocompatible to be performed in live cells, it 
proved possible to metabolically incorporate an alkyne-analogue of N-
acetylmannosamine (ManNAl) into living animals and perform the click reaction ex 
vivo after harvesting the organs.38 

At present, bioorthogonal metabolic labeling has been successfully achieved for 
virtually all biomolecules33, including carbohydrates39 as described above, but also 
proteins40, lipids41–43, nucleic acids44–46 and bacterial cell wall components47–49. 
Although the method originated with carbohydrates, bioorthogonal labeling of 
proteins has gained a lot of attention over the years.40 Some bioorthogonal 
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analogues of amino acids can be directly incorporated by an organism, when they 
are recognized by the native translational machinery (i.e. aminoacyl-tRNA 
synthetase).50 This technique was termed Bioorthogonal Non-Canonical Amino acid 
Tagging (BONCAT) and provides both an azide and an alkyne analogue of L-
methionine, that are readily incorporated into newly synthesized proteins.50,51 
BONCAT has been successfully applied to many different organisms including 
bacteria52,53, mammalian cells51,54, whole animals55–58, plants59, parasites60 and 
viruses61,62. 

1.4 Bioorthogonal metabolic labeling of intracellular bacteria 
One research field in which bioorthogonal metabolic labeling can be applied is the 
study of intracellular pathogenic bacteria and their interaction with the host cell. 
Both the extracellular and intracellular life cycle of pathogenic bacteria can be 
studied using bioorthogonal labeling to visualize the newly synthesized bacterial 
components, such as the membranes, cell wall or cytoplasmic content under 
various conditions. For example, the effect of antibiotics on peptidoglycan 
synthesis can be studied using D-alanine analogues63 or the effect of nutrient 
limitation on mycomembrane remodeling using trehalose analogues64. Another 
possibility is to study the metabolic activity of viable bacteria using BONCAT.65 
Finally, various bioorthogonal analogues can be used to label bacteria of interest 
and study their intracellular fate, after uptake by phagocytic immune cells such as 
macrophages or dendritic cells. This approach has previously been used to visualize 
degradation of non-pathogenic Escherichia coli (E. coli)66 and survival and 
proliferation of Salmonella enterica serovar Typhimurium (Stm)67. Additionally, this 
approach could be used to study more dangerous pathogenic intracellular bacteria 
such as Mycobacterium tuberculosis (Mtb) and the effect of antibiotics on the 
intracellular survival of those bacteria. 

The broad compatibility of bioorthogonal metabolic labeling allows for many 
fluorescence-based analysis methods to be used. For example, when using 
BONCAT, the incorporation of bioorthogonal amino acids into the bacterial proteins 
can be assessed using SDS-PAGE, followed by in-gel fluorescence analysis. 
Additionally, the average labeling efficiency per bacterium can be assessed using 
flow cytometry. Finally, several microscopy techniques can be used to visualize the 
fluorescently labeled bacteria, including confocal fluorescence microscopy, 
Stochastic Optical Reconstruction Microscopy (STORM) and Correlative Light-
Electron Microscopy (CLEM). Since STORM provides the best spatial resolution in 
terms of fluorescence and CLEM can provide the ultrastructural context of the host 
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cell, a combination of the two (STORM-CLEM) would provide the most detailed 
information on the intracellular bacterium, in situ. 

1.5 Aim of this thesis 
The aim of this thesis is to expand on the previously developed bioorthogonal CLEM 
technique for the study of intracellular bacteria. In chapter 2, the principle of 
bioorthogonal metabolic labeling for the study of intracellular bacteria is discussed 
in more detail and recent developments in the field are reviewed. In chapter 3, the 
stability of several commonly used click handles is tested within the chemically 
harsh intracellular environment of phagocytic immune cells, to confirm that they 
can be used to study the degradation or survival of intracellular bacteria. In chapter 
4, bioorthogonal metabolic labeling of Stm is optimized for the development of 
STORM-CLEM, to study intracellular pathogenic bacteria in more detail. In chapter 
5, dual bioorthogonal metabolic labeling of Mtb is presented and combined with a 
fluorescent protein. The resulting triple-label Mtb are studied using CLEM, and the 
effect of various first line antibiotics on the intracellular distribution and shape of 
Mtb is quantified. Additionally, the bioorthogonal label retention of intracellular 
Mtb is measured by flow cytometry, after retrieval of the bacteria by selective host 
cell lysis. In chapter 6, a summary of the previous chapters is provided, along with 
several future prospects which can be pursued, following the findings of this thesis. 
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Abstract 
Bacterial infections are still one of the leading causes of death worldwide; despite 
the near-ubiquitous availability of antibiotics. With antibiotic resistance on the rise, 
there is an urgent need for novel classes of antibiotic drugs. One particularly 
troublesome class of bacteria are those that have evolved highly efficacious 
mechanisms for surviving inside the host. These contribute to their virulence by 
immune evasion, and make them harder to treat with antibiotics due to their 
residence inside intracellular membrane-limited compartments. This has sparked 
the development of new chemical reporter molecules and bioorthogonal probes 
that can be metabolically incorporated into bacteria to provide insights into their 
activity status. This chapter provides an overview of several classes of metabolic 
labeling probes capable of targeting either the peptidoglycan cell wall, the 
mycomembrane of mycobacteria and corynebacteria, or specific bacterial proteins. 
In addition, several important insights that have been made using these metabolic 
labeling probes are highlighted. 
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2.1 Introduction 
Despite the near-ubiquity of antibiotics in modern times, bacterial infections are 
still among the leading causes of death globally.1 Overuse of antibiotics in high-
income countries has contributed to an evolutionary selection pressure that is 
driving antibiotic resistance.2 New antibiotic resistance mechanisms are rapidly 
emerging3, resulting in a staggering increase in multi-drug resistant (MDR), 
extensive drug resistant (XDR). and pan-drug resistant (PDR) strains.4 At the same 
time, the development of novel classes of antibiotics has been extremely slow, with 
only two new classes of broad-spectrum antibiotics introduced to the clinic since 
1962.5,6 Development of antibiotics for a certain class of pathogenic bacteria has 
been particularly difficult: the intracellular bacteria. Intracellular bacteria reside 
inside host cells, where they can evade immune detection and persist for months 
or even years in a dormant state.7,8 In order for an antibiotic to be active against 
infections caused by intracellular bacteria, the drug not only has to cross the 
bacterial cell envelope but also the host cell membrane. The study of (obligate) 
intracellular pathogens is further complicated by the fact that they are often 
difficult to culture in vitro.9,10 In light of these challenges, novel antibiotics against 
intracellular bacteria are much needed, as the disease burden from these species 
is very high. 

The deadliest bacterial species is arguably Mycobacterium tuberculosis (Mtb), a 
facultative intracellular bacterium that is the major cause of tuberculosis (TB). This 
pathogen is responsible for approximately 2 million deaths annually11 and 
antibiotic-resistant strains are continually emerging. Treating infections due to Mtb 
is made difficult by the heterogeneity in its intracellular life cycle: after infecting 
macrophages it diverges into fast and very slow-growing forms.12,13 The slow 
growing form is generally hard to treat with conventional antibiotics such as those 
that target the nascent cell wall of the dividing bacteria.14–20 As a result, TB is 
typically treated with a complex cocktails of antibiotics that need to be taken for 
long periods of time. Addressing infections due to MDR Mtb is even more 
challenging requiring antibiotic treatment courses of up to 2 years (often with 
severe side-effects).21 One new therapy – the first in many years – was recently 
approved for drug-resistant forms of Mtb: pretomanid in combination with 
bedaquiline and linezolid. Whilst this is laudable – as is the clinical development of 
other Mtb active agents – the demand for new treatments for Mtb and other 
intracellular pathogens currently far outstrips supply.22 Mtb is not the only 
intracellular pathogen causative of high-mortality/morbidity disease. Other 
intracellular pathogens of clinical concern include Salmonella enterica, Yersinia 
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pestis, Chlamydia trachomatis, Listeria monocytogenes and Coxiella burnetii to 
name but a few.23 Whilst not displaying quite the same nefariousness as Mtb, these 
organisms are associated with a host of pathologies ranging from infertility to 
increased risk of bowel cancer.24,25 While these pathogens can largely still be 
controlled with available antibiotics, the increased emergence of resistance 
threatens our continued ability to do so and paints a bleak future.26 

Bacterial pathogens have acquired highly effective mechanisms for infecting- and 
surviving inside hosts. These mechanisms lead to increased virulence and 
persistence within the host environment, along with suppression of the host 
immune system.27 Due to their importance for bacterial cell viability and infectivity 
inside the host, bacterial defense mechanisms at the host-pathogen interface are a 
promising target for novel antibiotics.28,29 Thus, effective chemical tools to study 
the host-pathogen interface at the molecular level are of paramount importance in 
the fight against antibiotic resistance. To provide clinically significant data, these 
chemical tools must be useable in vivo in pathogenic bacteria. Moreover, the 
cellular processes they report on must be relevant to bacterial cell survival and/or 
virulence. 

Recently, novel chemical probes and approaches have been developed that allow 
for the profiling of various metabolic processes, as well as in vivo cell wall and 
protein labeling. In metabolic profiling a chemical probe is exogenously supplied to 
an organism, which subsequently incorporates the chemical probe into its cellular 
architecture by means of endogenous enzymes. Novel chemical probes have been 
developed that carry fluorescent dyes allowing for facile, one-step metabolic 
labeling of bacterial structures of interest such as the peptidoglycan (PG) of the cell 
wall30,31, or the mycomembrane (MM) of corynebacteria.32,33 Moreover, the 
introduction of bioorthogonal chemistry has furthered the field by allowing for 
chemical reactions to be performed inside the crowded environment of the 
bacterial cell.34 Bioorthogonal groups are by definition non-reactive, or orthogonal, 
to their biological environment, but highly reactive towards their bioorthogonal 
reaction partner.35 Moreover, bioorthogonal groups such azides or alkynes can be 
readily introduced into common bacterial metabolites with minimal perturbation 
of biological function. After metabolic incorporation into bacteria, bioorthogonal 
probes can be reacted with reporter molecules carrying a complimentary 
bioorthogonal group. Such reporters include fluorophores that allow for the 
visualization of bacterial biomolecules of interest or affinity tags to facilitate their 
enrichment. As such, bioorthogonal chemistry has driven advancements in two-
step metabolic labeling approaches for host-pathogen interaction studies. As a 
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whole, metabolic labeling in bacteria, in one step or two steps, has shed a light on 
previously uncharacterized bacterial cell processes, making it a valuable tool in the 
search for novel targets for antibiotic drug development. 

In this chapter, recent developments in the field of metabolic labeling are reviewed 
in the context of the host-pathogen interface. The initial discoveries of several 
chemical probes and labeling strategies are covered, as well as the subsequent 
improvements made to these probes and labeling strategies while also highlighting 
several examples of important findings achieved using these methods. Specifically, 
the use of D-amino acids (DAAs) for metabolic labeling of PG in the bacterial cell 
wall and the labeling of the MM of corynebacteria using trehalose-analogues are 
discussed. Moreover, the use of Bioorthogonal Non-Canonical Amino acid Tagging 
(BONCAT) for the labeling of new protein synthesis in bacteria and the application 
of so-called activity based probes that target enzyme activities specific to the 
bacterial pathogen of interest are covered. The principle of labeling intracellular 
bacteria is illustrated in Figure 1A. 

2.2 Metabolic labeling of peptidoglycan 
Peptidoglycan (PG) is the major constituent of the bacterial cell wall. PG consists of 
linear glycan strands that are cross-linked through short peptides, creating a dense 
macromolecular network that is vital to bacterial survival. The bacterial cell wall 
provides structural integrity for the cell and protects it against the osmotic pressure 
established by high intracellular concentrations of proteins and other 
biomolecules.36 The PG cell wall also functions as an anchor for important 
macromolecules of the cell envelope, such as teichoic acids37, and Braun’s 
lipoprotein.38 Due to its vital role in bacterial survival, relative accessibility at the 
outside of the cell, and  absence in eukaryotic cells, PG biosynthesis is a prime target 
for antibiotics.39 Many widely used antibiotics including the β–lactams exemplified 
by penicillin,40 glycopeptides such as vancomycin41, and the lipopeptide bacitracin42 
function by inhibiting various aspects of bacterial cell wall biosynthesis. However, 
due to misuse and overuse, bacteria are acquiring resistance against these 
antibiotics at an alarming rate.5,43 Nonetheless, the bacterial cell wall remains a 
very promising target for the development of novel antibiotics. 

PG metabolism has been studied using various methods, such as metabolic labeling 
with radioprobes.44 Other methods include labeling of the bacterial cell wall using 
fluorescently tagged antibiotics45,46 as well as by the incorporation of a 
fluorescently labeled  tripeptide into the cell wall by  exploiting the PG recycling 
machinery of Escherichia coli (E. coli).47 These techniques have multiple limitations: 
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1) labeling techniques that are dependent on the PG recycling pathway of E. coli 
can only be used to study this specific organism; 2) Radiolabeling of PG is known to 
be a very laborious and technically complex technique; 3) Labeling the bacterial cell 
wall using fluorescently tagged antibiotics is limited to bacterial species with an 
accessible cell wall and enzyme machinery tolerant to these large pendant 
fluorophores; and 4) The use of fluorescently tagged antibiotics has an inhibitory 
effect on bacterial cell growth, thereby limiting their use for in vivo applications. 

Recently, metabolic labeling of PG using new D-amino acid (DAA) analogues has led 
to significant advancements in the understanding of cell wall biosynthesis and 
recycling of PG. Whereas nearly all life forms use exclusively L-amino acids, most 
bacteria also use DAAs, which are incorporated into the PG cell wall.48 D-alanine 
and D-glutamic acid are the DAAs that are most often incorporated into PG and can 
thus be found in the cell wall of nearly all bacteria.48 Interestingly, studies have 
shown that the biosynthetic machinery involved in PG synthesis is highly tolerant 
to a variety of different DAAs.49,50 This phenomenon has been exploited to 
incorporate DAAs and analogues thereof,  to act as reporter molecules (one-step 
metabolic PG labeling) or as chemical handles for the conjugation of reporter 
molecules (two-step metabolic PG labeling). Kuru et al.16 were the first to employ 
fluorescent D-amino acids (FDAAs) for one-step PG labeling and imaging of bacterial 
cell walls in live cells. Starting from the D-amino acids 3-amino-D-alanine and D-
lysine, they reacted reporter molecules 7-hydroxycoumarin-3-carboxylic acid 
(HCC), 4-chloro-7-nitrobenzofurazan (NBD), fluorescein and carboxy-
tetramethylrhodamine (TAMRA) to synthesize a variety of fluorescent amino acids, 
such as HADA, NADA, FDL and TDL (Figure 1B).30 Subsequently, they succeeded in 
labeling a wide range of Gram-negative and Gram-positive bacteria, including, but 
not limited to, E. coli, Staphylococcus aureus and Bacillus subtilis, and showed that 
these FDAAs were selectively incorporated into the bacterial cell wall. In B. subtilis, 
they showed that these FDAAs were incorporated exclusively into PG and not into 
teichoic acids; which also contain D-alanine residues.30 Because of their broad 
species applicability and excellent selectivity for PG, FDAAs have been used to study 
cell wall synthesis and its role in pathogenesis51–59, and to establish the presence of 
PG in many bacterial species.60–62 An interesting application of FDAAs is the 
construction of so-called ‘virtual time-lapse’ images of PG synthesis in individual 
organisms. By sequentially adding FDAAs with different spectral properties, the 
growing PG layer can be sequentially labeled with multiple, differently colored 
FDAAs. This creates a multi-colored image where each color represents the location 
and amount of PG that is synthesized during the time in which FDAA was added.30,63 
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Figure 1. (A) Schematic overview of the bioorthogonal metabolic labeling approaches discussed here. (B) D-
amino acid analogues for metabolic labeling of PG. (C) Click-reactive muramic acid for selective labeling of 
newly synthesized PG and acetyl-CoA analogues for post-synthetic labeling of existing PG through O-
acetylation. 

 

FDAAs owe their broad applicability partially to their low molecular weight; labeling 
of the Gram-negative bacterial cell wall requires passage through the outer 
membrane, which is markedly less permeable to molecules over a molecular weight 
of ~600 Da, such as antibiotics.64 Indeed, when Hsu et al.65 compared the labeling 
of E. coli with FDAAs with molecular weights between 300-700 Da, they found that 
FDAAs over a molecular weight of ~500 Da have reduced access to the E. coli 
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periplasm and cytoplasm and label the cell wall less efficiently. Today, the available 
toolkit of FDAAs covers the whole visible spectrum, from violet to far-red, providing 
many options for PG imaging in real time. Amongst these are FDAAs that are 
compatible with Stochastic Optical Reconstruction Microscopy (STORM), such as 
Cy3B and Atto 488, allowing imaging of PG nanostructures with far better spatial 
resolution.65 Improvements to other FDAAs include increased water solubility, 
increased photostability, and the possibility to excite with far-red light, reducing 
the phototoxic burden on the bacteria that is being probed. In conclusion, FDAA 
labeling is an excellent analysis technique to study the bacterial cell wall because 
of its selectivity for bacterial PG, it’s relative experimental simplicity, and the 
ubiquity of DAAs in the cell walls of all bacterial taxa. Moreover, FDAAs only label 
nascent PG and are therefore an ideal tool to study spatial and temporal aspects of 
PG synthesis. The expansion of the FDAA toolkit into probes that are suitable for 
STORM has improved the spatial resolution that can be attained with FDAA labeling 
and cements the relevance of this technique for the study of the bacterial cell 
wall.65 Notably, however, FDAAs have not yet been applied to the imaging of 
intracellular pathogenic bacteria. 

One downside of the FDAA-approach is that these probes are only incorporated 
into PG via the extracellular pathways reliant on the D,D- and L,D-transpeptidases, 
and are therefore not tolerated by the D-alanine racemase (Alr) and the UDP-N-
acetylmuramoyl-tripeptide-D-alanyl-D-alanine ligase (MurF).62,66 These steps of the 
pathway in most species can, however, be labeled using a two-step labeling 
approach. The approach is based on metabolic incorporation of a D-amino acid 
equipped with a specific chemical handle, which, once incorporated into the PG 
network, can be labeled using a reporter molecule that is reactive to the handle. 
Two-step PG labeling has a lower risk of causing biological perturbation than one-
step PG labeling, as the chemical handle is usually much smaller than the probes 
used in one-step PG labeling. Presently, bioorthogonal groups are commonly used 
as chemical handles in two-step PG labeling, because of their high reactivity 
towards their bioorthogonal reaction partners and their inertness towards 
biomolecules.34 PG labeling has been performed using D-cysteine as a chemical 
handle, effectively incorporating thiol groups into the cell wall for coupling to thiol-
reactive reporter molecules.67 But, reporter molecules that target D-cysteine do 
not selectively label PG, as they are also reactive to L-cysteine residues in cellular 
proteins. To overcome such limitations, the introduction of D-amino acids 
containing bioorthogonal groups such as azides, alkynes, and nitrones allows for 
highly selective two-step metabolic labeling of PG.68 



Metabolic Labeling Probes For Interrogation Of The Host-Pathogen Interaction 

29 

Kuru et al.30 and Siegrist et al.31 independently reported the use of DAAs containing 
bioorthogonal groups for PG labeling: D-propargylglycine (alkDala; alkyne analogue 
of D-alanine), and 2-amino-3-azidopropanoic acid (azDala; azide-analogue of D-
alanine) (Figure 1B). Kuru et al. validated the concept of bioorthogonal two-step 
metabolic PG labeling by labeling both B. subtilis and E. coli cells in vitro with alkDala 
and azDala.68 Expanding on this work, Siegrist et al. showed that Listeria 
monocytogenes and Mtb could be efficiently labeled by alkDala and azDala, both in 
vitro and in vivo, inside infected J774 macrophages. Notably, this work also 
demonstrated that macrophages take up sufficient alkDala for effective labeling of 
intracellular bacteria without any apparent toxicity to either the macrophages or 
bacteria, highlighting the potential of two-step metabolic DAA labeling for in vivo 
applications.17 Combining the promiscuity of alkDala labeling with the selectivity of 
RADA labeling, Garcia-Heredia et al. showed that PG repair also occurs away from 
the sites of de novo PG synthesis in various mycobacterial species.66 Since then, 
Pidgeon et al. also reported probes specific for the L,D-transpeptidase to provide 
further tools to study bacterial cell wall synthesis. The possibility of applying these 
probes to the study of the intracellular lifecycle of pathogens offers a tantalizing 
opportunity as a tool in the development of drugs against such pathogens.69 

The bioorthogonal toolkit for in vivo metabolic labeling of PG was further expanded 
by Shieh et al.70 They synthesized D-amino acids equipped with the strained  
cyclooctyne and bicyclononyne (BCN) moieties (Figure 1B), for copper-free, strain-
promoted alkyne-azide “click” (SPAAC) reactions. Furthermore, they synthesized 
near-infrared (NIR) azide-functionalized fluorogenic Si-rhodamine dyes whose 
fluorescence quantum yield greatly increases upon reaction with alkynes. These 
NIR fluorogenic dyes are optimal for in vivo imaging as near infrared light 
penetrates deeper through tissue than higher wavelength light and no washing of 
excess dye is required as the dye becomes vastly more fluorescent upon reaction. 
The Pezacki group added an additional bioorthogonal reaction to the labeling 
repertoire by designing nitrone D-amino acids that readily undergo reactions with 
strained alkynes in a Strain-Promoted Alkyne-Nitrone Cycloaddition (SPANC) 
reaction (Figure 1B).68,71 

Metabolic incorporation of D-amino acid probes is well tolerated in most bacteria, 
with notable exceptions. For instance, the intracellular bacterium Chlamydia 
trachomatis required additional reagents to enable PG labeling. While 
circumstantial evidence for the existence of a PG containing cell wall in C. 
trachomatis had  existed for decades,72,73 until recently no one had conclusively 
isolated or characterized PG from this bacterium.74,75 This resulted in a discrepancy 
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called the ‘Chlamydial Anomaly’, where no PG was observed, yet the pathogen was 
sensitive to PG-targeting antibiotics.76,77 To address the matter Liechti et al. set out 
to conclusively establish the presence of PG in C. trachomatis by labeling with the 
D-amino acid probe alkDala, but found that alkDala failed to label the bacteria.62 
They hypothesized that this was because chlamydial PG synthesis enzymes could 
not accommodate alkDala, but that they might accommodate modified D-alanine 
dimers wherein one of the two amino acids was alkDala (alkDala-DA). Indeed, after 
incubating the bacteria with the alkyne containing   alkDala-DA dipeptide, they 
were subsequently able to label C. trachomatis with Alexa Fluor 488 azide. 
Interestingly, no labeling was detected when using  the dipeptide analogue bearing 
the bioorthogonal modification on the C-terminal D-alanine residue (i.e. DA-
alkDala). The authors reasoned that the lack of labeling was due to removal of the 
C-terminal D-alanine residue in either transpeptidation or carboxypeptidation 
reactions. The work of Liechti et al. shows that labeling of PG in some bacteria may 
require modified D-amino acid probes, but also highlights the versatility of D-amino 
acid labeling for the detection and study of bacterial PG. 

In addition to the use of unnatural D-amino acids, strategies based on other 
building blocks have been developed to probe PG assembly in bacteria. In this 
regard, Grimes and coworkers designed metabolic probes based on N-acetyl 
muramic acid (MurNAc) that allowed for labeling of the carbohydrate moiety of 
PG.78,79 Although labeling of PG with D-amino acids analogues is a powerful and 
versatile method, there are several benefits to labeling this carbohydrate moiety: 
firstly, D-alanine residues of the PG stem peptide can be removed by 
transpeptidation and carboxypeptidation reactions, which may decrease the 
probe’s lifetime, whereas the carbohydrate backbone of PG is not subject to 
remodeling. Secondly, MurNAc is a superior probe for de novo PG synthesis, as it is 
only incorporated in newly synthesized PG, while D-alanine probes can also be 
incorporated into mature PG by exchange reactions.50,80,81 Finally, MurNAc binding 
to Nod-like receptors (NLRs) is involved in innate immune activation82, while D-
alanine residues are not involved in immune activation, making MurNAc analogues 
more suitable for probing immune activation by PG. Metabolic labeling of the 
carbohydrate moiety in PG was first achieved by Liang et al. using MurNAc 
analogues with azido- and alkyne modifications at the 2-N acetyl position (Figure 
1C).78 In some Gram-negative bacteria, including, amongst others, Pseudomonas 
putida, MurNAc can be recycled to uridine diphosphate-MurNAc (UDP-MurNAc) by 
enzymes AmgK and MurU and subsequently incorporated into newly synthesized 
PG.83 Interestingly, Liang et al showed that both E. coli and B. subtilis could 
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incorporate MurNAc analogues into de novo synthesized PG after transfection with 
a vector for P. putida AmgK and MurU.78 Their results suggest that metabolic 
MurNAc labeling could be applied to a wide range of bacteria, both Gram-negative 
and Gram-positive, if transfected with amgK and murU. Metabolic MurNAc labeling 
of most bacteria does, however, require genetic modification of the bacteria and is 
limited to bacteria in which amgK and murU can be introduced, limiting the 
practical use of this particular metabolic labeling technique. 

Building upon these approaches, Wang et al. recently reported an elegant method 
for post-synthetic, metabolic labeling of the PG carbohydrate backbone.79 Their 
technique exploits the function of the bacterial enzyme peptidoglycan O-
acetyltransferase B (PatB), which uses acetyl-CoA as an acetyl donor to O-acetylate 
the 6’ hydroxyl group of MurNAc residues in the carbohydrate moiety of PG.84 Post-
synthetic O-acetylation of PG occurs in many intracellular pathogenic bacteria, such 
as Neisseria meningitidis, Neisseria gonorrheae and Staphylococcus aureus85–87, 
where it contributes to bacterial virulence by providing resistance against PG 
degradation by the antimicrobial enzyme lysozyme.88 Wang et al. hypothesized that 
bioorthogonal groups could be introduced into PG post-synthetically by feeding 
azide- (SNAz) or alkyne- (SNAk) functionalized acetyl-CoA analogues (Figure 1C). 
They found that PatB efficiently O-acetylates PG in B. subtilis when supplied with 
SNAz or SNAk and in doing so enabled  visualization of the incorporated probes by 
reaction with fluorescent dyes carrying complementary bioorthogonal groups.79 
Interestingly, they also showed that the artificially O-acylated B. subtilis was, at 
least partially, protected from degradation by lysozyme. 

2.3 Metabolic labeling of the mycomembrane 
The mycobacterial cell wall contains an outer membrane – the mycomembrane 
(MM) – that lends itself well to selective labeling. It consists of long chain (C60-C90) 
mycolic acids that are covalently linked to the cell wall’s PG layer through highly 
branched polysaccharides called arabinogalactan (AG).89,90 Components of the MM 
are important for mycobacterial cell survival; for example, blocking the biosynthesis 
of the nonmammalian disaccharide trehalose, a key component of the MM 
glycolipids trehalose dimycolate (TDM) and trehalose monomycolate (TMM), 
reduces cell viability and induces growth defects.91,92 TMM is a modulator of MM 
biosynthesis84 and a precursor to TDM, which promotes virulence and survival in 
host macrophages.93 Since trehalose metabolism is vital for mycobacterial cell 
viability and is not found in mammalian cells, its biosynthetic pathway makes an 
excellent target for the development of novel antibiotics against Mtb. Moreover, 
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since trehalose is exclusively found in members of the suborder of 
Corynebacterineae, which does not include canonical Gram-negative or Gram–
positive bacteria, it opens up the possibility to use metabolic labeling with 
trehalose-probes for clinical diagnosis of Mtb. 

Clinical diagnosis of Mtb in high-burden, developing countries is currently 
performed using either the Ziehl-Neelsen test or the Auramine Truant stain, both 
of which are only moderately reliable.86 Furthermore, these diagnostic tests also do 
not discriminate between live or dead Mtb cells and thus cannot be used by 
physicians to determine treatment efficacy.94 Thus, novel, Mtb-specific diagnostic 
tools are required to improve TB diagnosis efficacy. Metabolic labeling with 
trehalose analogues has shown promise as a novel diagnostic approach for the 
rapid detection of Mtb infection. Trehalose, in the form of TMM and TDM, is 
anchored non-covalently to the mycobacterial cell wall. Trehalose is synthesized 
and esterified to form TMM in the cytosol, after which TMM is transported to the 
periplasm.95 Once in the periplasm, the mycolyltransferase complex antigen 85 
(Ag85) transfers mycolate from TMM to AG, to form a network of covalent 
mycolates that form the foundation of the MM, or to another molecule of TMM, 
forming TDM.96–98 In both cases, a molecule of trehalose is regained, which is 
recycled by active transport into the cytosol by the trehalose-specific transporter 
SugABCLpqY.99 

Based on analysis of the trehalose/Ag85 co-crystal structure, Backus et al.32 
hypothesized that trehalose could be modified with functional groups without 
affecting substrate activity for Ag85, exploiting a promiscuity that is similar to that 
of D-alanine metabolism. They synthesized various trehalose-analogues, including 
fluorescein isothiocyanate (FITC)-trehalose (FITC-Tre, Figure 2), and tested their 
ability to label pathogenic Mtb using a one-step labeling method. FITC-trehalose 
was efficiently incorporated into the growing Mtb mycomembrane by Ag85 in vitro 
and exclusively labeled live Mtb cells; heat-killed Mtb cells were not labeled, nor 
were cells of the Gram-negative pathogens Pseudomonas aeruginosa and 
Haemophilus influenza or Gram-positive Staphylococcus aureus.32 FITC-Tre could 
even be incorporated into Mtb inside macrophages; macrophages were infected 
with Mtb and successfully labeled with FITC-Tre. This has opened up possibilities 
for in vivo metabolic trehalose-labeling studies. 

Backus et al. also demonstrated that Ag85 enzymes tolerate a surprisingly wide 
range of substrate modifications. Moreover, their work demonstrates that the 
Ag85 pathway can be hijacked to incorporate exogenous trehalose into TMM and, 
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subsequently, into the MM. They also speculate that, given the conserved nature 
of Ag85 amongst mycobacteria, the FITC-trehalose probe could presumably label 
other mycobacterial species equally as well as Mtb. However, Rodriguez-Rivera et 
al.100 found that FITC-trehalose labels other mycobacterial with poor efficiency and 
does not label corynebacteria at a detectable level at all. SAR studies showed that 
removal of an anomeric methyl group significantly increased labeling efficiency 
amongst myco- and corynebacteria, as did repositioning of the FITC functionality 
on the trehalose scaffold. Rodriguez-Rivera et al. applied metabolic trehalose 
labeling to assess the influence of ethambutol treatment on MM fluidity using 
Fluorescence Recovery After Photobleaching (FRAP) experiments. They showed 
that ethambutol can increase MM fluidity at sub-inhibitory concentrations, thereby 
enhancing antibiotic drug accessibility.100 

One-step metabolic labeling is an excellent method for metabolic incorporation of 
trehalose analogues into the MM via extracellular incorporation by the Ag85 
complex. However, an important aspect of trehalose metabolism occurs 
intracellularly, where trehalose is formed and subsequently incorporated into 
various metabolites, which together constitute the ‘trehalome’.33 The importance 
of trehalose for bacterial survival calls for chemical probes that can provide insight 
into intracellular trehalose metabolism. Swarts et al.33 hypothesized that the 
trehalose-recycling pathway could be hijacked to actively transport azido-trehalose 
analogues into the mycobacterial cytosol through the trehalose-specific 
transporter SugABCLpqY, after which the trehalose-analogue would be 
incorporated into the ‘trehalome’ and subsequently labeled with azide-reactive 
reporter molecules. Trehalose-analogues with azido-groups (TreAz analogues) at 
the 2-, 3-, 4- or 6-position (Figure 2) were added to a culture of Mycobacterium 
smegmatis, a non-pathogenic Mycobacterium that is frequently used as a model 
organism for Mtb, and then exposed to a fluorescent dye coupled to a cyclooctyne 
group leading to labeling via a strain-promoted [3+2] cycloaddition. They found that 
the TreAz analogues labeled M. smegmatis efficiently and that the route of 
trehalose incorporation was dependent on the structure of the TreAz analogue; 2-
, 4- and 6-TreAz were incorporated via the recycling pathway, while 3-TreAz was 
incorporated only extracellularly by Ag85. This incorporation was also possible for 
pathogenic Mtb and Mycobacterium bovis. The recent development of 
chemoenzymatic routes towards unnatural trehalose analogues is expected to 
expand the application of this method by facilitating access to the new 
analogues.101 
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Figure 2. Fluorescent and fluorogenic trehalose analogues for labeling of the MM. 

 

Two-step metabolic labeling with trehalose analogues has also been applied to 
study mycolation of AG and O-mycolated proteins that are found in the MM. The 
Swarts group hypothesized that the substrate specificity of Ag85 as a 
mycolyltransferase would extend to a 6-heptynoyl trehalose analogue (O-AlkTMM, 
Figure 2), based on previously reported Ag85 activity studies.32,102 They 
hypothesized that O-AlkTMM could be taken up into the periplasm, where Ag85 
would transfer the 6-heptynoyl group to mycolyl acceptors such as AG and O-
mycolated proteins.103,104 Subsequent reaction with alkyne-reactive reporter 
molecules would allow for enrichment or visualization of mycolated targets. Foley 
et al.103 reported on the synthesis of O-AlkTMM and showed that O-AlkTMM 
effectively labels mycobacterial AG. Similar to TreAz analogues, O-AlkTMM 
selectively labels cell walls of mycobacteria and corynebacteria without labeling 
canonical Gram-negative and Gram-positive bacteria. In contrast to TreAz 
analogues, metabolic labeling with O-AlkTMM also provides the means to directly 
incorporate labels during the synthesis of AG mycolate (AGM), which is an essential 
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component of the mycobacterial cell wall. O-mycolation of proteins has only 
recently been discovered as a post-translational protein modification in 
corynebacteria.105 Notably, O-acylation of bacterial proteins was unheard of prior 
to the discovery of O-mycolated proteins, making it an intriguing phenomenon and 
worthy of further study. Using the O-AlkTMM probe, Kavunja et al.104 were able to 
label multiple O-mycolation target proteins in Corynebacterium glutamicum. Next, 
they visualized them with an in-gel fluorescence assay, by means of the well-
established copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) click reaction 
with Alexa Fluor 488 azide. Their study uncovered multiple novel O-mycolated 
proteins and revealed that proteins can carry more than one O-mycolate group, 
highlighting the utility of the O-AlkTMM probe for studies into the ‘O-
mycoloylome’. Much remains to be discovered about bacterial protein O-
mycolation and the O-AlkTMM probe has proven to be a highly valuable tool for 
such O-mycolation studies. Taken together, the aforementioned investigations 
show the potential of trehalose analogues for studies into trehalose- and mycoloyl-
metabolism. The same group recently expanded the bioorthogonal TMM library to 
include trans-cyclooctene TMM analogues reactive in an Inverse Electron-Demand 
Diels-Alder (IEDDA) ligation reaction.106 

Recently, various trehalose analogues have emerged as novel potential point-of-
care diagnostic tools for Mtb. This is a large unmet clinical need, as the current 
diagnostic methods are notoriously unreliable.107 Rundell et al.108 took the first 
steps towards synthesis of an 18F-labeled trehalose analogue that would facilitate 
targeted Positron Emission Tomography (PET) imaging of patients lungs for quick 
diagnosis of TB infections. However, this approach requires advanced equipment 
for diagnosis – infrastructure often absent at remote diagnostic sites. To provide a 
facile low-tech Mtb-detection test, Kamariza et al.109 developed a solvatochromic 
trehalose probe (DMN-Tre), consisting of a trehalose-conjugated fluorescent dye, 
4-N,N-dimethylamino-1,8-naphthalimide (DMN) (Figure 2), that dramatically 
increases in fluorescence upon transition from a hydrophilic to a hydrophobic 
environment. The authors showed that the solvatochromic nature of DMN allowed 
for no-wash labeling of Mtb, since DMN-Tre should only become fluorescent once 
incorporated into the hydrophobic environment of the MM. DMN-Tre could indeed 
be used for efficient no-wash labeling of Mtb cells, even in sputum samples from 
TB-positive patients. This probe was further used for high-content image-based 
screening of the effect of various drugs on intracellular Mtb.110 Recently, new 
solvatochromic trehalose probes based on 3-hydroxychromone fluorophores (3HC, 
Figure 2) were reported that show a 10-fold increase in fluorescence enhancement 
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compared to DMN. This allowed the detection of Mtb cells within 10 minutes of 
treatment and may well represent a major step towards on-site testing for Mtb 
infection.111 

Hodges et al. recently reported the use of a different strategy for fluorogenic Mtb 
cell wall detection. Their approach employs a trehalose variant dubbed “Quencher-
Trehalose-Fluorophore” (QTF, Figure 2) consisting of a lipid-BODIPY construct and 
a DABCYL quencher attached to a trehalose scaffold. Esterase Ag85 cleaves the 
lipid-fluorophore from the quencher-trehalose, leading to enhancement (turn-on) 
of fluorescence (Figure 2).112 Finally, the Swarts-group recently reported a similar 
approach, in which cleavage of a quencher group from a construct containing 
fluorescein and a DABCYL quencher by the MM remodeling hydrolase Tdmh, led to 
a the enhancement of green fluorescence.113 One downside to all these probes is 
that they exclusively label metabolically active cells. As such, they can only be used 
to diagnose dividing Mtb and monitor treatment efficacy. The metabolically 
dormant forms of Mtb, however, remain undetected by these technologies. There 
remains an urgent and unmet need for the development of probes for this subclass 
of Mtb. 

2.4 Proteome labeling with bioorthogonal amino acids 
The methionine tRNA/tRNA synthetase pair of many species are rather 
promiscuous. At the turn of the millennium, the Tirrell and Bertozzi groups were 
the first to exploit this promiscuity to introduce bioorthogonal groups into 
bacterially expressed proteins and label these using click reactions.114 This 
technique was later applied by the Tirrell-lab to the pan-proteome Met-labeling of 
whole cells. The approach, latter dubbed Bioorthogonal Non-Canonical Amino acid 
Tagging (BONCAT)115, has subsequently been used for the enrichment, 
identification, and visualization of exclusively nascent proteins, thus reducing the 
complexity of proteomic analysis of a given sample116. Moreover, pulse-labeling 
with bioorthogonal amino acid analogues allows for analysis of changes in protein 
production in response to internal and external cues.115 With regards to the study 
of intracellular pathogens, two BONCAT-based approaches have been taken. Those 
reliant on the hijacking of existing tRNA/synthase pairs, and those that genetically 
incorporate new tRNA/synthase pairs. Both approaches have been used extensively 
to interrogate pathogen’s protein expression at the host-pathogen interface. 
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Figure 3. Bioorthogonal amino acid analogues for metabolic labeling of proteins. 

The first approach, which relies on the promiscuity of the methionine tRNA and its 
synthase, have shown that methionine analogues containing alkene-117–120, alkyne-
114,117 and azido-114 functionalities can be accepted substrates by the methionyl-
tRNA synthetase (MetRS) in a variety of pro- and eukaryotes121. Care has to be 
taken when incorporating these amino acids into new species, as the speed of 
protein synthesis and cell division can be altered by the presence of such unnatural 
amino acids, as demonstrated by homopropargylglycine (Hpg, Figure 3) which 
shows toxicity towards certain bacteria at higher incubation rates, whereas 
azidohomoalanine does not (Aha, Figure 3).122 The advantage of this approach is 
that it provides a facile way to image only the proteome of an intracellular 
pathogen after uptake by a host cell, without any need for further genetic 
modification of the species. Reacting these proteins with a clickable biotin or FLAG-
tag can also enable the enrichment of these target proteins for mass 
spectrometry.116 This strategy has previously been used to incorporate Aha or Hpg 
into E. coli ex vivo and then co-incubated these bacteria with mouse bone marrow-
derived dendritic cells (BMDCs) to visualize bacterial cell degradation in situ.123 In 
order to provide ultrastructural content of the degrading E. coli cells within BMDC 
phagosomes, Correlative Light-Electron Microscopy (CLEM) imaging was used. 
Chapter 3 of this thesis confirms that the bioorthogonal groups used in these 
studies are resistant to the harsh conditions encountered in the lysosomal 
pathway.124 Chapter 4 describes the development of this technique to include 
super-resolution fluorescence, by combining Stochastic Optical Reconstruction 
Microscopy and CLEM (STORM-CLEM). This technique is applied to the study of 
Salmonella bacteria in BMDCs to show the durability of these pathogenic bacteria 
inside the host cell vacuole.122 Chapter 5 illustrates how BONCAT labeling of the 
Mtb proteome can be combined with labeling of the Mtb PG layer through the use 
of alkDala-labeling with correlative imaging, showing that multiple click reactions 
can be performed on pathogens simultaneously. This approach to assess the 
heterogeneous effect of various antibiotics on intracellular Mtb (See Figure 4 for 
an example image).125 
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Figure 4. CLEM of triple labeled Mtb.125 Green: Alexa Fluor 488 (AF488)-alkyne reacted to Aha in the 
proteome; Red: Alexa Fluor 647 (AF647)-azide reacted to alkDala; Magenta: Expressed DsRed signal. Grey: 
electron micrograph indicating the subcellular environment in which the bacteria reside. 

Approaches that allow expansion of the genetic code of pathogens have also 
become powerful tools to study host-pathogen interactions. For example, Ngo et 
al.126 devised a new BONCAT-like strategy that involved genetically modifying the 
cell type of interest to enable incorporation of a non-canonical amino acid (ncAA) 
for this cell type only. For this strategy, a mutant MetRS (NLL-MetRS) was 
developed that can append the ncAA azidonorleucine (ANL; Figure 3) to 
endogenous tRNA.127 To achieve cell type selective protein labeling with 
bioorthogonal handles, the cell type of interest is transfected with the NLL-MetRS 
gene, enabling this cell type to incorporate ANL into newly synthesized proteins. 
ANL is not compatible with endogenous MetRS, leading the ncAA to be exclusively 
incorporated into proteins from the pathogen and not the host. Because of these 
features, BONCAT using NLL-MetRS is highly suited for analyzing pathogen’s 
nascent protein expression at the host-pathogen interface. The potential of this 
approach was further demonstrated in the interrogation of host-pathogen 
interactions by infecting murine macrophages with E. coli that constitutively 
expressed NLL-MetRS and visualizing the bacteria selectively within the 
macrophage. 

Using this cell selective BONCAT method, Mahdavi et al. were able to enrich and 
identify several key secreted Yersinia outer proteins (Yops) and other secreted 
factors in an infection model.128 To enrich Yops that were secreted into the host 
cytosol, HeLa cells were infected with NLL-MetRS-expressing Yersinia cells and 
subsequently lysed using digitonin, preserving the integrity of the Yersinia cells. 
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Subsequent reaction to TAMRA-alkyne allowed for facile identification of 
fluorescent Yops in host cytosol fractions. Moreover, by applying BONCAT in a 
pulse-labeling manner at specific times after infections, the authors were able to 
determine the order of Yop secretion, demonstrating the potential of BONCAT for 
elucidating the temporal aspects of virulence factor secretion. The Hang group also 
reported a similar strategy for the labeling of intracellular salmonella with 2-
aminooctynoic acid (AOA, Figure 3) and showed that the bacterial proteome of 
intracellular Salmonella enterica could be labeled and imaged with a high degree of 
selectivity inside RAW-macrophages129. In addition, this approach also enabled for 
the enrichment and proteomic analysis of endogenously expressed Salmonella 
proteins from infected mammalian cells. 

Amber codon suppression – the approach whereby a tRNA/tRNA synthetase pair 
reactive to the amber stop codon are introduced in a species have also been applied 
to the study of pathogenic species. Wang et al. reported the application of this 
strategy to incorporate para-iodophenylalanine into GFP expressed in the Mtb-
strain H37Ra inside RAW-macrophages.130 The same approach was later exploited 
by Touchette et al. for the incorporation of the photo-crosslinkable amino acid p-
benzoyl-L-phenylalanine (pBPA, Figure 3) into the mycobacterial outer cell wall of 
M. smegmatis to identify the interaction partners of this protein.131 It is likely that 
the application of such techniques to study Mtb interactions with the host 
proteome will deliver new insights. The expanded genetic code variant of 
Salmonella was also recently reported and used to incorporate p-
azidophenylalanine (pAz, Figure 3) into the bacterial proteome. However, no 
intracellular labeling was attempted yet by this approach.132 Intracellular labeling 
was achieved for the facultative intracellular pathogen Neisseria meningitides. 
Takahashi et al. also incorporated pBPA into the bacterium and used it to elucidate 
the role of NMB1345 in the infection pathway.133 

2.5 ABPP CLEM of bacterial enzymes 
A final area which is providing tantalizing new insights into the intracellular biology 
of the host-pathogen interaction is the use of probes to visualize the activity of 
specific pathogenic enzymes inside the host, so-called Activity-Based Protein 
Profiling (ABPP).134 The combination of ABPP and CLEM has previously been used 
to image host cell alterations upon bacterial infection123,135,136, but the imaging of 
pathogenic enzymes – particularly those involved in virulence – is an exciting new 
area.134 An early example involved the use of the broad spectrum serine hydrolase 
probe FP-TAMRA (Figure 5) to identify the secreted serine hydrolases of Mtb137,138 
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and V. cholera.139 In a later study, all four V. cholera serine hydrolases were 
identified using a proteomic approach in an infection model of this pathogen. FP-
TAMRA was also used to identify 8 new serine hydrolases in the facultative140 
intracellular pathogen Staphylococcus aureus.141 Lentz et al. used FP-TAMRA to 
develop Activity-Based Probes (ABPs) for two of these hydrolases FphB and FphF. 
Using these inhibitors/probes the authors could delineate a role for FphB in the 
infection of liver and heart cells, although an exact mechanism for this role remains 
elusive. The recently resolved crystal structure of FphF in complex with the inhibitor 
may help in elucidating these roles.142 Perhaps this relates to the potential for 
intracellular survival of this pathogen under certain conditions. Recently, the group 
of Bogyo also used this approach to developed a covalent probe that allowed 
visualization of an Mtb hydrolase, namely the hydrolase important for 
pathogenicity-1 (HIP-1). Using probe CSL173 (Figure 5), they could observe its 
activity when spiked into the host proteome to identify HIP-activity.143 They have 
recently described the further development of these types of probes to synthesize 
a chemiluminescent point-of-care test for Mtb that allowed the selective 
identification of live Mtb, providing a useful tool for the study of drug efficacy.144 

The electrophilic nature of the beta-lactam scaffold has also been used to image 
penicillin binding protein (PBPs) activities in pathogens.145 Initial approaches were 
marred by a poor substrate specificity of these probes for the various PBPs. This 
was recently solved for another facultative intracellular pathogen, Streptococcus 
pneumoniae.146 By modifying the beta-lactam core and attaching an L-
phenylalanine as well as a fluorescein (Lac(L)-Phe-FL, Figure 5) or a TAMRA to these 
modified lactam-cores, the PBPs 1b and 2x could be selectively labeled and imaged 
in the dividing bacteria.147 Interestingly, when a D-phenylalanine was introduced to 
the probe (Lac(D)-Phe-TAMRA, Figure 5), dual labeling of PBP2x and PBP2b could 
be achieved.147 With these probes it was found that these PBPs were restricted to 
a ring surrounding the bacterial division site. What these observations mean in the 
context of the recently discovered intracellular niche of the pathogen remains to 
be elucidated. 
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Figure 5. Covalent active-based probes used for imaging (active) bacterial enzymes. 

 

2.6 Conclusion 
As the examples mentioned above clearly demonstrate, the application of novel 
chemical approaches to imaging is leading to rapid advances in the study of 
intracellular pathogens. The labeling of cellular components and individual enzyme 
activities is leading to improved point of care tests, as well as a better 
understanding of the mechanism of action for both existing and novel antibacterial 
drugs. For the near future, the currently existing metabolic cell wall probes, D-
alanine and trehalose analogues, will likely maintain their relevance, as there are 
still many lingering questions concerning bacterial cell wall metabolism and growth 
modes. Moreover, secreted bacterial proteins, many of which are associated with 
virulence and persistence in the host environment, remain uncharacterized and 
their mechanisms of action poorly understood. Rationally designed experiments 
using BONCAT-probes may contribute significantly to further the understanding of 
these secreted factors. Together, these findings may lead to novel vaccines, 
antibiotics and other therapies against bacterial infection. 
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Abstract 
One of the areas in which bioorthogonal chemistry has become of pivotal 
importance is in the study of host− pathogen interactions. The incorporation of 
bioorthogonal groups into the cell wall or proteome of intracellular pathogens has 
allowed study within the endolysosomal system. However, for the approach to be 
successful, the incorporated bioorthogonal groups must be stable to chemical 
conditions found within these organelles, which are some of the harshest found in 
metazoans: the groups are exposed to oxidizing species, acidic conditions, and 
reactive thiols. This chapter presents an assay that allows the assessment of the 
stability of bioorthogonal groups within host cell phagosomes. Using a flow 
cytometry-based assay, the relative label stability inside dendritic cell phagosomes 
of strained and unstrained alkynes were quantified. Strained alkynes that displayed 
stability in other systems, were found to be degraded by as much as 79% after 
maturation of the phagosome. 
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3.1 Introduction 
Bioorthogonal chemistry is the execution of a selective chemical reaction within the 
complex composition of a biological system.1 Bioorthogonal chemistry is often used 
for ligation purposes, whereby a small abiotic chemical functionality is first 
introduced into a biomolecule (or class of biomolecules) through metabolic 
engineering.2 This chemical group is subsequently modified with a large 
detectable/retrievable group to realize its detection. Bioorthogonal ligation 
approaches have been used extensively; for example to study the in vitro3,4 and in 
vivo5 dynamics of glycans, lipids6, nucleic acids7,8, prokaryotic9 and eukaryotic 
proteomes10, and peptidoglycan.11 Bioorthogonal peptidoglycan structures for 
instance were used to label intracellular pathogens inside a phagocytic host cell to 
visualize this interaction.12 The fact that bioorthogonal groups can be incorporated 
within amino acid sidechains, has even allowed for the visualization of pathogens 
as they are being degraded by the lysosomal hydrolases in macrophages and 
dendritic cells (DCs).13–16 However, to provide unbiased results, the stability of 
bioorthogonal functionalities to intracellular conditions is essential to prevent label 
loss during the biological time course. The Antigen-Presenting Cells (APCs) used in 
the above studies expose their phagosomal content to some of harshest 
chemistries found in the body (Figure 1A).17,18 When an APC phagocytoses a 
bacterium, the activity of the NADPH oxidase-2 complex (NOX2) will first result in 
the intraphagosomal generation of superoxide radicals (O2

-·) to concentrations up 
to 25-100 μM19 (in absence of myeloperoxidase; MPO). These will rapidly be 
converted to hydrogen peroxide (< 30 μM)19, but also NO-radicals (<15 μM)20, and 
hydroxyl radicals (·OH).21 MPO can further react hydrogen peroxide with chloride 
anions to yield hypochlorous acid (HOCl).22,23 This oxidative burst in APCs is 
followed by acidification of the phagosome down to pH-values as low as 4.8 
through the action of the vATPase proton pump.24 During this process, the 
phagosome fuses with lysosomes containing a wide range of highly proteolytic and 
reducing enzymes, including the Gamma Interferon-inducible Lysosomal 
Thioreductase (GILT)25, a wide range of cathepsins26 and various other types of 
hydrolases.27 This sequence of events renders traditional genetic labeling 
approaches of partial use as they will be degraded by the lysosomal proteases over 
time and thus rendered invisible. Even small molecule fluorophores can easily 
become damaged due to their general sensitivity to oxidation, reduction and 
pH.28,29 
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Figure 1. Outline of the stability assays and flow cytometric analysis. (A) Alkyne-modified fluorescent latex 
beads were incubated either in vitro or fed to APCs and the reduction in the number of reactive alkynes was 
assessed either on the naked beads, or of the cells containing the beads. X depicts alkynes rendered 
unreactive. (B) Degradation in cells was quantified as the percentage of cells in which all bioorthogonal groups 
were degraded to avoid ambiguity. Bead fluorescence was used as an internal standard to negate differences 
in bead uptake between cells. 

Copper-catalyzed and strain-promoted Huisgen-type cycloaddition reactions (ccHc 
and spHc, also known as CuAAC and SPAAC, respectively) are amongst the most 
widely applied reactions for the study of intraphagosomal events.11,12,30,31 
However, the stability of the reaction partners in this environment has not 
previously been characterized. It has, for example, been reported that alkynes are 
sensitive to thiols and/or radical conditions32–35, such as these found in 
phagosomes.36 Yet, despite this potential stability risk, most stability studies of 
bioorthogonal groups have been performed in either buffered growth media or cell 
lysates35, or the cytosol of intact target cells.37,38 None of these conditions 
recapitulate the chemical harshness of the maturing phagosome. To fill this 
knowledge gap, the method described here was developed to quantify 
bioorthogonal group stability inside phagosomes. Fluorescent beads 
(FluoSpheres™) were modified with terminal alkynes or azides (for ccHc) or strained 
alkynes (for spHc), and used to quantify their stability against the chemistries 
encountered during phagosomal maturation, using flow cytometry. Strained 
alkynes were found to be rapidly degraded under these intraphagosomal 
conditions. Terminal alkynes on the other hand remained stable to the conditions 
found during the entire phagosomal maturation pathway. The stability of azides 
proved more difficult to study due to the high background observed for the alkyne-
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fluorophore but seemed to display a similar stability profile as the terminal alkynes. 
Subsequent in vitro analysis revealed that a reaction between the spHc-reagents 
and HOCl was a likely culprit for the inactivation of the bioorthogonal groups, 
although additional reactive species could not be excluded. 

3.2 Results and Discussion 

3.2.1 Development of a bioorthogonal stability assay in phagocytes 
There are three main classes of phagocytes in the immune system, macrophages, 
dendritic cells (DCs), and neutrophils, of which DCs and macrophages are most 
important for antigen processing and presentation.39,40 They are also the main 
reservoir for intracellular pathogenic bacteria and thus under intense scrutiny to 
study the host-pathogen interactions. DCs and macrophages – as well as their 
subsets – display wide heterogeneity regarding their phagocytic capacity and 
intracellular chemistries.41,42 In order to develop an assay that would allow the 
assessment of the stability of bioorthogonal groups after phagocytosis independent 
of the differences in uptake, an approach was designed where the phagocytes 
would take up microspheres, that were not only surface modified with the 
bioorthogonal groups, but that also contained intra-bead fluorophores, not 
exposed to the phagosomal environment (Figure 1A) and thus showing minimal 
bleaching.43 These beads would allow the quantification of bioorthogonal handles 
per bead over time inside a phagocyte, by measuring the change in ratio of 
fluorescent signal resulting from a bioorthogonal ligation to that of the internal 
fluorophore. This approach would negate not only differences in uptake between 
cells, but also signal changes resulting from any potential expulsion of beads 
through exocytosis41 (Figure 1B). The approach is also facile, as the whole analysis 
could also be performed in fixed cells, preventing the need for re-isolating the 
spheres after the biological time course. 

Amine-functionalized 0.2 µm polystyrene FluoSpheres (excitation/emission = 
580/605 nm, 5) were modified with various bioorthogonal ligands for the azide-
alkyne [3+2] cycloaddition (Figure 2) using hydroxysuccinimidyl (1-4)-mediated 
amide/carbamate condensation reactions.44 The acetylenyl and azido-groups were 
chosen for their widespread application in the copper-catalyzed45 or strain-
promoted Huisgen cycloaddition46, or the Bertozzi-Staudinger ligation.3 The 
strained dibenzocyclooctynyl (DBCO, also known as DIBAC; 3) and 
bicyclo[6.1.0.]nonyne (BCN; 4) were chosen for their copper-independency, 
relatively fast reaction rates (0.31 M-1s-1 and 0.14 M-1s-1 respectively)47 and 
widespread use in literature.48–52 Optimal reaction conditions were found to be 
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shaking the unmodified beads for two days at 20°C in a 1:5 mixture of DMSO in PBS, 
containing a large excess of the succinimidyl esters 1-4 to yield acetylenyl- (6), 
azido- (7), dibenzocyclooctynyl (8), or bicyclo[6.1.0]nonyne (9)-modified 
FluoSpheres. 

 

 

Figure 2. Synthesis of bioorthogonal fluorescent polystyrene beads. Amine-functionalized FluoSpheres 5 (200 
nm) were modified with hydroxysuccinimidyl esters 1-4 to yield bioorthogonal FluoSpheres 6-9.  

 

The fluorescence of the beads allowed their assessment by bead-only flow 
cytometry: using either a copper-catalyzed or copper-free [3+2] cycloaddition 
reaction (in case of 6 and 7) with AF488-azide (or alkyne for 7)8,53, followed by flow 
cytometric analysis of the FluoSpheres (Figure 3, t = 0) to visualize the introduced 
alkynes or fluorescamine to visualize the remaining unreacted amines (Figure S1).54 
Complete disappearance of the fluorescamine signal was observed for all particles 
indicating complete consumption of the free amine functionalities in all reactions. 

3.2.2 Stability of bioorthogonal FluoSpheres in vitro 
It was first determined whether this assay could recapitulate previously reported 
stability properties of the various above bioorthogonal groups (Figure 3, Figure S2-
S7).37 All groups were previously reported to be stable in PBS and cell lysates, but 
strained alkynes were reported to react with thiols32,55, and thiyl radicals.32 
Terminal alkynes were also shown to be reactive towards thiyl radicals32, as well as 
to hydroxyl radicals.56,57  
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Figure 3. Assessment of stability of bioorthogonal groups in cell lysate or PBS. (A) plots at t = 0 and t = 24 of 
an incubation of acetylenyl-FluoSpheres 5 and BCN-FluoSpheres 9 in cell lysate. Y-axis shows the fluorescence 
stemming from bioorthogonal ligations, x-axis the intrinsic fluorescence of the spheres; (B) quantification of 
the median bioorthogonal fluorescence over time of the modified FluoSpheres 5-9 in cell lysate and (C) in 
PBS. (See also Figure S2-S4). N = 3 for all. 
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The bioorthogonal FluoSpheres were first incubated (in triplicate) in cell lysate 
(Figure S3) or PBS (Figure S4) for up to 24 h and subsequently reacted with AF488-
azide or alkyne using the appropriate bioorthogonal ligation conditions (Figure 3, 
Figure S2). The beads were then injected directly into the flow cytometer for 
quantification of both bead-based and bioorthogonal-based fluorescent signal. The 
internal fluorescent dye could readily be used to discriminate beads from cellular 
debris of a similar size. Changes in the median fluorescence intensity (MFI) of the 
bioorthogonally introduced fluorophore allowed quantification of the remaining 
signal. 

None of the bioorthogonal groups showed significant reduction in lysate (Figure 
3B, Figure S2/S3) and PBS (Figure 3C, Figure S2/S4). An increase in signal over time 
was even observed, possibly due to de-aggregation of the beads in these media, 
increasing the available surface area and thus bioorthogonal groups. A similar 
effect was observed for the amine control beads, although to a much lesser extent, 
possibly by virtue of the more hydrophilic nature of these beads. When assessing 
whether the thiol and thiyl-reactivity could be recapitulated, it was indeed found 
that all groups completely degraded, in presence of a high concentration (250 mM) 
of glutathione (GSH) and the free radical photoinitiator 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (25 mM) after 5 or 10 minutes irradiation 
with UV-light (145 µW/cm2) to generate radicals in-situ (Figure S2/S5). Even 
without radicals, all bioorthogonal signal disappeared after incubation with 250 
mM GSH for 30 minutes (Figure S2/S6). Radicals alone resulted in selective (partial) 
degradation of BCN, DBCO and azide (Figure S2/S7), confirming the suitability of 
this approach at least in vitro. 

3.2.3 Stability of bioorthogonal FluoSpheres in cells 
Next, the stability of bioorthogonal FluoSpheres 6-9 was tested in the 
endolysosomal environment of phagocytes (in cellula). DCs (DC2.4 cell line58) and 
macrophages (RAW264.7 cell line59,60) were used, as they are at the opposite ends 
of the property spectrum of phagocytes.61 DC2.4 cells phagocytose in a controlled 
manner and use their oxidative burst to attenuate protease activity leading to 
improved antigen presentation, either by oxidizing cysteine proteases and 
decreasing the reductive capacity of the phagosome62, or by limiting the 
acidification of the phagosome.63,64 RAW264.7 cells are macrophage-like and have 
a very high phagocytic capacity.65 They are also capable of producing Reactive 
Oxygen Species (ROS) in high amounts66, as well as secondary ROS-metabolites 
through the action of MPO.67 
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The assay was designed in the following manner. The APCs were first allowed to 
take up the bioorthogonal FluoSpheres for 45 minutes (t = 0), after which uptake 
and the initial oxidative burst should be complete, as suggested in literature.68 The 
cells were then washed and chased for 3 or 24 hours to determine to what extent 
the combination of acidification, thioreductase expression25 and proteolysis69,70 in 
the matured phagosome contributes to bioorthogonal handle degradation. Cells 
were then fixed and permeabilized (allowing free entry of bioorthogonal reagents 
and neutralization of the phagosomal compartment), ligated with a 
complementary bioorthogonal fluorophore, before quantification of the two 
fluorescent signals by flow cytometry (Figure 4, Figure S8/S9). Fluorescence in the 
red channel (FluoSpheres) was plotted against the green channel (AF488 coupled 
to the bioorthogonal groups). Quantification gates were set to exclude cells and 
debris that had not taken up beads (bead-negative cells). Bioorthogonal 
degradation was quantified by looking at the percentage of cells in which the 
bioorthogonal fluorescence had been reduced to the level of unmodified 
FluoSpheres 5 (Figure 4A). 

The acetylenyl-groups on FluoSpheres 6 showed a remarkable stability in both DCs 
and macrophages (Figure 4A/B and Figure S8/S9) with <6% degradation observed 
at any time point in either cell types. BCN-groups showed the poorest stability, 
especially to the intracellular conditions found in macrophages: 79% (±2%) of cells 
had fully degraded all bioorthogonal groups after 24h). DBCO-groups showed a 
moderate stability (36% ±1% degradation after 24h). Azide-modified spheres 
showed very poor uptake in macrophages preventing the quantification of their 
degradation in these cells. In DCs, the degradation of azides was minimal (Figure 
4A, Figure S8/S9). Attempts to further enhance degradation by stimulating the 
oxidative burst by adding LPS or a combination of phorbol-12-myristoyl-13-acetate 
(PMA)71 and yeast-derived zymosan particles72,73 to both cell lines did not yield a 
further increase in degradation (Figure S10/S11). Moreover, these stimuli either 
resulted in reduced degradation or extensive cell death over the time course of the 
experiment, again preventing quantification of the degradation. 
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Figure 4. Quantification of bioorthogonal group stability. (A) Percentage of degraded bioorthogonal groups 
after incubation in DCs (DC2.4) or macrophages (RAW264.7), as quantified by illustrated gating strategy. Cells 
that had not taken up beads (bead-negative cells) were excluded from the gated area, cells in which the 
bioorthogonal signal had fully degraded to background (gate b) were counted, as were the cells still positive 
for bioorthogonal signal (gate a); (B) Quantification of percentage macrophages (RAW264.7) containing 
degraded beads (a/[a+b]) (see also Figure S9). Indicated values are fractions of total cell count. 
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Since only the strained alkynes showed degradation but not the terminal acetylene 
or azide groups, it was hypothesized that this might be caused by radicals during 
the oxidative burst, as extensive degradation was already observed at the earliest 
time point. It was hypothesized that the potential culprits could be either 
superoxide, the superoxide metabolite H2O2, which can reach levels of 100 μM if 
MPO is inhibited74, or one of the species produced by MPO, such as hypochlorous 
acid (HOCl). This species is produced by MPO in presence of imported chloride and 
can reach high μM concentrations in the phagosome.18,75 However, HOCl-
production is well established in neutrophils but less is known about its intracellular 
concentrations in DCs and macrophages, due to the interplay between MPO and 
chloride channels in these cells.75–78 Other potential reaction partners could be 
hydroxyl-radicals produced through Fenton chemistry, or thiol oxidation products 
produced during the oxidative burst.19 

To determine the responsible species, the in vitro system was used once more to 
assess whether the reactive species in the endosome could degrade bioorthogonal 
handles at the concentrations found in the phagosome (Table 1). 
6-9 were incubated with hydrogen peroxide concentrations of 50, 100 or 200 μM 
at pH 7.4 or 5.0, either in the dark (Figure S12) or whilst exposed to UV radiation 
(145 µW/cm2 for 5 minutes, Figure S13).  All particles proved stable under these 
conditions suggesting that primary products of oxidative burst are not responsible 
for the in cell-degradation. Incubation with the MPO product HOCl at 50, 100 or 
200 μM at pH 7.4 showed a surprisingly similar stability pattern as observed in both 
macrophages and DCs: 8 and 9 were degraded under these conditions, whereas 5 
and 6 remained stable (Figure S14). The degradation of BCN and DBCO occurred at 
neutral pH but not at acidic pH, which is in agreement with the relatively high pH 
during the oxidative burst64,79 and the lack of further degradation observed after t 
= 0 in cellula, when acidification occurs. The stability of the bioorthogonal 
FluoSpheres to GSH (100 μM or 1 mM) in combination with in situ-generated 
radicals was also assessed to investigate the potential role of thiols and thiyl-
radicals. Surprisingly, the strained alkynes proved stable to these conditions, 
whereas the acetylene and azide were degraded under acidic incubation with GSH 
and radicals (Figure S15). This makes the thiyl-radical species an unlikely candidate 
for the observed degradation in cellula. 

Alternatively, thiols can be oxidized by ROS-metabolites such as H2O2 or HOCl to 
form short-lived sulfenic acids (SOH)80,81, which could very well be responsible for 
the degradation of the strained alkynes, as these have been described as sulfenic 
acid traps.82 However, it is not straightforward to reproduce these transient 
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compounds in vitro due to rapid overoxidation. Although HOCl appears to play a 
part in the observed degradation, the true mechanism may very well be a 
combination of the above factors, or a set of conditions as yet undescribed. 

 
Table 1. Overview of bioorthogonal group stability to degradative conditions in vitro and in cellula. The 
relevant conditions are listed and the stability of the corresponding bioorthogonal groups is indicated with 
green (negligible degradation), red (significant degradation) or grey (unclear due to specified reason). RPI = 
radical photoinitiator. Asterisk (*) indicates the formation of radicals during the indicated conditions. 

Test conditions Acetylene BCN DBCO Azide 

PBS     

Cell lysate     

1% APS + 0.5% TEMED*     

25 mM RPI     

25 mM RPI + UV*     

200 µM H2O2 (pH 7.4)     

200 µM H2O2 (pH 7.4) + UV*     

50 µM HOCl (pH 7.4)     

200 µM HOCl (pH 7.4)     

200 µM H2O2 (pH 5) + UV*     

200 µM H2O2 (pH 5)     

50 µM HOCl (pH 5)     

200 µM HOCl (pH 5)     

1 mM GSH (pH 7.4)     

1 mM GSH (pH 7.4) + H2O2     

1 mM GSH (pH 7.4) + RPI + UV*     

1 mM GSH (pH 5)     

1 mM GSH (pH 5) + H2O2     

1 mM GSH (pH 5) + RPI + UV*     

2.5 mM GSH (1:3 MeOH/H2O)     

250 mM GSH (1:3 MeOH/H2O)     

250 mM GSH (1:3 MeOH/H2O) + RPI + UV*     

In dendritic cells    Background 

In dendritic cells + LPS    Background 

In dendritic cells + zymosan/PMA    Background 

In macrophages    Background 

In macrophages + LPS   Not tested Not tested 

In macrophages + zymosan/PMA Cell death Cell death Cell death Cell death 

In macrophages + NOX2 inhibitor Not tested  Not tested Not tested 
  



Quantification of Bioorthogonal Stability in Immune Phagocytes Using 
Flow Cytometry Reveals Rapid Degradation of Strained Alkynes 

65 

3.3 Conclusion 
Using a straightforward bead-based assay to test the stability of bioorthogonal 
handles within the endolysosomal compartments of dendritic cells, a striking 
difference was observed in the disappearance of reactivity between strained 
alkynes and terminal alkynes in phagocytes. These are obviously not the only class 
of bioorthogonal reactions available to date. Many other bioorthogonal ligation 
reactions have been developed83, such as the Inverse Electron-Demand Diels-Alder 
(IEDDA) cycloaddition84,85, the [4+1] photoclick86, diazo-based ligation reactions87, 
and many more. Most of these reactions have been incompletely profiled with 
regards to their in cellula stability and it is thus foreseen that this simple assay could 
also provide insight into the biochemical stability of these groups and those yet to 
be discovered. 
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3.4 Experimental 
Mammalian cell culture and lysate preparation 
RAW264.7 cells (Merck) were cultured in DMEM (Sigma-Aldrich) supplemented 
with 10% heat-inactivated fetal calf serum (FCS), 1% GlutaMAX and 1% 
penicillin/streptomycin. DC2.4 cells (Merck) were cultured in IMDM (Sigma-Aldrich) 
supplemented with 10% heat-inactivated fetal calf serum (FCS), 1% GlutaMAX, 1% 
penicillin/streptomycin, 10 mM HEPES, 1 mM pyruvate and 1x MEM non-essential 
amino-acids (Life Technologies). 2-Mercaptoethanol (final concentration: 50 µM, 
Life Technologies) was freshly added to the medium every time after splitting the 
cells. Cells were grown at 37 °C under a humidified atmosphere containing 5% CO2. 
Cell lysates were obtained by harvesting DC2.4 cells at confluence, washing with 
ice-cold PBS and subsequently resuspending in 10 µL lysis buffer (150 mM NaCl, 1% 
IGEPAL in 50 mM HEPES pH 7.4) per 1x106 cells. The resulting suspension was 
subjected to a triple freeze-thaw cycle in liquid nitrogen and subsequently diluted 
1:100 in ice-cold PBS and stored in aliquots at -20 °C for until further use. 

Bioorthogonal group-functionalization and characterization of polystyrene 
fluorescent beads 
FluoSpheres® Amine-Modified Microspheres, 0.2 μm, red fluorescent (580/605), 
2% solids (Thermo Scientific; F8763) were functionalized with a series of 
bioorthogonal groups (Figure 2) through a N-hydroxysuccinimide (NHS) ester 
coupling to the free amines on the bead surface. 100 µL of bead stock suspension 
was diluted 1:2 in milliQ H2O and washed twice by centrifugation (30 min, 30000 
rcf, 10 °C). After washing, the beads were resuspended in 160 µL PBS after which 
0.5 µmol NHS-reagents in 40 µL DMSO was added to the beads to end up with a 
final concentration of 20% DMSO. The reaction mixture was shaken for 2 days, 20 
°C & 1000 rpm after which the conjugated beads were washed 4x with 200 µL 20% 
DMSO in MilliQ, 1 x with 200 µL MilliQ, resuspended in 1 mL milliQ and stored at 4 
°C until further use. Control (unmodified amine) beads were treated similarly, 
omitting only the NHS-modified bioorthogonal groups. The resulting FluoSpheres 
5-9 were first characterized by ligating to Alexa Fluor 488 (AF488) by ccHc (1 mM 
copper sulfate, 10 mM sodium ascorbate, 1 mM THPTA ligand, 10 mM 
aminoguanidine and 2 µM AF488-alkyne or azide in 100 mM HEPES pH 7.4) or spHc 
(2 µM AF488-azide in 100 mM HEPES pH 7.4) for 1 hour at RT in the dark, to 
determine the relative labeling density. Alternatively, FluoSpheres 5-9 were 
reacted with fluorescamine (1 mM in PBS) for 30 min at RT in the dark, to determine 
the relative amount of free amines remaining after ligation of the bioorthogonal 
groups. The resulting fluorophore-modified beads were further diluted 1:20 in FACS 
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buffer (1% FCS, 1% BSA, 0.1% NaN3 and 2 mM EDTA in PBS pH 7.4) and immediately 
measured by flow cytometry. 

In vitro bioorthogonal group stability assay 
Buffer or cell lysate 
1 µL bioorthogonal group-functionalized or control bead suspension was diluted 
1:100 in PBS buffer or cell lysate and shaken at 37 °C, 600 rpm for the indicated 
time points (0, 3, 24 h). After the indicated time points, the beads were ligated to 
AF488 by ccHc or spHc for 1 hour at RT in the dark. The resulting fluorophore-
modified beads were further diluted 1:20 in FACS buffer and immediately 
measured by flow cytometry. 

Oxidative conditions (Lo Conte conditions32) 
1 µL bioorthogonal group-functionalized or control bead suspension was diluted 
1:100 in 250 mM glutathione (GSH) and 10% (25 mM) free radical photoinitiator 
(RPI) 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Sigma-Aldrich; 
410896) in 1:3 MeOH/H2O in open glass tubes. Samples were exposed to UV-
irradiation (280-320 nm, 145 µW/cm2) for 5 or 10 minutes. After a total incubation 
of 30 minutes, the beads were ligated to AF488 by ccHc or spHc for 1 hour at RT in 
the dark. The resulting fluorophore-modified beads were further diluted 1:20 in 
FACS buffer and immediately measured by flow cytometry. Additional experiments 
were performed with either 2.5 or 250 mM GSH or 25 mM free radical 
photoinitiator under the same reaction conditions to observe their individual 
effects. 

Physiological oxidative conditions 
1 µL bioorthogonal group-functionalized or control bead suspension was diluted 
1:100 in 0.1 M phosphate buffer (pH=7.4) or 0.1 M citrate buffer (pH=5) with 1 mM 
or 100 µM GSH and 10% free radical photoinitiator. Open glass tubes were used for 
incubation. Samples were exposed to UV- irradiation (280-320 nm, 145 µW/cm2) 
for 5 minutes. After total incubation of 30 minutes, the beads were ligated to AF488 
by ccHc or spHc and immediately measured by flow cytometry as described before. 
Additional experiments were performed with 50, 100 and 200 µM H2O2 or NaClO in 
0.1 M phosphate buffer (pH=7.4) or in 0.1 M citrate buffer (pH=5). Incubation in 
H2O2 was performed with and without 5 minutes of UV irradiation, while incubation 
in NaClO was performed only without UV-irradiation. 
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In cellula bioorthogonal group stability assay in dendritic cells and 
macrophages 
DC2.4 or RAW264.7 cells were seeded onto 6-well plates containing 1x106 cells/well 
and rested for at least 3 hours. Cells were pulsed with 10 µL beads for 45 min, 
washed with PBS and fresh medium was added for further incubation of indicated 
time points (0, 3, 24 h). After incubation, all cells were harvested, washed twice 
with PBS and fixed in suspension in 4% PFA in PBS for 20 min at RT. Next, cells were 
washed twice with PBS, gently permeabilized with 0.1% IGEPAL in PBS for 20 min 
at RT and blocked with 3% BSA in PBS twice for 15 minutes. The cells containing 
bioorthogonal beads were then reacted with a fluorophore by ccHc or spHc for 1 
hour at RT in the dark. The resulting cells, containing fluorophore-modified beads 
were finally washed twice with FACS buffer and resuspended in FACS buffer for flow 
cytometry measurements. 

In cellula pre-clicked beads stability assay in dendritic cells  
Pre-clicked FluoSpheres were prepared by reacting 100 µL acetylenyl-
functionalized FluoSpheres with AF488-azide by ccHc for 1 hour at RT in the dark. 
The reaction was quenched by adding 5 mM EDTA and 5% DMSO and washed with 
100 µL MilliQ by centrifugation (30 min, 30000 rcf, 10°C). Pre-clicked beads were 
resuspended in 100 µL MilliQ and stored at 4 °C until further use. Cell experiments 
were performed as described above. After fixation, cells were washed twice with 
PBS and resuspended in FACS buffer for flow cytometry measurements.  

Flow cytometry 
All flow cytometry measurements were performed on a Guava® easyCyte 12 HT 
Sampling Flow Cytometer and data analysis was performed with FlowJo V10. Beads 
in suspension were gated manually using internal bead fluorescence (to exclude 
signal resulting from debris). The resulting data was visualized in pseudocolor dot 
plots, plotting the internal bead fluorescence (Cytometer Channel RED-V) against 
the external fluorophore fluorescence (Cytometer Channel GRN-B) to show the 
correlation between external and internal fluorescence, as a measure for the 
number of stable bioorthogonal groups per bead.  

Quantification of degradation 
The relative percentage of stable bioorthogonal groups in DC2.4 cells was 
quantified by first excluding cells containing insufficient beads for accurate 
differentiation and subsequently dividing the remaining cells into two groups; 
those containing fully degraded bioorthogonal groups and those containing 
unaffected or partially degraded bioorthogonal groups. The ratio of cells with fully 
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degraded bioorthogonal groups to the total cell count (Figure 4A; b/[a+b]), 
provided a robust estimate of the percentage of degraded bioorthogonal groups, 
avoiding subjective interpretation of the data and minimizing false positives. 
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3.5 Supplemental Figures 
 

 

Figure S1. Visualization of remaining unreacted amines on FluoSpheres 5-9 with fluorescamine. FluoSpheres, 
GRN-V: fluorescamine, arbitrary fluorescence units. Intermediate patterns were found for suboptimal 
modification conditions (data not shown). 

 

Acetylenyl (6) BCN (9) 

DBCO (8) Azide (7) 

Amine (5) 
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Figure S2. Bioorthogonal group stability of FluoSpheres 5-9 in vitro, quantified using the median fluorescence 
intensity (MFI) of the GRN-B channel (AF488) on the y-axis. (A) Stability in cell lysate: no degradation of any 
groups is observed. (B) Stability in PBS; showing no degradation of any groups. (C) Stability in the presence of 
GSH and in situ-generated radicals, after UV irradiation and 30 minutes of total incubation; showing near 
complete degradation for all groups tested. (D) Stability in the presence of GSH alone after 30 minutes of 
incubation; showing complete degradation for acetylene 6 and azide 7 already at 2.5 mM, while DBCO 8 and 
BCN 9 are degraded only at 250 mM. (E) Stability in the presence of in situ-generated radicals alone, after UV 
irradiation with a chase totaling 30 minutes of incubation; on-sphere BCN 9 is degraded after 5 minutes 
irradiation, DBCO 8 becomes increasingly degraded with increased UV-irradiation. Acetylene 6 and azide 7 
are degraded by 2.5 mM GSH plus radicals, but are resistant to radicals alone. N=3 for all experiments. Raw 
data underlying this quantification are presented in Figure S3-S7. 
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Figure S3. Stability assessment of bioorthogonal groups in DC2.4 cell lysate. None of the bioorthogonal groups 
tested show any degradation over the entire time course of 24h. Amine 5 was included as a control. N=3 for 
all experiments (R1-3). 
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Figure S4. Stability assessment of bioorthogonal groups in PBS. None of the bioorthogonal groups tested 
show any degradation over the entire time course of 24h. N=3 for all experiments (R1-3) shown. 
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Figure S5. Stability assessment of bioorthogonal groups in 250 mM GSH and 25 mM light-activated radical 
initiator in MeOH/H2O (1:3). Samples were exposed for 5 or 10 minutes to UV-irradiation (280-320 nm, 145 
µW/cm2), followed by incubation to a total time of 30 minutes. N=3 for all experiments (R1-3) shown. 
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Figure S6. Stability assessment of bioorthogonal groups in 2.5 or 250 mM GSH. N=3 for all experiments (R1-
3) shown. 
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Figure S7. Stability assessment of bioorthogonal groups incubated in 25 mM light-activated radical initiator 
in MeOH/H2O (1:3). Samples were exposed to UV-irradiation (280-320 nm, 145 µW/cm2) for 5 or 10 minutes, 
followed by incubation totalling 30 minutes including irradiation time N=3 for all experiments shown (R1-3). 
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Figure S8. Stability assessment of bioorthogonal groups in DC2.4 phagocytic cells. Cells were allowed to take 
up the bioorthogonal FluoSpheres for 45 minutes (t = 45 min) followed by a 3 or 24h chase. Two quantification 
gates were set to exclude cells and debris that had not taken up beads. N=3 for all experiments shown (R1-
3). 
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Figure S9. Stability assessment of bioorthogonal groups in RAW 264.7 phagocytic cells. Cells were first 
allowed to take up the bioorthogonal FluoSpheres for 45 minutes (t = 45 min). Cells were then washed and 
chased 3 or 24 hours. Two quantification gates were set to exclude cells and debris that had not taken up 
beads. N=3 shown for all experiments (R1-3). 
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Figure S10. Stability assessment of bioorthogonal groups in DC2.4 phagocytic cells stimulated with zymosan 
and PMA. Cells were pre-stimulated with zymosan and PMA 24 hours before adding the bioorthogonal 
FluoSpheres as in Figure S8. N=3 shown for all experiments (R1-3). 
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Figure S11. Stability assessment of bioorthogonal groups in RAW264.7 phagocytic cells stimulated with 
zymosan and PMA. Cells were pre-stimulated with zymosan and PMA 24 hours before adding the 
bioorthogonal FluoSpheres as in Figure S9. N=3 shown for all experiments (R1-3). 
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Figure S12. Stability assessment of bioorthogonal groups incubated with hydrogen peroxide concentrations 
of 50, 100 or 200 μM at pH 7.4 or pH 5.0. Samples were incubated in the dark at RT for 30 minutes. N =3 
shown for all experiments (R1-3). 
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Figure S13. Stability assessment of bioorthogonal groups incubated with hydrogen peroxide concentrations 
of 50, 100 or 200 μM at pH 7.4 or pH 5.0. Samples were exposed to UV-irradiation (280-320 nm, 145 µW/cm2) 
for 5 minutes, followed by incubation for 30 minutes in total. Due to reduction of both bead- and 
bioorthogonal fluorescence signal, azide 7 was excluded from analysis in this experiment. N=3 shown for all 
experiments (R1-3). 
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Figure S14. Stability assessment of bioorthogonal groups incubated with sodium hypochlorite concentrations 
of 50, 100 or 200 μM at pH 7.4 or 5.0. Samples were incubated at RT for 30 minutes. N=3 for all experiments 
shown (R1-3). 



Chapter 3 

112 

 



Quantification of Bioorthogonal Stability in Immune Phagocytes Using 
Flow Cytometry Reveals Rapid Degradation of Strained Alkynes 

113 



Chapter 3 

114 

 

Figure S15. Stability assessment of bioorthogonal groups incubated with concentrations of 100 µM or 1 mM 
GSH and 10% light-activated radical initiator at pH 7.4 or pH 5.0. Samples were exposed to UV-irradiation 
(280-320 nm, 145 µW/cm2) for 5 minutes, followed by incubation totaling 30 minutes. N=3 shown for all 
experiments (R1-3). 
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Abstract 
The imaging of intracellular pathogens inside host cells is complicated by the 
low resolution and sensitivity of fluorescence microscopy and by the lack of 
ultrastructural information to visualize the pathogens. This chapter describes a 
new method to visualize these pathogens during infection that circumvents 
these problems. Using a metabolic labeling approach to bioorthogonally label 
the intracellular pathogen Salmonella typhimurium, in combination with 
fluorophores that are compatible with Stochastic Optical Reconstruction 
Microscopy (STORM), and placing this in a Correlative Light-Electron 
Microscopy (CLEM) workflow, the pathogen can be imaged within its host cell 
context with a resolution of 20 nm. This STORM-CLEM approach thus presents 
a new approach to understand these pathogens during infection.  
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4.1 Introduction 
The rise of antibiotic resistance is one of the major threats to global health. One 
class of pathogens proving particularly troublesome in this regard is that of the 
intracellular bacteria. These thwart immune detection by residing and replicating 
inside host-cell phagosomes.1 Through secretion of factors that manipulate 
phagosomal maturation, they ensure their intracellular survival, despite an 
extensive arsenal of defense mechanisms deployed by the mammalian host.2 It is, 
therefore, of utmost importance to understand bacterium-host interactions at the 
cellular and molecular levels. Bioorthogonal chemistry has proven to be a major 
breakthrough technique to study such host-pathogen interactions. Through 
hijacking the biosynthetic machinery of the cell wall with biorthogonal analogues 
of D-alanine3–5 or trehalose6–8, intracellular pathogens have been visualized 
selectively within host-cell phagosomes. Bioorthogonal Non-Canonical Amino acid 
Tagging (BONCAT9) – the incorporation of bioorthogonal amino acids into a target 
cell proteome – has also proven valuable in this context, for example, to image 
bacterial protein synthesis or retrieve pathogenic proteins secreted into the host 
cytosol by Yersinia enterocolitica10, Salmonella enterica11–13, Escherichia coli14, and 
Mycobacterium smegmatis.15 However, these labeling approaches either require 
the mutant tRNA/tRNA synthetase pair specific for the bioorthogonal analogue of 
methionine, phenylalanine, or norleucine analogues to be introduced into the 
pathogen to achieve incorporation of the desired groups or suffer from low 
sensitivity.16 This has limited their use to bacterial strains for which these 
techniques are available. 

In an effort to image the subcellular location of bacteria in host phagocytes, an 
approach was recently developed that allowed visualization of bacteria within the 
ultrastructural context of the host cells, by using Correlative Light-Electron 
Microscopy (CLEM).17–19 After sectioning frozen cell samples down to a thickness of 
75 nm followed by an on-section copper-catalyzed Huisgen cycloaddition (ccHc) 
reaction20,21, intracellular BONCAT-labeled E. coli were visualized by confocal 
microscopy. Subsequent Transmission Electron Microscopy (TEM) of the same 
section allowed the placement of the fluorescent signal within the ultrastructural 
context of the phagocytic immune cell (phagocyte). If this approach could be 
extended to pathogenic species, it would provide a powerful tool to study the 
interaction of host phagocytes with intracellular pathogens. However, for the 
approach to be of use for unmodified strains, two major constraints relating to both 
BONCAT and CLEM have to be overcome. The first is the reliance on mutant 
tRNA/tRNA synthetases for the incorporation of the bioorthogonal amino acids, 
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compounded by the low overall signal in BONCAT-CLEM (stemming from the 
thinness of the samples). It was hypothesized that metabolic hijacking approaches 
reported for E. coli auxotrophic strains22 would need to be extended and optimized 
to allow sufficient label incorporation with non-auxotrophic bacterial species, thus 
ensuring their detection by CLEM. The second limitation is related to the CLEM 
imaging itself: whereas the resolution of the electron micrograph is of the order of 
1 nm, that of fluorescence microscopy is limited by the Abbe diffraction limit of half 
the photon wavelength (λ ≈ 250 nm)23, resulting in a resolution gap between the 
two techniques. 

Over the last few years, super-resolution imaging techniques have flourished24, 
breaking Abbe’s law of limiting resolution25 and allowing for resolution on the 
nanoscale. Recently, the combination of fluorescent protein super-resolution 
imaging was combined with CLEM, and this allowed a tenfold improvement in the 
fluorescence resolution of fluorescent proteins.26,27 By lowering OsO4 
concentrations during post-fixing and optimizing resin embedding, fluorophore 
quenching could be partially prevented. This sample preparation technique was 
reported with both Photoactivated Localization Microscopy (PALM)26,28,29 and 
Stimulated Emission Depletion (STED) microscopy in combination with TEM30–32 
and Scanning Electron Microscopy (SEM).27,33,34 Of the various super-resolution 
imaging techniques, stochastic optical resolution microscopy (STORM) offers higher 
spatial resolution and sensitivity35–38 at the cost of longer acquisition times. 
Although this is a drawback for in vivo imaging, it presents no problem upon 
imaging fixed sections. The other limitation of STORM is the need to observe close 
to the glass surface owing to total internal reflection fluorescence illumination. The 
thinness of the cryo-sections (75 nm) makes the two approaches very compatible. 
The two-step nature of bioorthogonal ligations also simplifies the STORM-CLEM 
workflow, because the fluorophore is introduced after the biological time course 
and sample preparation. The choice of fluorophore can therefore be made 
independently of the requirements of the biological experiment. The limited 
availability of dyes for STORM is thus circumvented.39 The combination of BONCAT-
CLEM methodology with super-resolution microscopy could aid in overcoming 
some of the hurdles related to pathogen BONCAT-CLEM: the sensitivity and 
suboptimal resolution of confocal fluorescence microscopy. STORM brings the 
resolution of the fluorescent signals in closer alignment with TEM and improves 
sensitivity of detection, allowing imaging of genetically unmodified pathogenic 
bacteria by BONCAT-STORM-CLEM. 
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One pathogen that would benefit from lifecycle studies using STORM-CLEM is 
Salmonella enterica serovar Typhimurium (Stm). This is a Gram-negative facultative 
intracellular pathogen that ensures its intracellular survival by secreting various 
effector proteins after uptake.40 These modulate the maturation of the phagosome 
in which the bacterium resides to yield a parasitic vacuole suitable for its survival 
and replication.41–44 Van Elsland45 previously reported the successful application of 
STORM-CLEM for the imaging of Stm (Figure 1). However, further optimization and 
validation of bioorthogonal amino acid incorporation is needed to improve the 
technique and facilitate its translation to other pathogens. 

 

 

Figure 1. Graphical summary of the BONCAT-STORM-CLEM technique for studying intracellular pathogenic 
bacteria such as Salmonella enterica. 
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4.2 Results and Discussion 
4.2.1 Optimization of bioorthogonal label incorporation in Stm 
Incorporation of bioorthogonal amino acid analogues was first assessed to allow 
for optimal ccHc detection of the bacterial proteome while minimizing the effect 
on bacterial viability and infectivity. Azidohomoalanine (Aha; an azide-analogue of 
methionine (Met)) was previously used to bioorthogonally label Met-auxotrophic 
E. coli and visualize these bacteria inside bone marrow-derived dendritic cells 
(BMDCs46) using CLEM.18 In order to find out if non-auxotrophic Stm would 
incorporate Aha into its proteome in detectable amounts, an in-gel fluorescence 
assay was used (Figure S1), using the previously described experimental 
conditions18 in which a fluorophore (Alexa Fluor 647; AF647) is attached to the 
bioorthogonal group through ccHc. Detectable incorporation was observed after a 
30 min pulse with Aha (0.04-4 mM) and increases with longer incubation times (60-
120 min). These observations were confirmed by flow cytometry, which provides a 
more accurate representation of the total label incorporation per bacterium. In 
order to remove any bacteria-unrelated particles from the flow cytometric 
measurements, the bacteria were gated on size (Figure S2A) and shape (Figure 
S2B), and completely non-fluorescent were removed with a cleanup gate (Figure 
S2C). Aha incorporation follows a clear trend, increasing with higher concentrations 
and longer incubation times (Figure 2A, Figure S3A) but decreasing again after 30 
min at 4 mM or 60 min at lower concentrations. Even after 30 min, close to 100% 
of bacteria contained sufficient Aha to be detected, no matter which concentration 
was used (Figure 2C). Aha labeling of a DsRed-expressing strain of Stm47 revealed 
that DsRed fluorescence is slightly reduced with increasing concentrations of Aha 
(Figure 2B, Figure S3B). This implies that incorporation of this non-canonical amino 
acid has a negligible effect on protein function but should simultaneously serve as 
a warning against excessive label concentrations. Stm growth rates remain virtually 
unaffected up to 30 min incubation with Aha for all of the conditions tested (Figure 
S3C), implying minimal interference with bacterial viability. 
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Figure 2. Optimization of Aha incorporation in Stm by flow cytometric analysis. DsRed-expressing Stm were 
incubated with increasing concentrations of Aha or 4 mM Met (control) in SelenoMet medium for up to 120 
min, then ccHc-reacted with AF647-alkyne for detection by flow cytometry. (A) Aha incorporation over time 
is shown as the flow cytometric distributions of the conjugated AF647. (B) The effect of Aha incorporation on 
the DsRed fluorescent protein is shown as the flow cytometric distributions of DsRed. (C) The percentage 
Aha-labeled Stm (Aha+) over time is shown, based on the fluorescence intensity of the reacted AF647 and 
the threshold set for unlabeled Stm (4 mM Met). 
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Since previous studies revealed that an azide-containing label results in a 
suboptimal fluorescent signal – due to non-specific reactions of the alkyne-
containing fluorophore48 – the inverse approach was attempted as well. Therefore, 
incorporation of homopropargylglycine (Hpg; an alkyne analogue of Met) into the 
proteome was assessed as well using the in-gel fluorescence assay (Figure S4). 
Detectable incorporation was again observed after a 30 min pulse with Hpg (0.04-
4 mM) and increases with longer incubation times (1-2 hours). Flow cytometry 
confirmed a similar trend for Hpg incorporation, increasing with higher 
concentration and longer incubation times (Figure 3A, Figure S5A) but plateauing 
after 30 min at 4 mM or around 60 min at lower concentrations. After 30 min 
incubation with 4 or 0.4 mM Hpg, nearly all bacteria contained sufficient Hpg to be 
detected (Figure 3C). DsRed fluorescence was virtually unaffected by incorporation 
of Hpg up to a concentration of 0.4 mM (Figure 3B, Figure S5B). Stm growth rates 
remain virtually unaffected up to 30 min of incubation with Hpg for all of the 
conditions tested (Figure S5C). Notably, even after a 120 min pulse with Hpg, the 
growth rates of these Hpg-labeled Stm in fresh LB medium recovered to >85% after 
120 min for all Hpg concentrations (Figure S7C), implying that the observed (minor) 
growth-inhibiting effect is reversible. Label retention of Hpg-Stm during bacterial 
division (‘outgrowth’) was also followed by in-gel fluorescence (Figure S6) and flow 
cytometry (Figure 4A, Figure S7A), following a 120 min pulse with Hpg and a 
subsequent medium exchange with fresh LB. Nearly all bacteria retained sufficient 
Hpg to be detected after 120 min of outgrowth (≈2-6 divisions49) for all Hpg 
concentrations (Figure 4C). On the basis of these observations, balancing the signal 
intensity, percentage of Hpg-labeled Stm and the impact on growth and DsRed 
fluorescence, the optimal conditions were chosen as a 30 min pulse with 0.4 mM 
Hpg. 
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Figure 3. Optimization of Hpg incorporation in Stm by flow cytometric analysis. DsRed-expressing Stm were 
incubated with increasing concentrations of Hpg or 4 mM Met (control) in SelenoMet medium for up to 120 
min, then ccHc-reacted with AF647-azide for detection by flow cytometry. (A) Hpg incorporation over time is 
shown as the flow cytometric distributions of the conjugated AF647. (B) The effect of Hpg incorporation on 
the DsRed fluorescent protein is shown as the flow cytometric distributions of DsRed. (C) The percentage 
Hpg-labeled Stm (Hpg+) over time is shown, based on the fluorescence intensity of the reacted AF647 and 
the threshold set for unlabeled Stm (4 mM Met). 
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Figure 4. Label retention and growth recovery of Hpg-labeled Stm by flow cytometric analysis. DsRed-
expressing Stm were incubated with increasing concentrations of Hpg or 4 mM Met (control) in SelenoMet 
medium for 120 min, washed with PBS and resuspended in fresh LB medium and incubated again for up to 
120 min, then ccHc-reacted with AF647-azide for detection by flow cytometry. (A) Hpg retention over time 
(outgrowth) is shown as the flow cytometric distributions of the conjugated AF647. (B) The effect of Hpg 
outgrowth on the DsRed fluorescent protein is shown as the flow cytometric distributions of DsRed. (C) The 
percentage Hpg-labeled Stm (Hpg+) remaining over time is shown, based on the fluorescence intensity of the 
reacted AF647 and the threshold set for unlabeled Stm (4 mM Met). 
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Alternatively, D-propargylglycine (alkDala; an alkyne-analogue of D-alanine) could 
be used to metabolically label the cell wall of Stm. If successful, this could 
additionally allow simultaneous labeling of the cell wall with alkDala and the 
proteome with Aha. To achieve this, two sequential ccHc reactions with compatible 
fluorophores (e.g., AF647-azide and AF488-alkyne) are required with intermediate 
washing steps to remove all excess of the first fluorophore before adding the 
second. Indeed, incubating Stm with 5 mM alkDala for 30 min or longer resulted in 
a detectable fluorescent signal, measured by flow cytometry (Figure 5A, Figure 
S8/S9). Incubating Stm with 5 mM alkDala and 4 mM Aha simultaneously for 30 min 
or longer resulted in successful dual labeling (Figure 5C, Figure S8/S9). However, 
since incubation with alkDala for up to 120 min resulted in less than 60% labeled 
bacteria (Figure S8A), Hpg was used for all subsequent experiments. 

To determine whether infectivity was affected for the Hpg-labelled Stm, dendritic 
cells (DC2.4 cell line) were infected for 45 min with the aforementioned DsRed-
expressing Stm, incubated with either Hpg or Met as a control. Uptake of the 
bacteria and their subsequent intracellular division were assessed with flow 
cytometry, measuring the entire Stm-containing DCs at different time points. DCs 
were gated on size, shape and DsRed to select for Stm-containing cells (Figure S10). 
By quantifying both the DsRed and bioorthogonal signals over time, bacterial cell 
divisions and label loss could be calculated simultaneously. Hpg modification did 
not affect the infectivity of Stm, judged by the mean fluorescence intensity (MFI) of 
DsRed per DC as a proxy of the average number of intracellular Stm (Figure 6A, 
Figure S11A). Furthermore, the change in DsRed expression over time was the 
same for both Met- and Hpg-grown Stm, indicating no detectable impact of Hpg on 
intracellular survival and proliferation. Fluorophore ligation of the Hpg-Stm within 
DCs showed only negligible reduction in fluorescent signal per cell over time (Figure 
6B, Figure S11B), confirming previous findings that terminal alkynes are stable to 
the phagolysosomal pathway.48 Corresponding in vitro controls show a steady 
dilution of Hpg over time, when the bacteria are able to proliferate freely in label-
free medium (Figure 6C). 
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Figure 5. Optimization of alkDala labeling and Aha/alkDala dual labeling of Stm by flow cytometric analysis. 
Stm were incubated with 4 mM Aha, 4 mM Met + 5 mM alkDala or 4 mM Aha + 5 mM alkDala in SelenoMet 
medium for up to 120 min, then ccHc-reacted with AF647-azide (alkDala) and AF488-alkyne (Aha) for 
detection by flow cytometry. (A) alkDala incorporation over time is shown as the flow cytometric distributions 
of the conjugated AF647. (B) Aha incorporation over time is shown as the flow cytometric distributions of the 
conjugated AF488. (C) Dual label incorporation over time is shown as 2-dimensional dot plots of the 
conjugated AF647 (alkDala) vs. the conjugated AF488 (Aha). 
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Figure 6. Infection controls, bioorthogonal label retention and Stm proliferation in DC2.4 cells. DsRed-
expressing Stm were first incubated with 0.4 mM Hpg (Hpg-Stm) or 4 mM Met (Met-Stm) for 30 min in 
SelenoMet, then washed to remove excess Hpg and added to DCs at an MOI of 50 for 45 min (pulse). Stm-
infected BDMCs were then washed to remove non-internalized Stm and incubated for an additional 0, 1 or 3 
hours (chase), followed by ccHc-reaction with AF647-azide for detection by flow cytometry. (A) The Stm 
infection load was compared between Hpg-Stm and Met-Stm over time, based on the DsRed intensity per 
DC. (B) Intracellular Stm proliferation and Hpg retention were followed over time in DCs. (C) Corresponding 
in vitro DsRed expression and Hpg retention of Stm were simultaneously followed over time as controls. 
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4.2.2 The application of STORM-CLEM to visualize intracellular Stm in BMDCs 
In order to validate the use of STORM for visualizing Hpg-labeled Stm in thin 
sections that can be used for CLEM, a mixture of labeled and unlabeled Stm is 
required to detect single bacteria without the signals overflowing. To achieve this, 
Hpg- and Met-grown Stm were mixed in various ratios and subsequently fixed for 
analysis. Flow cytometric analysis revealed that Hpg-labeled bacteria could still be 
detected at a labeled:unlabeled ratio of 1:25 (Figure S12). The detection limit of 
STORM was then assessed by imaging thin sections of Stm grown in the presence 
of decreasing concentrations of Hpg. Samples were cryo-sectioned, ccHc-ligated 
with AF647-azide, and imaged by using standard catalase, glucose and glucose 
oxidase-containing buffer (GLOX) or other oxygen-consuming buffers, such as the 
OxEA buffer50 supplemented with 30% glycerol to decrease drift during STORM 
image acquisition. The acquired STORM images of Stm sections labeled with 0.4 or 
4 mM Hpg revealed clear bacteria-sized regions (230-400 nm × 180-280 nm, Figure 
7A/B). Stm grown in the presence of 0.04 mM Hpg could be detected, but the signal 
was too low to allow full reconstruction of the bacteria (Figure 7C). 

To achieve STORM-CLEM imaging of intracellular Stm in BMDCs, Hpg-labeled Stm 
(0.4 mM Hpg for 30 min) were added to a culture of freshly isolated BMDCs at an 
MOI of 50 and co-incubated for 45 min. After washing away the non-internalized 
bacteria, the infected cells were processed for cryo-sectioning according to the 
Tokuyasu method.18 In short, cells were fixed for 24h in freshly prepared 2% PFA in 
0.1M phosphate buffer, embedded in 12% gelatin, cut in cubes of approx. 0.5 mm3 
and sucrose-infiltrated O/N at 4°C. Ultrathin cryo-sections were prepared using a 
cryo-ultramicrotome and a cryo-immuno diamond knife, transferred to 
Formvar/carbon-coated titanium TEM grids and thawed in a closed environment to 
protect from water condensation (suspected to be a major cause of sample 
deformation and folding). The thawed sections were first incubated on 2% gelatin, 
then washed with PBS containing 15 mM glycine (to quench any remaining 
aldehyde residues) and subjected to ccHc-reaction with AF647-azide. Finally, the 
sections were washed again and the nuclei were counter-stained with DAPI to 
provide markers for correlation (matching the fluorescence image to the electron 
micrograph). The fluorescently labeled sections were first imaged with low-
resolution confocal fluorescence microscopy (FM) to locate areas of interest and to 
record the position of the nuclei. Next, the fluorescently labeled Stm were imaged 
by STORM to obtain the corresponding super-resolution fluorescence images. 
Finally, the sections were post-stained with uranyl acetate (to provide contrast) and 
imaged by TEM. The resulting images were stepwise correlated to obtain the final 
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STORM-CLEM image (a projection of the multi-modal dataset). The entire STORM-
CLEM protocol is summarized in Figure 8 and the corresponding workflow and 
timeline are shown in Figure 9. 

 

 

Figure 7. CLEM-compatible ultrathin (75 nm) sections of Hpg-labeled Stm, grown in presence of decreasing 
concentrations of Hpg, mixed in a ratio of 1:25 with unlabeled Stm, grown in presence of 4 mM Met. Stm 
were grown in the presence of (A) 4 mM Hpg, (B) 0.4 mM Hpg or (C) 0.04 mM Hpg. The second column (A2-
C2) shows zoom-ins of the first column (A1-C1). All scale bars represent 2 µm. 
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Figure 8. Graphical summary of the bioorthogonal STORM-CLEM protocol. 



Ultrastructural Imaging of Salmonella-Host Interactions Using Super-Resolution 
Correlative Light-Electron Microscopy of Bioorthogonal Pathogens 

137 

 
Figure 9. Workflow and timeline of the bioorthogonal STORM-CLEM protocol. 
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STORM was able to reconstruct the intracellular Stm to a high degree, which could 
then be fitted cleanly onto the bacterial ultrastructure of the TEM image. The 
sensitivity of STORM allows for the detection of bacterial components that are 
below the detection limit of low-resolution FM. The observed spatial resolution of 
STORM is at least tenfold better than the optimal resolution that could be obtained 
with confocal microscopy (20 nm vs. ~250 nm). Whereas STORM is able to detect 
single fluorophores (attached to a biomolecule of interest), the label density of the 
here-observed Stm is too high to observe distinct molecules. However, separate 
puncta can be observed outside the bacterial perimeter, which may indicate single 
molecules or small clusters. As these puncta appear to be located outside the 
bacterial cell wall, they may represent either secreted proteins or bacterial 
degradation products, containing one or more Hpg moieties. However, no 
conclusions can be drawn about these puncta, due to the current level of non-
specific fluorophore labeling (fluorescent spots that are not associated with any 
observable bacterial structure in the electron micrograph). Further optimization of 
the fluorophore attachment by ccHc could provide more information about the 
origin of these extra-bacterial fluorescent puncta. Alternatively, a BONCAT-
proteomics approach could be used to identify potential Hpg-labeled proteins 
secreted by intracellular Stm. 

4.3 Conclusion 
BONCAT-STORM-CLEM allowed for the detection of wild type Stm within the 
ultrastructural context of the host phagocyte, with high sensitivity and high 
resolution. Although further optimization of the technique is needed to reduce 
non-specific fluorophore labeling, it represents a promising new approach to study 
intracellular bacterial pathogens with higher accuracy and sensitivity than any 
previous method.18,51–53 This opens up the possibility of imaging pathogens for 
which previous BONCAT approaches were not efficient. The combination of 
STORM-CLEM with BONCAT, tRNA/tRNA synthetase mutants, or bio-orthogonal 
cell-wall labeling will be valuable in studying the in vivo lifecycle of these 
pathogens.11–13 Application of this technique to other areas in which bioorthogonal 
chemistry has been transformative would also add an extra dimension of 
ultrastructure to these fields.54,55 
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4.4 Experimental 
Safety statement 
All biological experiments with S. enterica serovar Typhimurium described in this 
study were performed under strict Bio Safety Level 2 conditions. Following fixation 
and disinfection of the tubes, further sample preparation for CLEM was performed 
under normal laboratory conditions. No unexpected or unusually high safety 
hazards were encountered. 

Reagents 
Lysogeny broth (LB) medium, methionine (Met), Dulbecco’s modified Eagle 
medium (DMEM), Iscove's Modified Dulbecco's Medium (IMDM), GlutaMAX, 
pyruvate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), glycine, 
gelatin type A bloom 300 (gelatin), paraformaldehyde (PFA), bovine serum albumin 
(BSA), Copper(II) sulfate pentahydrate, (+)-sodium L-ascorbate, tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA), aminoguanidine hydrochloride, and 
IGEPAL CA-630 were purchased from Sigma-Aldrich, Zwijndrecht, The Netherlands. 
Non-essential amino acids (NEAA), 2-mercaptoethanol, L-glutamine, Hoechst 
33342, 4',6-Diamidino-2-Phenylindole (DAPI) and azide-/alkyne-modified Alexa 
Fluor dyes (AF488 and AF647) were purchased from Thermo Fisher Scientific, 
Bleiswijk, The Netherlands. SelenoMet minimal medium was purchased from 
Molecular Dimensions, Sheffield, UK. D-propargylglycine (alkDala) was purchased 
from Combi-Blocks, San Diego, USA. EM-grade 8% paraformaldehyde and EM-grade 
8% glutaraldehyde were purchased from Electron Microscopy Sciences, Hatfield, 
USA. Fetal calf serum (FCS) was purchased from VWR International, Amsterdam, 
The Netherlands. Penicillin G sodium and streptomycin sulphate were purchased 
from Duchefa, Haarlem, The Netherlands. Granulocyte-Macrophage Colony-
Stimulating Factor (GM-CSF) was purchased from ImmunoTools, Friesoythe, 
Germany. 

Organic synthesis 
Synthesis of (S)-2-amino-4-azidobutanoic acid (L-azidohomoalanine; Aha) 

 

Aha was synthesized according to a previously described procedure by Zhang et al., 
201056. 

N3

NH2

OH

O
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1H-NMR (D2O), 400 MHz: δ [ppm] = 4.05 (t, 1H, α-CH), 3.55 (t, 2H, γ-CH2), 2.15 (m, 
2H, β-CH2). 

Synthesis of (S)-2-Aminohex-5-ynoic acid (L-homopropargylglycine; Hpg) 

 

Hpg was synthesized according to previously described procedure by Li et al.57, 
adjusted to obtain the enantiomerically pure L-Hpg variant based on Chenault et 
al.58, Biagini et al.59 and Dong et al.60 

Chiral deprotection of N-acetyl-DL-homopropargylglycine (2-acetamidohex-5-
ynoic acid) 
A solution of 303 mg (1.13 mmol, 1 eq.) N-acetyl-DL-homopropargylglycine in 20 
mL H2O and adjusted to pH 7.5 using 1M NH4OH. 1 mg kidney acylase I (≥2000 
units/mg) was added and the mixture was stirred for 16 h at 37°C. The enzyme was 
recovered by centrifugation dialysis, using a 10kDa membrane at 4000 rpm for 35 
min at 10°C. Next, the solution was acidified to pH 3 with 2M HCl and extracted 
with 3 x 20 mL diethyl ether. The organic layers were concentrated to retrieve the 
N-acetyl-D-homopropargylglycine. The aqueous layer was loaded on a pre-washed 
and regenerated Dowex 50WX8 cation exchange resin (60 mL). The column was 
washed with 5 x bed volume of water, maintaining a pH of 5.5 at the exit and eluted 
with 200 mL 1.5M NH4OH. Product was detected by TLC and the eluate was 
concentrated and lyophilized to yield chirally pure L-Hpg (68 mg, 0.535 mmol, 95%) 
as a white powder. 

1H NMR (400MHz, D2O): δ [ppm] = 4.11 (t, J = 6.4 Hz, 1H), 2.42 – 2.36 (m, 2H), 2.36 
(s, 1H), 2.19 – 2.10 (m, 1H), 2.07 – 1.98 (m, 1H); 13C NMR (101MHz, D2O): δ 82.28, 
71.16, 52.05, 28.44, 14.16; HRMS (ESI): C6H9NO2 [M+H]+ 128.06, found 128.07; 
[α]20

D: +32.4 (c = 1, 1 M HCl); Ref 60: +28 (c = 1, 1 M HCl). 

Bacterial culture, metabolic labeling and viability assessment based on 
growth rate 
Stm SL1344 expressing DsRed61 were grown overnight at 37°C in LB medium. The 
following day cultures were diluted 1:33 and grown at 37°C to an OD600 between 
0.3-0.5. Subsequently bacteria were collected and resuspended in SelenoMet 
medium and supplemented with either 0.04, 0.4 or 4 mM Aha, 0.04, 0.4 or 4 mM 

OH

O

NH2
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Hpg, 5 mM alkDala + 4 mM Met, 5 mM alkDala + 4 mM Aha (dual) or 4 mM Met 
(control). After 30, 60 and 120 minutes OD600 were measured and bacteria were 
collected by centrifugation for SDS-PAGE, flow cytometry analysis and DC infection 
experiments. For outgrowth experiments after 120 minutes of label incorporation, 
bacteria were collected by centrifugation and resuspended in LB medium and 
incubated for another 120 minutes with intermittent sampling. Throughout 
culturing, the medium was supplemented with 100 µg/ml ampicillin. 

Mammalian cell culture and infection with Stm 
DC2.4 cells were cultured in IMDM, supplemented with 10% heat-inactivated FCS, 
2 mM GlutaMAX, 10 mM HEPES pH 7.3, 1 mM pyruvate, penicillin 100 l.U./mL and 
streptomycin 50 μg/mL, 50 μM 2-Mercaptoethanol and 1X non-essential amino 
acids. 

Mouse bone marrow-derived dendritic cells (BMDCs) were generated from 
B57BL/6 mice bone marrow essentially as described62 with some modifications. 
Briefly, bone marrow was flushed from femurs and tibia and cells were cultured in 
IMDM supplemented with 8% heat-inactivated FCS, 2 mM L-glutamine, 20 μM 2-
Mercaptoethanol, penicillin 100 l.U./mL and streptomycin 50 μg/mL in the 
presence of 20 ng/mL GM-CSF. Medium was replaced on day 3 and 7 of culture and 
the cells were used between days 10 and 13. 

Stm expressing DsRed and cultured in the presence of 0.4 mM Hpg for 30 minutes 
were added to the DC2.4 cells or BMDCs in the above medium without antibiotics 
as suspensions in PBS at an MOI of 50. After 45 minutes of incubation 
unbound/non-internalized Stm were washed off (2x PBS) and medium was replaced 
for immediate analysis (t = 0) or further incubation for 1 or 3 hours. Subsequently 
cells were subjected to flow cytometry, confocal microscopy or Tokuyasu sample 
preparation for CLEM. Label persistence was determined by incubating bacteria in 
cell medium at 37°C, collecting samples simultaneously with the cells to obtain 
identical time points, which were then subjected to flow cytometry sample 
preparation. 

Analysis of label incorporation by in-gel fluorescence 
At the indicated time points Stm were collected lysed with lysis buffer (50 mM 
HEPES pH 7.3, 150 mM NaCl and 1% IGEPAL) and incubated at 4°C for 18 h. 
Subsequently protein concentrations were determined with a Qubit 2.0 fluorimeter 
(Life Technologies) after which 20 µg of the protein was incubated for 1 h with ccHc-
cocktail (0.1 M HEPES pH 7.3, 1 mM CuSO4, 10 mM sodium ascorbate, 1 mM THPTA 
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ligand, 10 mM amino-guanidine, 5 µM AF647-azide. Samples were then 
resuspended in 4x SDS Sample buffer (250 mM Tris HCl pH 6.8, 8% w/v SDS, 40% 
glycerol, 0.04% w/v bromophenol blue, 5% 2-mercaptoethanol) and incubated at 
100°C for 5 minutes before subjecting to SDS-PAGE. Gels were then directly imaged 
with a Bio-Rad Universal Hood III for in-gel visualization of the fluorescent labelling. 
As a loading control gels were stained with Coomassie Brilliant Blue. PageRuler Plus 
Prestained Protein Ladder (Thermo Scientific) was used as a protein standard. 

Analysis of label incorporation by flow cytometry 
Hpg-labeled Stm were collected by centrifugation (3000 rcf) at the indicated time 
points. DC2.4 cells infected with Hpg-Stm were harvested with 0.25% trypsin 
supplemented with 0.5 mM EDTA and collected by centrifugation (300 rcf) at the 
indicated time points. Both Stm and DC2.4 cells were subjected to the same 
treatment, with the exception of a differential centrifugation speed and a 1:20 
predilution made for the bacteria after fixation: Cells were washed with PBS and 
fixed in suspension in 4% PFA for 18 h at 4°C, then washed again with PBS and 
incubated for 20 minutes in staining buffer (100 mM HEPES pH 7.3, 150 mM NaCl, 
3% BSA, 0.1% IGEPAL CA-630 and 1 µg/mL Hoechst 33342), then washed again with 
PBS and incubated for 1 h with click cocktail (0.1 M HEPES pH 7.3, 1 mM CuSO4, 10 
mM sodium ascorbate, 1 mM THPTA ligand, 10 mM amino-guanidine, 5 µM AF647-
azide), then washed repeatedly (3x5 minutes each) with FACS buffer (PBS pH 7.4, 
1% FCS, 1% BSA, 0.1% NaN3 and 2 mM EDTA) and resuspended in FACS buffer for 
measurements. All measurements were performed with a Guava easyCyte 12HT 
Benchtop Flow Cytometer and analyzed with FlowJo V10 (FlowJo software). 

Preparation of Stm-infected BMDC samples for CLEM 
Samples were prepared for cryo-sectioning as described elsewhere.63,64 Briefly, 
BMDCs infected with Stm were fixed for 24 h in freshly prepared 2% PFA in 0.1 M 
phosphate buffer. Fixed cells were embedded in 12% gelatin and cut with a razor 
blade into approx. 1 mm3 cubes. The sample blocks were infiltrated in phosphate 
buffer containing 2.3 M sucrose for 3 h. Sucrose-infiltrated sample blocks were 
mounted on aluminum pins and plunged in liquid nitrogen. The frozen samples 
were stored under liquid nitrogen. 

Ultrathin cell sections were obtained as described elsewhere.63,64 Briefly, the frozen 
sample was mounted in a cryo-ultramicrotome (Leica). The sample was trimmed to 
yield a squared block with a front face of about 300 x 250 μm (Diatome trimming 
tool). Using a diamond knife (Diatome) and antistatic devise (Leica) a ribbon of 150 
nm thick sections was produced that was retrieved from the cryo-chamber with a 
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droplet of 1.15 M sucrose containing 1% methylcellulose. Obtained sections were 
transferred to a Formvar/carbon-coated titanium TEM grid, additionally coated 
with blue 0.2 µm FluoSpheres (Thermo Fisher) as fiducial markers. 

Sections were labelled as follows; thawed cryo-sections on an EM grid were left for 
30 minutes on the surface of 2% gelatin in phosphate buffer at 37°C. Subsequently 
grids were incubated on drops of PBS/Glycine and PBS/Glycine containing 1% BSA. 
Grids were then incubated on top of the ccHc-cocktail (0.1 M HEPES pH 7.3, 1 mM 
CuSO4, 10 mM sodium ascorbate, 1 mM THPTA ligand, 10 mM amino-guanidine, 5 
µM AF647-azide) for 1 h and washed 6 times with PBS. In case of confocal 
microscopy the grids were blocked again with PBS containing 1% BSA. After 
washing with PBS the sections were then labelled with DAPI (2 µg/ml), and 
additionally washed with PBS and water. 

Microscopy and correlation 
The CLEM approach used was adapted from Vicidomini et al.65 Grids containing the 
sample sections were washed with 50% glycerol and placed on glass slides (pre-
cleaned with 100% ethanol). Grids were then covered with a small drop of 50% 
glycerol after which a coverslip was mounted over the grid. Coverslips were fixed 
using Scotch Pressure Sensitive Tape. Samples were imaged with a Leica TCS SP8 
confocal microscope (63x oil lens, N.A.=1.4). Confocal microscopy was used as it 
allowed to make image stacks from the sections at different focus planes, this was 
convenient as the sections were found to be in different focus planes whilst placed 
between the glass slides and coverslip. 

In case of STORM imaging grids containing the sample sections were washed with 
GLOX buffer (100 µl PBS, 20 µl 50% glucose, 20 µl MEA 1M (ethanolamine) and 2µl 
GLOX (0.7 mg/ml GLOX, 5 mg/ml catalase in PBS) supplemented with 30% glycerol 
(60 µL) and placed on glass slides. Grids were then covered with a small drop of 
GLOX buffer after which a coverslip was mounted over the grid. STORM images 
were acquired using a Nikon N-STORM system configured for total internal 
reflection fluorescence (TIRF) imaging. Excitation inclination was tuned to adjust 
focus and to maximize the signal-to-noise ratio. AF647 was excited illuminating the 
sample with the 647 nm (160 mW, 1.9 kW cm-2) laser line built into the microscope. 
Fluorescence was collected by means of a Nikon 100x, 1.4NA oil immersion 
objective and passed through a quad-band-pass dichroic filter (97335 Nikon). 
20,000 frames at 50 Hz were acquired for the 647 channel. Images were recorded 
onto a 256 × 256 pixel region (pixel size 160 nm) of a CMOS camera. STORM images 
were analyzed with the STORM module of the NIS element Nikon software.66 
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After fluorescence or STORM microscopy the EM grid with the sections was 
removed from the glass slide, rinsed in distilled water and incubated for 5 minutes 
on droplets of uranyl acetate (0.4%)/methylcellulose (1.8%). Excess of uranyl 
acetate/methylcellulose was blotted away and grids were air-dried. EM imaging 
was performed with an Tecnai 12 BioTwin transmission electron microscope (FEI) 
at 120 kV acceleration voltage.67 

Correlation of confocal and EM images was performed in Adobe Photoshop CS6. In 
Adobe Photoshop, the LM image was copied as a layer into the EM image and made 
50% transparent. Transformation of the LM image was necessary to match it to the 
larger scale of the EM image. This was performed via isotropic scaling and rotation. 
Interpolation settings; bicubic smoother. Alignment at low magnification was 
carried out with the aid of nuclear DAPI staining in combination with the shape of 
the cells, at high magnification alignment was performed using the fiducial beads.68 

STORM analysis 
Resolution Calculations STORM module in the Nikon NIS-software is able to 
automatically calculate the localization precision distribution for each image. As it 
can be seen below, the maximum of the distribution is 20 nm, with most of the 
localizations below 20 and decreasing sharply from 20 to 25 nm. 

 

This numbers are well in agreement with the theoretical localization precision. The 
localization precision is defined as: 

𝜎𝜎2 =
𝑠𝑠2 + 𝑎𝑎2/12

𝑁𝑁
+

8𝜋𝜋2𝑠𝑠4𝑏𝑏2

𝑎𝑎2𝑁𝑁2  

Where, 
s: width of the PFS 
N: number of detected photons 
a: size of pixels on the camera 
b: background intensity 
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Which can be simplified69 to: 

𝜎𝜎𝑥𝑥 ≥
𝑠𝑠
√𝑁𝑁

 

The average s for one of the images was calculated to be 338 ± 44 nm (for 538948 
localizations). Also, the average for the number of photons for the same image is 
1253, with a significant population above that value. Therefore, as the average s = 
338 nm and the average N=1253 photons,  𝜎𝜎𝑥𝑥 ≥ 9.54 𝑛𝑛𝑛𝑛, resulting in the claimed 
20 nm resolution. Single molecule localization and fitting was performed using the 
STORM module of NIS Elements by performing a Gaussian fitting based on the 
following parameters: 

Minimum and maximum height: The darkest bright point was selected to be 
identified as a molecule and its brightness minus the background intensity was the 
minimum height. In our case it was set to 150. The maximum height for the used 
system with a sCMOS camera is 65000 and the baseline was set to 100.  

For the PSF, the initial fit width was set to 300, with a minimum with of 200 and a 
maximum width of 400. The average for an image was calculated to be 338±44 nm 
(based on 538948 localizations). 

This parameter was tested on different frames and optimized using all frames 
selected. The first 500 frames were discarded, due to incomplete photo-switching. 
This analysis yielded a molecule list in binary format from which multiple emitters 
are automatically discarded prior to analysis. 

STORM NIS-software renders a molecule list in binary format whose coordinates 
are translated into an image. STORM images are shown in cross or Gaussian display 
mode in Nikon software. Cross takes into account directly the localizations while 
Gaussian, the one used in our case, is a Gaussian rendering of the localizations 
considering lateral localization accuracy (with an average of 17.9 ± 4.6) for each 
localization. 

  



Chapter 4 

146 

4.5 Supplemental Figures 

 

Figure S1. Optimization of Aha incorporation in Stm by SDS-PAGE. Stm were incubated with increasing 
concentrations of Aha or 4 mM Met (control) in SelenoMet medium for up to 120 min, then lysed, ccHc-
reacted with AF647-alkyne and separated by SDS-PAGE for in-gel fluorescence analysis (A). Coomassie 
Brilliant Blue staining was used to show comparable protein loading for each lane (B). 
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Figure S2. Gating strategy for measurement of Stm by flow cytometry. The bacteria were gated on size (A) 
and shape (B), and completely non-fluorescent were removed with a cleanup gate (C) to exclude any bacteria-
unrelated particles from analysis. 
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Figure S3. Optimization of Aha incorporation in Stm by flow cytometric analysis, part 2. DsRed-expressing Stm 
were incubated with increasing concentrations of Aha or 4 mM Met (control) in SelenoMet medium for up to 
120 min, then ccHc-reacted with AF647-alkyne for detection by flow cytometry. (A) Aha incorporation over 
time is shown as the Mean Fluorescence Intensity (MFI) of the reacted AF647 (Figure 2A). (B) The effect of 
Aha incorporation on the DsRed fluorescent protein is shown as the MFI of DsRed (Figure 2B). (C) The effect 
of Aha incorporation on the viability of Stm is shown as the relative growth rate, determined by OD600 
measurements, normalized to the initial OD value at t = 0. Error bars represent the standard deviation from 
the mean (n = 2). 
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Figure S4. Optimization of Hpg incorporation in Stm by SDS-PAGE. Stm were incubated with increasing 
concentrations of Hpg or 4 mM Met (control) in SelenoMet medium for up to 120 min, then lysed, ccHc-
reacted with AF647-azide and separated by SDS-PAGE for in-gel fluorescence analysis (A). Coomassie Brilliant 
Blue staining was used to show comparable protein loading for each lane (B). 
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Figure S5. Optimization of Hpg incorporation in Stm by flow cytometric analysis, part 2. DsRed-expressing 
Stm were incubated with increasing concentrations of Hpg or 4 mM Met (control) in SelenoMet medium for 
up to 120 min, then ccHc-reacted with AF647-azide for detection by flow cytometry. (A) Hpg incorporation 
over time is shown as the Mean Fluorescence Intensity (MFI) of the reacted AF647 (Figure 3A). (B) The effect 
of Hpg incorporation on the DsRed fluorescent protein is shown as the MFI of DsRed (Figure 3B). (C) The effect 
of Hpg incorporation on the viability of Stm is shown as the relative growth rate, determined by OD600 
measurements, normalized to the initial OD value at t = 0. Error bars represent the standard deviation from 
the mean (n = 2). 
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Figure S6. Hpg retention during outgrowth of Stm by SDS-PAGE. Stm were incubated with increasing 
concentrations of Hpg or 4 mM Met (control) in SelenoMet medium for up to 120 min, then washed and 
resuspended in fresh LB medium and additionally incubated for up to 120 min. Stm were then lysed, ccHc-
reacted with AF647-azide and separated by SDS-PAGE for in-gel fluorescence analysis (A). Coomassie Brilliant 
Blue staining was used to show comparable protein loading for each lane (B). 
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Figure S7. Label retention and growth recovery of Hpg-labeled Stm by flow cytometric analysis, part 2. DsRed-
expressing Stm were incubated with increasing concentrations of Hpg or 4 mM Met (control) in SelenoMet 
medium for 120 min, washed with PBS and resuspended in fresh LB medium and incubated again for up to 
120 min, then ccHc-reacted with AF647-azide for detection by flow cytometry. (A) Hpg retention over time 
(outgrowth) is shown as the Mean Fluorescence Intensity (MFI) of the reacted AF647 (Figure 4A). (B) The 
effect of Hpg outgrowth on the DsRed fluorescent protein is shown as the MFI of DsRed (Figure 4B). (C) The 
effect of Hpg incorporation on the growth recovery of Stm is shown as the relative growth rate, determined 
by OD600 measurements, normalized to the initial OD value at t = 0 before label incorporation (n = 1). 
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Figure S8. Optimization of alkDala labeling and Aha/alkDala dual labeling of Stm by flow cytometric analysis, 
part 2. Stm were incubated with 4 mM Aha, 4 mM Met + 5 mM alkDala, 4 mM Aha + 5 mM alkDala or 4 mM 
Met (control) in SelenoMet medium for up to 120 min, then ccHc-reacted with AF647-azide (alkDala) and 
AF488-alkyne (Aha) for detection by flow cytometry. (A) The percentage alkDala-labeled Stm (alkDala+) over 
time is shown, based on the fluorescence intensity of the reacted AF647 (Figure 5A). (B) The percentage Aha-
labeled Stm (Aha+) over time is shown, based on the fluorescence intensity of the reacted AF488 (Figure 5B). 
(C) The percentage dual-labeled Stm (Aha+/alkDala+) over time is shown, based on the fluorescence intensity 
of the reacted AF647 and AF488 (Figure 5C). 



Chapter 4 

154 

 
Figure S9. Optimization of alkDala labeling and Aha/alkDala dual labeling of Stm by flow cytometric analysis, 
part 3. Stm were incubated with 4 mM Aha, 4 mM Met + 5 mM alkDala, 4 mM Aha + 5 mM alkDala or 4 mM 
Met (control) in SelenoMet medium for up to 120 min, then ccHc-reacted with AF647-azide (alkDala) and 
AF488-alkyne (Aha) for detection by flow cytometry. (A) alkDala incorporation over time is shown as the 
Mean Fluorescence Intensity (MFI) of the reacted AF647 (Figure 5A). (B) Aha incorporation over time is shown 
as the MFI of the reacted AF488 (Figure 5B). (C) The effect of alkDala and/or Aha incorporation on the viability 
of Stm is shown as the relative growth rate, determined by OD600 measurements, normalized to the initial OD 
value at t = 0 (n = 1). 
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Figure S10. Gating strategy for measurement of Stm-containing DC2.4 cells by flow cytometry. DCs were 
gated on size (A) and shape (B) and Stm-containing cells were selected based on DsRed (C), which is only 
expressed by Stm. 
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Figure S11. Infection controls, bioorthogonal label retention and Stm proliferation in DC2.4 cells, part 2. 
DsRed-expressing Stm were first incubated with 0.4 mM Hpg (Hpg-Stm) or 4 mM Met (Met-Stm) for 30 min 
in SelenoMet, then washed to remove excess Hpg and added to DCs at an MOI of 50 for 45 min (pulse). Stm-
infected BDMCs were then washed to remove non-internalized Stm and incubated for an additional 0, 1 or 3 
hours (chase), followed by ccHc-reaction with AF647-azide for detection by flow cytometry. (A) The Stm 
infection load was compared between Hpg-Stm and Met-Stm over time, based on the DsRed intensity per 
DC, shown as MFI. (B) The intracellular Hpg retention of Stm was followed over time in DCs, shown as MFI of 
the reacted AF647. 
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Figure S12. Hpg-labeled and unlabeled Stm mixed in various ratios for the optimization of STORM. Stm were 
grown in presence of increasing concentrations of Hpg (0.04-4 mM) and mixed in various ratios with 
unlabeled Stm, grown in presence of 4 mM Met. 
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Abstract 
Bioorthogonal Correlative Light-Electron Microscopy (B-CLEM) can give a detailed 
overview of multicomponent biological systems. It can provide information on the 
ultrastructural context of bioorthogonal handles and other fluorescent signals, as 
well as information about subcellular organization. In this chapter, B-CLEM is 
applied to the study of the intracellular pathogen Mycobacterium tuberculosis 
(Mtb) by generating a triply labeled Mtb through combined metabolic labeling of 
the cell wall and the proteome of a DsRed-expressing Mtb strain. Study of this 
pathogen in a B-CLEM setting was used to provide information about the 
intracellular distribution of the pathogen, as well as its in situ response to various 
clinical antibiotics, supported by flow cytometric analysis of the bacteria, after 
recovery from the host cell (ex cellula). The RNA polymerase-targeting drug 
rifampicin displayed the most prominent effect on subcellular distribution, 
suggesting the most direct effect on pathogenicity and/or viability, while the cell 
wall synthesis-targeting drugs isoniazid and ethambutol effectively rescued 
bacterial division-induced loss of metabolic labels. The three drugs combined did 
not give a more pronounced effect but rather an intermediate response, whereas 
gentamicin displayed a surprisingly strong additive effect on subcellular 
distribution. 
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5.1 Introduction 
Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), is 
currently the deadliest pathogen in the world. It is responsible for approximately 
10 million cases and 1.6 million deaths every year.1 Moreover, a quarter of the 
world’s population is estimated to be carrying the latent form of the disease.1 All 
this has become even more urgent over the last few decades with multi-drug 
resistant (MDR-) and extensive drug resistant (XDR-) variants becoming increasingly 
prevalent.1 Vaccine and drug development for Mtb has proven slow and 
challenging, in part due to the highly complex pathogen-host interactions, and lack 
of suitable antigens.2,3 

The intracellular lifecycle of Mtb further affects this problem. Upon infection of 
host cell macrophages, its behavior is highly heterogeneous. Both fast, and slow 
growing forms of the bacteria exist4,5; the latter displaying tolerance to most of the 
available drugs.6–12 This has resulted in the requirement for long treatment periods 
with cocktails of antibiotics, with the current standard of care being a six to nine-
month course of rifampicin, isoniazid, ethambutol and/or pyrazinamide.13 
Treatment of MDR-TB requires more extensive antibiotic treatment, lasting up to 2 
years, with poor side-effect profiles.14 Recently, a new therapy for MDR-TB and 
XDR-TB was approved consisting of pretomanid in combination with bedaquiline 
and linezolid, and several others are currently under clinical development.13 

Mtb is a facultative intracellular pathogen that primarily colonizes the lungs of 
patients by entering the upper and lower airways, through aerosol-transfer.15 At 
these sites, Mtb is phagocytosed by alveolar macrophages, which – rather than 
clearing the pathogen – serve as their host cells.16 The longstanding co-evolution of 
Mtb with humans has resulted in the emergence of many mechanisms by which 
Mtb can interfere with the cellular and organismal immune responses.17 It can, for 
example inhibit phagosome acidification, block the recruitment of EEA1 and 
interfere with the Rab5-to-Rab7 conversion18, resulting in the formation of a 
nutrient-rich compartment that favors survival and replication of the pathogen.18,19 
Mtb is also able to inhibit autophagy and apoptosis, effectively blocking all of the 
backup mechanisms for microbial killing.20,21 Even if maturation of the phagosome 
does occur, Mtb is known to be strongly resistant to both acidic conditions (down 
to pH 4.5) and the reactive oxygen and nitrogen species (ROS/RNS) normally 
employed to kill phagosomal pathogens, by virtue of its thick cell wall21, the 
production of antioxidative mycothiol (MSH)21, and several neutralizing 
enzymes.20,21 
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It has recently been shown that the localization of Mtb within the cell is also a 
complex and highly dynamic process: some phagosomes are arrested in an early 
state, while the majority of phagosomes will follow the conventional maturation 
pathway, or a Rab20-dependent pathway to form a spacious phagosome.22 
Damaging of the phagosome allows the bacterium to avoid degradation or even 
escape to the cytosol, followed by rapid replication and host cell necrosis.23 
Recapture of the cytosolic bacteria may occur through ubiquitin-mediated 
autophagy, which again may lead to either autophagosome maturation or arrest.24–

26 The precise contribution of these stages to overall Mtb survival is not yet known, 
nor is the change in these processes during drug treatment, but it implicates a 
dynamic host-pathogen ‘arms race’. Even if a successful immune response – usually 
supported by T-cell help – is mounted against Mtb, generally a subpopulation of so-
called ‘persister cells’ remain in a dormant state. These bacteria have 
downregulated metabolic activity, upregulated stress-related genes, and as a result 
can establish a drug-tolerant, latent infection.7 

This complex intracellular life cycle has made the study of Mtb difficult. 
Development of imaging techniques that allow the identification and study of the 
various stages of intracellular survival or killing of Mtb has long been sought after. 
Fluorescent protein-modified Mtb has allowed its imaging by confocal microscopy, 
but the reliability of fluorescent proteins varies and the fluorescence is lost upon 
degradation of the protein by the host.27 Metabolic labeling of the mycobacterial 
cell wall, using fluorescent or bioorthogonal analogues of D-alanine28,29 or 
trehalose30–32, or using fluorescent antibiotic analogues has allowed the study of 
growing and dividing Mtb.33–35 This has, for example, allowed the discrimination of 
live from dead Mtb in sputum samples.32 Finally, a dual-targeting Activity-Based 
Probe (ABP) was recently reported, combining the activity of two Mtb-specific 
enzymes to obtain extremely high specificity for Mtb over other mycobacteria.36 
These approaches are, however, all based on fluorescent techniques. They – in view 
of the complex life cycle of Mtb in the host – therefore do not provide information 
on, for example, host compartments and other ultrastructural features during 
infection. 

Electron microscopy (EM) provides ultrastructural information but has limited 
options for labeling specific components of the bacterium and host, compared to 
fluorescent labeling techniques. For the study of Mtb, EM has proven useful to 
delineate parts of its life cycle, such as phagosome maturation, perturbation and 
repair, as well as cytosolic entry and reuptake by autophagy.22,25,37–39 Correlative 
techniques, in which light and electron microscopy are combined have proven to 
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be powerful by providing both structural and functional information in one 
multimodal dataset, that can be visualized in a single image. The combination of 
fluorescence microscopy and Transmission Electron Microscopy (TEM) is known as 
Correlative Light-Electron Microscopy (CLEM).40 For the study of Mtb, CLEM has 
been used to show Mtb replication within necrotic macrophages41, to discover a 
previously unknown niche for Mtb replication in the lymph nodes of TB patients42, 
and to visualize the subcellular distribution of bedaquiline in Mtb-infected 
macrophages.43 

In order to combine the information that metabolic labeling studies can provide on 
the intracellular life cycle of Mtb with the information on bacterial structure and 
host cell biology that CLEM can provide, these approaches were integrated (Figure 
1). Previous studies have shown that an intracellular proteome labeled with alkyne 
or azide-containing amino acids can be selectively visualized by CLEM within a 
mammalian host cell (including degradation products stemming from the 
phagocytosed bacteria).44,45 However, this only provided one parameter to study 
and in order to provide a useful imaging approach for intracellular Mtb, multiple 
parameters relating to the intracellular lifecycle of the bacterium had to be 
visualized in parallel. 

To this end, two bioorthogonal labels are here used in parallel – one for labeling 
the proteome and one for labeling the peptidoglycan layer – as well as the 
expression of a fluorescent protein. These three parameters, in combination with 
ultrastructural information, can yield information on where the bacteria are 
localized intracellularly, whether the bacteria are dividing, and to what extent 
antibiotics exert their anti-microbial effects. The resulting pathogen, labeled with 
L-azidohomoalanine (Aha; incorporated into proteome), D-propargylglycine 
(alkDala; incorporated into peptidoglycan), and DsRed fluorescent protein 
(anabolic activity) is used to study its fate inside a macrophage cell line (Figure 1). 
Using a dual copper-catalyzed Huisgen cycloaddition (ccHc) ‘click’ reaction on thin 
sections, these three parameters could be studied in their ultrastructural context. 
The two handles could be consecutively reacted without apparent cross-reactivity 
between handles (no loss of signal or altered patterns were observed compared to 
single labels). This bioorthogonal-CLEM (B-CLEM) approach makes it possible to 
study the intracellular distribution of Mtb and link this information to the retention 
of the metabolic labels over time. Comparing these parameters between untreated 
cells and cells treated with rifampicin, isoniazid, ethambutol or a combination of 
the three, provided valuable insights into the subcellular effect of these clinical 
antibiotics. These observations were then further substantiated using a flow 
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cytometry-based assay that allowed a more thorough quantification of the label 
retention under these conditions. An overview of the chemical structures and 
mechanisms of action of the antibiotics used in this chapter can be found in Figure 
S1. 

 

 
Figure 1. Bioorthogonal Correlative Light-Electron Microscopy (B-CLEM) strategy for in situ imaging of Mtb. 
Triple labeling of Mtb (1) is combined with two sequential on-section click reactions (4) and visualized with 
correlated fluorescence and electron microscopy (5) to provide information on the in-cell life cycle of Mtb. 

 

5.2 Results and Discussion 
5.2.1 Production and validation of triple-label Mtb. 
The incorporation of bioorthogonal amino acids in E. coli and S. enterica serovar 
Typhimurium was previously optimized, based on the BONCAT-protocol developed 
by the Tirrell-lab.46–49 Using in-gel fluorescence after ccHc of bacterial lysates, label 
incorporation into the bacterial proteome could be quantified on the population 
level. Flow cytometry of fixed bacteria allowed for the quantification of the label 
on a per-bacterium level.44,45 These studies have yielded optimal labeling 
conditions consisting of a pulse with the bioorthogonal amino acid (4 mM) for 
approx. 1-2 doubling times (30 min in case of the above species), with increased 
incubation leading to reduced growth and viability.44,45  
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In order to optimize bioorthogonal amino acid-incorporation into the Mtb-
proteome, the lysis conditions for Mtb were optimized first, to maximize protein 
recovery (and killing of the pathogen to allow handling outside the BSL-III facility). 
This was achieved with a combination of 1% SDS and heat treatment, as detergents 
alone were found to be insufficient for both killing and protein recovery (Table 1). 

 

Table 1. Optimization of lysis conditions for analysis of label incorporation by in-gel fluorescence. 
The condition shown in bold was chosen as the optimal lysis method. 

Lysis conditions Fluorescence Protein recovery 

1% IGEPAL*1 +/-- - 2 

1% SDS1 +/- - 2 

5% SDS1 +/- - 2 

Lysozyme3; 1% IGEPAL*1 + +/- 2 

Lysozyme3; 10% IGEPAL*1 - - 2 

Lysozyme3; 1% IGEPAL* + 1% SDS1 + ++/- 

Lysozyme3; heat4 - - 

Lysozyme3; 4% IGEPAL* + heat4 - - 

Lysozyme3; 4% SDS + heat4 + +/- 

Lysozyme3; 4% CHAPS + heat4 - - 

Lysozyme3; 6M urea + heat4 +/- - 

Lysozyme3; 1M NaCl + heat4 - - 

Lysozyme3; 4% CHAPS + 6M urea + 1M NaCl + heat4 +/- - 

Lysozyme3; 4% CHAPS + 4% IGEPAL* + 4% SDS + heat4 +/- +/- 

ddH2O + heat4 +/- - 

1% SDS + heat4 + ++ 

1% SDS 30 min at 4°C; heat4 +/- ++ 

1% SDS 18 hours at -30°C; heat4 +/- ++ 

1% SDS added to growth culture + heat4 +/- +++ 5 

* = IGEPAL CA-630; 1 = in 150 mM NaCl, 50 mM HEPES pH 8, O/N at 4°C; 2 = after 0.2 µm filtration to remove 
live/intact bacteria, due to insufficient killing of Mtb (!); 3 = 2 mg/mL lysozyme for 1 hour at 37°C; 4 = 30 min 
at 80°C, to guarantee sufficient killing of Mtb (!); 5 = may include potentially unwanted proteins from growth 
culture. 
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These lysis conditions were used to assess bioorthogonal amino acid incorporation 
by in-gel fluorescence, following SDS-PAGE. As the generation time of Mtb is 
approximately 24h, various conditions were explored, starting from 4 mM L-
azidohomoalanine (Aha) or L-homopropargylglycine (Hpg) for 48h. Label 
incorporation plateaued around 48h, but labeling times >48h reduced cell growth; 
particularly for Hpg-treated cells (Figure 2A). Hpg was therefore excluded from 
further analysis. 

 

 

Figure 2. Production and validation of triple label Mtb. DsRed-expressing Mtb H37Rv were incubated with 4 
mM Hpg, 4 mM Aha, 5 mM alkDala or a combination of 4 mM Aha and 5 mM alkDala (dual), for the indicated 
time in Middlebrook 7H9 broth. A: Bacterial viability during label incorporation was assessed by normalizing 
the growth rate (OD600 measurements) to control bacteria, grown in the absence of metabolic labels. The 
number of biological replicates for each OD600 measurement is indicated above the bar, error bars indicate 
standard deviation from the mean. B: Label incorporation throughout the proteome was analyzed by in-gel 
fluorescence, following bacterial lysis, ccHc reaction with AF647-azide (alkDala/Hpg) or AF647-alkyne 
(Aha/dual) and SDS-PAGE. Coomassie Brilliant Blue staining was used as a loading control; shown as an insert 
around the most prominent 60 kDa band, resulting from the DsRed-expression plasmid containing the Hsp60 
promotor.50 
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Cell wall labeling conditions with D-propargylglycine (alkDala), a ccHc-reactive 
precursor in the cell wall synthesis, were inspired by Siegrist et al.28 Single labeling 
experiments with Aha or alkDala showed that no detrimental effects on viability 
were observed up to 48h for either label in terms of viability (Figure 2A). Even 
extensively labeled Mtb (144h) seemed to recover their growth rate after medium 
exchange (Figure S2). It was next determined whether this was also the case for 
dual labeling with Aha and alkDala (Figure 2A, Figure S2). Co-incubation of Mtb with 
both labels did not enhance toxicity up to the 48h timepoint and revealed 
homogeneous proteome labeling (Figure 2B). The gel-based assay revealed that 
treatment of Mtb for 48h with both labels provided the highest label incorporation 
(combined with the most facile protocol). 

To determine whether all cells incorporated the label to an equal extent, a flow 
cytometry-based assay was used. Again, previous protocols for bacterial fixation 
and permeabilization for flow cytometry were found to be incompatible with ccHc-
reaction in Mtb. This was likely due to the thick (40-100 nm) and highly complex 
mycobacterial cell wall.51 The mycobacterial cell wall contains multiple layers of 
(peptido)glycans and lipids, including the ultra-lipophilic mycolic acids that can be 
up to 90 carbons in length.52 In practice, this results in hydrophobic aggregation of 
bacteria (especially after fixation) and an impermeability to the ccHc-reactive 
fluorophores. It is likely that this thick and impermeable cell wall reduces the yields 
of the two ccHc-reactions. A wide range of permeabilization conditions was 
explored, varying detergents, permeabilization and fixation conditions (Table 2). 
After this extensive optimization, it was found that the most effective conditions 
for permeabilizing the bacteria for flow cytometric analysis – that balanced the 
permeability with the structural integrity required to remain intact during ccHc 
reaction – are pre-treatment with 1% SDS for 15 minutes, followed by overnight 
fixation with 4% paraformaldehyde at room temperature (Table 2). Addition of BSA 
as an anti-clumping additive during staining steps (Table 3) was required to avoid 
hydrophobic aggregation of the fixed bacteria. 
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Table 2. Optimization of fixation & permeabilization conditions for analysis of label incorporation by flow 
cytometry. The condition shown in bold was chosen as the optimal fixation/permeabilization method. 

Fixation conditions Permeabilization conditions Aha-click positive 

2% PFA1 Lysozyme2; 0.1% IGEPAL*3 7%4 

2% PFA1 Lysozyme2; 1% SDS3 18%4 

2% PFA1 Lysozyme2; 0.1% IGEPAL* + 1% SDS3 12%4 

2% PFA1 Lysozyme2; 1% IGEPAL* + 1% SDS3 9%4 

2% PFA1 Lysozyme2; 1% SDS3 14%4 

2% PFA1 Lysozyme2; 2% SDS3 22%4 

2% PFA1 Lysozyme2; 4% SDS3 21%4 

2% PFA1 Lysozyme2; 1% SDS + 5 mM EDTA3 19%4 

2% PFA1 Lysozyme2; 2% SDS + 5 mM EDTA3 26%4 

2% PFA1 Lysozyme2; 1% SDS + 1% EtOH3 16%4 

2% PFA1 Lysozyme2; 2% SDS + 1% EtOH3 18%4 

2% PFA/0.1% SDS1 Lysozyme2; 2% SDS + 5 mM EDTA3 18%4 

2% PFA/0.1% SDS1 Lysozyme2; 2% SDS + 10 mM EDTA3 20%4 

2% PFA/0.1% SDS1 Lysozyme2; 2% SDS + 100 mM EDTA3 29%4 

2% PFA/0.1% SDS1 Lysozyme2; 2% SDS + 200 mM EDTA3 29%4 

4% PFA1 None 17%4 

8% PFA1 None 33%4 

4% PFA/0.1% SDS1 None 53%4 

1% SDS; 4% PFA/0.1% SDS1 None 70%4 

1% SDS; 4% PFA/0.1% SDS1 0.1% SDS5 61%5 

1% SDS; 4% PFA/0.1% SDS1 Lysozyme2; 2% SDS + 10 mM EDTA3 57%5 

1% SDS; 4% PFA/0.1% SDS1 0.1% Tween#6 22%6 

1% SDS; 4% PFA/0.1% SDS1 Lysozyme2; 0.1% Triton‡ + 0.1% Tween#3 19%6 

1% SDS; 4% PFA1 None 63%7 

1% SDS; 4% PFA1 at RT None 76%7,8 

4% PFA1 at RT None 4%7 

4% PFA1 at RT Lysozyme2 for 30 min at 37°C 39%7 

4% PFA1 at RT Lysozyme2 for 60 min at 37°C 51%7 

4% PFA1 at RT Lysozyme2 for 90 min at 37°C 59%7 

4% PFA1 at RT Lysozyme2 for 90 min at 37°C; 0.1% Triton‡ 70%7 

4% PFA1 at RT Lysozyme2 for 90 min at 37°C; 0.5% Triton‡ 69%7 

4% PFA1 at RT Lysozyme2 for 90 min at 37°C; 0.1% SDS 64%7 

* = IGEPAL CA-630; # = Tween-80; ‡ = Triton-X100; 1 = in PBS for ≥18h at 4°C, unless otherwise specified; 2 = 2 
mg/mL lysozyme for 60 min at 37°C, unless otherwise specified; 3 = in PBS; 4 = no anti-clumping agent used, 
resulting in a very low yield after staining; 5 = 0.1% SDS used as anti-clumping agent during all washing steps; 
6 = 0.1% Tween-80 used as anti-clumping agent during all washing steps; 7 = 0.1% BSA used as anti-clumping 
agent during all washing steps; 8 = higher signal observed for alkDala, compared to other conditions 
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Table 3. Anti-clumping additives to reduce hydrophobic aggregation of fixed Mtb during washing steps, 
during sample preparation for flow cytometry. The condition shown in bold was considered optimal. 

Anti-clumping additive Effect on aggregation Effect on yield 

0.1% Tween# in PBS ++ +/- 1 

0.1% SDS in PBS + - 2 

0.1% gelatin† in PBS + +/- 

0.1% BSA in PBS + + 

# = Tween-80; † = gelatin from cold water fish skin; 1 = loss of alkDala signal due to apparent over-
permeabilization (dismissed); 2 = loss of Aha due to apparent over-permeabilization. 

 
Despite this extensive set of optimization experiments, a subpopulation of DsRed 
positive events (~25%) remained unlabeled by both click reactions, perhaps due to 
them being permeabilization resistant, metabolically inactive or even dead prior to 
labeling.7,53 These unlabeled bacteria were excluded from quantification by gating 
for the double positive (Aha+/alkDala+) quadrant (Figure 3A, Figure S3). To confirm 
that the observed label incorporation was indeed selective and related to metabolic 
activity, it was shown that pre-incubation with Rifampicin for 1h and 24h 
respectively reduced or abolished Aha-incorporation at 0.1, 1.0 and 10 µg/mL 
(Figure S4). The cell wall inhibitor D-cycloserine achieved the same for alkDala 
incorporation (Figure S5). Heat killing (Figure S6B) or paraformaldehyde fixation 
(Figure S6C) abolished the incorporation of both labels.  With these restrictions 
applied, label incorporation for Aha and alkDala seemed to follow a similar trend 
as observed for the SDS-PAGE assay. Incorporation of both labels plateaued at 48 
hours incubation, in high signal-to-background ratios (Figure 3A-viii). 

5.2.2 Bioorthogonal CLEM as a multi-parameter analysis method to study 
intracellular Mtb. 
After successfully constructing triple label Mtb, their compatibility with B-CLEM was 
assessed (Figure 3B, Figure 4). To this end, DsRed-expressing Mtb were incubated 
with Aha (4 mM) and alkDala (5 mM) simultaneously for 48 hours for maximum 
label incorporation. The bacteria were prepared for cryo-sectioning, according to 
the Tokuyasu method.54–56 Briefly, samples were fixed with paraformaldehyde and 
glutaraldehyde (2% w/v and 0.2% w/v respectively for 2 hours), after which the 
bacterial pellet was rinsed with PBS and embedded in 12% gelatin. Millimeter-sized 
cubes were prepared manually, followed by sucrose infiltration and plunge-
freezing on sample pins. Ultrathin cryo-sections (75 nm) were prepared and 
transferred to a Formvar/carbon-coated titanium TEM-grid. Thawed cryo-sections 
were subjected to on section click-reaction with AF647-azide or AF647-alkyne for 
equal comparison between Aha and alkDala incorporation. Using these 
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experiments, the label incorporations could be confirmed (with the sectioning 
being used in lieu of permeabilization). Both alkDala and Aha were minimally 
detectable after 1 hour with the signal increasing upon longer incubation (Figure 
3B). Optimal label incorporation is observed after 48 hours without any noticeable 
effect on DsRed fluorescence. No detectable background fluorescence was 
observed for the unlabeled control samples (Figure S7). 

 

 

Figure 3. Optimization of label incorporation. DsRed-expressing Mtb H37Rv were incubated with 4 mM Aha, 
5 mM alkDala or a combination of 4 mM Aha and 5 mM alkDala (dual), for the indicated time in Middlebrook 
7H9 broth. A: Label incorporation per bacterium was quantified by flow cytometry after sequential ccHc 
reaction with AF647-azide (alkDala) and AF488-alkyne (Aha) on fixed and permeabilized bacteria. Bacteria 
were selected based on size (gate 1), shape (gate 2), fluorescence (gate 3) and exclusion of extreme outliers 
(gate 4). Quantification of the label incorporation was achieved by selecting the median fluorescence 
intensity (MFI) of the major [Aha+/alkDala+] population for dually-labeled Mtb or the major [Aha-/alkDala-] 
population for unlabeled Mtb. Controls and normalized MFI values are shown in Figure S2. B: Triple label Mtb 
were processed for cryo-sectioning, followed by ccHc reaction with AF647-azide (alkDala) or AF647-alkyne 
(Aha), to confirm the increase in label incorporation over time on ultrathin sections that can be directly used 
for CLEM. All scale bars represent 5 µm. 
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Next, these single bacteria were subjected to B-CLEM as follows. Fresh sections 
were prepared and subjected to double on-section click-reaction with AF647-azide 
and AF488-alkyne, with washing in between. The labeled sections were first imaged 
by confocal microscopy, then stained with uranyl acetate and finally imaged by 
TEM. The resulting images were then correlated using Photoshop to obtain the final 
CLEM images (Figure 4, Figure S8). These CLEM images show that >80% (n=200) of 
bacteria were positive for alkDala, Aha and/or DsRed, suggesting sub-optimal 
permeabilization was responsible for the incomplete labeling observed by flow 
cytometry above. The proteome label Aha colocalized largely with the fluorescent 
protein DsRed. 

 

 

Figure 4. Bioorthogonal CLEM of triple label Mtb in vitro. Triple label Mtb were processed for cryo-sectioning, 
followed by sequential ccHc reaction with AF647-azide and AF488-alkyne. The fluorescently-labeled sections 
were imaged by confocal microscopy, followed by TEM and the images were correlated to obtain the CLEM 
image. The lower panel shows details from the large field of view CLEM image presented in Figure S4. The 
top panel shows the corresponding fluorescence channels separately for clarity. All scale bars represent 1 
µm. 
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To explore the possibility of studying intracellular Mtb localization and processing, 
a murine (LPS-stimulated) macrophage cell line (RAW 264.7)57,58 was infected with 
the double labeled DsRed-positive Mtb (MOI 25). The goal was to study whether 
signs of viability could be extrapolated from the information-dense CLEM images, 
containing both the ultrastructural information of EM and the functional 
information of the multi-label fluorescence microscopy. After Tokuyasu sample 
preparation, large field of view CLEM images containing over 100 cell-profiles per 
image could be obtained at 11,000x magnification by applying an in-house 
developed EM-stitching algorithm.59 This approach provides a large dataset for 
qualitative and quantitative analysis of EM structures, guided by the fluorescence 
(illustrated in Figure S9). As observed in previous EM studies19,60, the mycobacterial 
cell wall shows a typical electron translucent layer, representing the 
mycomembrane (MM), enclosed by an electron-dense outer layer (OL) and the 
peptidoglycan layer (PGL) (Figure 5i). The bacterial cell wall is delineated by the 
signal distribution of alkDala (Figure 5iv). Mtb was found to be spread over different 
compartments, such as small or tight vacuoles (Figure 5v, Figure S10B), large or 
spacious vacuoles (Figure 5ix, Figure S10C), or what appeared to be non-
membrane-bound compartments (which could be due an insufficient membrane 
preservation on EM) (Figure 5i, Figure S10A). The presence of Mtb in these 
apparently non-membrane-bound compartments suggests escape from the 
parasitic vacuole to the cytosol, as reported in multiple studies.19,23,61–64 In some 
cases, a double membrane was observed in proximity of an apparently cytosolic 
bacterium (Figure S9D, Figure S10A-iv), which is a hallmark of autophagy65, 
implying that this process may occur. 

At 24 hours post-infection, 23% of bacteria were found in small vacuoles, 72% in 
large vacuoles and 5% with no detectable membrane (n>500 bacteria counted). 
Additionally, a small percentage of bacteria (<5% of total) was found extracellularly, 
surrounded by cell debris (illustrated in Figure S11A/B). Many large vacuoles 
contained both bacteria and cell debris, suggesting the bacteria could have escaped 
from the previous host cell23,66, before reuptake by another macrophage (Figure 
S11B). If host cell necrosis occurs, the plasma membrane integrity is lost, causing 
the cell to fall apart, which allows the bacteria to escape. However, if the host cell 
initiates apoptosis, the entire cell including bacteria can be taken up by a 
neighboring macrophage in a process called efferocytosis.67 Distributions of 
bacteria indicative for either secondary phagocytosis of Mtb, following necrosis of 
the host cell (Figure S11C-i) or efferocytosis, when the entire apoptotic cell is 
internalized (Figure S11C-ii), were observed. 
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Figure 5. Bioorthogonal CLEM of triple label Mtb in RAW 264.7 macrophages. Triple label Mtb were processed 
for cryo-sectioning, followed by sequential ccHc reaction with AF647-azide and AF488-alkyne, and 
counterstaining with DAPI. Fluorescently-labeled sections were imaged by confocal microscopy, followed by 
TEM and the images were correlated to obtain the CLEM image. The fuzziness of the fluorescent signal is a 
result of the difference in resolution between the techniques as governed by the Abbe-limit of diffraction. 
Representative examples of intracellular triple label Mtb are shown, not within a vacuole (i-iv), in a small/tight 
vacuole (v-viii), or in a large/spacious vacuole (ix-xii). Small field of view CLEM images with separated 
fluorescence channels are shown for clarity. Corresponding large field of view image is presented in Figure 
S5. N = nucleus, M = mitochondria, PGL = peptidoglycan layer, MM = mycomembrane, OL = outer layer. A 
dotted line indicates the apparent vacuole where relevant. All scale bars represent 1 µm. 

 

5.2.3 Bioorthogonal CLEM of Mtb-infected macrophages reveals the effect of 
antibiotics on the bacterial integrity and intracellular processing. 
To determine how the intracellular distribution and fluorescent signals of triple 
label Mtb would be affected by the commonly-used antibiotics used in the 
treatment of tuberculosis, the experiment was repeated in the presence of 
rifampicin, isoniazid, ethambutol or a combination of the three for 24 hours. All 
drugs except ethambutol alone induced a significant alteration in the intracellular 
distribution of the bacteria (Figure 6A), with the triple-antibiotic cocktail showing 
the most pronounced effect, with 15% of bacteria residing in small vacuoles, 84% 
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in large vacuoles and only 1% did not appear to be within a vacuole (n>500). 
Interestingly, when cells were incubated with heat-killed bacteria, 95% of all 
bacteria were found in large vacuoles, with <0.5% present in structures without a 
detectable membrane. The individual drugs had less pronounced effects on 
distribution (Figure 6A). Rifampicin caused the largest shift in sub-cellular 
localization, with 12% of bacteria residing in small vacuoles, 85% in large vacuoles 
and 3% not within a vacuole (n>500). Isoniazid had a less pronounced effect, with 
20% of bacteria in small vacuoles, 78% in large vacuoles and 3% not within a vacuole 
(n>500). Ethambutol did not show a significant difference compared to the control. 

A large percentage of bacteria were found to be extracellular upon treatment with 
isoniazid (41% of total, n>500) or ethambutol (12% of total, n>500; Figure S12A), 
suggesting different drug mechanisms of action are involved. In addition, isoniazid 
treatment appeared to increase the occurrence of apparent host cell death (37%, 
n>500), while ethambutol appeared to decrease host cell death (2%, n>500; Figure 
S12B). These findings imply a need to reconsider the standard infection protocol, 
in which the infected cells are co-incubated with a low concentration of gentamicin 
(5 µg/mL) to kill off extracellular bacteria. During the 24 hours of incubation, many 
bacteria may escape from the host cell, which would then be exposed to the 
extracellular gentamicin before being taken up by another macrophage. This could 
result in an artificially high number of dead bacteria, thereby skewing the relative 
intracellular sub-populations. To confirm this hypothesis, Mtb-infected cells were 
incubated with or without the triple-antibiotic cocktail, in the presence or absence 
of gentamicin, for 24 hours and processed for CLEM. Indeed, a significant effect on 
the intracellular distribution was observed for both the triple-antibiotic cocktail and 
the untreated cells, when comparing the presence or absence of gentamicin (Figure 
6B). Interestingly, a similar effect can be observed when comparing the triple-
antibiotic cocktail to the control, either with gentamicin or without. This implies an 
additive drug effect for gentamicin, on top of the other antibiotics. Indeed, Mtb-
infected cells in the complete absence of antibiotics showed only 50% of the 
bacteria residing in large vacuoles versus 31% in small vacuoles and 19% without 
an apparent vacuole (n>500). Gentamicin was therefore excluded from all further 
experiments. 
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Figure 6. The effect of different antibiotics on the intracellular distribution and shape of triple label Mtb in 
RAW 264.7 macrophages. A: Intracellular distribution of Mtb was manually classified as not within a vacuole 
(none), small/tight vacuole (small) or large/spacious vacuole (large), after 24 hours of incubation with 
rifampicin (RIF), isoniazid (INH), ethambutol (EMB), triple antibiotics cocktail (triple), or without antibiotics 
(control). Shown as percentage relative to total number of intracellular Mtb counted in the analyzed region; 
n>500 for all. B: The additional effect of gentamicin (GEN) on the intracellular distribution of Mtb was 
assessed after 24 hours of incubation with triple antibiotic cocktail (triple +/-GEN) or without antibiotics 
(control +/-GEN). Raw distributions were pairwise compared using the chi-square test and corrected for 
multiple testing using the Benjamini-Hochberg procedure, with a false discovery rate (FDR) of 0.1 (****: 
p<0.0001, **: p<0.01, *: p<0.05, ns: not significant). C: Zoom-in CLEM examples of the most common shapes, 
observed for bacterial profiles, classified as ovaloid (i), irregular (ii/iii) or no recognizable structure (iv; 
enhanced contrast of fluorescence for visual purposes). Relevant structures are indicated with an asterisk (*). 
A dotted line indicates the apparent vacuole where relevant. All scale bars represent 1 µm. 

 

In addition to the intracellular distribution of Mtb, the shape of the bacterial profile 
appeared to be affected by the antibiotics as well. After (cryo-)sectioning of the 
rod-shaped Mtb, the expected bacterial profile is somewhere between circular and 
elongated, but always ovaloid in shape (Figure 6C-i). Indeed, the bacterial profiles 
after 24h intracellular incubation without antibiotics were primarily ovaloid in 
shape (69%, n>500; Figure S14D). The remaining bacterial profiles display an 
irregular ‘pointy’ shape (Figure 6C-ii/iii, Figure S14B), perhaps suggesting a loss of 
bacterial integrity prior to fixation. Triple antibiotics treatment appeared to 
increase the number of irregular profiles (57%, n>500; Figure S14D), which may 
indicate an increase in Mtb killing. Some vacuoles were even found to contain 
distinct fluorescence while entirely lacking any recognizable bacterial structure 
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(Figure 6C-iv, Figure S14C), potentially carrying degradation products of the labeled 
Mtb. Interestingly, heat-killed bacteria were predominantly observed as irregular 
shapes (95%, n>500; Figure S14D) but with a well-preserved cell wall. 

The early intracellular population of Mtb, immediately after infection, was highly 
concentrated in large vacuoles (>80%, n>200). At this time point (0h post-infection), 
no significant effect of antibiotic pre-treatment (24 hours triple-antibiotic cocktail 
in vitro, before infection) on the subcellular distribution (Figure S13A) nor on the 
bacterial profiles of Mtb (Figure S14F) was observed, suggesting that more time is 
required for processing of the bacteria by the host cell. The untreated bacteria do 
appear to reside more in large clusters of smaller vacuoles, while the pre-treated 
bacteria were mostly found in large and spacious vacuoles (See Figure S13B for 
examples). However, this classification criterion was too subtle for unbiased 
manual quantification and was therefore excluded from further analysis. 

5.2.4 CLEM and flow cytometry-based quantification of label retention upon 
antibiotic treatment. 
The average fluorescence intensity, resulting from the metabolic labels Aha and 
alkDala, can be used as a measure for bacterial division, as the label content per 
bacterium will ‘dilute’ upon division. By combining existing Photoshop tools with a 
custom-build JavaScript, as well as a custom-build ImageJ macro, it was possible to 
quantify the average fluorescence intensity per bacterium-profile from the CLEM 
images (i.e. multimodal datasets). Using this method, the bacteria were segmented 
out of the finely correlated CLEM image, and the mean fluorescence intensity (MFI) 
was analyzed for each of the three fluorescence channels (n>200 bacteria 
analyzed). These results show that intracellular Mtb, treated with the triple-
antibiotic cocktail, retain more Aha and lose DsRed compared to the untreated 
control (Figure 7A, Figure S15). No significant difference in alkDala retention was 
observed (Figure 7B), although analysis artifacts cannot be excluded, due to the 
smudging of alkDala fluorescence beyond the selected bacterial outline (Figure 
S15) or variations in section thickness that may affect the fluorescence intensity. 

Since quantification of CLEM is intrinsically limited by its laborious correlation 
procedure, a higher-throughput technique was required for unambiguous 
quantification of the effect of antibiotics on bacterial proliferation, to support the 
observations done in CLEM. To achieve this, a custom flow cytometry-based 
method was developed to analyze the bacteria after recovery from the infected 
host cells (ex cellula). This was achieved by selective host cell lysis (adapted from 
Liu et al.68), followed by fixation and click labeling of the recovered bacteria, using 
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the method described above, to obtain optimal signal-to-noise and optimal 
recovery of bacteria. The cytometry results show a clear loss of Aha and alkDala 
retention per bacterium over time (24h vs 0h control), in the absence of antibiotics 
(Figure 7B, Figure S16). This loss was largely avoided by isoniazid and ethambutol. 
Heat-killed bacteria showed no loss of label over time (Figure S17J). Rifampicin 
does not show an effect on label retention, suggesting a different mechanism of 
action (Figure 7B, Figure S16, Figure S17). The triple-antibiotic cocktail showed an 
intermediate effect on label retention, suggesting a combinatorial but non-additive 
effect on label retention. No significant effect on DsRed was observed for any of 
the antibiotics, through this quantification approach. However, isoniazid and 
ethambutol show a distinct reduction in the typical Mtb autofluorescence69, similar 
but to a smaller degree as heat-killed Mtb (Figure S17F). This reduction in 
autofluorescence has previously been suggested as an indication for mycobacterial 
viability.70 

Taken together, these results indicate that – within the context of an LPS-
stimulated murine macrophage infection system – rifampicin mostly affects Mtb 
pathogenicity, while isoniazid and ethambutol seem to affect Mtb division more 
directly; although the complexity and heterogeneity of the life cycle of Mtb in host 
cells remains profound. 

 

 

Figure 7. Quantification of label retention after intracellular incubation of triple label Mtb in RAW 264.7 
macrophages with antibiotics. A: CLEM-based semi-automatic quantification of label retention after 24 hours 
intracellular incubation with triple antibiotics cocktail (triple) or without antibiotics (control). Distribution of 
the mean fluorescence intensity per bacterial profile (n=200). Thick horizontal line represents population 
mean, thin horizontal lines represent standard deviation (***: p<0.001, ns: not significant, Mann-Whitney U 
test). B: Flow cytometry-based quantification of label retention ex cellula, after 24 hours intracellular 
incubation with rifampicin (RIF), isoniazid (INH), ethambutol (EMB), triple antibiotic treatment (triple) or 
without antibiotics (24h control), normalized on bacteria recovered immediately after infection (0h control). 
Corresponding dot plots and MFI values, before normalization, are shown in Figure S12. 
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5.3 Conclusion 
The here-described combinatorial method allows for the study of intracellular 
localization of pathogenic bacteria in situ, as well as the effect of clinical or 
experimental drugs on the entire host-pathogen system. By combining fluorescent 
protein expression, proteome and cell wall labeling with high-content CLEM and 
flow cytometry, new information about the complex intracellular behavior of Mtb 
in macrophages was obtained. CLEM allows for simple fluorescence-guided 
detection of bacterial structures, and inversely, EM-guided analysis of fluorescent 
labels. The ultrastructural information of EM provides a subcellular description of 
both the bacterial behavior and that of the host cell. In addition, flow cytometry 
provides a quantification method for bacterial label retention under varying 
conditions. Using a triple labeling strategy, different components of the bacterium 
could be visualized, providing multi-parameter information about the metabolic 
state of the pathogen, although the sought-after in vivo unambiguous identification 
of live, dormant and dead bacteria remains elusive. Using multiple labels also 
significantly reduces the chance of missing events due to absence of a fluorescent 
label, and at the minimum, provides an internal standard for equivalent labels (Aha 
and alkDala). Alternatively, using a single bioorthogonal label could bypass the 
arduous task of genetically labeling a complicated level-3 pathogen, like Mtb. 

Large differences were observed between intracellular distribution of Mtb under 
normal conditions versus treatment with various clinical antibiotics. Rifampicin 
displayed the clearest effect on distribution, while isoniazid and ethambutol only 
had a mild effect. These observations suggest a more direct effect of rifampicin on 
bacterial pathogenicity and/or viability, which is in agreement with its proposed 
mechanism of action.71 Surprisingly, a routine low dose of gentamicin displayed a 
strong effect on distribution, which was additive to both untreated cells or cells 
treated with all three antibiotics simultaneously. This effect of gentamicin was 
probably due to bacteria escaping from the host cell, undergoing gentamicin-
induced extracellular killing, followed by re-internalization by surrounding 
macrophages. Although the additive effect of gentamicin is unlikely to interfere 
with routine assays, it should still be considered as a potential bias on drug efficacy. 

Besides broadly occurring phenomena, such as the subcellular distribution of Mtb, 
many less common events were observed such as apparent phagosome-lysosome 
fusion, possible autophagy of cytosolic Mtb, partially degraded Mtb fragments, 
leakage and vesicular transport of fluorescently labeled Mtb components, bacterial 
lipid inclusions and exocytosis of mycolic acids. Although these observations could 



Bioorthogonal Correlative Light-Electron Microscopy of Mycobacterium tuberculosis in Macrophages 
Reveals the Effect of Anti-Tuberculosis Drugs on Subcellular Bacterial Distribution 

183 

not yet be supported by sufficient evidence, they present an interesting starting 
point for follow-up studies, highlighting the exploratory power of CLEM. 

Flow cytometry-based quantification of label retention showed a clear loss of label 
retention over time, that was almost completely rescued by isoniazid or 
ethambutol treatment, but to a far lesser extent by rifampicin or the triple 
antibiotics combination. Label dilution over time is expected due to bacterial 
division without additional metabolic labels present in the medium. Label retention 
over time is therefore a result of inhibition of bacterial division, which is in 
accordance with the proposed mechanism of action for these antibiotics.71 Perhaps 
most surprising is the apparently intermediate efficacy of the triple antibiotic 
combination in terms of label retention. However, since the triple antibiotic 
combination showed the most pronounced effect on intracellular distribution, the 
overall therapeutic effect is likely a combination of bacteriostatic and bactericidal 
effects, as can be expected from these antibiotics. If future research provides a way 
to unequivocally distinguish dead from live Mtb, this would greatly benefit the 
interpretation of these results and assist in the discovery of novel antibiotics. 
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5.4 Experimental 
Safety statement 
All biological experiments with M. tuberculosis described in this study were 
performed under strict Bio Safety Level 3 conditions. Following fixation and 
disinfection of the tubes, further sample preparation for CLEM was performed 
under normal laboratory conditions. No unexpected or unusually high safety 
hazards were encountered. 

Reagents 
Difco Middlebrook 7H9 broth and ADC growth supplement were purchased from 
Becton Dickinson, Breda, The Netherlands. Hygromycin B, gentamicin and azide- or 
alkyne-modified Alexa Fluor dyes (AF488 and AF647) were purchased from Thermo 
Fisher Scientific, Bleiswijk, The Netherlands. Dulbecco’s modified Eagle medium 
(DMEM), GlutaMAX, Copper(II) sulfate pentahydrate, (+)-sodium L-ascorbate, 
tris(3-hydroxypropyltriazolylmethyl)amine (THPTA), aminoguanidine 
hydrochloride, paraformaldehyde, glycine, gelatin type A bloom 300 (gelatin), cold 
water fish skin gelatin, Lysozyme from hen egg white, bovine serum albumin (BSA), 
IGEPAL CA-630, Triton-X100 and Tween-80 were purchased from Sigma-Aldrich, 
Zwijndrecht, The Netherlands. D-propargylglycine (alkDala) was purchased from 
Combi-Blocks, San Diego, USA. EM-grade 8% paraformaldehyde and EM-grade 8% 
glutaraldehyde were purchased from Aurion, Wageningen, The Netherlands. Fetal 
calf serum (FCS) was purchased from VWR International, Amsterdam, The 
Netherlands. Penicillin G sodium and streptomycin sulphate were purchased from 
Duchefa, Haarlem, The Netherlands. 

Organic synthesis 
Synthesis of (S)-2-amino-4-azidobutanoic acid (L-azidohomoalanine; Aha) 

 

Aha was synthesized according to a previously described procedure by Zhang et al., 
201072. 
1H-NMR (D2O), 400 MHz: δ [ppm] = 4.05 (t, 1H, α-CH), 3.55 (t, 2H, γ-CH2), 2.15 (m, 
2H, β-CH2). 

 

N3

NH2
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Synthesis of (S)-2-Aminohex-5-ynoic acid (L-homopropargylglycine; Hpg) 

 

Hpg was synthesized according to previously described procedure by Li et al.73, 
adjusted to obtain the enantiomerically pure L-Hpg variant based on Chenault et 
al.74, Biagini et al.75 and Dong et al.76 

Chiral deprotection of N-acetyl-DL-homopropargylglycine (2-acetamidohex-5-
ynoic acid) 
A solution of 303 mg (1.13 mmol, 1 eq.) N-acetyl-DL-homopropargylglycine in 20 
mL H2O and adjusted to pH 7.5 using 1M NH4OH. 1 mg kidney acylase I (≥2000 
units/mg) was added and the mixture was stirred for 16 h at 37 °C. The enzyme was 
recovered by centrifugation dialysis, using a 10kDa membrane at 4000 rpm for 35 
min at 10 °C. Next, the solution was acidified to pH 3 with 2M HCl and extracted 
with 3 x 20 mL diethyl ether. The organic layers were concentrated to retrieve the 
N-acetyl-D-homopropargylglycine. The aqueous layer was loaded on a pre-washed 
and regenerated Dowex 50WX8 cation exchange resin (60 mL). The column was 
washed with 5 x bed volume of water, maintaining a pH of 5.5 at the exit and eluted 
with 200 mL 1.5M NH4OH. Product was detected by TLC and the eluate was 
concentrated and lyophilized to yield chirally pure L-Hpg (68 mg, 0.535 mmol, 95%) 
as a white powder. 

1H NMR (400MHz, D2O): δ [ppm] = 4.11 (t, J = 6.4 Hz, 1H), 2.42 – 2.36 (m, 2H), 2.36 
(s, 1H), 2.19 – 2.10 (m, 1H), 2.07 – 1.98 (m, 1H); 13C NMR (101MHz, D2O): δ 82.28, 
71.16, 52.05, 28.44, 14.16; HRMS (ESI): C6H9NO2 [M+H]+ 128.06, found 128.07; 
[α]20

D: +32.4 (c = 1, 1 M HCl); Ref 76: +28 (c = 1, 1 M HCl). 

Bacterial culture, metabolic labeling and viability assessment based on 
growth rate 
Mycobacterium tuberculosis (Mtb) strain H37Rv, expressing DsRed from a 
pSMT3[Phsp60/DsRed] plasmid50, was cultured in Difco Middlebrook 7H9 broth 
with 10% ADC, 0.05% Tween-80, 0.2% glycerol and 50 µg/mL hygromycin B (Thermo 
Fisher Scientific) shaking at 37°C. Fresh cultures were inoculated from glycerol 
stocks every 2 months due to loss of DsRed expression over time. For metabolic 
labeling of Mtb, cultures were supplemented with 4 mM Hpg, 4 mM Aha, 5 mM 
alkDala or a combination of 4 mM Aha and 5 mM alkDala (‘dual’) and incubated 

OH

O

NH2
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under normal culturing conditions. After 0h, 8h, 24h, 48h, 72h and 144h, bacterial 
growth was assessed by OD600 measurement and normalized on the first time point 
to determine the growth rate in the presence or absence of metabolic labels. These 
growth rates were plotted as percentages of the unlabeled Mtb control culture. 
After the last time point, the bacteria were collected by centrifugation (15 min at 
3200 rcf) and resuspended in fresh 7H9 to assess the bacterial growth recovery 
after label incorporation, over another incubation period of 144h. 

Mammalian cell culture and infection experiments 
RAW 264.7 cells (ATCC TIB-71), a mouse monocyte/macrophage cell line, were 
cultured in DMEM (Sigma-Aldrich) supplemented with 10% FCS, GlutaMAX, 
penicillin 100 I.U./mL and streptomycin 50 µg/mL and incubated at 37°C, 5% CO2. 
For infection experiments, 10 million cells were seeded on a 10 cm dish for each 
condition in minimal medium (DMEM, 10% FCS, GlutaMAX), allowed to attach for 
8 hours and pre-stimulated with 25 ng/mL LPS-B4 (Sigma-Aldrich) for an additional 
18 hours. Cells were infected with triple label Mtb at an MOI of 25 for 1 hour, 
washed three times with minimal medium containing 30 µg/mL gentamicin and 
incubated for 24 hours, in the presence or absence of 5 µg/mL gentamicin. For 
intracellular treatment with antibiotics, 1 µg/mL (1.2 µM) rifampicin, 2 µg/mL (14.6 
µM) isoniazid, 5 µg/mL (18.0 µM) ethambutol or a combination of the three (‘triple-
antibiotics cocktail’), was added to the medium during the 24-hour incubation post-
infection. For in vitro Mtb treatment with antibiotics, triple label Mtb were 
incubated for 24 hours in minimal cell medium containing the triple-antibiotics 
cocktail, washed once with fresh minimal cell medium and subsequently added to 
the cells for 1 hour to allow phagocytosis (infection). 

Analysis of label incorporation by in-gel fluorescence 
Mtb expressing DsRed were metabolically labeled as described above and samples 
of OD600 ≈ 0.5 were collected after 8h, 24h and 48h to analyze the label 
incorporation levels into the bacterial proteome, by in-gel fluorescence. Bacterial 
samples were pelleted by centrifugation (10 min at 9000 rcf), washed once with 
PBS and resuspended in 100 µL lysis buffer. Lysis buffer and conditions were varied 
(Table 1) to allow for optimal killing and recovery of bacterial proteins, while 
maintaining compatibility with subsequent copper(I)-catalyzed Huisgen 
cycloaddition (ccHc or ‘click’) reaction. Optimal lysis and protein recovery was 
achieved with 1% SDS and immediate heat treatment (30 min at 80°C). Protein 
concentration of the lysates was determined using Qubit Protein Assay (Thermo 
Fisher Scientific) and 10 µg protein was diluted to 20 µL total volume. Lysates were 
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reacted with AF647-azide (Hpg/alkDala) or alkyne (Aha/dual) by ccHc, through 
direct addition of 10 µL 3X concentrated ‘click cocktail’ (3 mM copper sulfate, 30 
mM sodium ascorbate, 3 mM THPTA ligand, 30 mM aminoguanidine, 100 mM 
HEPES pH 8 and 15 µM fluorophore; mixed in this exact order) and incubated for 1 
hour at room temperature. The reaction was quenched by adding 10 µL 4X 
concentrated Laemmli sample buffer and boiling for 5-10 min at 95°C, followed by 
brief cooling on ice. 10 µL of the fluorophore-labeled lysates was loaded on a 15-
slot 12.5% gel and separated by SDS-PAGE. In-gel fluorescence was measured on a 
Bio-Rad Chemidoc MP Imaging System (Bio-Rad Laboratories), followed by 
Coomassie Brilliant Blue staining and imaging as a protein loading control. Gel 
images were analyzed with Bio-Rad Image Lab Software (Bio-Rad Laboratories). 

Analysis of label incorporation by flow cytometry 
Mtb expressing DsRed were metabolically labeled as described above and samples 
of OD600 ≈ 0.5 were collected after 8h, 24h and 48h to analyze the label 
incorporation levels per bacterium, by flow cytometry. Bacterial samples were 
pelleted by centrifugation (10 min at 9000 rcf), washed once with PBS and 
resuspended in 100 µL fixative. Fixation and permeabilization conditions were 
varied (Table 2) to allow for optimal penetration of click fluorophores into the fixed 
bacteria, to reach the targeted bioorthogonal labels. Washing conditions were 
varied (Table 3) to allow for optimal resuspension and recovery of fixed bacteria, 
using an anti-clumping additive. Optimal fluorophore penetration and recovery of 
fixed bacteria were achieved by pre-permeabilizing the bacteria with 1% SDS in PBS 
for 15 min at room temperature, followed by fixation with 4% paraformaldehyde 
in PBS for 24 hours at room temperature, after collecting the bacteria by 
centrifugation (10 min at 9000 rcf). Fixed bacteria were collected by low-speed 
centrifugation (10 min at 2000 rcf) and stored in 0.5% paraformaldehyde in PBS at 
4°C until all time points were collected. Low-speed centrifugation was used to 
collect the fixed bacteria in between all further steps, to avoid damage due to 
excessive G-forces. Bacteria were washed once with PBS to remove residual 
paraformaldehyde and once with FACS buffer (0.1% BSA, 20 mM glycine in PBS) to 
quench free aldehydes. The first ccHc reaction, with AF647-azide, was performed, 
by resuspending the bacteria in ‘click cocktail’ (1 mM copper sulfate, 10 mM sodium 
ascorbate, 1 mM THPTA ligand, 10 mM aminoguanidine, 100 mM HEPES pH 8 and 
5 µM fluorophore; mixed in this exact order), and incubating for 1 hour at room 
temperature. After a single wash with FACS buffer, the second ccHc reaction, with 
AF488-alkyne, was performed in the same manner. After another wash with FACS 
buffer, the bacteria were resuspended in blocking buffer (1% BSA, 10 mM EDTA in 



Chapter 5 

188 

PBS) and incubated for 30 min at room temperature, to assist the removal of non-
specifically bound fluorophores. After a final wash with FACS buffer, the bacteria 
were resuspended in FACS buffer and measured on a BD FACSLyric Flow Cytometer 
(BD Biosciences). The UV-autofluorescence of Mtb was detected in the V450 
channel, Aha-AF488 was detected in the FITC channel, DsRed was detected in the 
PE channel and alkDala-AF647 was detected in the APC channel. Automatic 
compensation was provided by the integrated BD FACSuite software (BD 
Biosciences) and all subsequent analysis was performed with FlowJo V10 (FlowJo 
software). The measured events were gated on size, shape and fluorescence to 
accurately select single bacteria (Fig. 2A). Quantification of label incorporation was 
achieved by selecting the median fluorescence intensity (MFI) of the major 
[Aha+/alkDala+] population for dually-labeled Mtb or the major [Aha-/alkDala-] 
population for unlabeled Mtb (Fig. 2A, Fig. S2). 

Preparation of single-bacteria samples for CLEM 
Mtb expressing DsRed were metabolically labeled as described above and samples 
of 50 mL were collected after 1h, 24h and 48h to analyze the label incorporation 
levels into the bacterial proteome and cell wall, by on-section ccHc reaction. 
Unlabeled control bacteria were included as a control for background fluorescence 
of on-section ccHc reaction. Bacteria were collected by centrifugation (15 min 3000 
rcf), washed once with PBS and resuspended in a fixation solution optimized for 
Transmission Electron Microscopy (TEM) (2% EM-grade paraformaldehyde, 0.2% 
EM-grade glutaraldehyde in 0.1M phosphate buffer pH 7.2) and rotated for 2 hours 
at room temperature. The fixed bacteria were collected by centrifugation and 
stored in storage buffer (0.5% EM-grade paraformaldehyde in 0.1M phosphate 
buffer pH 7.2) at 4°C until all time points were collected. The fixed bacteria were 
washed with PBS and aldehyde residues were quenched with 20 mM glycine in PBS. 
Next, the bacteria were collected by centrifugation, resuspended in warm 1% 
gelatin in PBS, transferred to a 1.5 mL Eppendorf tube, resuspended in warm 12% 
gelatin in PBS and pelleted by centrifugation (3 min at 5000 rcf). After jellification 
on ice, the sample pellet was cut off from the tube and cut in half with a razor knife. 
Sample cubes of approx. 1 mm2 were prepared and rotated in a 2.3 M sucrose 
solution for 18 hours to allow for sucrose infiltration, as a cryo-protectant, followed 
by plunge-freezing the cubes on metal support pins. 

Preparation of Mtb-infected macrophage samples for CLEM 
Following infection and post-infection incubation of triple labeled Mtb in RAW 
264.7 cells, in the presence or absence of antibiotics, the cells were washed three 
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times with minimal cell medium containing 30 µg/mL gentamicin and once with 
PBS. The cells were fixed with TEM-optimized fixation solution (2% EM-grade 
paraformaldehyde, 0.2% EM-grade glutaraldehyde in 0.1M phosphate buffer pH 
7.2) for 2 hours at room temperature, rinsed with PBS and stored in storage buffer 
(0.5% EM-grade paraformaldehyde in 0.1M phosphate buffer pH 7.2) at 4°C until 
all time points were collected. Fixed cells were rinsed with PBS, harvested in warm 
1% gelatin in PBS with cell scrapers and transferred to a 15 mL Falcon tube. The 
cells were collected by centrifugation, resuspended in warm 1% gelatin in PBS, 
transferred to a 1.5 mL Eppendorf tube, resuspended in warm 12% gelatin in PBS 
and pelleted by centrifugation (3 min at 800 rcf). Samples were further processed 
for plunge-freezing as described for the bacteria-only samples above. 

Cryo-sectioning and on-section ccHc reaction 
Ultrathin (75 nm) cryo-sections were prepared according to the Tokuyasu 
technique 54,55, using a cryo-ultramicrotome (Leica) and diamond knife (Diatome). 
Sections were thawed on a droplet of pickup fluid (1.15 M sucrose, 1% 
methylcellulose) and transferred to a Formvar/carbon-coated TEM grid (titanium, 
100 square mesh, 3.05 mm, center-marked; Agar Scientific), pre-coated with blue 
0.2 µm FluoSpheres (Thermo Fisher) as fiducial markers. Thawed cryo-sections 
attached to the TEM grid were incubated on 2% gelatin in PBS for 30 min at 37°C, 
followed by washing on 20 mM glycine in PBS (5x 2 min). Next, the sections were 
subjected to ccHc reaction with AF647-azide (or AF647-alkyne for analysis of label 
incorporation) on a droplet of ‘click cocktail’ (1 mM copper sulfate, 10 mM sodium 
ascorbate, 1 mM THPTA ligand, 10 mM aminoguanidine, 100 mM HEPES pH 8 and 
5 µM fluorophore; mixed in this exact order), for 1 hour at room temperature. After 
several washes with PBS, the second ccHc reaction with AF488-alkyne was 
performed, followed by several washed with PBS. The sections were then incubated 
on droplets of 1% BSA in PBS for 3 x 10 min at room temperature, to assist the 
removal of non-specifically bound fluorophores. Nuclear staining of the host cells 
was achieved by incubating the sections on a droplet of 0.2 µg/mL DAPI in PBS for 
5 min. 

Confocal microscopy 
After several washes with PBS, the fluorescently-labeled sections attached to TEM 
grids were mounted in water containing 30% glycerol between a microscopy slide 
and a coverslip, and sealed with silver Scotch tape. The samples were imaged on an 
Andor Dragonfly 505 Spinning Disk Confocal (Oxford Instruments), containing an 8-
line integrated laser engine, on a Leica DMi8 inverted microscope equipped with a 
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100X/1.47 HC PL APO TIRF-corrected oil objective. FluoSpheres were excited with 
the 405 line and collected with the 450/50 BP emission filter, AF488 was excited 
with the 488 line and collected with the 525/50 BP emission filter, DsRed was 
excited with the 561 line and collected with the 620/60 BP emission filter and AF647 
was excited with the 637 line and collected with the 700/75 BP emission filter.  
Images were acquired with the Zyla 2048x2048 sCMOS camera and 2x2 camera 
binning controlled with the integrated Fusion software. Z-series optical sections 
were collected with a system-optimized step-size of 0.13 microns and deconvolved 
using the integrated ClearView-GPUTM deconvolution software. Z-series are 
displayed as maximum z-projections, and gamma, brightness and contrast were 
carefully adjusted (identically for compared image sets) using FIJI.77 Maximum 
intensity projections were made, in order to compensate for non-flat sections. 

TEM imaging and correlation 
After acquiring the fluorescence microscopy (FM) images, the TEM grids containing 
the sections were recovered from the microscopy slides, rinsed in distilled water 
and incubated for 5 min on droplets of uranyl acetate/methylcellulose. The 
negatively-stained sections were then imaged on a FEI Tecnai 12 BioTwin TEM 
System (FEI Technologies) at 120 kV acceleration voltage. Correlation of FM and 
TEM images was performed in Adobe Photoshop CC 2020 (Adobe Systems). The 
separate fluorescence channels were imported as layers, set to overlay mode 
‘Lighten’, then grouped and set to overlay mode ‘Color’, placed on top of the TEM 
image. Transformation of the FM image to match the TEM image was achieved by 
isotropic scaling with interpolation setting ‘bicubic smoother’, translation and 
rotation. Alignment at low magnification was guided by the grid bars and sample 
shape for single bacteria or nuclei for Mtb-infected cells. Alignment at high 
magnification was guided by the fiducial beads and the position of the bacteria. 
Minor manual corrections for chromatic aberration were applied where required, 
guided by the obvious bacterial shapes, showing a clear internal [DsRed+/Aha+] 
part and a ring-like [alkDala+] cell wall. 

Quantification of intracellular Mtb localization and shape in situ by CLEM-
based data analysis 
The intracellular localization and shape of triple label Mtb, in the presence or 
absence of antibiotics, was quantified by manual counting of bacteria in the large 
CLEM image, using Adobe Photoshop CC 2020 (Adobe Systems). Fluorescence was 
used to guide the detection of bacteria, and the geometrical shapes tool 
(‘rectangle’, ‘rounded rectangle’, ‘ellipse’, ‘polygon’ and ‘custom shape’) was used 
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to classify bacteria and host cells based on their appearance and localization, which 
allowed for facile automatic counting for each of the categories (geometric shapes) 
by Photoshop. The complete large field of view CLEM image was used for 
quantification, which allowed for a large data set of over 500 bacteria per condition. 
The distribution of intracellular bacteria was classified as either ‘no vacuole’, 
‘small/tight vacuole’ or ‘large/spacious vacuole’ to allow unbiased counting, and 
plotted as percentage relative to the total number of intracellular bacteria counted. 
Extracellular bacteria were counted separately and plotted as percentage relative 
to the total number of intracellular and extracellular bacteria counted. The 
appearance (bacterial profile) of intracellular bacteria was classified as either 
‘regular shape’ or ‘irregular shape’ to allow unbiased counting, and plotted as 
percentage relative to the total number of bacteria counted. Host cell death was 
quantified by counting disintegrated cell profiles, still containing a DAPI-positive 
compartment to allow unbiased counting, and plotted as percentage relative to the 
total number of nucleus-containing cell profiles counted. Each of the conditions 
was tested at least twice but the quantified data were obtained from a single 
experiment in which all conditions were tested simultaneously in parallel, to avoid 
technical variations. 

Quantification of intracellular Mtb size and label retention in situ by CLEM-
based data analysis 
Label retention of intracellular triple label Mtb, in the presence or absence of 
antibiotics, was quantified by semi-automatic analysis of the fluorescence (DsRed, 
Aha-AF488, alkDala-AF647). To this end, a JavaScript was created using the Adobe 
Photoshop CC Script Listener Plug-in for Windows (2020 version, downloaded from 
https://helpx.adobe.com/photoshop/kb/downloadable-plugins-and-content.html), in 
combination with some manual modifications, and is freely available upon request. 
The resulting script only requires manual selection of the outline of a bacterium 
using the ‘lasso tool’, and allows for automatic cropping of the selected bacterium, 
followed by removal of the external area surrounding the outline. The bacterial 
fluorescence profiles for each channel (as well as the TEM image) are exported 
separately and saved as TIF files in a ‘[channel]_bacterium_[number]’ format that 
allows automatic pairing and counting. A secondary ImageJ (IJ1) Macro-style script 
was created to automatically analyze all exported bacterial fluorescence profiles, 
based on average fluorescence intensity, and is freely available upon request. The 
resulting data points were plotted individually in violin plots using GraphPad Prism 
8 (GraphPad Software). Each of the conditions was tested at least twice but the 

https://helpx.adobe.com/photoshop/kb/downloadable-plugins-and-content.html
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quantified data were obtained from a single experiment in which all conditions 
were tested simultaneously in parallel, to avoid technical variations. 

Quantification of Mtb label retention by flow cytometry after recovery from 
host cell (ex cellula) 
Following infection and post-infection incubation of triple labeled Mtb in RAW 
264.7 cells, in the presence or absence of antibiotics (identical to CLEM 
experiment), the cells were washed three times with minimal cell medium 
containing 30 µg/mL gentamicin and once with PBS. Cells were lysed with lysis 
buffer (0.1% Triton-X100, 150 mM NaCl, 20 mM Tris-HCl) for 15 min at room 
temperature and the cell debris was separated from the bacteria by centrifugation 
(5 min at 600 rcf) and pellet discarded. The bacteria were collected by 
centrifugation (15 min at 3000 rcf), pre-permeabilized with 1% SDS in PBS and fixed 
with 4% paraformaldehyde in PBS for 24 hours at room temperature. Fixed bacteria 
were collected by low-speed centrifugation (10 min at 2000 rcf) and stored in 0.5% 
paraformaldehyde in PBS at 4°C until all time points were collected. The isolated 
bacteria were further processed and measured by flow cytometry, as described for 
the freshly labeled Mtb above. The measured events were gated on size, shape and 
fluorescence to accurately select single bacteria (Fig. 2A). Quantification of label 
retention was achieved by selecting the MFI of the major [Aha+/alkDala+] 
population and corresponding [autofluorescence+/DsRed+] population (Fig. 6B, 
Fig. S12). Each of the conditions was tested at least twice but the quantified data 
were obtained from a single experiment in which all conditions were tested 
simultaneously in parallel, to avoid technical variations. 

Statistics 
The unpaired two-tailed Mann-Whitney U test and Chi-Square (χ2) test were 
performed using GraphPad Prism 8 (GraphPad Software). The Benjamini-Hochberg 
procedure for multiple testing was performed in Microsoft Excel 2016 (Microsoft), 
with a False Discovery Rate (FDR) of 0.1. 
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5.5 Supplemental Figures 
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Figure S1. Overview of antibiotics used in this study. Rifampicin is a polyketide antibiotic that inhibits bacterial 
RNA synthesis by binding to the RNA polymerase β subunit.78 Isoniazid is a prodrug that is activated by KatG 
to form a nicotinoyl-NAD adduct, which in turn inhibits mycolic acid synthesis, thereby interfering with the 
mycobacterial cell wall synthesis.79 Ethambutol is a small molecule antibiotic that inhibits arabinogalactan 
synthesis, thereby interfering with the bacterial cell wall synthesis.80 The bacteriostatic and/or bactericidal 
effect of these antibiotics are concentration-, time- and growth phase dependent, and may differ when used 
in combination.81,82 Gentamicin is a bactericidal aminoglycoside antibiotic that inhibits bacterial protein 
synthesis by binding to the bacterial ribosome.83 Gentamicin is not cell permeable but is actively taken up by 
Gram-negative bacteria in an oxygen-dependent manner.84 D-cycloserine is a cyclic D-alanine analogue that 
blocks peptidoglycan synthesis, thereby interfering with the bacterial cell wall synthesis.85 D-cycloserine can 
be bacteriostatic or bactericidal depending on the concentration and the susceptibility of the bacterial 
species.86 
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Figure S2. Growth recovery of Mtb after 144h label incorporation relative to control. DsRed-expressing Mtb 
H37Rv were first incubated with 4 mM Hpg, 4 mM Aha, 5 mM alkDala or a combination of 4 mM Aha and 5 
mM alkDala (dual), for 144h in Middlebrook 7H9 broth (shown in Fig. 1A). The medium was then replaced by 
fresh 7H9 broth without metabolic labels and the bacterial growth recovery after labeling was assessed for 
another 144h by OD600 measurements, normalized on the first time point. The number of biological replicates 
for each OD600 measurement is indicated above the bar. 
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Figure S3. Controls of label incorporation over time by flow cytometry. DsRed-expressing Mtb H37Rv were 
incubated with a combination of 4 mM Aha and 5 mM alkDala or without labels, for the indicated time in 
Middlebrook 7H9 broth. Bacterial samples of 0.5 OD were collected, pre-permeabilized with 1% SDS and fixed 
in 4% paraformaldehyde. Fixed and permeabilized bacteria were reacted with AF647-azide (alkDala) and 
AF488-alkyne (Aha) by two sequential ccHc reactions. The effect of label incorporation on DsRed fluorescence 
was assessed after 8 h (A), 24 h (B) and 48 h (C) incubation and compared to incubation without metabolic 
labels after 8 h (D), 24 h (E) and 48 h (F). The background fluorescence of the ccHc (click) reaction was analyzed 
after incubation without metabolic labels for 8 h (G), 24 h (H) and 48 h (I). J: The effect of label incorporation 
on DsRed fluorescence over time is shown as the median fluorescence intensity (MFI), on the same scale as 
used in Fig. 2A for comparison. K: The relative change in label incorporation over time and the resulting effect 
on DsRed fluorescence are shown as normalized MFI values, corresponding to the MFI values presented in 
Fig. 2A and panel J of this figure. 
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Figure S4. Controls of label incorporation over time by flow cytometry in presence of increasing 
concentrations of Rifampicin. DsRed-expressing Mtb H37Rv were cultured and analyzed as for Figure S2 after 
pretreatment with for either 1h (A-E) or 24h (F-J) with rifampicin in increasing concentrations. 
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Figure S5. Controls of label incorporation over time by flow cytometry in presence of increasing 
concentrations of D-cycloserine. DsRed-expressing Mtb H37Rv were cultured and analyzed as for Figure S2 
after pretreatment with for either 1h (A-E) or 24h (F-J) with D-cycloserine in increasing concentrations. 
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Figure S6. Controls of label incorporation by flow cytometry after heat-killing or PFA-fixation. A/B: Untreated 
control bacteria with or without metabolic labels. C/D: Heat-killed bacteria (30 min at 80 °C) with or without 
metabolic labels. E/F: PFA-killed bacteria (30 min in 4% PFA) with or without metabolic labels. 
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Figure S7. Signal and background fluorescence of on-section click reactions. Triple label Mtb and DsRed-only 
Mtb were prepared, followed by cryo-sectioning and dual on-section ccHc reaction with AF647-azide (alkDala) 
and AF488-alkyne (Aha), sequentially. The resulting confocal microscopy images are shown as separated 
fluorescence channels for clarity. All scale bars represent 5 µm. 

 

 

Figure S8. Large area CLEM image of Mtb in vitro, corresponding to the details presented in Fig. 3. Triple label 
Mtb and DsRed-only Mtb were prepared and subsequently prepared for cryo-sectioning, followed by cryo-
sectioning and dual on-section ccHc reaction with AF647-azide (alkDala) and AF488-alkyne (Aha), 
sequentially. The sections were imaged by confocal microscopy, then stained with uranyl acetate and imaged 
by TEM. The resulting fluorescence and TEM images were correlated in Photoshop to obtain the CLEM image, 
shown in the bottom panel. The top panel shows the corresponding fluorescence channels separately for 
clarity. All scale bars represent 5 µm. 
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Figure S9. Stepwise zooming in from an ultra large field of view CLEM image, corresponding to the details 
presented in Fig. 4. RAW 264.7 macrophages were infected with triple label Mtb, incubated for 24 hours 
without antibiotics, and subsequently prepared for cryo-sectioning, followed by dual on-section ccHc reaction 
with AF647-azide and AF488-alkyne. The resulting confocal fluorescence image was correlated onto the 
corresponding large field of view (stitched) TEM image, using Photoshop. An entire window in the TEM grid 
could be partially correlated with the available fluorescence image, depending on the orientation of the grid 
during acquisition (A). Photoshop allows zooming to an area of interest to provide the required details, while 
keeping the channels separated (i.e. multimodal dataset). The boxed area in the large field of view CLEM 
image (B) corresponds to the medium field of view image (C), in which the boxed area corresponds to the 
small field of view image (D; separated channels shown in Fig. 4i-iv). All scale bars represent 1 µm. 
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Figure S10. Mtb displays a heterogeneous intracellular distribution in host cells. RAW 264.7 macrophages 
were infected with triple label Mtb and incubated with or without antibiotics, and subsequently prepared for 
cryo-sectioning, followed by dual on-section ccHc reaction with AF647-azide and AF488-alkyne. The resulting 
confocal fluorescence image was correlated onto the corresponding large field of view (stitched) TEM image, 
using Photoshop. A small percentage of bacteria appears to have escaped into the cytosol, as no vacuole can 
be observed (A). These bacteria may fuse again with a vacuole (ii), divide cytosolically (iii) or potentially be 
re-compartmentalized into a double membrane autophagosome (iv). An intermediate percentage of bacteria 
resides in a small vacuole (B), that can appear empty (i) or filled with smaller vacuoles/granules (ii). Bacteria 
may divide within small vacuoles (iii) and the vacuole may wrap tightly around the bacterium (iv). A large 
percentage of bacteria resides in large vacuoles (C) that may appear spacious (i) or filled with smaller 
vesicles/granules (ii). Vacuoles containing a cluster of bacteria were classified as large, regardless of being 
smaller (iii) or larger (iv). A dotted line indicates the apparent vacuole where relevant. All scale bars represent 
500 nm. 
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Figure S11. Mtb is released from host cell and subsequently re-internalized by surrounding macrophages. 
RAW 264.7 macrophages were infected with triple label Mtb and incubated with or without antibiotics. The 
resulting confocal fluorescence image was correlated onto the corresponding large field of view (stitched) 
TEM image, using Photoshop. Some Mtb-containing macrophages are disintegrated (A), probably as a result 
of the Mtb infection. The escaped bacteria reside extracellularly (B), surrounded by cell debris. Extracellular 
bacteria appear to be re-internalized by neighboring cells (C), through phagocytosis of separate bacteria (i) 
or internalization of the entire necrotic cell (ii), which can result in large vacuoles that contain both bacteria 
and cell debris (iii). A dotted line indicates the apparent cell outline or vacuole where relevant. All scale bars 
represent 1 µm. 
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Figure S12. The occurrence of extracellular Mtb and apparent host cell death changes upon treatment with 
antibiotics. RAW 264.7 macrophages were infected with triple label Mtb for 1 hour and immediately analyzed 
(0h untreated) or further incubated for 24 hours with rifampicin (RIF), isoniazid (INH), ethambutol (EMB), a 
combination of the three (triple) or no antibiotics (24h control) and compared to Mtb pre-treated with triple 
antibiotics before infection (0h pre-treated). An additional control with heat-killed Mtb (prior to infection) 
was included as a negative control for pathogenicity. A: Mtb in the absence of host cell or inside a 
disintegrating host cell were classified as extracellular Mtb. Shown as percentage relative to total number of 
Mtb counted in the analyzed region; n>500 bacteria counted. B: Disintegrating and/or entirely phagocytosed 
macrophages were classified as host cell death. Shown as percentage relative to total number of 
macrophages counted in the analyzed region; n>80 cells counted. 

 

 

Figure S13. Mtb resides primarily in large vacuoles directly after infection. RAW 264.7 macrophages were 
infected with triple label Mtb for 1 hour with viable Mtb (0h control) or Mtb pre-treated with rifampicin, 
isoniazid and ethambutol (0h pre-treated), and analyzed immediately after infection. The resulting confocal 
fluorescence image was correlated onto the corresponding large field of view (stitched) TEM image, using 
Photoshop. A: Intracellular distribution of Mtb was manually classified as no vacuole/cytosolic (none), 
small/tight vacuole (small) or large/spacious vacuole (large). Shown as percentage relative to total number 
of intracellular Mtb counted in the analyzed region; n>200 bacteria counted. B: Most untreated bacteria 
reside in large clusters of smaller vacuoles (i), that were considered large vacuoles for unbiased counting, 
while most of the pre-treated bacteria reside in large (ii) and spacious (iii) vacuoles. This distinction was not 
considered in the quantification in order to avoid interpretation bias. A dotted line indicates the apparent 
vacuole where relevant. All scale bars represent 1 µm. 
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Figure S14. Intracellular Mtb displays bacterial profiles in various shapes. RAW 264.7 macrophages were 
infected with triple label Mtb for 1 hour (0h untreated) and incubated for 24 hours without antibiotics (24h 
control) or with rifampicin, isoniazid and ethambutol (24h triple antibiotics) and compared to Mtb pre-treated 
with triple antibiotics before infection (0h pre-treated). The variety of shapes, observed for the bacterial 
profiles, were classified into ovaloid (A) or irregular (B). In some cases, clear fluorescence was observed 
without any recognizable bacterial structure (C), containing either alkDala (i), Aha (ii), DsRed (iii) or all three 
combined (iv). Relevant structures are indicated with an asterisk (*). A dotted line indicates the apparent 
vacuole where relevant. All scale bars represent 1 µm. D: The intracellular appearance of Mtb was manually 
classified as ovaloid or irregular, shown as percentage relative to the total number of Mtb counted in the 
analyzed region; n>500 bacteria counted. E: The additional effect of gentamicin (GEN) on the intracellular 
appearance of Mtb was assessed after 24 hours of incubation with triple antibiotic cocktail (triple +/-GEN) or 
without antibiotics (control +/-GEN); n>500 bacteria counted. F: The early intracellular appearance of Mtb 
was assessed directly after infection with Mtb pre-treated with triple antibiotics cocktail or with untreated 
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control bacteria; n>200 bacteria counted. Raw distributions were pairwise compared using the chi-square 
test and corrected for multiple testing using the Benjamini-Hochberg procedure, with a false discovery rate 
(FDR) of 0.1 (****: p<0.0001, ***: p<0.001, **: p<0.01, *: p<0.05, ns: not significant). 

 

 

Figure S15. Semi-automatic CLEM-based quantification of label retention in intracellular Mtb. RAW 264.7 
macrophages were infected with triple label Mtb for 1 hour and incubated for 24 hours with rifampicin, 
isoniazid and ethambutol (24h triple antibiotics) or no antibiotics (24h untreated control). The resulting 
confocal fluorescence image was correlated onto the corresponding large field of view (stitched) TEM image, 
using Photoshop. Bacterial outline was drawn manually in Photoshop, using the ‘lasso tool’, followed by 
automatic cropping and separation of channels, using a JavaScript. Raw fluorescence images 
(brightness/contrast unchanged) were subsequently analyzed based on the average fluorescence intensity of 
the non-white area (masked), using an ImageJ macro. A: Two examples of untreated control bacteria, 
incubated for 24 hours intracellularly without antibiotics, showing the color-merged CLEM image (i,v), 
isolated alkDala signal (ii,vi), isolated Aha signal (iii,vii) and isolated DsRed signal (iv,viii). B: Two examples of 
triple antibiotics treated bacteria, incubated for 24 hours intracellularly with rifampicin, isoniazid and 
ethambutol, showing the color-merged CLEM image (i,v), isolated alkDala signal (ii,vi), isolated Aha signal 
(iii,vii) and isolated DsRed signal (iv,viii). All scale bars represent 500 nm. 
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Figure S16. Quantification of label retention by flow cytometry. RAW 264.7 macrophages were infected with 
triple label Mtb for 1 hour (0h control; A) and further incubated for 24 hours without antibiotics (24h control; 
B) or with rifampicin (RIF; C), isoniazid (INH; D), ethambutol (EMB; E) or a combination of the three (triple; F). 
Bacteria were recovered by selective lysis of the host cell, fixed and processed for flow cytometry. The 
average label retention was quantified by selecting the Aha+/alkDala+ quadrant or the 
autofluorescence+/DsRed+ quadrant. G: The median fluorescence intensity (MFI) was used for the 
quantification of all signals, as it reflects the average signal intensity for a local population most accurately. 
Corresponding normalized MFI values are presented in Fig. 6B. 
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Figure S17. Additional controls for bacterial recovery from host cells. RAW 264.7 macrophages were infected 
with triple label Mtb for 1 hour (0h control; A) and further incubated for 24 hours without antibiotics (24h 
control; B) or with increasing concentrations of rifampicin (RIF; C, D, E) or heat-killed (30 min at 80°C) Mtb 
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(F). Bacteria were recovered by selective lysis of the host cell, fixed and processed for flow cytometry. 
Additional in vitro controls were included, in which the Mtb were incubated in cell medium for 0h (G) or 24h 
(H). The average label retention was quantified by selecting the Aha+/alkDala+ quadrant or the 
autofluorescence+/DsRed+ quadrant. I/J/K: MFI was used for the quantification of all signals and 
subsequently normalized to the 0h time point. 
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Abstract 
This chapter provides a summary of the work presented, as well as several future 
prospects that could be pursued, based on the techniques developed in this thesis. 
In the first example, both highly selective and broad-spectrum Activity Based-
Probes (ABPs) are combined with Bioorthogonal Correlative Light-Electron 
Microscopy (B-CLEM) to study the intracellular localization of active cathepsin 
populations with regard to bacterial antigens, within the ultrastructure of the cell. 
In the second example, the localization of cathepsins is studied in combination with 
pathogenic and non-pathogenic bacteria, and compared to a co-infection system. 
In the third example, the possibility of multiple orthogonal bioorthogonal reactions 
is explored, for simultaneous labeling of multiple biomolecules in a single sample. 
Finally, the remaining challenges and limitations of the current technique are 
discussed, and potential improvements and alternative approaches are suggested. 
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6.1 Summary 
In this thesis, bioorthogonal (click) chemistry is combined with in-gel fluorescence, 
flow cytometry, fluorescence (confocal) microscopy, super-resolution Stochastic 
Optical Reconstruction Microscopy (STORM), Correlative Light-Electron Microscopy 
(CLEM) and STORM-CLEM. Bioorthogonal chemistry as developed and applied in 
this thesis comprises a two-step labeling approach, in which first a bioorthogonal 
group or ‘click handle’ is incorporated into a biological system of interest by 
exploiting the organism’s natural metabolism (also known as metabolic labeling), 
followed by a biocompatible ligation reaction or ‘click reaction’ to attach a 
fluorophore for detection. In this way, the initial label exerts minimal interference 
on the biochemistry and biology of the targeted organism, while it can be detected 
by exploiting its intrinsic capability to selectively attach a fluorophore at the desired 
time. For many purposes, the fluorophore can be attached at the end of a biological 
time course, following chemical fixation to preserve the (sub)cellular distribution 
of biological components like proteins, carbohydrates and fatty acids. Combining 
this convenient labeling strategy with the appropriate analysis technique can 
provide useful information about the cellular content (flow cytometry), localization 
(confocal microscopy), subcellular distribution (CLEM) and even single-molecule 
distribution within the ultrastructure of the cell (STORM-CLEM). 

In chapter 1 a general introduction about bioorthogonal chemistry and its 
application for fluorescent analyses and imaging is presented. The general 
principles of bioorthogonal chemistry and metabolic labeling are introduced, and 
applications of bioorthogonal metabolic labeling to bacteria. Finally, the broad 
compatibility of bioorthogonal chemistry is illustrated by highlighting its potential 
application to the various analysis methods described above. 

In chapter 2 recent advancements in the field of metabolic labeling for imaging of 
intracellular pathogenic bacteria are reviewed. Recent results in metabolic labeling 
of the bacterial proteome, peptidoglycan and the mycomembrane of 
corynebacteria are described, and compared to another widely used chemical 
labeling methodology: Activity-Based Protein Profiling (ABPP). The application of 
both labeling approaches in imaging techniques is discussed, within the context of 
intracellular pathogenic bacteria. 

Chapter 3 describes that terminal alkynes and azides – two of the most widely 
applied bioorthogonal functionalities in metabolic labeling – are resistant to even 
the harshest of biochemical environments found in phagocytic cells of the immune 
system (dendritic cells and macrophages), while the widely used strained alkynes 
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BCN and DBCO quickly degrade under these conditions. In this chapter, flow 
cytometry was exploited to measure the fluorescence of click handle-modified 
beads, after attaching a fluorophore to each of the click handles by copper-
catalyzed or strain-promoted Huisgen-type cycloaddition reactions (ccHc and spHc, 
respectively). This allowed the quantification of click handle stability, since 
degradation of these handles reduced the number of fluorophores per bead, thus 
resulting in a lower fluorescent signal. Terminal alkynes proved ideal for labeling of 
biological systems such as bacteria for two reasons: 1) terminal alkynes were found 
to be resistant to the lysosomal compartments of the phagocytes (<6% degraded) 
and 2) azide-containing fluorophores showed significantly lower background 
fluorescence compared to the alkyne-containing fluorophore, in the inverse 
labeling strategy. 

In chapter 4 bioorthogonal labeling is used to visualize the facultative intracellular 
pathogen Salmonella enterica serovar Typhimurium (Stm) within the host 
phagocyte, through incorporation of bioorthogonal amino acids into the proteome 
or cell wall of Stm. Optimization of label incorporation was achieved using in-gel 
fluorescence analysis, flow cytometry and STORM. Incorporation of either L-
azidohomoalanine (Aha) or L-homopropargylglycine (Hpg) into the proteome was 
successful with negligible effect on bacterial viability but the alkyne-containing Hpg 
was preferred due to the lower background level of the azide-containing 
fluorophore, as discovered in chapter 3. Incorporation of D-propargylglycine 
(alkDala) into the peptidoglycan of the cell wall of Stm was also successful but 
proved inferior to Hpg in terms of labeling efficiency. The Hpg-labeled Stm were 
subsequently used to study their infection of dendritic cells, using flow cytometry 
and STORM-CLEM. Within this context, STORM-CLEM allowed for a >10-fold 
resolution improvement compared to confocal-CLEM, as well as providing single-
molecule detection, improved signal-to-noise ratio and crisper images with more 
details. Some small labeled structures were detected outside of the bacterial 
structure, which may represent secreted Stm proteins, although this remains to be 
confirmed. 

In chapter 5 the bioorthogonal labeling strategy, described in chapter 4, is 
translated to a more dangerous and clinically relevant facultative intracellular 
pathogen, Mycobacterium tuberculosis (Mtb) which is the causative agent of 
tuberculosis (TB). All analysis techniques had to be customized for Mtb due to its 
excessively thick and complex mycobacterial cell wall. In-gel fluorescence, flow 
cytometry, on-section confocal microscopy and CLEM were used to optimize the 
incorporation of bioorthogonal amino acids into the bacterial proteome and cell 
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wall of Mtb. Successful triple labeling of Mtb was achieved by combining DsRed 
fluorescent protein expression with Aha-labeling of the bacterial proteins and 
alkDala-labeling of the cell wall. 

Using these techniques, new information about the complex intracellular behavior 
of Mtb in macrophages was obtained. Most importantly, the effect of three first-
line anti-tuberculosis drugs (rifampicin, isoniazid and ethambutol) on intracellular 
distribution and shape of the bacteria was quantified using B-CLEM. Moreover, the 
effect of these drugs on label retention (Aha, alkDala and DsRed) was quantified 
using flow cytometry. The three drugs combined had the strongest effect on 
intracellular distribution, relocating almost every bacterium to a large/spacious 
vacuole. Surprisingly, this triple drug combination did not have the strongest effect 
on label retention but instead an intermediate effect, suggesting some mutual 
drug-drug interference may occur. 

6.2 Future prospects 
Whereas the bioorthogonal CLEM (B-CLEM) method presented in this thesis has 
proven to be of great value to the study of pathogenic intracellular bacteria such as 
Mtb, it should be of equal value in addressing various other biological questions. 
For example, the degradation and further processing of non-pathogenic bacteria 
towards antigen presentation could be studied in more detail. Alternatively, the 
differences between pathogenic and non-pathogenic bacteria could be 
investigated, as well as the triggers that cause a non-pathogenic strain to become 
pathogenic. Even for Mtb, many questions still remain that could be answered with 
B-CLEM and related techniques such as bioorthogonal STORM-CLEM, flow 
cytometry and proteomics. Moreover, the B-CLEM approach could still be improved 
and expanded in several ways. Whereas B-CLEM has thus far mostly been used in 
combination with bioorthogonal amino acids – to study the fate of intracellular 
bacteria – it may also be combined with different bioorthogonal probes, such as 
metabolic labels for non-protein biomolecules or selective enzyme probes. 
Additionally, since the B-CLEM approach is based on the Tokuyasu method for cryo-
sectioning, it should also be compatible with direct fluorescent probes (e.g. 
fluorescent enzyme probes or fixable organelle trackers), as well as 
immunofluorescence and immunogold labeling. This would expand the scope of 
potential targets and potentially increase the number of targets that can be studied 
simultaneously in a single sample. Another way to increase the number of targets 
would be to use multiple click ligation reactions that can be performed in a single 
sample without cross-reacting, so-called mutually orthogonal bioorthogonal 
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reactions. A first step towards this goal has already been illustrated in chapter 5 
where two metabolic labels, containing either an azide or an alkyne, could be 
reacted selectively to different fluorophores, using two sequential ccHc reactions. 

6.2.1 Application of a Highly Selective Cathepsin S Two-Step Activity-Based 
Probe in B-CLEM 
One way in which the B-CLEM approach could be improved would be to use a highly 
selective Activity-Based Probe (ABP) to specifically target an enzyme of interest. 
Cathepsin S (Cat S) is a lysosomal cysteine protease highly expressed in immune 
cells such as dendritic cells, B cells and macrophages.1,2 Its functions include 
extracellular matrix breakdown and cleavage of cell adhesion molecules to facilitate 
immune cell motility, as well as cleavage of the invariant chain during maturation 
of MHC II.3–9 Cat S is a major factor in MHC II-mediated antigen presentation and 
there is compelling (though not yet conclusive) evidence that it also contributes to 
MCH I-mediated cross-presentation.6–8 The identification of these diverse specific 
functions has brought the challenge of delineating Cat S activity with great spatial 
precision, relative to related enzymes and substrates. 
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When applying a potent and highly selective azide-containing ABP for Cat S (FJD239; 
Figure 1), confocal microscopy and B-CLEM can provide valuable information on 
the subcellular localization of Cat S. The broad compatibility of this technique 
allows for simultaneous identification of related cysteine cathepsins using a broad-
spectrum ABP (BMV109), as well as a relevant bioorthogonally-labeled antigen 
(Hpg-E. coli) during degradation (Figure 2). 

 

 
Figure 2. Localization of Cat S, studied by confocal microscopy. (A) Naïve BMDCs (at time point 0) were treated 
with FJD239 (green) for one hour and BMV109 (red) for one hour, and FJD239 was visualized through ccHC. 
(B) BMDCs were pulsed with Hpg-labeled E. coli (white) for 45 minutes, followed by treatment with FJD239 
(green) for one hour and BMV109 (red) for one hour. Hpg-E. coli and FJD239 were visualized by dual ccHc 
with AFDye555-azide and AF488-alkyne. DNA was counterstained with Hoechst for reference. Vesicles 
containing only Cat S are annotated with white arrows. Scale bar represents 5 µm. 
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Although colocalization of bacterial antigen with cathepsins was prevalent, a high 
variance in cathepsin activity between cells was observed (Figure 2). This may 
follow from the fact that the GM-CSF-generated BMDCs used here, form a highly 
heterogeneous population of monocytic cells.12 It was also noted that occasionally, 
intact bacteria could still be observed at three hours post-infection. While most 
vesicles labelled positive for both Cat S activity and the broad-spectrum cathepsin 
probe, some vesicles can be observed that exclusively contain Cat S activity without 
detectable activity of the other cathepsins (Figure 2, arrows), which is in line with 
a previous observation by Bender and co-workers.10 The exact function and nature 
of these vesicles remain elusive but would be interesting to study further. 

Since the B-CLEM method is compatible with immunogold labeling, additional 
proteins of interest (e.g., MHC II or LAMP1) can be identified, thereby overcoming 
the limited number of fluorescent channels (normally 4). Ultimately, this allows for 
the localization of Cat S (green) relative to other cathepsins (red), antigen 
(magenta) and LAMP1 (15 nm gold; Figure 3) or MHC II (15 nm gold; Figure 4). The 
number of labeled molecules of interest in one image can be increased even more 
by combining various sizes of gold particles (5, 10 & 15 nm).13 Alternatively, the 
number of fluorescent channels can be increased by adding an additional near-
infrared laser, or using tandem dyes.14 

The first example clearly illustrates the presence of LAMP1 on bacteria-containing 
phagosomes (Figure 3, arrow 1/2), as well as on vesicles containing both Cat S and 
other lysosomal cathepsins (Figure 3, arrow 3). Although complete colocalization 
of Hpg-E. coli with cathepsins was not observed in this example, large cathepsin-
containing vesicles (Figure 3, arrow 3/4) are in close proximity of the phagosomes 
and may be in a process of fusion or exchange of contents.15,16 One of the bacterial 
profiles is small and irregular in shape (Figure 3, arrow 2), suggesting partial 
degradation has already occurred (for more information see chapter 5). Although 
no quantification can be performed on this example alone, most of the detected 
Cat S activity appear in close proximity to this partially-degraded bacterium. 
Indeed, Cat S was shown to be actively involved with antigen presentation6, 
amongst various other activities. 
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Figure 3. The involvement of Cat S in bacterial degradation, studied by B-CLEM. BMDCs were pulsed with 
Hpg-E. coli (magenta) for 45 minutes, followed by treatment with FJD239 (green) for one hour and BMV109 
(red) for one hour. Cryo-sectioning was followed by on-section dual ccHc with AFDye555-azide and AF488-
alkyne, and LAMP1 was visualized with 15 nm immunogold labelling (black dots). The nuclei were stained 
with DAPI (blue) and the confocal and TEM images were correlated. Scale bar represents 1 µm. 

 

 
Figure 4. The involvement of Cat S in MHC II antigen presentation, studied by B-CLEM. BMDCs were pulsed 
with Hpg-E. coli (magenta) for 45 minutes, followed by treatment with FJD239 (green) for one hour and 
BMV109 (red) for one hour. Cryo-sectioning was followed by on-section dual ccHc with AFDye555-azide and 
AF488-alkyne, and MHC II was visualized with 15 nm immunogold labelling (black dots). The nuclei were 
stained with DAPI (blue) and the confocal and TEM images were correlated. Scale bar represents 1 µm. 
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The second example shows the presence of MHC II both on the plasma membrane 
and inside several vesicles. These MHC II-positive vesicles appear to contain either 
(almost) exclusively Cat S (Figure 4, arrow 1) or a combination of Cat S and other 
lysosomal cathepsins (Figure 4, arrow 2). A vesicle that apparently contains both 
Cat S and bacterial digest was observed as well (Figure 4, arrow 3), suggesting Cat 
S may indeed be involved in antigen processing in this example. Another vesicle can 
be observed, apparently containing exclusively Cat S but no MHC II (Figure 4, 
arrow 4). The presence of MHC II on Cat S-positive vesicles clearly illustrates a role 
for MHC II in antigen presentation, consistent with literature.6 It would be 
interesting to study the localization of Cat S with respect to MHC I, to potentially 
confirm that Cat S is involved in the production of antigenic peptides for cross-
presentation.7 

Although no definitive biological conclusions can be drawn from this pilot study, it 
clearly illustrates the potential of four color, dual bio-orthogonal fluorescence 
imaging in combination with CLEM and immunogold labelling. Together, this 
exemplifies the great applicability of FJD239 in fluorescence microscopy and 
state-of-the-art dual B-CLEM. 

6.2.2 Studying the role of cathepsins in bacterial degradation and immune 
evasion using CLEM 
B-CLEM has previously been used to study degradation of E. coli in dendritic cells, 
which showed colocalization of small Aha-positive foci, representing partially 
degraded bacteria, with lysosomal associated membrane protein 1 (LAMP1)-
positive compartments of the host cell.17 This implied that the Aha-labeled E. coli 
were degraded inside host cell lysosomes, which is in line with existing knowledge 
of the bacterial degradation pathway.18 However, this only confirms the initial 
uptake and degradation of E. coli until the degradation products reach the late 
phagosomes/phagolysosomes but do not clarify the subsequent processing 
towards antigen presentation. Several specialized lysosomal hydrolases, including 
multiple cathepsins, are involved in the processing of large foreign antigens (such 
as bacteria) into small antigenic peptides that can be presented on Major 
Histocompatibility Complex (MHC) II via the classical pathway or on MHC I via so-
called antigen cross-presentation.19 

When applying a broad-spectrum ABP for cysteine cathepsins (BMV109; Figure 1), 
confocal microscopy and CLEM can provide valuable information on the subcellular 
localization of E. coli, with respect to enzymatically active cathepsins. Although 
fluorescent proteins can be inactivated during bacterial degradation, GFP was 
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found to remain surprisingly fluorescent and can therefore be used as a practical 
first step in studying the degradation process by CLEM. However, bioorthogonally-
labeled E. coli will be more suitable to study antigen processing in more detail, since 
it remains detectable for longer periods of time.17 

Confocal microscopy of dendritic cells, shortly after phagocytosis of the bacteria 
did not yet show colocalization of the lysosomal cathepsins with GFP-E. coli (Figure 
5). However, in some cases large cathepsin-containing vesicles were found in close 
proximity to the bacterium, suggesting that fusion between phagosome and 
lysosomes may follow (Figure 5, arrows). 

 

 
Figure 5. Localization of E. coli relative to active cathepsins, studied by confocal microscopy. DC2.4 dendritic 
cells were pulsed with GFP-expressing E. coli (green) for 45 minutes, followed by treatment with BMV109 
(red) for one hour. DNA was counterstained with Hoechst for reference. Top arrow indicates an E. coli 
bacterium, bottom arrow indicates large cathepsin-containing vesicles. Scale bar represents 5 µm. 

 

CLEM confirmed that GFP-expressing E. coli (green) do not yet colocalize with active 
cathepsins (red) shortly after uptake (Figure 6) but show considerable 
colocalization after one hour chase in dendritic cells (Figure 7). As observed above, 
the cathepsin-containing vesicles are in close proximity to the bacteria-containing 
phagosomes but did not yet fuse for the earliest time point (Figure 6, arrows). After 
one hour chase, a large compartment was observed that contains a clear GFP-
positive bacterial structure, surrounded by a large BMV109-positive vacuole (Figure 
7, arrow). This compartment can be considered a classical phagolysosome due to 
the co-occurrence of a bacterium and the active lysosomal cathepsins.15 Indeed, 
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some of the large bacterial antigen appears to be processed into smaller pieces that 
lack a recognizable structure after three hours (Figure 8, arrow). This smaller GFP-
positive antigen seems to be localized in a multi-vesicular compartment, which is 
in accordance with literature, as it was found that MHC II and its associated 
antigens are often found in multivesicular bodies.20,21 

Additional research using B-CLEM, STORM-CLEM (see chapter 4) and further 
quantification (see chapter 5) could shine a light on the antigen processing pathway 
and help to further elucidate the process of antigen (cross-)presentation. Indeed 
bioorthogonal model antigens have recently been used to study the effect of 
posttranslational modifications on antigen processing and presentation22, whereas 
bioorthogonal antigens have also been used to obtain chemical control over T cell 
activation.23,24 Ideally, the entire pathway from bacterial or viral uptake until 
antigen (cross-)presentation can be studied using the techniques described in this 
thesis, in combination with other techniques such as proteomics25, to further 
elucidate this process and open new doors for therapeutic intervention. 

 

 
Figure 6. The involvement of cathepsins in bacterial degradation directly after uptake, studied by CLEM. D1 
cells were pulsed with GFP-expressing E. coli (green) for 45 minutes, followed by treatment with BMV109 
(red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The nuclei were 
stained with DAPI (blue) and the confocal and TEM images were correlated. Arrows indicate BMV109-positive 
compartments. Scale bar represents 1 µm. 
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Figure 7. The involvement of cathepsins in bacterial degradation one hour post-uptake, studied by CLEM. D1 
cells were pulsed with GFP-expressing E. coli (green) for 45 minutes and chased for one hour, followed by 
treatment with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu 
method. The nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrow 
indicates a large GFP-positive and BMV109-positive compartment. Scale bar represents 1 µm. 

 

 
Figure 8. The involvement of cathepsins in bacterial degradation three hours post-uptake, studied by CLEM. 
D1 cells were pulsed with GFP-expressing E. coli (green) for 45 minutes and chased for three hours, followed 
by treatment with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu 
method. The nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrow 
indicates a GFP-positive multivesicular compartment. Scale bar represents 1 µm. 
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Contrary to the non-pathogenic E. coli, intracellular pathogenic bacteria have 
evolved many ways to evade the host immune response, thereby allowing them to 
survive and often even proliferate inside host (immune) cells26. One of the survival 
strategies employed by Stm is to inhibit fusion of the Salmonella-containing vacuole 
(SCV) with lysosomes through several (secreted) effector proteins27,28, effectively 
avoiding exposure to acidic pH, antimicrobial peptides and hydrolytic enzymes29,30. 
Indeed, when DsRed-expressing Stm was studied by CLEM, colocalization of Stm 
with lysosomes (judged by BMV109 fluorescence) was not detected (Figure 9), 
although close encounters were observed (Figure 10, arrow). 

Interestingly, when allowing both E. coli and Stm to infect dendritic cells 
simultaneously, colocalization of Stm with cathepsins appears to be more prevalent 
in cells containing both bacterial species (Figure 11, top arrow), suggesting an 
immunostimulatory effect may be elicited by the presence of E. coli. Cells 
containing only Stm are less likely to show colocalization of this bacterium with 
cathepsins (Figure 12). This effect must be quantified and further studied to 
confirm (or reject) this observation but it is interesting to speculate that immune-
modulatory secreted proteins from Stm31 may protect the bystander E. coli in this 
context. 

There is a clear difference between the Stm-containing vacuole, which spaciously 
surrounds the bacterium, and the E. coli-containing vacuole that is tightly wrapped 
around the bacterium (Figure 11). This allows for reliable identification of the 
bacterial species, even when the fluorescent protein loses fluorescence (Figure 12, 
top arrow), either due to degradation or loss of expression. Interestingly, in the 
small dataset presented here (n≈500 bacteria), Stm seems to lose DsRed 
fluorescence before structural integrity, while E. coli appears to lose its structural 
integrity before GFP fluorescence. Loss of DsRed fluorescence by Stm may either 
represent degradation (Figure 11, arrow) or loss of its expression plasmid and 
subsequent proliferation, resulting in fluorescent protein dilution. Loss of structure 
(as the result of degradation) by E. coli is often accompanied by the presence of 
small vesicles surrounding or inside the bacterial structure, as well as colocalization 
with cathepsins, suggesting phagolysosomal degradation is occurring (Figure 13). 
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Figure 9. The involvement of cathepsins in Stm immune evasion, studied by CLEM (example 1). D1 cells were 
pulsed with DsRed-expressing Stm (magenta) for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrows indicate 
BMV109-positive compartments. Scale bar represents 1 µm. 

 

 
Figure 10. The involvement of cathepsins in Stm immune evasion, studied by CLEM (example 2). D1 cells were 
pulsed with DsRed-expressing Stm (magenta) for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrow indicates a 
BMV109-positive compartment. Scale bar represents 1 µm. 
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Figure 11. The involvement of cathepsins in bacterial degradation in a dual-infection system with E. coli and 
Stm, studied by CLEM (example 1). D1 cells were pulsed with GFP-expressing E. coli (green) and DsRed-
expressing Stm (magenta) simultaneously for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrows indicate 
BMV109-positive compartments. Scale bar represents 1 µm. 

 

 
Figure 12. The involvement of cathepsins in bacterial degradation in a dual-infection system with E. coli and 
Stm, studied by CLEM (example 2). D1 cells were pulsed with GFP-expressing E. coli (green) and DsRed-
expressing Stm (magenta) simultaneously for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrows indicate Stm-
containing vacuoles. Scale bar represents 1 µm. 
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Figure 13. The involvement of cathepsins in bacterial degradation in a dual-infection system with E. coli and 
Stm, studied by CLEM (example 3). D1 cells were pulsed with GFP-expressing E. coli (green) and DsRed-
expressing Stm (magenta) simultaneously for 45 minutes and chased for one hour, followed by treatment 
with BMV109 (red) for one hour. Cryo-sectioning was performed according to the Tokuyasu method. The 
nuclei were stained with DAPI (blue) and the confocal and TEM images were correlated. Arrow indicates a 
BMV109-positive, E. coli-containing compartment. Boxes show zoom-ins of the indicated regions. Scale bar 
represents 1 µm. 

 

Once again, additional research using B-CLEM, STORM-CLEM and further 
quantification could help to further elucidate the immune-evading strategies of 
Stm, as well as provide information on the effect of co-infection by multiple 
pathogenic and non-pathogenic bacteria. Moreover, it would be interesting to use 
B-CLEM to study pathogenic E. coli variants such as the enteropathogenic E. coli 
(EPEC), uropathogenic E. coli (UPEC) or meningitis-associated E. coli (MNEC), which 
cause enteric/diarrheal disease, urinary tract infections (UTIs) and 
sepsis/meningitis, respectively.32 

6.2.3 Triple orthogonal bioorthogonal reactions for further expansion of the 
B-CLEM method 
Using multiple bioorthogonal reactions simultaneously to selectively label more 
than one biomolecule in a single experiment, has been a topic of great interest to 
chemical biologists, ever since the discovery of the first bioorthogonal reaction.33,34 
Several mutually orthogonal bioorthogonal reactions have been discovered to 
date35 and have been applied to label up to three different targets in a single 
sample.36–41 In this thesis, it was found that even the copper-catalyzed azide-alkyne 
ligation can be performed in conjunction with the inversed alkyne-azide ligation in 
a single microscopy sample, as long as the bioorthogonal labels are incorporated 



Chapter 6 

232 

into different parts of the cell, and the reactions are performed sequentially with 
intermediate washing (chapter 5). Given the fact that several bioorthogonal 
reactions are mutually orthogonal (Figure 14), this theoretically allows for at least 
three different bioorthogonal ligations in one microscopy sample. 
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Figure 14. Reactivity profile of the most commonly used bioorthogonal groups. Arrows indicate reactivity 
between indicated groups. Dashed arrow indicates reactivity occurs exclusively under special conditions; +CuI 
= copper(I)-catalyzed conditions are required for reaction to occur42, PAB = para-azidobenzyl is required for 
this reaction to occur43. 

A potential triple orthogonal bioorthogonal ligation (triple click) strategy could be 
a combination of alkyne, azide and cyclopropene metabolic labels, which are 
mutually unreactive in the absence of copper(I). The corresponding reporter 
moieties (e.g. fluorophores) can be chosen with some flexibility, depending on the 
nature of the sample and the analysis method. An alkyne label can only react with 
an azide-reporter and exclusively under copper-catalyzed conditions. An azide label 
can be ligated either to an alkyne-reporter under copper-catalyzed conditions or to 
a cyclooctyne-reporter under copper-free conditions. Since cyclooctynes react with 
tetrazines as well, the bulky dibenzocyclooctyne (DBCO) is the preferred reaction 
partner for azides, as it is sterically hindered in its reaction with aryltetrazines.35 
Strained cycloalkenes readily react with tetrazines but the rate of reaction heavily 
depends on the actual structure of both the cycloalkene and the tetrazine.44–46 
When prioritizing the small size of bioorthogonal label (as for the alkyne and azide 
groups) the cyclopropene is the obvious choice. The corresponding reporter must 
then contain a tetrazine but the exact structure (R and Ar groups) remains open for 
optimization. 
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When applying this triple click strategy to the metabolic labelling and imaging 
strategy presented in this thesis, a combination of the alkyne-containing nucleoside 
5-ethynyl-2'-deoxyuridine (EdU), the azide-containing sugar 1,3,4,6-tetra-O-acetyl-
N-azidoacetylmannosamine (Ac4ManNAz) and the cyclopropene-containing fatty 
acid sterculic acid (StA) can be used. To confirm the viability of this approach, cells 
were incubated with the three metabolic labels simultaneously for two hours, 
followed by fixation with PFA and permeabilization with Triton-X100 with 
intermediate washing. A sequential triple click approach was chosen, with 
intermediate washing steps to minimize potential cross-reactivity or interference. 
StA was first reacted to 5 µM AFDye 488-tetrazine in PBS for one hour, followed by 
a washing step with PBS to remove excess dye. EdU was next reacted to 5 µM AFDye 
647-azide under ccHc conditions, followed by a washing step with PBS to remove 
excess dye. Finally, Ac4ManNAz was reacted to 5 µM AFDye 555-alkyne under ccHc 
conditions, followed by a washing step with PBS to remove excess dye and a 30 
minute wash with 1% BSA in PBS to remove any non-specifically bound dye. Indeed, 
the three click reactions were found to be mutually orthogonal, succeeding in 
selectively labelling StA, Ac4ManNAz and EdU (Figure 15A) without any detectable 
background staining (Figure 15B). 

It would be interesting to combine this triple click approach with CLEM as it creates 
the possibility to study three metabolic bioorthogonal labels simultaneously, at the 
subcellular level. This could for example allow the study of three bacterial 
components (e.g., proteins, peptidoglycan and lipids) simultaneously and observe 
how these components are processed by the host immune cell after degradation 
of the bacterium. Alternatively, this approach could be reversed to study the uptake 
of host components by an intracellular pathogenic bacterium, in order to 
understand which nutrients are taken up by the pathogen under different 
conditions, in situ. 

Theoretically, a fourth orthogonal group could be added for a quadruple click 
strategy but when considering only the bioorthogonal groups discussed here, 
selectivity will have to be obtained through the difference in reaction rate and/or 
sterics.46 Hypothetically, kinetic selectivity could be obtained between the fast 
trans-cyclooctene (TCO) and the slow norbornene group or even an unstrained 
vinyl group, which has been shown to react with tetrazines, albeit slowly.47 When 
considering steric factors, selectivity can be obtained between a TCO and a 
cyclopropene group, when using two different tetrazines containing either small or 
bulky side groups.46 Alternatively, a fourth (and potentially even fifth) orthogonal 
group may potentially be found in the ever expanding collection of novel 
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bioorthogonal chemistries.41,48,49 Since pure orthogonality in reactivity is difficult to 
obtain, special conditions may be required to obtain a fourth fully orthogonal group 
such as photoinduction.50 It remains to be experimentally confirmed if these 
bioorthogonal labeling and ligation strategies can indeed be applied to a single 
sample, without cross-reactivity. 

 

 
Figure 15. Triple orthogonal bioorthogonal labeling (triple click), studied by confocal microscopy. (A) U2OS 
cells were incubated with StA (green), Ac4ManNAz (gray) and EdU (red) simultaneously for two hours, and 
visualized through sequential triple click reactions using AFDye 488-tetrazine, AFDye 555-alkyne and AFDye 
647-azide, with intermediate washing. (B) U2OS cells were incubated without labels for two hours, and 
background labeling was analyzed by subjecting the unlabeled cells to the same triple click treatment as 
above. DNA was counterstained with Hoechst for reference.  Scale bar represents 5 µm. 
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6.3 Challenges and limitations of the current B-CLEM approach 
Although bioorthogonal labeling has proven to be a useful partner for various 
fluorescence-based analysis and imaging techniques, including CLEM, it does 
introduce some intrinsic challenges and limitations. First of all, the introduction 
of a click handle through metabolic labeling can be challenging, depending on 
the biomolecule and organism of interest. For example, it has been shown that 
while bioorthogonal analogues of mannosamine and various other sugars are 
readily metabolized and incorporated into cell surface glycans, analogues of 
galactose are not.51 This hurdle could be overcome by injecting a bioorthogonal 
analogue of a downstream metabolite (UDP-galactose) but clearly exemplifies 
how a single approach cannot always be translated directly to similar 
biomolecules. Similarly, while bioorthogonal analogues of D-alanine are readily 
incorporated into the peptidoglycan of many bacteria, Chlamydia trachomatis 
does not accept D-alanine analogues.52 Again, this hurdle could be overcome by 
using a bioorthogonal analogues of a downstream metabolite (D-alanine-D-
alanine dipeptide) but it exemplifies how a potential difference between 
organisms. 

Another challenge is the selective ligation of a fluorophore to the incorporated 
click handle, which starts with selecting a suitable bioorthogonal reaction. The 
ccHc reaction is a logical first choice, since the alkyne and azide groups are the 
smallest available click handles, resulting in minimal interference in the 
function of the labeled biomolecule. The reaction is also fast, selective (low 
background) and well-established. However, the copper(I)-dependency of this 
reaction makes it unsuitable for live cell ligation and causes several problems 
for copper/redox-sensitive techniques. The copper-free spHc reaction can be 
used to avoid this issue but at the expense of speed and selectivity. An IEDDA 
reaction provides a viable alternative but at the expense of click handle size, 
potentially causing interference in the function of the biomolecule of interest. 

Performing the ligation reaction can bring challenges as well. Whereas cell 
surface labels can easily be reached by a fluorophore in solution, an intracellular 
click handle requires additional consideration. Cell permeable fluorophores are 
often poorly water soluble, causing additional background labeling, while water 
soluble fluorophores are often cell impermeable. It is therefore desirable to 
chemically fix and permeabilize (or section) the cells in order to allow 
fluorophores to freely access the intracellular environment. If live cell imaging 
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is required, a compatible reaction should be chosen, in combination with a cell 
permeable fluorophore. 

Since electron microscopy requires fixation of the biological sample, all 
available bioorthogonal reactions should theoretically be compatible with 
CLEM. However, only the Tokuyasu cryo-sectioning method has thus far been 
proven to be compatible with on-section click reactions.17 Other techniques 
usually involve resin embedding, for which the click handles are expected to 
either be degraded in the polymerization process or become unreachable for 
the fluorophore.53 It is important to note that cryo-sectioning provides poorer 
contrast and preservation of ultrastructure when comparing to resin-based 
methods.54 It would therefore be beneficial to identify a method that is 
compatible with bioorthogonal ligation reactions, while providing better 
contrast and preservation of ultrastructure. A recent publication showed that, 
surprisingly, immunogold labeling can still be performed on ultrathin sections 
of resin-embedded cells.54 Therefore, if a mild resin-embedding method can be 
identified that is compatible with click handles, this could potentially open up 
new possibilities for on-section click reactions as well. Alternatively, if the 
bioorthogonal ligation reactions are performed on live cells, the cells could then 
be fixed and resin-embedded, potentially providing better contrast and 
preservation of ultrastructure (assuming the fluorescence is preserved).55 

STORM-CLEM provides roughly 10-fold better spatial resolution in the 
fluorescent signal and much higher sensitivity compared to confocal-CLEM.56 
However, this technique introduces several additional challenges and 
limitations. Whereas the entire process of sample preparation, cryo-sectioning, 
imaging and correlation of images for CLEM is already highly laborious, the 
addition of STORM makes the process even more laborious and time 
consuming. Additionally, due to the single-molecule sensitivity of STORM, the 
observable background labeling of non-specifically bound fluorophores is 
increased significantly.57 Reduction of this background is highly desirable but 
difficult to achieve. Finally, the high laser power required for STORM has a 
negative effect on the preservation of ultrastructure.57 It would therefore be 
desirable to use an alternative super-resolution fluorescence microscopy 
technique that requires lower laser power, such as DNA-based point 
accumulation for imaging in nanoscale topography (DNA-PAINT) in combination 
with on-section click reactions.58 
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6.4 Conclusion and future outlook 
In summary, the current B-CLEM method can be applied to many different research 
questions and still has a lot of room for improvements. Its broad compatibility with 
many labeling strategies, as well as the potential for direct translation to 
bioorthogonal STORM-CLEM, flow cytometry and other techniques, is a great 
virtue. Nevertheless, alternative strategies combining click chemistry with CLEM 
can be conceived, in order to overcome intrinsic limitations of the current 
technique. 

First, 3D information could also be obtained with CLEM. To achieve this, a large 
series of sections must be obtained, individually correlated, and manually stacked 
in a retrospective manner, known as array tomography. Although not impossible, 
this is very difficult to achieve with Tokuyasu cryo-sections. A different approach 
would be to perform the click reaction(s) on live cells, followed by resin embedding 
and room-temperature sectioning to obtain strong, consistent sections that are 
more suited for array tomography.55 

Second, the need for chemical fixation can be overcome by using cryo-EM. To 
achieve this, the click reaction(s) must be performed on live cells, after which the 
sample is plunge-frozen. Super-resolution cryo-CLEM can then be performed to 
obtain high-resolution fluorescence information within the native 
ultrastructure.59,60 

Finally, the need for electron microscopy may be circumvented by using of 
expansion microscopy.61 Although technically not CLEM, this technique uses 
physical swelling of the sample to enlarge the cells enough to obtain EM-resolution 
using only light microscopy.62 

It is important to note that all three examples have limitations of their own, such 
as the need to perform the click reactions on live cells, rendering the ccHc reaction 
nearly impossible. Therefore, when the small size of the incorporated click handles 
is a priority, the current B-CLEM method is still preferred. 
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6.5 Experimental 
Safety statement 
All biological experiments with S. enterica serovar Typhimurium described in this 
study were performed under strict Bio Safety Level 2 conditions. Following fixation 
and disinfection of the tubes, further sample preparation for CLEM was performed 
under normal laboratory conditions. No unexpected or unusually high safety 
hazards were encountered. 

Reagents 
Lysogeny broth (LB) medium, methionine (Met), Dulbecco’s modified Eagle 
medium (DMEM), Iscove's Modified Dulbecco's Medium (IMDM), GlutaMAX, 
pyruvate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), glycine, 
gelatin type A bloom 300 (gelatin), paraformaldehyde (PFA), bovine serum albumin 
(BSA), Copper(II) sulfate pentahydrate, (+)-sodium L-ascorbate, tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA), aminoguanidine hydrochloride, and 
IGEPAL CA-630 were purchased from Sigma-Aldrich, Zwijndrecht, The Netherlands. 
Non-essential amino acids (NEAA), 2-mercaptoethanol, L-glutamine, Hoechst 
33342, 4',6-Diamidino-2-Phenylindole (DAPI) and Alexa Fluor 488 (AF488)-alkyne 
were purchased from Thermo Fisher Scientific, Bleiswijk, The Netherlands. 
AFDye488-tetrazine, AFDye555-alkyne and AFDye647-azide were purchased from 
Click Chemistry Tools, Scottsdale, USA. SelenoMet minimal medium was purchased 
from Molecular Dimensions, Sheffield, UK. D-propargylglycine (alkDala) was 
purchased from Combi-Blocks, San Diego, USA. EM-grade 8% paraformaldehyde, 
EM-grade 8% glutaraldehyde and BSA-c were purchased from Aurion, Wageningen, 
The Netherlands. Fetal calf serum (FCS) was purchased from VWR International, 
Amsterdam, The Netherlands. Penicillin G sodium and streptomycin sulphate were 
purchased from Duchefa, Haarlem, The Netherlands. Granulocyte-Macrophage 
Colony-Stimulating Factor (GM-CSF) was purchased from ImmunoTools, 
Friesoythe, Germany. BMV109 and FJD239 were kindly provided by Floris van Dalen 
and Dr. Martijn Verdoes. 

Organic synthesis 
Synthesis of (S)-2-Aminohex-5-ynoic acid (L-homopropargylglycine; Hpg) 

 

OH

O

NH2
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Hpg was synthesized according to previously described procedure by Li et al.63, 
adjusted to obtain the enantiomerically pure L-Hpg variant based on Chenault et 
al.64, Biagini et al.65 and Dong et al.66 

Chiral deprotection of N-acetyl-DL-homopropargylglycine (2-acetamidohex-5-
ynoic acid) 
A solution of 303 mg (1.13 mmol, 1 eq.) N-acetyl-DL-homopropargylglycine in 20 
mL H2O and adjusted to pH 7.5 using 1M NH4OH. 1 mg kidney acylase I (≥2000 
units/mg) was added and the mixture was stirred for 16 h at 37°C. The enzyme was 
recovered by centrifugation dialysis, using a 10kDa membrane at 4000 rpm for 35 
min at 10°C. Next, the solution was acidified to pH 3 with 2M HCl and extracted 
with 3 x 20 mL diethyl ether. The organic layers were concentrated to retrieve the 
N-acetyl-D-homopropargylglycine. The aqueous layer was loaded on a pre-washed 
and regenerated Dowex 50WX8 cation exchange resin (60 mL). The column was 
washed with 5 x bed volume of water, maintaining a pH of 5.5 at the exit and eluted 
with 200 mL 1.5M NH4OH. Product was detected by TLC and the eluate was 
concentrated and lyophilized to yield chirally pure L-Hpg (68 mg, 0.535 mmol, 95%) 
as a white powder. 

1H NMR (400MHz, D2O): δ [ppm] = 4.11 (t, J = 6.4 Hz, 1H), 2.42 – 2.36 (m, 2H), 2.36 
(s, 1H), 2.19 – 2.10 (m, 1H), 2.07 – 1.98 (m, 1H); 13C NMR (101MHz, D2O): δ 82.28, 
71.16, 52.05, 28.44, 14.16; HRMS (ESI): C6H9NO2 [M+H]+ 128.06, found 128.07; 
[α]20

D: +32.4 (c = 1, 1 M HCl); Ref 66: +28 (c = 1, 1 M HCl). 

Bacterial culture and metabolic labeling 
E. coli B834, E. coli B834 expressing GFP17 and Stm SL1344 expressing DsRed67 were 
grown overnight at 37°C in LB medium. The following day cultures were diluted 
1:33 and grown at 37°C to an OD600 between 0.3-0.5. In case of metabolic labeling, 
the bacteria were collected and resuspended in SelenoMet medium, supplemented 
with 4 mM Hpg and incubated for 30 min at 37°C to allow for label incorporation. 
The bacteria were washed (1x PBS), resuspended in PBS and their concentration 
was measured by OD600. Throughout culturing, the medium was supplemented 
with 100 µg/ml ampicillin. 

Mammalian cell culture 
U2OS cells were cultured in DMEM, supplemented with with 10% heat-inactivated 
FCS, 2 mM GlutaMAX, penicillin 100 l.U./mL and streptomycin 50 μg/mL. 
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DC2.4 and D1 cells were cultured in IMDM, supplemented with 10% heat-
inactivated FCS, 2 mM GlutaMAX, 10 mM HEPES pH 7.3, 1 mM pyruvate, penicillin 
100 l.U./mL and streptomycin 50 μg/mL, 50 μM 2-Mercaptoethanol and 1X non-
essential amino acids. D1 cells were additionally supplemented with fibroblast 
supernatant from NIH/3T3 cells, collected from confluent cultures and filtered. 

Mouse bone marrow-derived dendritic cells (BMDCs) were generated from 
B57BL/6 mice bone marrow essentially as described68 with some modifications. 
Briefly, bone marrow was flushed from femurs and tibia and cells were cultured in 
IMDM supplemented with 8% heat-inactivated FCS, 2 mM L-glutamine, 20 μM 2-
Mercaptoethanol, penicillin 100 l.U./mL and streptomycin 50 μg/mL in the 
presence of 20 ng/mL GM-CSF. Medium was replaced on day 3 and 7 of culture and 
the cells were used between days 10 and 13. 

Infection with Hpg-labeled E. coli and incubation with Activity-Based Probes 
For confocal microscopy, 2 x 105 BMDCs were seeded on an 8-chamber slide (Ibidi) 
and left to attach for 3 hours. For CLEM, 10 x 106 BMDCs were seeded on a 10 cm 
dish and left to attach for 3 hours. Infection of dendritic cells was achieved by 
adding Hpg-labeled E. coli at an MOI of 50 and incubating for 45 min at 37°C, 5% 
CO2. Unbound/non-internalized bacteria were washed off (2x PBS) and medium 
was replaced for immediate analysis (t = 0) or further incubation for 1 or 3 hours. 
The cells were then incubated for 1 hour with 100 nM FJD239 and washed (2x PBS). 
Next, the cells were additionally incubated for 1 hour with 1 µM BMV109 and 
washed (2x PBS). 

Infection with E. coli and/or Stm and incubation with Activity-Based Probes 
For confocal microscopy, 5 x 104 DC2.4 cells were seeded on an 8-chamber slide 
(Ibidi) and left to grow overnight. For CLEM, 10 x 106 D1 cells were seeded on a 10 
cm dish and left to attach for 3 hours. Infection of dendritic cells was achieved by 
adding GFP-expressing E. coli and/or DsRed-expressing Stm at an MOI of 50 and 
incubating for 45 min at 37°C, 5% CO2. Unbound/non-internalized bacteria were 
washed off (2x PBS) and medium was replaced for immediate analysis (t = 0) or 
further incubation for 1 or 3 hours. The cells were then additionally incubated for 
1 hour with 1 µM BMV109 and washed (2x PBS). 

Triple bioorthogonal metabolic labeling 
For confocal microscopy, 2 x 105 U2OS cells were seeded on an 8-chamber slide 
(Ibidi) and left to attach for 3 hours. A metabolic label cocktail was prepared, 
containing 100 µM sterculic acid (StA), 100 µM 1,3,4,6-tetra-O-acetyl-N-
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azidoacetylmannosamine (Ac4ManNAz) and 10 µM 5-Ethynyl-2'-deoxyuridine 
(EdU) in cell medium. The cells were incubated with metabolic label cocktail for 2 
hours at 37°C, 5% CO2, additionally incubated with fresh cell medium for 15 min to 
allow for diffusion of non-incorporated metabolic labels and washed (2x PBS). 

Preparation for whole cell confocal microscopy 
Following the biological experiment, the cells were fixed for 2 hours in 4% PFA at 
RT, then kept in 0.5% PFA at 4°C until further processing. Fixed cells were then 
washed with PBS and 20 mM glycine in PBS to quench potential aldehyde residues. 
Cells containing click handles were then permeabilized for 20 min with 0.1% Triton-
X100 and washed (1x PBS). 

Samples without click handles were immediately counterstained with 2 µg/mL 
Hoechst 33342 in PBS for 5 min and washed once more with PBS, without additional 
staining. 

Samples containing an azide (FJD239) and an alkyne (Hpg-E. coli) functionality were 
first reacted with 5 µM AFDye555-azide in ccHc cocktail (0.1 M HEPES, pH 7.3, 1 
mM CuSO4, 10 mM sodium ascorbate, 1 mM THPTA ligand, 10 mM amino-
guanidine) for 1 hour, washed (2x PBS) and subsequently reacted with 5 µM AF488-
alkyne in ccHc cocktail. 

Samples containing a cyclopropene (StA), an azide (Ac4ManNAz) and an alkyne 
(EdU) functionality were first reacted with 5 µM AFDye488-tetrazine in PBS, 
washed (2x PBS), then reacted with 5 µM AFDye647-azide in ccHc cocktail, washed 
(2x PBS) and finally reacted with 5 µM AFDye555-alkyne in ccHc cocktail. 

After the click reactions, the cells were washed (1x PBS) and incubated for 30 min 
with 1% BSA in PBS to facilitate removal of non-specifically bound fluorophores, 
and washed (1x PBS). Nuclei were counterstained with 2 µg/mL Hoechst 33342 for 
5 min and washed once more with PBS. All samples were imaged in glycerol/DABCO 
solution to minimize photobleaching. 

Preparation of dendritic cells for CLEM 
Following the biological experiment, the cells were fixed for 24 hours in 2% EM-
grade PFA in 0.1M phosphate buffer pH 7.2 at RT, then kept in 0.5% EM-grade PFA 
at 4°C until further processing. Fixed cells were rinsed with PBS, harvested in warm 
1% gelatin in PBS with cell scrapers and transferred to a 15 mL Falcon tube. The 
cells were collected by centrifugation, resuspended in warm 1% gelatin in PBS, 
transferred to a 1.5 mL Eppendorf tube, resuspended in warm 12% gelatin in PBS 
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and pelleted by centrifugation (3 min at 800 rcf). After jellification on ice, the 
sample pellet was cut off from the tube and cut in half with a razor knife. Sample 
cubes of approx. 1 mm2 were prepared and rotated in a 2.3 M sucrose solution for 
18 hours to allow for sucrose infiltration, as a cryo-protectant, followed by plunge-
freezing the cubes on metal support pins. 

Cryo-sectioning and on-section ccHc reaction 
Ultrathin (75 nm) cryo-sections were prepared according to the Tokuyasu 
technique 69,70, using a cryo-ultramicrotome (Leica) and diamond knife (Diatome). 
Sections were thawed on a droplet of pickup fluid (1.15 M sucrose, 1% 
methylcellulose) and transferred to a Formvar/carbon-coated TEM grid (titanium, 
100 square mesh, 3.05 mm, center-marked; Agar Scientific), pre-coated with blue 
0.2 µm FluoSpheres (Thermo Fisher) as fiducial markers. Thawed cryo-sections 
attached to the TEM grid were incubated on 2% gelatin in PBS for 30 min at 37°C, 
followed by washing on 20 mM glycine in PBS (5x 2 min). 

Samples without click handles were immediately counterstained with 0.2 µg/mL 
DAPI in PBS for 5 min and washed once more with PBS without additional staining. 

Samples containing an azide (FJD239) and an alkyne (Hpg-E. coli) functionality were 
first reacted with 5 µM AFDye555-azide in ccHc cocktail (0.1 M HEPES, pH 7.3, 1 
mM CuSO4, 10 mM sodium ascorbate, 1 mM THPTA ligand, 10 mM amino-
guanidine) for 1 hour, washed (2x PBS) and subsequently reacted with 5 µM AF488-
alkyne in ccHc cocktail. These samples were then incubated on 1% BSA in PBS (3x 
10 min), to assist the removal of non-specifically bound fluorophores and 
additionally blocked on 0.1% BSA-c in PBS (2x 2 min). Immunogold staining was 
achieved by 1 hour incubation on anti-LAMP1 (1D4B, 1:300, eBioscience) or anti-
MHC II (M5/114, 1:300, BioXCell), followed by washing (2x 0.1% BSA-c in PBS), 20 
min incubation on rabbit-anti-rat (1:50, Abcam), washing (2x 0.1% BSA-c in PBS), 20 
min incubation on protein-A conjugated to 15 nm gold (1:50; Aurion). These 
samples were then washed (2x 0.1% BSA-c in PBS and 3x PBS), followed by 
immobilization of the antibody complexes by incubating 5 min on 1% 
glutaraldehyde in PBS. The samples were then washed (3x PBS), counterstained 
with 0.2 µg/mL DAPI in PBS for 5 min and washed once more (3x milliQ H2O). 

The fluorescently-labeled sections attached to TEM grids were mounted in water 
containing 30% glycerol between a microscopy slide and a coverslip, and sealed 
with silver Scotch tape. 
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Confocal microscopy 
All samples were imaged on an Andor Dragonfly 505 Spinning Disk Confocal (Oxford 
Instruments), containing an 8-line integrated laser engine, on a Leica DMi8 inverted 
microscope equipped with a 63X/1.40-0.60 HCX PL APO oil objective or 100X/1.47 
HC PL APO TIRF-corrected oil objective. Hoechst, DAPI and FluoSpheres were 
excited with the 405 line and collected with the 450/50 BP emission filter, AF488 
was excited with the 488 line and collected with the 525/50 BP emission filter, 
DsRed was excited with the 561 line and collected with the 620/60 BP emission 
filter and AF647 was excited with the 637 line and collected with the 700/75 BP 
emission filter.  Images were acquired with the Zyla 2048x2048 sCMOS camera and 
2x2 camera binning controlled with the integrated Fusion software. Z-series optical 
sections were collected with a system-optimized step-size of 0.13 microns and 
deconvolved using the integrated ClearView-GPUTM deconvolution software. 
Gamma, brightness and contrast were carefully adjusted (identically for compared 
image sets) using FIJI.71 In case of CLEM, maximum intensity projections were 
made, in order to compensate for non-flat sections. 

TEM imaging and correlation 
After acquiring the confocal fluorescence microscopy (FM) images, the TEM grids 
containing the sections were recovered from the microscopy slides, rinsed in milliQ 
water and incubated for 5 min on droplets of uranyl acetate/methylcellulose. The 
negatively-stained sections were then imaged on a FEI Tecnai 12 BioTwin TEM 
System (FEI Technologies) at 120 kV acceleration voltage. Correlation of FM to TEM 
images was performed in Adobe Photoshop CC 2020 (Adobe Systems). The 
separate fluorescence channels were imported as layers, set to overlay mode 
‘Lighten’, then grouped and set to overlay mode ‘Color’, placed on top of the TEM 
image. Transformation of the FM image to match the TEM image was achieved by 
isotropic scaling with interpolation setting ‘bicubic smoother’, translation and 
rotation. Alignment at low magnification was guided by the grid bars and nuclei. 
Alignment at high magnification was guided by the shape of the nucleus and the 
position of the fiducial beads. 
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Nederlandse Samenvatting 
Bioorthogonale chemie wordt gedefinieerd als scheikundige reacties die selectief 
uitgevoerd kunnen worden in een levende cel, zonder de van nature voorkomende 
biochemische reacties te verstoren en vice versa. Bioorthogonale chemie wordt 
voornamelijk gebruikt voor het selectief koppelen van twee moleculen ten midden 
van het complexe mengsel aan biochemische reacties die in een cel plaatsvinden. 
Deze specifieke koppeling van twee moleculen wordt ook wel een klik reactie 
genoemd en is uitermate geschikt om een fluorescente groep aan een biomolecuul 
vast te maken. Om deze koppeling mogelijk te maken, moet eerst in het 
biomolecuul van interesse een moleculair haakje aangebracht worden, ook wel een 
klik handvat genoemd. Door de fluorescente groep te voorzien van een bijpassend 
klik handvat, kunnen de twee moleculen eenvoudig aan elkaar geklikt worden. 
Hierdoor wordt het mogelijk om het biomolecuul te detecteren met behulp van 
microscopie of andere fluorescentie technieken, waardoor de functie van 
biomolecuul bestudeerd kan worden. In dit proefschrift wordt bioorthogonale 
chemie gecombineerd met verschillende analysemethoden zoals flowcytometrie, 
confocale fluorescentie microscopie, super-resolutie fluorescentie microscopie en 
bovenal correlatieve licht en elektronenmicroscopie (CLEM), om pathogene 
intracellulaire bacteriën te bestuderen in hun natuurlijke omgeving, wat wil zeggen 
binnenin de gastheercel. 

In hoofdstuk 1 wordt beschreven hoe bioorthogonale chemie en klik reacties 
toegepast kunnen worden voor biologisch onderzoek. Allereerst worden de 
algemene principes en geschiedenis van bioorthogonale chemie en klik reacties 
besproken. Vervolgens wordt beschreven hoe met behulp van metabole labeling 
biologische bouwstenen met een klik handvat eenvoudig ingebouwd kunnen 
worden in grotere biomoleculen zoals eiwitten en complexe koolhydraten. 
Vervolgens wordt uitgelegd hoe bioorthogonale metabole labeling toegepast kan 
worden om intracellulaire bacteriën te bestuderen, door middel van het 
aanbrengen van klik handvatten in de bacteriële eiwitten of celwand, en welke 
analysemethoden hiervoor geschikt zijn. 

In hoofdstuk 2 wordt een overzicht geschetst van de nieuwste ontwikkelingen op 
het gebied van metabole labeling om de interacties tussen een pathogene bacterie 
en zijn gastheer te kunnen bestuderen, met behulp van geavanceerde microscopie 
technieken zoals CLEM. Hierbij wordt vooral gefocust op het labelen van enerzijds 
de bacteriële eiwitten en anderzijds de bacteriële celwand via het peptidoglycaan 
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of het mycomembraan, in het geval van corynebacteriën. Hierbij wordt 
onderscheid gemaakt tussen directe labeling met een fluorofoor en twee-staps-
labeling via een klik reactie. Speciale aandacht wordt gegeven aan het labelen van 
Mycobacterium tuberculosis (Mtb), vanwege de complexe samenstelling van het 
mycomembraan van deze gevaarlijke pathogeen. Ten slotte wordt een aanvullende 
techniek uitgelicht, genaamd ‘Activity-Based Protein Profiling’ (ABPP), waarmee 
actieve enzym populaties specifiek gelabeld kunnen worden. 

Hoofdstuk 3 beschrijft de ontwikkeling van een techniek om de stabiliteit van klik 
handvatten te bestuderen in immuuncellen, ter bevestiging van de bruikbaarheid 
van deze chemische groepen voor het bestuderen van intracellulaire bacteriën. In 
dit hoofdstuk wordt met behulp van flow cytometrie bevestigd dat de terminale 
alkyn en azide groep langdurig stabiel blijven, terwijl de ringvormige alkyn groepen 
dibenzocylcooctyn (DBCO) en bicyclononyn (BCN) in grote mate afgebroken 
worden in de lysosomale compartimenten van immuuncellen. 

Hoofdstuk 4 beschrijft de ontwikkeling van een techniek om intracellulaire 
(pathogene) bacteriën te bestuderen in immuuncellen, door de hoge resolutie van 
‘Stochastic Optical Reconstruction Microscopy’ (STORM) te combineren met de 
ultrastructurele informatie van transmissie elektronenmicroscopie (TEM). De 
resulterende techniek, genaamd STORM-CLEM, werd geoptimaliseerd met behulp 
van een bioorthogonaal gelabelde Salmonella enterica serovar Typhimurium (Stm). 
Om dit doel te bereiken, werd de labeling van Stm met homopropargylglycine 
(Hpg), azidohomoalanine (Aha) en alkyn-D-alanine (alkDala) geoptimaliseerd en 
gevalideerd. Ten slotte wordt een overzicht gegeven van de STORM-CLEM techniek 
voor het bestuderen van Stm in dendritische cellen. 

Hoofdstuk 5 beschrijft de ontwikkeling van drievoudig gelabelde Mtb bacteriën en 
de toepassing van bioorthogonale CLEM voor het bestuderen van de intracellulaire 
verdeling van Mtb in macrofagen, onder normale omstandigheden en onder 
invloed van verschillende antibiotica. Voor de drievoudige labeling van Mtb werd 
een fluorescent eiwit (DsRed) gecombineerd met bioorthogonale eiwitlabeling 
(Aha) en celwandlabeling (alkDala). Met behulp van deze techniek konden 
verschillende observaties gemaakt worden met betrekking tot de pathogeen-
gastheer interacties, waarvan sommigen kwantificeerbaar en anderen zeldzaam. 
Door de intracellulaire verdeling van Mtb in de macrofaag gastheercel te 
kwantificeren, werd een significant verschil gedetecteerd tussen onbehandelde 
bacteriën, dode bacteriën en bacteriën die intracellulair behandeld werden met 
verschillende antibiotica. Dit patroon zou mogelijk een verband kunnen houden 



 

252 

met de mate van Mtb-doding. Kwantificatie van de vorm van de bacteriële 
doorsnede liet een vergelijkbaar patroon zien en zou mogelijk een verband kunnen 
houden met de mate van Mtb-afbraak. Ten slotte kon het behoud van 
bioorthogonale labels door Mtb over tijd gebruikt worden als een maat voor 
remming van Mtb-celdeling. Hiervoor werd een aparte techniek opgezet, 
gebaseerd op flow cytometrie, om het totale labelbehoud per bacterie accuraat te 
kwantificeren, na herwinnen van de intracellulaire bacteriën door selectief de 
gastheercel open te breken. 

In hoofdstuk 6 worden de bevindingen samengevat en worden verschillende 
suggesties gegeven voor het verder ontwikkelen en toepassen van de beschreven 
technieken, waaronder; de toepassing van bioorthogonale CLEM op het 
bestuderen van een cathepsin S-selectieve ‘Activity-Based Probe’ (ABP) en het 
bestuderen van de rol van cathepsins in het afbraakproces van (non-)pathogene 
bacteriën. Daarnaast wordt de mogelijkheid van multi-orthogonale bioorthogonale 
reacties beschreven, waarbij drie verschillende klik reacties op een drievoudig-
bioorthogonaal gelabelde cel uitgevoerd kunnen worden. Ten slotte worden 
verschillende suggesties gegeven om CLEM techniek verder te verbeteren, 
waardoor bijvoorbeeld 3-dimensionale informatie verkregen kan worden. 

Alles tezamen biedt de hier beschreven bioorthogonale CLEM techniek vele 
mogelijkheden voor het bestuderen van de interacties tussen pathogene bacteriën 
en de gastheercel, op ultrastructureel niveau. Flow cytometrie en andere op 
fluorescentie gebaseerde analyse methoden kunnen hierbij aanvullende informatie 
verschaffen, om een vollediger beeld te krijgen van de label opname en behoud 
over tijd, onder invloed van bijvoorbeeld antibiotica. Mogelijk kunnen deze 
technieken in de toekomst bijdragen aan het bestuderen van het 
werkingsmechanisme van nieuwe antibiotica en het ontwikkelen van nieuwe 
antibiotica of gastheer-gerichte therapieën. 
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