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Chapter 4

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.! 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.? 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™ or trehalose®®, intracellular pathogens have been visualized
selectively within host-cell phagosomes. Bioorthogonal Non-Canonical Amino acid
Tagging (BONCAT?®) — 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 enterocolitica'®, Salmonella enterica*™*3, Escherichia coli**, and
Mpycobacterium smegmatis.*> 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.’® 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).Y729 After sectioning frozen cell samples down to a thickness of
75 nm followed by an on-section copper-catalyzed Huisgen cycloaddition (ccHc)
reaction?%?!, 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 strains?? 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 (A = 250 nm)?3, resulting in a resolution gap between the
two techniques.

Over the last few years, super-resolution imaging techniques have flourished?*,
breaking Abbe’s law of limiting resolution® 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.?®?” By lowering 0sO4
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)?%282% and
Stimulated Emission Depletion (STED) microscopy in combination with TEM30-32
and Scanning Electron Microscopy (SEM).?”3334 Of the various super-resolution
imaging techniques, stochastic optical resolution microscopy (STORM) offers higher

3538 3t the cost of longer acquisition times.

spatial resolution and sensitivity
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.3® 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.*® These modulate the maturation of the phagosome
in which the bacterium resides to yield a parasitic vacuole suitable for its survival
and replication.**=** Van Elsland*® 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.

EriniT STORM-CLEM

Cryosection of
Salmonella-infected
Phagocyte

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
(BMDCs*) using CLEM.'® 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
conditions'® 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
$2B), and completely non-fluorescent were removed with a cleanup gate (Figure
$2C). 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 Stm*’ 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
$3C), implying minimal interference with bacterial viability.
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Aha incorporation over time
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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 fluorophore® — 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 divisions*®) 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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Hpg incorporation over time
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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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Hpg retention over time
30 min outgrowth 60 min outgrowth 120 min outgrowth
1004 " 4 mM Hpg 4 mM Hpg 4 mM Hpg
© 0.4 mM Hpg © 0.4 mM Hpg © 0.4 mM Hpg
© g0 0.04 mM Hpg 0.04 mM Hpg 0.04 mM Hpg
3 4 mM Met 4 mM Met 4 mM Met
€
2 60 \
et \
2 \
N
‘5 40-]
E
o |
Z 20 |
— Hpg+ Hpg+ Hpg+
0 R} L} o o T Lk} L} o T T T T L} Ll | T
10° 10" 10> 10 10* 10°10° 10" 10> 10° 10* 10°10° 10" 10®> 10° 10* 10°
Hpg :: AF647 (RED-R) Hpg :: AF647 (RED-R) Hpg :: AF647 (RED-R)
DsRed expression during Hpg outgrowth
30 min outgrowth 60 min outgrowth 120 min outgrowth
100 4 mM Hpg 4 mM Hpg 4 mM Hpg
© 0.4 mM Hpg © 0.4 mM Hpg © 0.4 mM Hpg
@ g0 0.04 mM Hpg 0.04 mM Hpg 0.04 mM Hpg
3 4 mM Met 4 mM Met 4 mM Met
£
2 60
o
Q
N
= 40
E
2 20
| DsRed+ { DsRed+ { DsRed+
0VI|I|| Lhidd § T T ||l|| T T T |-|I|| Lhidd | Lhidd § T
10° 10" 10> 10 10* 10°10° 10" 10> 10° 10* 10°10° 10" 10®> 10° 10* 10°
DsRed (YEL-B) DsRed (YEL-B) DsRed (YEL-B)
C 0 Percentage Hpg-labeled Stm remaining over time
120% B 4 mM Hpg
o @ 0.4 mM Hpg
. 100% — m— — — O 0.04 mM Hpg
g O 4 mM Met
T 80%—
S
& 60%—
@
©  40%—
@
o
20% —

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

0%— T
]

Incubation time (min)

|
S >

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
$8/59). Incubating Stm with 5 mM alkDala and 4 mM Aha simultaneously for 30 min
or longer resulted in successful dual labeling (Figure 5C, Figure $8/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 $10).
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.*® 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
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conjugated AF647 (alkDala) vs. the conjugated AF488 (Aha).
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Stm infection load per DC over time
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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 $12). 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
OxXEA buffer*® 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 x 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.*® 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 mm?3
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 um.
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Cryo-sectioning and click reaction with fluorophore
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Figure 8. Graphical summary of the bioorthogonal STORM-CLEM protocol.
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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.'®°1-53 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.'*~*3 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.>*>>
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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(ll) 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)

Ns\/\Hj\OH

NH,

Aha was synthesized according to a previously described procedure by Zhang et al.,
2010°°,
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1H-NMR (D0), 400 MHz: & [ppm] = 4.05 (t, 1H, a-CH), 3.55 (t, 2H, y-CHa), 2.15 (m,
2H, B-CH2).

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

XX

NH,

Hpg was synthesized according to previously described procedure by Li et al.”’,
adjusted to obtain the enantiomerically pure L-Hpg variant based on Chenault et
al.>8, Biagini et al.>® and Dong et al.®®

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 H;O and adjusted to pH 7.5 using 1M NH4OH. 1 mg kidney acylase | (22000
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, D,0): & [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, D20): & 82.28,
71.16, 52.05, 28.44, 14.16; HRMS (ESI): CsHsNO, [M+H]* 128.06, found 128.07;
[a]20%: +32.4 (c =1, 1 M HCI); Ref ©: +28 (c = 1, 1 M HCl).

Bacterial culture, metabolic labeling and viability assessment based on
growth rate

Stm SL1344 expressing DsRed®! were grown overnight at 37°C in LB medium. The
following day cultures were diluted 1:33 and grown at 37°C to an ODggo 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
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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 ODgoo 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 pg/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 I.U./mL and
streptomycin 50 pg/mL, 50 uM 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 described® 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 uM 2-
Mercaptoethanol, penicillin 100 L.U./mL and streptomycin 50 pg/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 pug of the protein was incubated for 1 h with ccHc-
cocktail (0.1 M HEPES pH 7.3, 1 mM CuSOg, 10 mM sodium ascorbate, 1 mM THPTA
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ligand, 10 mM amino-guanidine, 5 uM 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 Ill 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 Nadl,
3% BSA, 0.1% IGEPAL CA-630 and 1 pg/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 CuSOs, 10
mM sodium ascorbate, 1 mM THPTA ligand, 10 mM amino-guanidine, 5 uM AF647-
azide), then washed repeatedly (3x5 minutes each) with FACS buffer (PBS pH 7.4,
1% FCS, 1% BSA, 0.1% NaNs3 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.®3%* 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 mm? 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.?3%* 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 um (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 um 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
CuS04, 10 mM sodium ascorbate, 1 mM THPTA ligand, 10 mM amino-guanidine, 5
UM 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 pg/ml), and
additionally washed with PBS and water.

Microscopy and correlation

The CLEM approach used was adapted from Vicidomini et al.5> 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 ul PBS, 20 ul 50% glucose, 20 pl MEA 1M (ethanolamine) and 2l
GLOX (0.7 mg/ml GLOX, 5 mg/ml catalase in PBS) supplemented with 30% glycerol
(60 pL) 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?) 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 x 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.®®
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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.®’

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.®®

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.

| Locaization Accuracy (nm) Distrbution

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

_s?+a?/12  8m?s*b?

2
_I_
o N a2N?

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 simplified® to:

S
%=

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, g, = 9.54 nm, 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 sSCMOS 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.
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4.5 Supplemental Figures

Label incorporation for different pulse lengths
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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).

146



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

Gating on size Gating on shape Removing outliers
10° 10° 10°
4 3 43 ~ 10% 3
10 10 3 10
[=]
] ] a E
- 10% 4 < 103 3 € 10
. S 5 ]
& 1023 w1074 & 10°
10" 3 10 ¢ 2
Bacteria Singlets Cleanup
0 1 g © 3
10 LA i | T L ¥ T 10 Ty T oy Ty T R M T T
10° 10" 10> 10° 10* 10° 10° 10" 10> 10° 10* 10° 10° 10" 10> 10° 10* 10°
FSC-H FSC-H DsRed (YEL-B)

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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Aha incorporation over time
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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 ODsoo
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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Label incorporation for different pulse lengths
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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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Hpg incorporation over time

I
& &
Incubation time (min)

250 — B 4 mM Hpg
@ 0.4 mM Hpg
200 - O 0.04 mM Hpg
P O 4 mM Met
~
S 150
s
<
T 100—
=
Nl B
0 I|_|
D

B DsRed fluorescence during Hpg incorporation
250 W 4 mM Hpg
@ 0.4 mM Hpg
200 — O 0.04 mM Hpg
— 0O 4 mM Met
-
© 150
[
=]
T 100
=
AW | i | e
- S o>
Incubation time (min)
C 4 Stm growth rate during Hpg incorporation
] W 4 mM Hpg
@ 0.4 mM Hpg
O 0.04 mM Hpg
34 O 4mMMet

Relative growth rate
- N
] ]

a0 Iﬂﬂﬂ I

Incubation time (min)

|
'39

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 ODsoo
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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Label retention after 120 min labeling pulse
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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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A Hpg outgrowth after 120 min label incorporation
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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 ODsoo 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).
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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 ODsoo measurements, normalized to the initial OD

Incubation time (min)

valueatt=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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