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

Daphne M. van Elsland*,*®' Silvia Pujals*,” Thomas Bakkum®,®® Erik Bos,™

Nikolaos Oikonomeas-Koppasis,® llana Berlin,®

! Jacques Neefjes,” Annemarie H. Meijer,™

Abraham J. Koster,*™ Lorenzo Albertazzi,*'“" and Sander I. van Kasteren*

The imaging of intracellular pathogens inside host cells is com-
plicated by the low resolution and sensitivity of fluorescence
microscopy and by the lack of ultrastructural information to
visualize the pathogens. Herein, we present a new method to
visualize these pathogens during infection that circumvents
these problems: by using a metabolic hijacking approach to
bioorthogonally label the intracellular pathogen Salmonella Ty-
phimurium and by using these bioorthogonal groups to intro-

Introduction

The rise of antibiotic resistance is one of the major threats to
global health. One class of pathogens proving particularly trou-
blesome in this regard is 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 defence 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 these host-pathogen
interactions. Through hijacking the biosynthetic machinery of
the cell wall with biorthogonal analogues of p-Ala® or treha-

duce fluorophores compatible with stochastic optical recon-
struction microscopy (STORM) and placing this in a correlative
light electron microscopy (CLEM) workflow, the pathogen can
be imaged within its host cell context Typhimurium with a res-
olution of 20 nm. This STORM-CLEM approach thus presents a
new approach to understand these pathogens during infec-
tion.

lose analogues,” 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® Sal-
monella Typhimurium,” Escherichia coli,”®' and Mycobacterium
smegmatis.” However, these labelling approaches either re-
quire the mutant tRNA/tRNA synthetase pair specific for the
bioorthogonal methionine, phenylalanine, or norleucine ana-
logues to be introduced into the pathogen to achieve incorpo-
ration of the desired groups or suffer from low sensitivity."”
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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, we recently reported an approach that al-
lowed visualization of bacteria within the ultrastructural con-
text of the host cells. We imaged BONCAT-labelled E. coli by
using correlative light and electron microscopy (CLEM)." After
sectioning frozen cell samples down to a thickness of 75 nm
followed by an on-section copper-catalysed Huisgen cycloaddi-
tion (ccHc) reaction,"” we imaged the resulting bioorthogonal
labels by using confocal microscopy. Subsequent transmission
electron microscopy (TEM) of the same section allowed the
placement of the fluorescent signal within its ultrastructural
context of the phagocytose.

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 ap-
proach to be of use for unmodified strains, two major con-
straints relating to both BONCAT and CLEM have to be over-
come. The first is the reliance on mutant tRNA/tRNA synthases
for the incorporation of the bioorthogonal amino acids, com-
pounded by the low overall signal in BONCAT-CLEM (stemming
from the thinness of the samples). We hypothesized that meta-
bolic hijacking approaches reported for E. coli auxotrophic
strains™ would need to be extended and optimized to allow
sufficient label incorporation with nonauxotrophic 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 diffrac-
tion limit of half the photon wavelength (1~250 nm),"” result-
ing in a resolution gap between the two techniques.

Over the last few years, super-resolution imaging techniques
have flourished,""™ breaking Abbe’s law and allowing for reso-
lution on the nanoscale. Herein, we describe an improvement
on the BONCAT-CLEM methodology, namely, its combination
with super-resolution microscopy. This will aid in overcoming
the hurdles related to pathogen BONCAT-CLEM: the sensitivity
and improved resolution of stochastic optical resolution mi-
croscopy (STORM)™™® on cryosections to bring the resolution of
the fluorescent signals in closer alignment with TEM and to im-
prove sensitivity of detection, allowing imaging of genetically
unmodified pathogenic bacteria by CLEM.

Results and Discussion

One pathogen that would benefit from lifecycle studies using
STORM-CLEM is Salmonella enterica Typhimurium (henceforth
referred to as S. Typhimurium or Salmonella). This is a Gram-
negative facultative intracellular pathogen that ensures its in-
tracellular 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 suit-
able for its survival and replication."® To apply our STORM-
CLEM to the imaging of Salmonella, we first assessed whether
we could incorporate bioorthogonal amino acid analogues by
using BONCAT to sufficient levels to allow ccHc detection of
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bacterial proteome after uptake by phagocytes without affect-
ing bacterial growth and infectivity. We optimized the incorpo-
ration of homopropargylglycine (Hpg) in vitro by using an in-
gel fluorescence assay (Figure S1 in the Supporting Informa-
tion) and observed detectable incorporation after pulsing with
Hpg (0.04-4 mm) for 30 min. This was confirmed by flow cy-
tometry (Figures TA and S2). BONCAT of a DsRed-expressing
strain of Salmonella"® showed no effect on DsRed expression
levels in the presence of Hpg up to a concentration of 0.4 mm
(Figure S2). Outgrowth experiments—for which growth rates
were determined after Hpg pulses (Figure S3)—showed that
growth rates recovered to +90% within 1 h (after 30 min Hpg
pulse). Recovery was longer (up to 3 h) with longer Hpg
pulses.
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Figure 1. Flow cytometric analysis of Hpg-S. Typhimurium labelling and
label persistence in vitro and in cells. A) S. Typhimurium were incubated
with Met (4 mm) or Hpg (0.04-4 mm) before being subjected to fixation and
ccHc with Alexa-647-azide. B) Label persistence was determined by incubat-
ing S. Typhimurium with 0.4 mm Hpg for 30 min and measuring the ccHc
signal at the indicated times. Label persistence inside DC2.4 cells C) showing
DsRed expression as a measure of the total number of bacteria and D) show-
ing ccHc signal persistence over 0-3 h.

The evolution of Hpg-label density during division was also
followed by using in-gel fluorescence (Figure S1) and flow cy-
tometry"® (Figures 1B, S2, and S4). Detectable ccHc-mediated
fluorophore introduction was still observed after 2 h of out-
growth (= 2-6 divisions®”). On the basis of these observations,
the optimal conditions, balancing the strength of the signal
and the impact on Salmonella growth, were chosen as 0.5 h
pulse with 0.4 mm. However, it is important to note that even
at these optimal concentrations it was not possible to achieve
a homogeneous bioorthogonal/DsRed positive bacterial popu-
lation, perhaps as a result of the loss of DsRed expression
during the infection time course or because the Hpg expres-
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sion conditions caused a reduction in the DsRed signal (Fig-
ure S2k).

We next determined whether infectivity was affected for the
bioorthogonal S. Typhimurium. We incubated the aforemen-
tioned DsRed-expressing strain, grown with Met or Hpg, with
bone-marrow-derived dendritic cells (BM-DCs)?" for 30 min
and assessed uptake and intracellular cell division by using
flow cytometry.

By quantifying both the DsRed and bioorthogonal signals
over time, bacterial cell divisions and label loss could both be
detected. Hpg modification did not affect BM-DC uptake (Fig-
ure S4).The rate of DsRed expression after uptake in both Met-
and Hpg-grown strains was equal, indicating no detectable
impact of Hpg on intracellular survival or proliferation (Fig-
ures 1C and S4). Furthermore, bioorthogonal ligation within
BM-DCs showed no reduction in click signal, confirming our
previous finding that nonstrained alkynes were stable in the
phagolysosomal pathway™ (Figures 1D and S4).

Confocal microscopy of Hpg-grown DsRed-Salmonella re-
vealed full colocalization of the DsRed signal with the bio-
orthogonal Alexa-488 signal (Figure 2), albeit weaker than that
observed for Hpg-grown auxotrophic E. coli (B834),"™ likely as
a result of lower incorporation of Hpg in the presence of local-
ly produced Met by the nonauxotrophic S. Typhimurium.”® To
quantify the colocalization of the two signals, we performed
an automated statistical analysis® of the images by calculat-
ing the Manders coefficients” M, and M,, which reveal the
degree of colocalization of DsRed to Alexa-488 and vice versa,
respectively. At the optimum threshold, 73 and 85 % colocaliza-
tion was obtained, respectively, highlighting subquantitative
but high labelling efficiency of the bacteria.

We next assessed whether the fluorescence levels observed
above were sufficient to allow BONCAT-CLEM in 75 nm sec-
tions. BM-DCs were again incubated with Hpg-S. Typhimurium
and subjected to Tokuyasu sample preparation,”” and this was
followed by labelling with Alexa-488-azide by using a ccHc
reaction. Confocal microscopy of the labelled cryosections re-
vealed the fluorescence signal to be at the limit of detection
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(Figure S5), rendering the approach unsuitable for imaging the
phagocyte-Salmonella interaction, unless a signal enhance-
ment step® with an anti-Alexa-488-antibody was used (Fig-
ure S6). Correlation of the fluorescence images and electron
micrographs was performed by using nuclear 4',6-diamidino-2-
phenylindole (DAPI) staining in the fluorescence images and
the morphological information obtained from the electron mi-
crographs, and it showed that the Hpg-positive foci were lo-
cated on intact bacterial structures as well as on smaller non-
double membrane containing structures (Figure S6d, e, yellow
arrows).

The resolution of the fluorescence signal limited the accura-
cy of correlation to approximately 250 nm.'"¥ Recently, the
combination of fluorescent protein super-resolution imaging
was combined with CLEM, and this allowed a tenfold improve-
ment in the fluorescence resolution of fluorescent proteins.®
By lowering OsO, concentrations during post-fixing and opti-
mizing resin embedding, fluorophore quenching could be par-
tially prevented. This sample preparation technique was re-
ported with both PALM (photoactivated localization microsco-
py)®*# and STED (stimulated emission depletion) microscopy
in combination with TEM®® and scanning electron microscopy
(SEM).2®23" Of the various super-resolution imaging tech-
niques, STORM offers higher spatial resolution and sensitivity®
at the cost of longer acquisition times. Although this is a draw-
back 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 re-
flection fluorescence illumination. The thinness of the cryosec-
tions (75 nm) makes the two approaches very compatible. We
therefore selected STORM as a candidate technique to pursue
the CLEM imaging of bioorthogonal groups. 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 availa-
bility of dyes for STORM is thus circumvented.® We first deter-

Merged

Figure 2. Confocal microscopy of BM-DCs incubated with Hpg-S. Typhimurium: BM-DCs were incubated with Hpg-S. Typhimurium expressing DsRed. After a
45 min pulse, cells were washed and fixed/permeabilized. Cells were subsequently labelled with Alexa-488-azide (green = Alexa-488) and DAPI. A) Merged
channels, B) DAPI only, C) DsRed, and D) Alexa-488-azide; top: Low-magnification overview and bottom: high-magnification view of inset.
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mined the limit of detection of STORM by imaging cryosec-
tions of bacteria grown in the presence of decreasing amounts
of Hpg (Figures S7 and S8). Samples were cryosectioned, ccHc-
ligated with Alexa-647-azide, and imaged by using standard
catalase, glucose and glucose oxidase-containing buffer
(GLOX) or other oxygen-consuming buffers, such as the OxEA
buffer® supplemented with 30% glycerol to decrease drift
during STORM image acquisition. The acquired STORM images
of bacterial sections incubated with 0.4 or 40 mm Hpg re-
vealed clear bacteria-sized regions (2300-400 nm X 180-
280 nm) without the need for signal enhancement. Cells
grown in the presence of 0.04 mm Hpg could be detected, but
the signal was too low to allow full reconstruction of the bac-
teria.

We next used the STORM-CLEM approach to detect Hpg-
Salmonella within BM-DCs (Figure 3). Both the accuracy and
detection sensitivity of fluorescently labelled Hpg-S. Typhimuri-
um were drastically higher for the STORM images than for the
low-resolution confocal images. Subsequent visualization of
the intracellular environment by electron microscopy showed
that STORM had not damaged the phagocyte ultrastructures.
Membranes were found to be intact, and no structural altera-
tions were observed between regions of the sample subjected
to STORM imaging relative to those not analysed by STORM.
Organelles were readily recognizable on the basis of their dis-
tinct morphological appearances. Correlation of the STORM
images showed that the bioorthogonal signals were primarily
on the Salmonella bacteria or on small structures with a diame-
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ter of approximately 10-20 nm surrounding the parasitic va-
cuole.

Conclusions

This first example of super-resolution stochastic optical recon-
struction microscopy (STORM)-correlative light electron mi-
croscopy (CLEM) by using bioorthogonal groups and its appli-
cation to the study of host-pathogen interactions could thus
be used to see non-genetically modified pathogens within
their spatially detailed host environments. The sensitivity, com-
pared to our method and those previously reported,’"™** even
allowed the detection of extracellular protein products. This
opens up the possibility of imaging pathogens for which previ-
ous bioorthogonal noncanonical amino acid tagging (BONCAT)
approaches were not efficient. The combination of STORM-
CLEM with BONCAT, tRNA/tRNA synthetase mutants, or bio-
orthogonal cell-wall labelling will be valuable in studying the
in vivo lifecycle of these pathogens.” Application of this tech-
nique to other areas in which bioorthogonal chemistry has
been transformative would also add an extra dimension of ul-
trastructure to these fields.®®
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