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General introduction

1. The bacterial type lll and VIl secretion system

Secretion systems are macromolecular protein complexes that transport bacterial virulence
factors across bacterial membranes to manipulate host cells or other bacteria (Costa et al.,
2015). Nine main secretion systems have been identified thus far. To transport proteins across
bacterial membranes, secretion systems span across the inner or outer membrane (e.g. type
V and VIII secretion systems), where substrates are transported over the inner and outer
membrane in two separate steps, or they span both the inner and outer membrane (e.g.
Type III, IV and VI secretion systems), allowing for transport across both membranes in a
single step (Costa et al., 2015; Bhoite et al., 2019; Gorasia ef al., 2020). Secretion systems
are indispensable for the pathogenesis of many bacteria, such as Salmonella, Yersinia and
Chlamydia, which require the Type III secretion system (T3SS) (Deng et al., 2017).

The T3SS is a syringe-like protein complex that spans the bacterial inner and outer membrane.
It shares considerable sequence- and structural homology with the bacterial flagellum and
the complexes likely have a common evolutionary ancestor (Diepold and Armitage, 2015;
Rossmann and Beeby, 2018). The complex consists of a basal body spanning the inner and outer
membrane, a cytosolic sorting platform involved in loading substrates for secretion, and an
extracellular hollow needle. It secretes virulence factors in an unfolded state from the bacterial
cytosol via the needle structure across a host membrane into the host cell (Engelenburg and
Palmer, 2010; Radics et al., 2014). These different effector proteins manipulate host cells
in different ways including manipulation of the host cytoskeleton, modulation of the host
immune system and allow escape from the phagosomal host membrane (Bliska ef al., 2013;
Duetal., 2016).

A less well characterized secretion system is the type VII secretion system (T7SS), expressed
by many mycobacteria and some gram-positive bacteria (Bunduc ef al., 2020). It is essential
for the pathogenesis of Mycobacterium tuberculosis, the causative agent of tuberculosis, which
caused 1.4 million deaths in 2019 (World Health Organisation, 2020). There are five different
known T7SSs termed ESX-1 to ESX-5. These are involved in diverse processes including
transport of iron across the mycobacterial envelope (ESX-3) (Serafini et al., 2013; Siegrist
et al., 2014), conjugation between mycobacteria (ESX-4) (Gray et al., 2016) and nutrient
uptake and host immune modulation (ESX-5) (Ates et al., 2015; Ates, 2020). ESX-2 is poorly
characterized and no clear function has been determined yet. The genes encoding for ESX-2
are located adjacent to ESX-1 in M. tuberculosis, but are absent in Mycobacterium marinum
(Groschel et al., 2016; Bunduc et al., 2020). ESX-1 is essential for mycobacterial pathogenesis
and is required for translocation from the phagosome and mycobacterial pathogenesis (van
der Wel et al., 2007; Houben et al., 2012) by lysing the phagosomal membrane (de Jonge
et al., 2007; Smith et al., 2008; Conrad et al., 2017). Substrates of the T7SS include ESX,
Esp, PE and PPE proteins, which are secreted as heterodimers and 10% of the genome of
M. tuberculosis encodes for PE and PPE proteins (Ates, 2020). The function of the Type
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VII secretion systems is co-dependent on a large number of substrates, through an unknown
mechanism (Fortune et al., 2005; DiGiuseppe Champion et al., 2009; Chen et al., 2013).

Because secretion systems are essential for the pathogenesis of many bacteria, understanding
how secretion systems secrete effector proteins is pivotal to understand bacterial pathogenesis.
Characterizing the different structural states of bacterial secretion systems can also give
mechanistic insight into how they perform their function (Basler et al., 2012; Kooger et al.,
2018; Hu et al., 2020). Understanding the protein structure of bacterial secretion systems may
also contribute to the development of effective vaccines and drugs that specifically recognize
or interfere with secretion systems, or help characterize protective antibodies (McShan and
De Guzman, 2015; Dong ef al., 2020; Huo ef al., 2020). Because secretion systems are large
transmembrane protein complexes, it can be difficult, or even impossible, to isolate them
from their native environment for structural studies while remaining intact (Kudryashev et
al., 2013; Kooger et al., 2018).

The in situ structure of the T3SS has been determined in different species including Salmonella
enterica, Shigella flexneri, Yersinia enterocolitica, and Chlamydia trachomatis (Kawamoto et
al., 2013; Kudryashev et al., 2013; Hu et al., 2015, 2017; Nans et al., 2015). However, most
of these studies have been performed in minicells and without host contact. For Yersinia, the
structure of the sorting platform has not previously been determined and not in contact to host
cells (Kudryashev et al., 2013).

For the T7SS, structures of the isolated inner membrane core complexes of ESX-3 and ESX-5
have recently been determined (Beckham et al., 2017; Famelis ef al., 2019; Poweleit ef al.,
2019; Bunduc et al., 2021), which gives insight into how it may function. However, it is
currently unknown how T7SS substrates are transported across the bacterial outer membrane.
This could occur in a one-step process, as is the case for all known secretion systems that
span both the inner and outer membrane, or may possibly occur in two separate transport
steps, like the type V secretion system that only spans the bacterial outer membrane (Costa
et al., 2015). It has also been hypothesized that PE-PPE protein heterodimers may act as
autotransporters to cross the outer membrane (Ates, 2020) or that multimers of substrates form
a conduit through the outer membrane (Bunduc et al., 2020). Structural characterization of the
entire T7SS in its native cellular environment may give insight in how the T7SS transports
effector proteins across the outer membrane and whether it spans both the inner- and outer
membrane. Identification and structural characterization of the protein complex responsible for
transporting T7SS substrates across the bacterial outer membrane can benefit the development
of effective vaccines and drugs against M. tuberculosis.
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2. Cryo-electron microscopy for in situ structural biology

While X-ray crystallography remains the most commonly used structural technique to date
(Protein Data Bank, 2021), transmission electron microscopy (TEM) has developed into
a potent tool for studying protein structure. Electron microscopes allow image formation
at a high resolution by shooting a coherent beam of electrons at a sample in a vacuum.
The electrons interact with the sample before reaching an electron detector, allowing image
formation. Two challenges posed by electron microscopy (EM) imaging of biological samples
are that aqueous biological samples are destroyed by dehydrated in the vacuum in the column
of electron microscopes at room temperature, and the low contrast of most biological samples,
due to the low atomic number of elements predominantly present in cells. These were initially
overcome by developing chemical cross-linking by chemical fixation and resin embedding,
to replace the water from cells while retaining the cellular volume, and heavy metal staining
techniques to add contrast to biological structures. The downsides of these techniques are
that cellular and molecular details are deformed and an outline of biological structures is
observed rather than the object itself, limiting the resolution that can be obtained. Cryogenic
sample preparation techniques, where a biological sample is rapidly cooled to prevent the
formation of crystalline ice allow for these fine molecular details to be preserved in a near-
native state (Dubochet et al., 1988). While structural studies using cryo-TEM were initially
limited in resolution (Bottcher ef al., 1997; Matadeen et al., 1999), several technological
improvements in cryo-electron microscopy hardware, in particular direct electron detectors,
and data processing enabled cryo-electron microscopy to develop into a potent structural
technique (Kuhlbrandt, 2014; Koning et al., 2018).

Two main cryo-EM structural applications have been developed to date: single particle
analysis and cryo-electron tomography (CET). These processing techniques aim to align
and average images of identical copies of a macromolecule to increase the signal-to-noise
ratio and the final resolution. With single particle analysis, thousands or more images of
macromolecules are extracted from cryo-EM micrographs, iteratively aligned and classified
based on the orientation of the macromolecule, and projected into a volume to determine the
3D structure. In recent years, this technique allows for routine near-atomic structures to be
determined of isolated macromolecules without the need to crystalize them (Cheng et al.,
2015) and more recently, even atomic-resolution structures (Nakane et al., 2020; Yip ef al.,
2020). Applying single particle to cellular samples is challenging, because cellular samples
are typically thicker and more crowded, resulting in multiple macromolecules overlapping
in the 2D micrograph.

CET overcomes this problem by recording a sequence of micrographs of the same area of
a sample tilted at different angles termed a tilt-series. After alignment of the tilt-images, the
tilt-series is reconstructed into a 3-dimensional volume of the sample termed a tomogram.
Tomograms allow for 3D visualization of large macromolecules and complexes within
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their native cellular environment. to produce a higher resolution average structure of a
macromolecule, subvolumes (or sub-tilt-series) containing copies of a macromolecule are
selected from (multiple) tomograms, and iteratively aligned in a process termed subtomogram
averaging.

Where structural techniques such as X-ray crystallography and single-particle cryo-electron
microscopy are limited to obtaining structures of isolated macromolecules (Shi, 2014; Cheng,
2015), cryo-electron tomography (CET) allows macromolecular structures to be determined
within their native cellular environment (Turk and Baumeister, 2020). However, electrons
have an increased probability of inelastic scattering events with increased sample thickness,
which limits the resolution and signal with increased sample thickness. CET with a 200-300
kV electron microscope is therefore practically limited to below £500 nm biological samples
such as bacteria and the periphery of mammalian cells. To enable visualization of the cell
interior with CET, different thinning strategies have been developed (Pierson ef al., 2011),
including focused-ion-beam lamella preparation (Marko ef al., 2006, 2007). With this method,
a focused-ion-beam is scanned over the sample, to locally ablate material. By removing
material above and below a thin section of the cell at a shallow angle relative to the EM grid,
a 50-300 nm thin slice of vitreous cellular material termed a lamella can be created, which that
can be visualized with cryo-EM (Mahamid et al., 2016; Schaffer et al., 2017; Wagner et al.,
2020).Further development of CET on FIB lamellae does not only impact structural studies on
bacterial secretion studies, but also enables the structural study of many other macromolecules
and complexes in their native cellular environment.

3. Thesis outline

During this PhD project, we aimed to establish a CET on FIB-lamellae workflow that enables
in situ structure determination of proteins with subtomogram averaging, in order to determine
the in situ structure of the mycobacterial T7SS. Additionally, to help find ESX-1, we explored
the potential of cryo-CLEM in this context. Based this experience, we review the newest
developments in CET on FIB-lamellae for in situ structural biology, cryo-CLEM, recent
applications of these techniques in biological studies, and their future potential in Chapter
2. We discovered a method to enable fiducial-based alignment of tilt-series recorded on FIB
lamellae via endocytosis of bovine serum albumin coated nanogold particles. These findings
are described in Chapter 3.

Next we used this newly established workflow to study the structure of T3SS to gain insight
into how it functions during intracellular pathogenesis, and to validate that the newly
established workflow is capable of determining the structure of a bacterial secretion system
during intracellular infection. We collected a large dataset of over a 150 tilt-series of the
intestinal pathogen Yersinia enterocolitica during intracellular infection of immune cells and
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General introduction

determined the structure of the entire T3SS (including the cytosolic sorting platform) with
subtomogram averaging (Chapter 4). Next, we collected a large dataset of over 200 tilt-series
of Mycobacterium marinum with the aim of determining the in situ structure of the T7SS ESX-
1. We were unable to visually identify the T7SS or determine its structure, but we did identify
many other protein complexes and ultrastructural features including proteinaceous storage
compartments termed encapsulins. We determined the in sifu structure of encapsulins and
complemented this data with high-resolution single-particle structures of isolated encapsulins
in partially and fully assembled states (Chapter 5). A discussion and conclusion of the other
chapters is provided in Chapter 6.
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Chapter 3

Abstract

Cryo—electron tomography (CET) on cryo—focused ion beam (FIB)-milled lamellae is
becoming a powerful technique for determining the structure of macromolecular complexes in
their native cellular environment. Prior to tomogram reconstruction, CET tilt-series recorded
on FIB lamellae need to be aligned. Traditionally, CET tilt-series alignment is performed
with 5-20 nm gold fiducials, but it has thus far proven difficult to apply this to FIB lamellae
of eukaryotic cells. In here, we describe a simple method to allow uptake of bovine serum
albumin (BSA)-gold fiducials into mammalian cells via endocytosis, which can subsequently
be used as fiducials for tilt-series alignment of cryo-FIB lamellae. We compare the alignment
of tilt-series with BSA-gold fiducials to fiducial-less patch-tracking, and find better alignment
results with BSA-gold. This technique can contribute to understand cells at a structural and
ultrastructural level with both cryo- and room-temperature electron tomography. Furthermore,
fluorescently labeled BSA-gold has the potential to be used as fiducials for correlative light
and electron microscopy studies.

Endocytosis BSA-gold
C by cells

Vitrification

E

cryo FIB-lamella fabrication
on cell
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1. Introduction

Recent advances in cryo—electron microscopy have established single-particle analysis
and cryo—electron tomography (CET) combined with subtomogram averaging as powerful
methods for determining the structure of proteins (Kuhlbrandt, 2014; Turoniova et al., 2017,
O’Reilly et al., 2020). Where single particle relies on the biochemical isolation of proteins,
CET allows proteins to be studied in the native context of the cell. However, the increased
probability of inelastic scattering events of electrons with increased sample thickness makes it
impossible to use CET to image most areas of mammalian cells. Where sample thinning with
vitreous cryo-sectioning causes artifacts such as compression and crevasses (Pierson et al.,
2011), it has recently become possible to overcome these limitations by using a cryo-focused
ion-beam (FIB) to prepare ~200 nm—thick lamellae of cells (Marko ef al., 2007; Mahamid et
al., 2016a; Schaffer et al., 2017). This allows for the structural study of protein complexes in
their native cellular environment (Weiss et al., 2019; Albert et al., 2020; Wolff et al., 2020).

In order to accurately reconstruct a 3-dimensional tomographic volume from a CET tilt-series,
the individual tilted images need be aligned to correct for sample and stage movements, after
alignment of different frames recorded at the same tilt angle (Zheng et al., 2017). The generally
preferred method is to add 5-20 nm gold nanoparticles to the sample prior to vitrification to act
as fiducials during tilt-series alignment (Gruska et al., 2008; Dobro et al., 2017). The use of
fiducials allows for accurate tilt-series alignment by correcting for non-rigid registration due
to beam and stage-induced shifts as well as sample alterations (Karimi Nejadasl ez al., 2013;
Mastronarde and Held, 2017; Fernandez et al., 2018, 2019). However, adding fiducials to
FIB-milled lamellae of eukaryotic cells has so far proven to be difficult. Nanogold particles in
2-methylpentane can be used to deposit fiducials to the lamella surface post-milling (Harapin
etal.,2015), but so far successful cases employing this method are limited. Fiducials can also
be deposited on the grid before vitrification and used in FIB-wedges, because the grid foil is
still present below the thinned cellular material (Jasnin et al., 2019). However, they will not be
visible in FIB-lamellae, where also the material below the lamella is removed, which causes
the grid foil (with the gold fiducials) to only intersect with a small section of the tilted lamella.

Many fiducial-less alignment methods that use cross-correlations or feature tracking to create
virtual fiducials have been developed (Owen and Landis, 1996; Lowe, 2004; Bay et al., 2008;
Han et al., 2014; Noble and Stagg, 2015; Chen ef al., 2019), which are generally used in
CET studies on FIB-lamellac (Mahamid et al., 2016b; Bauerlein et al., 2017; Albert et al.,
2020). However, fiducial-less alignment can be challenging with the low signal-to-noise ratio
typically present in CET tilt-series, in particular at high tilt angles. /n situ structural research
with CET on FIB-lamellae would benefit from a simple method to add nanogold fiducials to
FIB-lamellae.
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In this technical note, we describe how endocytosed, 10 nm bovine serum albumin (BSA)-
coated gold nanoparticles can be used as fiducial for tilt-series alignment of cryo-tomograms
recorded on FIB-lamellae of mammalian cells and show that the use of BSA-gold for tilt-series
alignment results in higher quality tomographic reconstructions compared to fiducial-less
alignment. This method may be used to better study the structural states of protein complexes
in the native context of the cell with CET on FIB-lamellae and offers the potential to be used
as fiducials for correlative light and electron microscopy as well.

2. Sample preparation

2.1 Cell culture & uptake of BSA-gold

Primary blood monocytes were isolated from a human blood buffy coat (Sanquin) with
RosetteSep (Stemcell Technologies) as described by the manufacturer. Isolated monocytes
were kept at 37 °C and 5% CO, in AIM V medium (Thermo Fisher Scientific, cat. 12055083)
in non-tissue culture—treated petri dishes (Greiner, ref 633179) and differentiated into dendritic
cells with 25 ng/ml interleukin-4 (IL-4) (PeproTech, cat 200-04) and 200 ng/ml granulocyte-
macrophage colony-stimulating factor (GM-CSF) (PeproTech, cat 300-03) for 6 days. J774
cells were grown in RPMI (Thermo Fisher Scientific. Cat. 11875093) supplemented with
10% fetal bovine serum.

For vitrification, 400.000 cells were transferred to a 35 mm petri dish (Greiner,ref 627160)
containing 8 UltrAufoil 200-mesh R2/2 grids (Russo and Passmore, 2014). Cells were infected
with either Yersinia enterocolitica AD4334 (E40 AblaA Aasd AyopH AyopO AyopP AyopE
AyopM AyopT) SctV-mCherry or Escherichia coli Rosetta 2(DE3) expressing the plasmid
pQLinkN:EccB1-EccCa-EccCb1-mNG-His6-EccD1-EccEl for 1 h before vitrification
or infected with Mycobacterium marinum MY 16 h before vitrification. At 1 h before
o) Of 235 (Cell
Microscopy Core, University Medical Center Utrecht) were added to the cells in a total volume

vitrification, 5 pl of 10 nm BSA-gold fiducials with an optical density (OD

of 1 ml of medium with a final OD of 1.2 and allowed to be taken up via endocytosis.

For visualizing the distribution of BSA-gold with fluorescence microscopy, J774 mouse
macrophages in RPMI medium were allowed to take up 5 nm BSA-gold fluorescently labeled
with Alexa Fluor 488 dye (Cell Microscopy Core, University Medical Center Utrecht) with a
final OD
sections, J774 mouse macrophages in RPMI medium were allowed to take up 10 nm BSA-
gold with a final OD,, of 1.2 for 60 min.

of 2.5 for 90 min. For visualizing the distribution of BSA-gold with EM on epon

2.2 Fluorescence microscopy
Live J774 cells were imaged at 37 °C by recording Z-stacks with a CorrSight spinning
disk confocal fluorescence microscope (Thermo Fisher Scientific) with a 40 x air objective
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(Zeiss, 420363-9901-000) with 488 nm excitation in spinning disk mode. For visualization in
figure 1A and B, maximum intensity projections of the Z-stacks were overlaid with in-focus
transmitted light images of the cells. For Supplementary Movie 1, individual optical slices
are shown as a movie.

2.3 Epon sectioning, EM overview acquisition and gold quantification

After uptake of 10 nm BSA gold, J774 cells were chemically fixed with 2.5% glutaraldehyde
in 0.1 M phosphate buffer for 60 min at room temperature. Fixed cells were washed twice in
0.1 M phosphate buffer, followed by washing twice in 0.1 M cacodylate buffer. Postfixation
was performed for 1 hour at 4 °C in 0.1 M cacodylate buffer with 1% osmium tetroxide and
1.5% K Fe(CN),, followed by washing 5 times in milli-Q. Dehydration was performed in
ethanol at room temperature and cells were embedded in Epon. 130-140 nm thin sections
were prepared using a microtome.

EM overviews were acquired with a Tecnai Arctica (Thermo Fisher Scientific) equipped with
a Falcon III direct electron detector (Thermo Fisher Scientific), operating at 200 kV. Tilescan
overviews were acquired with MAPS 3.7 (Thermo Fisher Scientific) with a pixelsize of 9.8
A and 1.5 um underfocus. Tilescan overviews were stitched with the FIJI grid/collection
stitching plugin (Schindelin et al., 2012). Distribution of 10 nm BSA-gold within the cell was
determined on the stitched overviews by picking BSA-gold particles with the IMOD function
imodfindbeads (Mastronarde and Held, 2017), followed by manual evaluation and correction
of the model where required. Distribution of BSA-gold was visualized using IMOD.

2.4 Vitrification & lamellae preparation

Electron microscopy (EM) grids were vitrified with a modified vitrobot (Frederik and Hubert,
2005) (Thermo Fisher Scientific) with a custom-built jet vitrification device (Ravelli et al.,
2020) and a force sensor feedback loop to accurately apply a specific blot force. On the sample
side of the blotting pads, a sheet of Teflon was used and on the backside, Whatman filter paper
(Sigma-Aldrich, cat. no. 1001-055). EM grids were blotted for 5 s with a 2 s wait time before
plunging, a chamber humidity of 80% at 37 °C and a blot force of 2.45 N.

Cryo-FIB lamellae were fabricated with a SCIOS FIB/SEM dual-beam (Thermo Fisher
Scientific) which was upgraded to similar specifications as an Aquilos (Thermo Fisher
Scientific). A thin (~5-10 nm, estimated based on the sputter-coating parameters) platinum
layer was sputter-coated on the grid (6 s, 10 W, 600 V, 30 mA) and an overview of the grid was
acquired with the SEM in MAPS software 3.1 (Thermo Fisher Scientific). Sites for lamellae
fabrication were chosen and the eucentric positions were determined prior to applying an
organometallic platinum layer with the gas injection system at three different areas of the
grid for 3 s, resulting in an even layer thickness of approximately 1 pm as observed with
the TEM during FIB-lamella fabrication. Cryo-FIB lamellae were prepared with rectangular
pattern milling or wedge pre-milling with a current between 0.05 and 1 nA at an angle of 11°
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relative to the grid with an initial width between 8 and 20 um. A thin (~5 nm, as measured in
the reconstructed tomograms) platinum layer was applied to the finished lamella (3 s, 10 W,
600V, 30 mA).

2.5 CET and tilt-series alignment

CET was performed with a Tecnai Arctica (Thermo Fisher Scientific) equipped with a Falcon
111 direct electron detector (Thermo Fisher Scientific), with a pixel size of 2.73 A and operating
at 200 kV or a Titan Krios equipped with a K2 direct electron detector (Gatan), with a pixel
size of 4.24 A, operating at 300 kV and equipped with a Gatan Imaging Filter operating with a
slit width of 20 eV. On both electron microscopes, cameras were operated in electron counting
mode. Low-dose overviews of the lamellae were acquired to record tilt-series of biological
targets of interest. For the Tecnai Arctica, low-dose tilescan overviews were acquired with
MAPS 3.7 (Thermo Fisher Scientific) with a pixelsize of 12.9 A, and 200 um underfocus.
For the Titan Krios, single image low-dose overviews were acquired at 1200 x magnification
to capture the entire lamella in one image with 500 pm underfocus. Tilt-series were acquired
with a bidirectional tilt scheme with 3° increments and an angular range of 51° to -51° with
correction for the pre-tilt of the lamella for the data acquired with a Tecnai Arctica or 2°
increments with an angular range of 50° to -50° corrected for the pre-tilt of the lamella for
the data acquired with a Titan Krios. Tilt-series were recorded with Tomography 4 software
(Thermo Fisher Scientific), a total fluence of 100 e-/A% and 4-6 um underfocus.

Dose fractions were aligned with MotionCor2 version 1.1 (Zheng ef al., 2017) and tilt-series
were aligned with Etomo in IMOD version 4.10.28 (Mastronarde and Held, 2017). For
fiducial-based alignment, unbinned tilt-series were used to automatically create the initial
seed model with up to 250 points, followed by automatic tracking. The resulting fiducial
model was manually corrected for errors, missing points and more gold particles were added.
For points with a high displacement compared to the fit determined on all the points (high
residual error), the centering of the points on the fiducials was manually iteratively improved.
For fiducial-less alignment, patch-tracking in Etomo was used on 4 x binned tilt-series with a
patch size of 200 x 200 pixels, a fractional overlap of 0.4 and 48 pixels away from the edges,
resulting in 7 x 7 patches. Patches that were not tracking correctly were manually removed
and tilt-images where most or all patches were not tracking correctly were excluded from
being used to reconstruct the tomogram.

For comparing the alignment between fiducial-based and fiducial-less alignment, tilt-series
were independently reconstructed by weighted back projection for both methods, and
alignment parameters were extracted from the project folders with a bash script. Values
for the residual error were converted to unbinned pixels. For visual comparison between
fiducial-based and fiducial-less alignment, 2D slices in XY, YZ and XZ direction of the same
BSA-gold or biological structures were extracted from both tomograms with a bash script.
For visualization, reconstructed tomograms were filtered with TomDeconv (https://github.
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com/dtegunov/tom_deconv/) with a signal-to-noise ratio falloff of 0.9 and the deconvolution
strength set to 0.7. Movies of tomograms were recorded in IMOD.

3. Nanogold in mammalian cells

BSA-gold is generally not toxic to the cells and has been extensively used to study endocytosis
and as therapeutic agents (Bolafos et al., 2019). BSA-gold is known to be endocytosed by
mammalian cells within minutes into early endosomes, reaching late endosomal organelles
within 1 h (Kleijmeer ez al., 1997). We used fluorescently labeled, 5 nm BSA-gold to visualize
its cellular distribution after endocytosis (Fig. 1A, B, Movie S1).

In order to get 5-20 nm nanogold fiducials into eukaryotic cells, we incubated the cells
with BSA-gold for 1 h before vitrification. Some cytotoxicity has been observed after longer
incubation times depending on cell type concentration, incubation time, and gold particle
size (Khlebtsov and Dykman, 2011; Leopold et al., 2017; Lillo et al., 2020). We successfully
used this method to get BSA-gold fiducials into FIB-lamellae of different cell types, including
dendritic cells (Fig. 1C, Movie S2), primary human blood monocytes and dendritic cells
infected with Yersinia enterocolitica (Fig. 1D, Movie S3), and the mouse macrophage cell
line J774 infected with Escherichia coli (Fig. 1E, Movie S4); we observed BSA-gold in
different endosomal organelles including endosomes, lysosomes, phagosomes as well as
autophagosomal organelles after fusion with endosomal organelles. We therefore recommend
to use incubation times up to 2 h, which is sufficient for a good distribution of BSA-gold into
endosomal organelles.

To quantify the distribution of BSA-gold within the cell, we recorded EM tilescan overviews
of epon section (Faas ef al., 2012) of J774 cells after 1 hour of BSA gold endocytosis, with a
similar thickness to FIB lamellae (Sup. Fig. 1). We found a good distribution of BSA gold in
endocytotic organelles throughout the cytosol with at least several thousand 10 nm BSA-gold
particles in sections of different cells. The expected number of BSA-gold particles present in
tilt-series depends on many factors, including the cell type, the size of the field of view and
the subcellular localization of the biological target of interest. Based on the distribution in
Sup. Fig. 1 and our experience in applying these techniques to different biological targets,
we estimate the chance of having sufficient gold for alignment of a CET tilt-series recorded
on a FIB-lamellae to be between 50-100% for a target that is not localized in the nucleus.
The strategy of endocytosis of BSA-gold was particularly successful for a dataset with over
150 CET tilt-series recorded on FIB-lamellae of intracellular Y. enterocolitica, where each
tilt-series could be aligned with a large number of BSA-gold particles. A wide range of cell
types are known to endocytose BSA-gold (Geoffroy and Becker, 1984; Peters et al., 1995;
Bright ef al., 1997; De Heidi et al., 1999; Lopes da Silva ef al., 2012; Galmes ef al., 2015),
making this method widely applicable to many different samples for biological targets in or
near organelles of endosomal origin.
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AR g

Figure 1 ials to ries recorded on FIB-lamellae. (A) Distribution of
5 nm BSA-gold labeled with Alexa 488 in J774 mouse macrophages after 90 min of incubation. Scale bar:
10 um. (B) Fluorescence image of A overlaid with transmitted light imaging of the cells. (C) Tomographic
slice of a dendritic cells differentiated from primary human blood monocytes infected with M. marinum and
incubated for 60 min prior to vitrification with 10 nm BSA-gold. The tomogram was recorded on an area
where no intracellular bacteria are present. BSA-gold is present in different endo-lysosomal organelles
(EL), including double membrane-enclosed organelles of autophagosomal origin (APh), which may contain
BSA-gold because they have fused with endosomal organelles. A total of 70 BSA-gold particles (Au) are
present in this tomogram. Many cytosolic ribosomes (Ri) and two vault complexes (Vault) (Woodward et
al., 2015) can be observed in this slice as well. Scale bar: 100 nm. (D) Tomographic slice of primary human
blood monocytes differentiated into dendritic cells and infected with Y. enterocolitica. A large number of
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10 nm BSA-gold particles (Au) are surrounding the bacterium in the tomographic volume because Y.
enterocolitica is covered in a dense coat of the bacterial adhesin YadA (Hoiczyk, 2000), which binds to the
BSA-gold. Atotal of 109 BSA-gold particles are present in this tomogram. The bacterium (Bac.) is enclosed
by the phagosomal membrane (PhM). In the cytosol, the endoplasmic reticulum (ER) can be observed
surrounded by ribosomes (Ri), actin (Act), and microtubules (Mt). Scale bar: 100 nm. (E) Tomographic slice
of the mouse macrophage cell line J774 with intracellular E. coli. bacteria (Bac.) after phagocytosis. The
bacteria are surrounded by a phagosomal membrane (PhM). The cellular material present in the organelle
is likely from phagocytosis of cellular debris from apoptotic cell. A total of 127 BSA-gold particles (Au) are
present in this tomogram. Scale bar: 100 nm.

4. Assessment of fiducial-based tilt-series alignment

The use of this method allows for BSA-gold to be used as fiducials to align tilt-series recorded
on cryo-FIB lamellae of eukaryotic cells, which has several advantages over cross-correlation
and feature-based, fiducial-less alignment. BSA-gold fiducials are very electron dense
compared to the surrounding cellular material, which results in a high contrast and accurate
tracking of the center of the BSA-gold particles, even at high tilt-angles where the electrons
have a longer path through the biological sample. Because the BSA-gold particles are mostly
spherical, they look nearly the same from all tilt angles, which makes it more accurate to
determine the center. Accurate tracking of a large number of fiducials distributed throughout
the sample in all dimensions allows a more precise determination of the tilt angles, rotations,
and magnification as well as local correction of tilt-series and correction for motion of the
sample during acquisition of the tilt-series (Mastronarde and Held, 2017; Fernandez et al.,
2018, 2019).

To compare the alignment quality of CET tilt-series recorded on FIB-lamellae aligned with
BSA-gold or fiducial-less patch-tracking, we independently aligned sixteen tilt-series with
both methods (Fig. 2, Table 1). Alignment with BSA-gold results in fewer reconstruction
artifacts in both BSA-gold fiducials (Fig. 2B, C) and biological structures (Fig. 2D, E).
When comparing the alignment parameters, we see that alignment with BSA-gold resulted
in lower residual errors and that more contours could be tracked at all tilt-images (Table 1).
These results indicate that alignment of tilt-series recorded on FIB-lamella with BSA-gold
as fiducials gives higher quality tomographic reconstructions compared to fiducial-less patch
tracking. Improvements in tilt-series alignment are known to be able to improve the resolution
obtained with subtomogram averaging (Fernandez ez al., 2018, 2019; Himes and Zhang, 2018;
Chen et al., 2019). We therefore expect that the improved tilt-series alignment observed with
BSA-gold may improve the resolution obtained with subtomogram averaging.

Alignment parameters of different tilt-series recorded on five different FIB-lamellae aligned
with 10 nm BSA-gold fiducials, or fiducial-less patch tracking in Etomo (Mastronarde and
Held, 2017). The sample type indicates whether the tilt-series was recorded on lamellae from
dendritic cells (DC) infected with Y. enterocolitica, dendritic cells infected with M. marinum,
or J774 macrophages infected with E. coli. The local lamella thickness was measured in
the center of the reconstructed tomograms in nanometers. Tilt-series were either recorded
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Tomogram 1 Tomogram 4 Tomogram 7 Tomogram 8

A

Figure 2. Comparison of tilt-series alignment quality with fiducials compared to fiducial-less alignment.
Tilt-series from several different lamellae were independently aligned with 10 nm BSA-gold as fiducials
and fiducial-less patch-tracking. (A, B) XY, YZ and XZ slices of 4 different BSA-gold particles from different
tomograms aligned with the fiducials (A) or aligned with fiducial-less patch-tracking (B). Red arrows indicate
areas of particular difference. (C, D) XY, YZ and XZ slices of biological features from tomograms aligned with
BSA-gold fiducials (C) or fiducial-less patch-tracking (D). Tomogram 1, 4, and 8 show bacterial ribosomes
of Y. enterocolitica and tomogram 7 a vault complex of the infected host cell. Red arrows indicate areas
of particular difference
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with a Tecnai Arctica with a pixel size of 2.73 A, or a Titan Krios with a pixel size of 4.24
A. Tomogram #9, #10, and #13 (denoted with asterisks) are shown in Figure 1 D, E, and
C, respectively. The average local mean residual error gives the mean displacement of all
the individual points in pixels compared to the fit determined based on all the points and is
a measure of how accurate the tilt-series are aligned. The number of contours are the total
number of features tracked over all the different tilt images. The points/contours ratio, the
total number of points in the whole tilt-series divided by the number of contours, indicates
how well features could be tracked at all tilt angles. Thirty-five tilt-images were recorded for
tomograms #1 to #10, but 4 tilt images were not used to reconstruct the final tomogram for
tomogram #2. For tomograms #11 to #16, 50 tilt images were recorded, except for #15, for
which 51 tilt images were recorded.

5. Conclusion

In this technical note, we provide a simple method to get BSA-gold fiducials into eukaryotic
cells via endocytosis, which enables the accurate alignment of CET tilt-series recorded on
FIB-lamellae with gold fiducials. Furthermore, we demonstrate its successful application
for different cell types and show its subcellular distribution. Whether sufficient BSA-gold is
consistently present around a biological target of interest for tilt-series alignment depends on
different factors. Thus, the suitability of this technique will need to be assessed for different
use cases.

We show better tilt-series alignment with BSA-gold compared to fiducial-less alignment
methods that are commonly employed. The strong contrast of the BSA-gold also benefits
fiducial-less alignment, so larger benefits are expected when comparing FIB-lamellae with
and without BSA-gold. This method supports the use of CET on FIB-lamellae to study the
structure of protein complexes in their native cellular environment. One of the downsides of
the use of gold fiducials is that they may cause streak artifacts near the gold particles caused
by the missing wedge. This can be mostly negated by the computational removal of the gold
particle in the tilt-series during the reconstruction process.

Recently, the use of per-particle refinement of tilt parameters has shown great promise of
improving the resolution of the final subtomogram averages, even on in situ samples (Himes
and Zhang, 2018; Chen et al., 2019; O’Reilly ef al., 2020). BSA-gold fiducials can be used in
conjunction with this technique for high-quality, (semi-) automated alignment of the tilt-series
prior to per-particle refinement. Other uses include research questions that do not require
subtomogram averaging as well as for traditional electron tomography at room temperature.
Additionally, the use of BSA-gold also helps in identifying organelles, since they are only
present in organelles of endosomal origin. Finally, endocytosis of fluorescently labeled BSA-
gold (Fokkema et al., 2018) may potentially be used as fiducials to accurately correlate
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cryo-fluorescence microscopy data with CET on FIB lamellae (Wolff et al., 2016; Bharat et
al.,2018; Kuba et al., 2021).
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Appendices and supplementary information
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Supplementary Figure 1. Distribution of BSA gold within epon sections of J774 cells after 1 h of endocytosis
of BSA gold. Sections have a thickness of 130-140 nm as determined with tomography (data not shown),
which equates to an approximately 160-170 nm thick lamella when accounting for sample shrinkage during
dehydration. (A) Stitched tilescan showing the distribution of BSA-gold in endocytotic organelles throughout
the cell (except in the nucleus). 10 nm BSA-gold fiducials are marked with green circles. In the section
of the cell on the left, a total of 35634 10nm BSA-gold fiducials were found and in the cell on the right
23579. The size of field of view for tilt-series acquired in this studies on FIB-lamellae with the Titan Krios
(1.6 ym x 1.6 ym) and Tecnai Arctica (1.1 ym) are indicated in the bottom left (rectangles with black lines).
Areas shown in panel B and C are indicated (rectangles with black dashed lines). Scalebars: 2 um. (B,C)
enlarged areas of panel A on the left and right cell respectively. Scalebar: 200 nm. (D,E) stitched tilescan
overviews of other cells. A total of 19648 10 nm BSA-gold fiducials were found in the section of the cell in
panel D and 3296 in the section of the cell shown in panel E. Scalebar: 2.5 pm.
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Supplementary Movie 1. Movie of of the Z-stack that is shown as a maximum intensity
projection in Figure 1A. Scale bar: 10 pm.

Supplementary Movie 2. Movie of the tomogram shown in Figure 1C. The 10 nm BSA-gold
fiducials are marked in green in the second half of the movie. Scale bar: 100 nm.

Supplementary Movie 3. Movie of the tomogram shown in Figure 1D. The 10 nm BSA-gold
fiducials are marked in green in the second half of the movie. Scale bar: 100 nm.

Supplementary Movie 4. Movie of the tomogram shown in Figure 1E. The 10 nm BSA-gold
fiducials are marked in green in the second half of the movie. Scale bar: 100 nm.
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Chapter 4

Abstract

Many pathogenic bacteria use the type III secretion system (T3SS), or injectisome, to secrete
toxins into host cells. These protruding systems are primary targets for drug and vaccine
development. Upon contact between injectisomes and host membranes, toxin secretion is
triggered. How this works structurally and functionally is yet unknown. Using cryo-focused
ion beam milling and cryo-electron tomography, we visualized injectisomes of Yersinia
enterocolitica inside the phagosomes of infected human myeloid cells in a close-to-native
state. We observed that a minimum needle length is required for injectisomes to contact the
host membrane and bending of host membranes by some injectisomes that contact the host.
Through subtomogram averaging, the structure of the entire injectisome was determined,
which revealed structural differences in the cytosolic sorting platform compared to other
bacteria. These findings contribute to understanding how injectisomes secrete toxins into host
cells and provides the indispensable native context. The application of these cryo-electron
microscopy techniques paves the way for the study of the 3D structure of infection-relevant
protein complexes in host-pathogen interactions.
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Structure of the Yersinia injectisome

1. Introduction

The type III secretion system (T3SS), or injectisome, is a large bacterial transmembrane
protein complex that transports effector proteins across both the bacterial and host membranes.
These effector proteins manipulate host cells to promote favorable conditions for pathogenic
bacteria. This makes the T3SS essential for virulence for many different human pathogens
including Salmonella, Shigella, Chlamydia and Yersinia (Deng et al., 2017). To design drugs
and vaccines against these pathogens, it is important to understand their structure in the most
native setting (in situ).

The injectisome consists of a cytosolic sorting platform in the cytoplasm, a basal body
spanning the inner and outer membrane, and a needle that protrudes from the bacterium.
Assembly of the injectisome (Diepold and Wagner, 2014; Deng ef al., 2017; Hu et al., 2020)
is initiated by the formation of the export apparatus and the basal body (Kimbrough and
Miller, 2000; Wagner et al., 2010; Kowal et al., 2013). Next, the cytosolic sorting platform
is formed, attached to the export apparatus and the base of the basal body (Diepold et al.,
2010). Subsequently, the helical needle structure is formed and elongated. When reaching
the final needle length (Journet et al., 2003), the sorting platform and other key proteins
switch the injectisome to secreting a protein that forms the needle tip. This fully assembled
T3SS will become activated upon contact with a host membrane, after which the translocon
proteins are secreted to form a pore into the host cell (VanEngelenburg and Palmer, 2008;
Radics et al., 2014; Nauth et al., 2018). Finally, several effector proteins are secreted through
the needle and the pore into the host cell. The sorting platform thus needs to sequentially
switch between secreting needle, needle tip, translocon and effector proteins and this process
needs to be strictly regulated. The mechanisms for this regulation as well as how contact
of injectisome needles with host membranes triggers the secretion of substrates are largely
unknown. Determining the structural states of injectisomes in contact with host membranes
(likely secreting) and not in contact to host membranes (likely non-secreting) may help to
reveal these mechanisms.

The structure of the injectisome has been extensively studied by using biochemical purification
followed by cryo-electron microscopy (cryo-EM) and single-particle analysis. This has been
essential to determine the structure of the injectisome at resolutions allowing atomic model
building (Marlovits et al., 2004; Worrall et al., 2016; Hu et al., 2018; Lunelli ef al., 2020).
However, purification of protein complexes from their native environment may cause parts
of the complex to dissociate or change their structure. Indeed, single-particle structures of
purified injectisomes lack several structural components, including the cytosolic sorting
platform, the surrounding membranes and the peptidoglycan layer. Cryo-electron tomography
(CET), however, can visualize protein complexes in their native environment. Structures of
the injectisome of several species have been determined with CET including Salmonella
enterica, Shigella flexneri and Chlamydia trachomatis (Kawamoto et al., 2013; Hu et al.,
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2015, 2017; Nans et al., 2015; Butan et al., 2019). This revealed the structure of the cytosolic
sorting platform to consist of six pod-like densities, which contrast with the ring structure
found in the cytosolic C-ring of the closely related bacterial flagellar motor (Thomas et al.,
2006; Chen et al., 2011; Hu et al., 2015, 2017; Makino ef al., 2016). The structure of the
sorting platform of Y. enterocolitica has not yet been determined (Kudryashev et al., 2013).

Because of the pivotal role of the T3SS during infection, determining different structural
states of the injectisome during infection is critical to understand the mechanisms of substrate
secretion. Indeed, contact with host cells has already been shown to result in structural
differences in C. trachomatis minicells compared to a host-free state including a contraction
of the basal body and stabilization of the sorting platform (Nans ef al., 2015). In contrast,
the injectisome of S. enterica minicells in contact with host cells did not show any structural
rearrangements (Park et al., 2018). The injectisome, and in particular the sorting platform,
is a highly dynamic complex, and secreting conditions have been shown to increase the
exchange rate of the dynamic cytosolic injectisome subunits that form the sorting platform
in Y. enterocolitica (Diepold et al., 2015, 2017). The structural changes in the injectisome
triggered by host contact in C. trachomatis and the altered exchange rate of sorting platform
proteins observed in Y. enterocolitica make it likely that structural changes occur upon contact
of the needle with a host membrane.

Although Y. enterocolitica is considered primarily an extracellular pathogen (Devenish and
Schiemann, 1981; Du et al., 2016), there is substantial evidence for intracellular survival
and replication inside infected phagocytic myeloid cells, and Y. enterocolitica is known to
gain entry through M cells of the gastrointestinal tract, where it can infect Peyer’s patches
(Tabrizi and Robins-Browne, 1992; Autenrieth and Firsching, 1996; Pujol and Bliska, 2005;
VanCleave et al., 2017; Bohn ef al., 2019). This makes myeloid cells excellent models to
study injectisome structure in a biologically relevant infection context. We therefore used
primary human monocytes and monocyte-derived dendritic cells to investigate with CET the
injectisome structure of Y. enterocolitica during intracellular infection.

Whereas conventional EM sample preparation generally only allows for ultrastructural studies
of host-pathogen interactions (van der Wel et al., 2007), rapid freezing and cryo-microscopy
preserves the molecular structure of the cell. Only the edges of mammalian cells are thin
enough for electrons to penetrate to allow imaging with CET. In order to access the areas
inside the cells, we used cryo—focused ion beam (cryo-FIB) to make ~200-nm-thick lamellae
of the infected cells (Marko et al., 2007; Schaffer et al., 2017). These techniques allow protein
complexes to be studied in their native environment at nanometer resolution (Bykov et al.,
2017; Medeiros et al., 2018; Weiss et al., 2019; Albert et al., 2020), and enabled us to study
the injectisome within infected host cells.
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In this work, we visualized Y. enterocolitica during intracellular infection of primary myeloid
cells using CET on FIB-lamellae and showed that injectisome needles directly contact, and
in some cases deform, host membranes. Furthermore, we observed large variability between
the contact angles of individual needles with host membranes, the lengths of the needles and
lengths of the basal body. A minimal injectisome needle length seems to be required to make
contact with host membranes. Finally, subtomogram averaging revealed the entire structure
of the injectisome of Y. enterocolitica during intracellular infection, including the basal body,
cytosolic sorting platform and the needle tip complex. This showed structural differences
in the sorting platform compared to other species. These structural data on the injectisome
structure during intracellular infection pave the way towards providing the fine molecular
details of how injectisomes interact with host cells under native conditions.

2. Materials and methods

2.1 Bacterial strains and culture conditions

A starter culture of Y. enterocolitica AD4334 (E40 AblaA Aasd AyopH AyopO AyopP AyopE
AyopM AyopT) SctV-mCherry was grown overnight at 28 °C in 37 g/L brain heart infusion
medium (BHI) containing 35 pg/ml nalidixic acid (NAL) and 80 pg/ml diaminopimelic acid
(DAP). The starter culture was used to inoculate a culture at an OD,, of 0.12 in 37 g/L BHI
containing 35 pg/ml NAL, 80 pg/ml DAP, 0.4% glycerol (v/v) and 20 mM MgCl,. Bacteria
were grown for 1.5 h at 28 °C to recover exponential growth, and 3 h at 37 °C to induce the
expression of the T3SS.

For confirming the identity of the extracellular protein coat as YadA, we used the strain
Yersinia enterocolitica E40 AD4053 (E40 AblaA Aasd AyopH AyopO AyopP AyopE AyopM
AyopT AyadA) where expression of YadA was prevented by the integration of the mutator
plasmid pJLM4031 in the the YadA gene. These bacteria were grown as described above
except with 100 pg/ml of streptomycin in the culture medium.

2.2 Monocyte isolation and differentiation

Human blood buffy coat was acquired from Sanquin, and monocytes were isolated by negative
selection with RosetteSep (Stemcell Technologies) as per the manufacturer’s instructions.
Isolated monocytes were cultured at 37 °C and 5% CO, in AIM V medium (Thermo Fisher
Scientific, cat. 12055083) in non-tissue culture—treated petri dishes (Greiner, ref 633179) for 1
day. The medium was replaced with AIM V medium containing 25 ng/ml interleukin-4 (IL-4)
(PeproTech, cat 200-04) and 200 ng/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF) (PeproTech, cat 300-03), and the cells were allowed to differentiate into dendritic
cells for 6 days (Hiasa et al., 2009). For cryo-fluorescence microscopy, J774 macrophages
were grown in RPMI 1640 medium (Thermo Fisher Scientific. Cat. 11875093) supplemented
with 10% fetal bovine serum.
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2.3 Infection and adhering cells to grid

Isolated monocytes or differentiated dendritic cells or J774 macrophages were washed with
RPMI 1640 medium and detached by incubating for 10 min with 2 ml TripleE (Thermo
Fisher Scientific cat. 12604013) followed by scraping. Then 400 000 cells were seeded in
a petri dish (Greiner,ref 627160) containing 8 UltrAufoil 200-mesh R2/2 grids (Russo and
Passmore, 2014), and the cells were allowed to adhere for 1 h. The cells were infected with
Y. enterocolitica at a multiplicity of infection (MOI) of 100 for 1 h, then 10-nm gold fiducials
were added. For cryo-fluorescence microscopy, an MOI of 40 was used and the nucleus was
stained for 20 min with NucBlu Live ReadyProbe Reagent (Thermo Fisher, cat. R37605).

2.4 Cryo-fluorescence microscopy

Z-stacks of intra- and extracellular bacteria were imaged under cryogenic conditions with a
Corrsight spinning disk confocal fluorescence microscope (Thermo Fisher Scientific) with a
40 x air objective (Zeiss, 420363-9901-000) with 405 and 561 nm excitation in spinning disk
mode. Z-stacks were deconvoluted (Sage ef al., 2017) and max-intensity projections were
made for visualization.

2.5 Jet vitrification

EM grids were vitrified with a modified Vitrobot (Thermo Fisher Scientific), where the liquid
ethane—plunging container was replaced with a custom-built jet vitrification device (Ravelli et
al., 2020) and a force sensor on the blotting pads provides live feedback on the force that the
blotting pads apply for more consistent blotting results. On the blotting pads, a sheet of Teflon
was used on the sample side and Whatmann filter paper (Sigma-Aldrich, cat. no. 1001-055) on
the backside of the grid. A blotting force of 2.45 N was used with a blotting time of 5 s, waiting
time of 2 s, chamber humidity of 80% and temperature of 37 °C. Vitrified grids were clipped
with autogrids (Thermo Fisher Scientific, cat. no. 1036173). Autogrids were modified with a
laser mark pattern to orient the grid when loading it in the FIB/SEM and TEM microscopes.

2.6 Cryo-FIB lamella fabrication

For FIB lamella fabrication, a SCIOS FIB/SEM dual-beam (Thermo Fisher Scientific) was
used that was upgraded to the functional equivalent of an Aquilos (Thermo Fisher Scientific).
A thin layer of platinum was sputtered on the grid with the build-in sputter coater (6 s, 10
W, 600 V, 30 mA). MAPS software 3.1 (Thermo fisher Scientific) was used to acquire an
overview of the grid, and sites of interest were selected and eucentric height for each position
was determined. Organometallic platinum was deposed on three different sides on the edge
of the grid for 3 s, and rectangular pattern milling was used to make FIB lamellae at 30 kV
and a current between 0.05 and 1 nA at a milling angle of 11° relative to the grid. The initial
width of the lamella was chosen between 8 and 20 um with lower width of the milling box
in consecutive milling steps. A thin layer of platinum was sputtered over the final lamellae (3
s, 10 W, 600 V, 30 mA).
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2.7 Cryo-electron tomography

Most CET was done with a Tecnai Arctica (Thermo Fisher Scientific) operating at 200 kV.
Data were acquired with a Falcon III direct electron detector operating in electron counting
mode with a pixel size of 2.73 A. TEM grids with lamella were oriented 90° counterclockwise
in the autoloader relative to their orientation in the FIB/SEM using the laser marks. Low-
dose stitched overviews of the lamellae were acquired to determine sites of interest with the
MAPS software 3.6 (Thermo Fisher Scientific). Tilt series were acquired with the Tomography
software 4.9 (Thermo Fisher Scientific) with a bidirectional tilt scheme between -51° and 51°
with 3° increments or -34° and 34° with 2° increments with a total dose of 100 e-/A2 The
tilt angles were corrected for the pre-tilt of the lamella. Over 150 tilt series were collected.

For the control of the YadA mutant, tilt series were recorded with a Titan Krios operating at
300 kV and equipped with a K2 operating in electron counting mode with a pixel size of 2.72
A and a bidirectional tilt scheme between -60° and 60° with 2° increments correcting for the
pre-tilt of the lamella.

2.8 Data processing and tomogram reconstruction

Dose fractions were aligned with MotionCor2 version 1.1 (Zheng et al., 2017). Tilt series
were aligned and reconstructed with Etomo version 4.9.5 (Mastronarde and Held, 2017) with
fiducial-based local alignment, subtraction of gold fiducial markers and CTF correction by
phase-flipping and reconstructed with weighted back projection. For selecting subtomograms,
4 x binned tomograms were flipped in XY and filtered with TomDeconv (https://github.com/
dtegunov/tom_deconv/) (Tegunov and Cramer, 2019). For visualization and the movies, 2 x
or 4 x binned weighted back projection tomograms were reconstructed from tilt series where
the gold fiducials were computationally removed, and the platinum layer was computationally
subtracted with Masktomrec (Fernandez ef al., 2016). Tomograms were flipped in XY and
filtered with TomDeconv EM. Segmentation and isosurface renderings was done with Amira
4.7 (Thermo Fisher Scientific).

2.9 Subtomogram averaging

A total of 202 injectisomes were manually picked in 3DMOD (IMOD 4.9.5) (Mastronarde
and Held, 2017) and Dynamo version 1.1401 (Castafio-Diez et al., 2017). Particles were
extracted from 2 x binned tomograms with Dynamo with a box size of 256 pixels, manually
aligned with Dynamo gallery, in-plane axis rotations were randomized to reduce missing
wedge artifacts, and shifts and euler angles were iteratively refined with restricted freedom.
The initial reference was created by averaging the manually aligned particles. Separate masks
were used to focus the alignment on the base of the needle and the basal body, or the cytosolic
sorting platform and the basal body. For creating the averages during the subtomogram
averaging procedure for the basal body and the cytosolic sorting platform, 141 and 101 of
the particles with the highest cross-correlation score were used, respectively. C6, C3 and
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C5 symmetry were applied during the last steps of the refinement procedure for the sorting
platform, basal body and needle tip, respectively. These symmetry values were derived from
literature (Broz et al., 2007; Worrall et al., 2016; Hu et al., 2017) and by applying different
rotational symmetries to the subtomogram average structures followed by visual inspection
of orthogonal slices and visual inspection of the averages without applied symmetry.

To compare the structures of injectisomes contacting the host membranes (contact) to those
that don’t (non-contact), injectisomes were manually sorted into two different sets of particles
and independently iteratively aligned with a mask covering the basal body. For the sorting
platform, particles were averaged based on the computed alignments determined with all the
particles. As a control, random sets of injectisomes with the same number of particles were
used.

For the needle tip complex, 75 needle tip complexes of non-contact injectisomes were manually
picked in Dynamo, extracted from 4 x binned tomograms and manually aligned with Dynamo
gallery. Subtomograms from manually refined particle coordinates were extracted from 2 x
binned tomograms, and in-plane axis rotations were randomized, and iterative refinement was
performed in Dynamo. The initial reference was created by averaging the manually aligned
particles. Forty-five particles with the highest cross-correlation score were used to create the
averages during the subtomogram averaging procedure.

To determine the resolution, a Fourier-shell correlation was performed by separating the
even and odd particles and independently aligning them at increasingly higher low-pass filter
values. Final resolution was determined with the 0.143 criterion without symmetry and with
C6, C3 and C5 symmetry for the sorting platform, basal body and needle tip, respectively.

2.10 Quantifications and statistics

For determining the basal body length, 2D slices of the aligned subtomograms were loaded
into 3DMOD (IMOD version 4.9.5), and basal body length was measured with the measuring
tool between the center of inner membrane to the center of the outer membrane. For measuring
the length of the needles, anchor points were added to the base and the tip of the needle in
dtmslice (Dynamo version 1.1401) in the tomograms, and the distance between the points was
measured in 3D. An independent two-tailed, student-T test was used to compare basal body
and needle lengths of injectisomes contacting the host (contact) compared to the remaining
injectisomes (non-contact). The contact angle between the needle and the host membrane
was measured in Fiji with the angle tool (Schindelin et al., 2012; Rueden et al., 2017). Local
thickness of the lamella was measured with the measuring tool in 3DMOD (IMOD 4.9.5)
on the reconstructed tomograms in the center of the volume (Mastronarde and Held, 2017).
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3. Results

3.1 Cryo-FIB and CET workflow

To study the T3SS of Y. enterocolitica in an intracellular host environment, we used monocytes
and dendritic cells infected with Y. enterocolitica AD4334. This strain is no longer pathogenic
to host cells, but the injectisome can still actively secrete effector proteins (Kudryashev et al.,
2013; Diepold et al., 2015). We established a workflow for CET on FIB-fabricated lamellae
where the cryo-FIB was used to thin down the infected cells into ~200-nm slices to enable
CET of the interior of cells.

We optimized grid type, blotting, freezing and FIB-milling procedures for these samples,
resulting in reproducible grid and lamellae preparation (Fig. 1). Typically, several tilt-series
of intracellular bacteria were acquired on a single lamella (Fig. 1B, C). To obtain sufficient
contrast at high tilt angles with a cryo-TEM, it is important to have thin lamellae. We measured
the local thickness in tomograms used for subtomogram averaging in this study and found an
average thickness of 186 = 58 nm (n = 63) (Fig. 1D).

Using this workflow, we acquired over 150 tomographic tilt-series of Y. enterocolitica
inside infected monocytes and dendritic cells using a 200-kV cryo-electron microscope.
Successfully establishing a reproducible cryo-FIB and CET workflow allowed us to study
the Y. enterocolitica injectisome in an intracellular host environment at high resolution.

3.2 Y. enterocolitica in intracellular host phagosomes

In the reconstructed tomograms, Y. enterocolitica was present in phagosomes of host cells. The
large number of bacterial ribosomes and absence of bacterial membrane deformations suggest
that the bacteria are able to maintain homeostasis inside the host phagosomes (Fig. 2, Sup.
Fig. 1). The surface of the bacteria was densely covered with protein stalks which extend 30
nm from the bacterial outer membrane with distal larger head groups (Fig. 2A and Sup. Movie
1). We identified this protein as the adhesion molecule YadA, which was confirmed by their
absence in the YadA knockout mutant (Fig. 2B) (Hoiczyk, 2000; Koiwai et al., 2016). The
quality of the tomograms allows for individual trimeric ~200 kDa YadA protein complexes
to be identified, which provides confidence for interpreting features of the injectisome in the
tomograms.

We found injectisomes in many tomograms, characterized by the electron-dense basal body
and the needle structure protruding from the outer membrane (Fig. 2C and Sup. Movie 2). The
needle tip often interacts with membranes of the host. In some cases, the host membrane is
deformed where the needle tip interacts with it (Fig. 2D, E). In some of the injectisomes that
deform the host membrane, we also observed a small deformation of the bacterial cell envelope
near the basal body (Suppl. Fig. 2). The injectisomes also appeared to cluster (Fig. 2E), as
has been reported previously for Y. enterocolitica without host contact (Kudryashev et al.,
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2015). We used cryo-fluorescence microscopy to visualize the distribution of the injectisome
clusters during infection (Fig. 2F) and did not observe a clear preferred localization to the
poles or other regions of the membrane. Additionally, we did not find any differences in the
distribution of the injectisomes of intracellular compared to extracellular bacteria. This similar
distribution suggests that no large changes in the localization of injectisomes clusters occur
upon host cell entry.
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Figure 1. Overview of the cryo—electron tomography workflow on FIB-lamellae used in this study to
investigate the intracellular infection of Y. enterocolitica. (A) Cryo-SEM overview of a sample EM-grid on
which FIB-lamellae were produced followed by cryo—electron tomography. Laser marks on the autogrid
are used to orient the grid in the TEM so that the lamellae are perpendicular to the tilt axis (white arrows).
Scale bar: 500 pm. (B) Stitched cryo-TEM tile scan overview of FIB-lamella to determine where to record
the tilt-series. Positions and order in which the tilt-series were acquired, indicated with solid white squares
and numbers, respectively. The tomogram reconstructed from the tilt-series acquired at position 6 is shown
in Figure 2D and E. Scale bar: 2 ym. Dashed white square shows the enlarged area in (C), in which several
bacteria are visible inside the host cell (white star) surrounded by 10-nm gold beads (white arrow). Gold
beads were used as fiducial markers for tilt-series alignment and were localized in the phagosomes since
they were added during the infection. Scale bar: 500 nm. (D) Applying these steps resulted in reproducibly
thin lamella with an average local thickness of 186 + 58 nm (n = 63). Histogram shows the local thickness
on lamella where all 63 tilt-series used for subtomogram averaging were acquired.
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Figure 2. Injectisomes of Y. enterocolitica during intracellular infection deform host membranes. (A) We
observed that Y. enterocolitica AD4334 is densely covered in the trimeric ~200 kD autotransporter YadA (3),
which extends 30 nm from the outer membrane. The bacterial outer membrane was not observed to come
into contact to the phagosomal membrane and a gap of around 30 nm or greater was observed between
the two. From top to bottom: 1 — host cytosol, 2 — phagosomal membrane, 3 — YadA, 4 — bacterial outer
membrane, 5 — periplasm, 6 — bacterial inner membrane, 7 — bacterial cytosol. Scale bar: 50 nm. (B) The
identity of the YadA proteins was confirmed with the Y. enterocolitica AD4053 strain, which does not express
YadA. YadA has been observed on the outside of Y. enterocolitica previously (Hoiczyk, 2000) and its size
and appearance are consistent with its structure (Koretke et al., 2006). Scale bar: 50 nm. (C) Intracellular
injectisome needle of Y. enterocolitica interacting with the phagosomal membrane (red arrow) of the host.
The injectisome is indicated by a white arrow. Scale bar: 100 nm. (D) Deformation of the host phagosomal
membrane (red arrow), presumably by the injectisome needle. The injectisome is indicated by a white arrow.
Scale bar: 100 nm. (E) Segmentation of the tomographic volume of panel D with the injectisome visible in
panel D shown in pink and an injectisome from another tomographic slice in purple. The host phagosomal
membrane (red) is deformed where the needles interact with it. Scale bar: 100 nm. (F) Cryo-fluorescence
image of Y. enterocolitica during intracellular infection (nucleus in blue) with the injectisome export apparatus
protein SctV labeled with the fluorescent protein mCherry (red). Scale bar: 3 pm.
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3.3 Structural heterogeneity of injectisomes

Since contact to host cells is known to promote secretion of T3SS effector proteins
(VanEngelenburg and Palmer, 2008; Radics et al., 2014; Nauth et al., 2018), injectisomes
where the needle tip contacts the host membrane are likely to be actively secreting. We
therefore in this study compared injectisomes contacting the host membrane, and likely to be
actively secreting (referred to as contact injectisomes), to injectisomes where the needle does
not contact the host membrane, which are likely to be in a non-secreting state (referred to as
non-contact injectisomes) (Fig. 3A).

To characterize the injectisomes in sifu in more detail, we measured their different components,
including the contact angles of injectisome needles to the host membranes as well as the
lengths of the needles and basal bodies. Most needles interacted with the host membrane at
angles close to 90 degrees, but also many needles interacted at more shallow angles (Fig. 3B).
We observed contact angles between 40°-90°, except for one injectisome that contacts a host
vesicle (or tubular invagination) at a very shallow angle (Suppl. Fig. 3.) We did not observe
any needle structures protruding across the membranes, indicating piercing. The length of
injectisome needles was highly variable between 11 and 171 nm (Fig. 3C). To determine
whether needle length was related to interaction with the host membrane, we compared the
needle lengths between contact and non-contact injectisomes. A longer mean needle length
of 69 + 25 nm was found for contact injectisomes (n = 62) compared to a mean needle length
of 61 + 31 nm for non-contact injectisomes (n = 102) (P = 0.08) (Fig. 3C). Non-contact
injectisomes showed greater frequency of short (<30 nm) needles, of 12% (12 of 102) needles
compared to only 3% (2 of 62) of contact injectisomes with short needles. The minimal
distance between the bacterium and the phagosomal membrane is observed to be around 30
nm, which likely explains why short needles are very unlikely to bridge this gap. A minimal
needle length to make host contact thus seems to be required for intracellular injectisome
attachment.

Next, we measured the basal body length of all injectisomes and compared them between
contact and non-contact injectisomes (Fig. 3D, Sup. Fig. 4). We found slightly but significantly
longer basal bodies for contact injectisomes (31.4 + 2.3 nm; n = 56) compared to non-contact
injectisomes (30.6 + 2.3 nm; n = 125) injectisomes (two-tailed student T-test where P = 0.04).
The basal body length of the injectisomes was variable, as has previously been reported for
the length of the basal body of Y. enterocolitica without host contact in minicells (Kudryashev
etal.,2013).
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In summary, we observed that not all needle complexes interact with the host membrane,
contact angles of the needles with the host are variable and that injectisome needles can
deform host membranes at their contact sites. Furthermore, we also found wide variation (11
to 171 nm) in the lengths of the injectisome needles and that a minimal needle length of ~30
nm is required to contact the host membranes. Together, these data show that the T3SS of Y.
enterocolitica during intracellular infection is heterogeneous.
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Figure 3. Comparison of contact and non-contact injectisomes. (A) Tomographic slices showing individual
injectisomes with the needle interacting with host membranes (contact) and injectisomes where the needle
does not interact with host membranes (non-contact). In total, we identified 202 injectisomes, of which
122 were facing host membranes and could therefore potentially interact with it. Of these, 62 needle tips
were found to interact with the host membrane. We observed large and more moderate deformations of
the host membrane at seven needle—host contact sites. The needles of non-contact injectisomes were
either facing another bacterium, facing the host but not making contact with it, did not have a needle or the
needle tip was outside of the tomographic volume. Scale bar: 50 nm. (B) Histogram depicting the contact
angles of the injectisome needles (n = 62) with the phagosomal membrane. (C) Violin plot comparing the
distribution of the needle length of contact injectisomes (blue; mean + SD; 69 + 25 nm; n = 62) compared
to non-contact injectisomes (red; mean + SD; 61 + 31 nm; n = 102). We compared the difference in needle
length with a two-tailed student T-test (P = 0.08). Black horizontal lines indicate the mean and black squares
the median. Error bars indicate the standard deviation from the mean. Dashed black line indicates the 30
nm minimal needle length required for host membrane contact. Of the total 202 injectisomes, we found
35 where no needle could be observed and two injectisomes where we could see a needle but could
not measure its total length because it was not fully contained in the tomographic volume. (D) Violin plot
showing the distribution of basal body length of contact (blue) and non-contact (red) injectisomes. Black
horizontal lines indicate the mean and black dots the median. Error bars indicate the standard deviation
from the mean. The average basal body length of contact injectisomes (mean + SD; 31.4 £ 2.3 nm; n =
56) is significantly longer than non-contact injectisomes (mean = SD; 30.6 + 2.3 nm; n = 125) (two-tailed
student T-test where P = 0.04).
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Figure 4. Subtomogram averaging structures of the injectisome of Y. enterocolitica during intracellular
infection of host cells. (A) Schematic overview of the main components of the injectisome (left) and the
proteins (right). The basal body consists of ring structures formed by SctD and SctJ close to the inner
membrane and of the secretin SctC near the outer membrane. The export apparatus spans the inner
membrane into the cytosol and consists of 5 proteins including SctV (Kuhlen et al., 2018). The N-terminus
of SctD extends through the inner membrane on the outside of the complex and connects via SctK to SctQ,
which in turn is bound to SctL, which forms six “spokes” consisting of dimers. Directly above SctL on the
inside of the sorting platform are the ATPase SctN and the stalk protein SctO. The helical needle consists
of the needle protein SctF and is capped by the needle tip protein SctA. Unfolded effector proteins are
secreted through the hollow needle via a pore complex formed by the translocon proteins into host cells
(VanEngelenburg and Palmer, 2008; Radics et al., 2014; Nauth et al., 2018). Adapted from (Wimmi et al.,
2020 Preprint). (B) Longitudinal slice of the subtomogram averages of the injectisome of Y. enterocolitica.
The sorting platform, basal body and needle tips were aligned separately (Sup. Fig. 5A-F) and the averages
were joined (red dashed lines). Right panel: central slice of the subtomogram average previously determined
in Y. enterocolitica (EMD 5694, (Kudryashev et al., 2013)) scaled to the average determined in this study.
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Scale bars: 20 nm. (C) Isosurface rendering of the average of the sorting platform with the different proteins
indicated in different colors as a model for the Y. enterocolitica injectisome sorting platform. Right panel:
bottom view of the sorting platform (top) and the sorting platform with a part of the SctQ-SctK-SctD complex
removed. (D) Comparison of subtomogram average structures of different species. Density maps from The
Electron Microscopy Databank were low-pass filtered to 4-nm resolution and scaled to the subtomogram
average from this study. From left to right: Y. enterocolitica (composed of EMD-11905, EMD-11906, EMD-
11907, this publication), enterica (EMD-8544, (Hu et al., 2017)), S. flexneri (EMD-2667, (Hu et al., 2015))
and C. trachomatis (EMD-3217, (Nans et al., 2015)). Arrows indicate positions of different orthogonal slices
shown in the bottom panels. Scale bar: 20 nm. For Y. enterocolitica, separate subtomogram averages of
the sorting platform, basal body and needle were joined together (red dashed lines). (E) Comparison of
the structure of contact and non-contact injectisomes by subtomogram averages of contact injectisomes
(left) and non-contact injectisomes (right) low-pass filtered to a resolution of 5 nm. The averages focused
on the basal body were independently aligned and the averages for the sorting platform were created from
averaging the particles based on alignments from the global average. The two subtomogram averages
were joined together (red dashed line). Scale bar: 20 nm. (F) Isosurface renderings of the contact (left)
and non-contact (right) injectisome structure shown in E. bottom panel: the sorting platforms with part of
the SctQ-SctK-SctD complex removed.

3.4 Structure of the injectisome during infection

To determine the structure of the injectisome in an intracellular infection context, we performed
subtomogram averaging (Fig. 4B, Sup. Movie 3). Because of the high flexibility in the length
of the basal body, the sorting platform and the upper part of the basal body were aligned
independently with different masks (Sup. Fig. 5). A similar approach has been used previously
for the type III and IV secretion systems (Kudryashev et al., 2013; Nans et al., 2015; Ghosal
et al., 2017). We also separately picked the needle tips of non-contact injectisomes because
of their variable lengths and angles. (Mueller et al., 2005; Broz et al., 2007). Subtomogram
averaging of the needle tips of contact injectisomes did not result in stable averages because
of the variable needle-membrane contact angles combined with the low number of particles
(data not shown).

We applied C3 and C6 rotational symmetry to the basal body and sorting platform respectively,
based on the known structure of the T3SS in Sal/monella and Shigella (Worrall et al., 2016;
Hu et al., 2017). It is likely that the Yersinia injectisome share this rotational symmetry
considering the conserved interactions of proteins within the sorting platform (Jackson, 2000;
Johnson and Blocker, 2008) and the shared stoichiometry between these species (Diepold et
al., 2017; Zhang et al., 2017). For the needle tip, we applied C5 rotational symmetry, which
has previously been determined for Y. enterocolitica (Mueller et al., 2005; Broz et al., 2007).
The final resolutions determined by Fourier shell correlation between independently processed
half-sets was 3.3 nm for the basal body, 4.0 nm for the sorting platform and 3.9 nm for the
needle tip with their respective symmetry values applied (Sup. Fig. 5).

Our structure of the basal body was similar to that determined from minicells without host
contact (Kudryashev et al., 2013) (Fig. 4B). Based on the homology of the sorting platform
proteins between T3SS, we assigned the sorting platform proteins to the measured electron
densities based on the work of Hu ef al. in S. enterica where they used mutants to confirm the
identity of the components of the sorting platform (Hu et al., 2017) (Fig. 4A, C, D). In this
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model, SctD, SctK and SctQ form a 6-fold rotationally symmetric interconnected structure
on the outside of the sorting platform. SctQ connects to SctL, which forms a structure with
six “spokes”. Just above the SctL on the inside of the sorting platform is the ATPase SctN,
which connects to the stalk protein SctO that is connected to export apparatus protein SctV.

We compared our subtomogram average structure of the injectisome to those from other
species and found them to be overall similar (Fig. 4D) (Hu et al., 2015, 2017; Nans et al.,
2015), but also observed clear differences in the sorting platform. The diameter is conserved
between all species (~29 nm), but the overall shape of the sorting platform is more rounded
at the bottom for Y. enterocolitica, which appears to be caused by the bowl-shape formed
by the SctL hexamer of dimers, whereas SctL forms a flatter structure in S. enterica and
S. flexneri. Additionally, in our structure, the SctQ-SctK-SctD complex appears to form an
interconnected, almost ring-like structure whereas for S. enterica and S. flexneri they form
six distinct pods that are only connected by the cytosolic domains of SctD and to SctL distal
from the inner membrane (Hu ef al., 2015, 2017).

To determine whether substrate switching triggered by host contact results in structural changes
in the injectisome, we created separate averages for contact and non-contact injectisomes
focused on the basal body and the sorting platform (Fig. 4E, F) and as a control also for
random sets of particles (Sup. Fig. 6). Based on the variations observed in the random control,
we conclude that no significant structural rearrangements could be observed in injectisomes
in contact with the host membrane.
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4. Discussion

Here we used CET on FIB-lamellae to visualize Y. enterocolitica during intracellular infection
of myeloid cells (Fig. 1). We show that the injectisome needles can directly contact host
membranes, which can result in a deformation of the host membrane (Fig. 2). We observed
large heterogeneity in contact angles with the host, basal body and needle lengths of individual
injectisomes, but found that needles of contact injectisomes to be elongated compared to non-
contact injectisomes (Fig. 3). Finally, we determined the entire structure of the injectisomes
of Y. enterocolitica, including the cytosolic sorting platform, inside infected monocytes and
dendritic cells by using subtomogram averaging on tomograms recorded on thin cryo-FIB
lamellae and found no clear structural differences in injectisomes in contact to host membranes
compared to those that are not (Fig. 4).

Our observations of some Y. enterocolitica injectisomes deforming the host membrane and
small deformations of the bacterial outer membrane (Fig. 2D, E, Sup. Fig. 2) have also been
observed for S. enterica (Park et al., 2018). This deformation of the bacterial envelope may
suggest that a mechanical force is applied by the needle that results in a deformation of both
host and bacterial membranes. Binding of adhesion proteins to host membranes has been
hypothesized to provide this force by pulling closer the bacterium to enable the injectisome
to contact the host (Park et al., 2018; Bohn ef al., 2019). This hypothesis is supported by
several studies that show a dependence of T3SS function on the bacterial adhesins YadA and
Inv (Mota et al., 2005; Keller et al., 2015; Deuschle et al., 2016). However, we did not see
direct interactions between the adhesion YadA and the phagosomal host membranes during
intracellular infection, which may suggest that the main role of YadA in relation to T3SS
function is extracellular (Keller ef al., 2015). Whether deformation of host membranes is
required for insertion of the translocon and/or effective secretion of effector proteins into
the host cell remains to be determined. The membrane deformations may also be temporary,
which could explain why they were only observed in 7 out of 62 contact injectisomes.

The contact angles of the injectisomes we measured for Y. enterocolitica during intracellular
infection were more heterogeneous than those reported for S. enterica.

We observed heterogeneous contact angles between 0°-90° with over 60% of the injectisomes
with contact angles of 80° or lower whereas most needle—host contact angles for S. enterica
were reported to be close to perpendicular for wildtype bacteria, but not for mutants lacking
the pore complex protein SctE or the needle tip protein SctA (Park et al., 2018). What is
currently unknown is whether the contact angles remain static or whether they may change
over time. Prolonged needle—host contact in a dynamic environment may create more variable
contact angles over time.
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In addition to the varied contact angles, we also found large variability in the injectisome
needle lengths during intracellular infection. In previous studies on isolated needles from
bacteria without host contact, similar mean values for needle lengths were found, but the range
and variability were smaller compared to this study (Journet et al., 2003; Wagner et al., 2009).
Our observed increased range and variability in needle length compared to previous studies
without an infection context host may suggest that SctP, which regulates the needle length
(Journet et al., 2003), may be less stringent during intracellular infection to optimize needle
length locally to the variable distance of the bacterium to the phagosomal membrane. The
observed minimal needle length of ~30 nm for injectisomes in contact to the host membrane is
likely because shorter needles cannot bridge the >30 nm distance between the bacteria and the
host. We measured a small, but statistically significant elongation of the basal body of contact
injectisomes compared to non-contact. We did not observe this elongation when comparing
the structure of contact and non-contact injectisomes with subtomogram averaging. The <1 nm
increase in basal body length we found by measuring the heights of individual injectisomes is
slightly larger than one pixel, which may explain the lack of visible differences in the averaged
structures. A contraction of the basal body has previously been observed in C. trachomatis in
contact injectisomes (Nans et al., 2015).

We determined the structure of the entire injectisome, including the cytosolic sorting platform
in the context of the host cell. The sorting platform has only recently been structurally
characterized because biochemical isolation disrupts its structure, and has previously not
been visualized for Yersinia. We compared our subtomogram average structure to other
species (Fig. 4D) and found that in Y. enterocolitica the SctQ-SctK-SctD complex appears
to form an interconnected ring-like structure, which contrasts with the six pods identified
in S. enterica and S. flexneri, which are only connected by the cytosolic domains of SctD
and to SctL distal from the inner membrane (Hu et al., 2015, 2017). A higher resolution
structure in future studies may further confirm these structural differences in the SctQ-SctK-
SctD complex between Y. enterocolitica and other species and may also allow for molecular
docking to determine which proteins and in which copy numbers form this ring-like density.
Since SctQ-SctK-SctD and their orthologues in S. enterica have a similar molecular weight
compared to Y. enterocolitica, this is unlikely to cause the formation of a ring-like structure
rather than pod-like densities. The presence of additional proteins could better explain this
difference. Studies using fluorescence light microscopy show ~22-24 copies of SctQ per
injectisome in Y. enterocolitica and S. enterica (Diepold et al., 2015; Zhang et al., 2017)
whereas 12 copies of SctQ per sorting platform best fit the models based on a SAXS-structure
of reconstituted sorting platforms and subtomogram averaging in S. enferica minicells (Hu et
al.,2017; Bernal et al., 2019). One explanation for the extra densities could be that there are
24 SctQ proteins per sorting platform in Y. enterocolitica during the conditions present in this
study, with 4 SctQ proteins per “spoke” of the ring. Another possibility could be the presence
of SctQc, the C-terminus of SctQ expressed as a distinct protein (Yu et al., 2011; Bzymek et
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al., 2012). SctQc binds in dimers to full-length SctQ (Bzymek ef al., 2012; McDowell et al.,
2016) and SctQc dimers bind to SctQ, SctL and SctN in a reconstituted system from isolated
and overexpressed protein in solution (Bernal ez al., 2019). Moreover, SctQc has been shown
to be in close proximity of injectisomes of Y. enterocolitica with a similar turnover as full-
length SctQ (Diepold et al., 2015). A recent study reported that the C-terminal fragment of
SctQ is not a structural protein of the T3SS of S. enterica in minicells without host contact
(Lara-Tejero et al., 2019), which may reflect differences between species and/or host contact.

Whether the structural difference we observed are caused by the presence of the host or
due to the differences of T3SSs between these species also remains to be determined, but
the absence of structural differences observed in S. enterica in host contact compared to
without host contact suggest a difference between the species (Hu et al., 2017; Park et al.,
2018). Functionally, this structural difference may reflect differences in regulation of substrate
secretion required for infecting different hosts and cell types.

When comparing the C-ring of the injectisome to the C-ring of the flagellar motor complex,
the diameter of the injectisome C-ring appears to be conserved between species (~29 nm)
whereas large variability in the diameter of the C-ring (34-57 nm) has been observed between
different species (Rossmann and Beeby, 2018). This difference in variability in the C-ring
structure is likely a reflection of its function; the flagellar C-ring’s acts as a rotor to transmit
torque to the central axial drive shaft for bacteria that live in surroundings with a different
viscosity whereas the C-ring of the injectisome is involved in regulating substrate export into
host cells. More subtle structural variations may be sufficient for optimal injectisome function
in bacteria with different host and tissue tropisms.

It is striking that the inner membrane of previously published subtomogram averaging
structures of S. enterica, S. flexneri and Y. enterocolitica have a strong inward curvature
(Kudryashev ef al., 2013; Hu et al., 2015, 2017), whereas the subtomogram averages in this
study show an inner membrane that is nearly flat. We believe that this difference is the result
of the use of minicells, which are primarily used in the previously reported T3SS structures.
In contrast, in this study we used regular-sized bacteria, which are larger and have a lower
membrane curvature on most of their surface.

Our finding that the structures of contact and non-contact injectisomes by subtomogram
averaging did not harbor major differences is interesting. This suggests that no large structural
rearrangements are triggered upon contacting the host membrane. However, it is still likely
that assembled injectisomes can exist in multiple structural states, with small structural
differences, considering that when the needle contacts host membranes, a signal needs to
be transmitted to the export apparatus and sorting platform to initiate substrate switching.
Structural rearrangements in the sorting platform could help regulate this process by allowing
different chaperone-bound substrates to bind to initiate secretion (Deng et al., 2017). Also the
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dynamic turnover of proteins of the injectisomes and structural differences observed during
host contact with CET support the existence of multiple structural states (Diepold et al.,
2015, 2017; Nans et al., 2015). Classification of injectisomes into multiple conformational
intermediates at a higher resolution could reveal these small structural differences in the
context of the host cell, giving insights into the detailed mechanism of the injectisome
function. This may become feasible in the near future, considering the rapid development in
the CET field in throughput and resolution (O’Reilly ef al., 2020; Zachs et al., 2020).

In conclusion, this work presents the first structure of the entire Y. enterocolitica injectisome
in host cell phagosomes, revealing structural differences in the sorting platform compared to
other species. The absence of large structural differences between injectisomes in contact with
host membranes and injectisomes not in contact to host membranes suggests that activation
by host contact does not trigger large structural rearrangements in the injectisome. This is an
important step towards understanding how the T3SS of Y. enferocolitica functions in situ in
intracellular infection in host cells. Studying the injectisome intracellularly with CET was
enabled by employing cryo-FIB to prepare thin lamellae of infected cells. This method may
be used to study intracellular host—pathogen interactions and the different structural states of
protein complexes in their native cellular context to bridge the gap between structural and
cell biology.
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Supplementary Figure 1. Tomogram of intracellular Y. enterocolitica (white stars) inside the phagosomal
membrane of the host. We observed a large number of ribosomes (white arrow) and no deformations of
the bacterial membrane, which suggests that the bacteria are able to maintain homeostasis inside the host
phagosomes. An injectisome can be observed in the bacterial membrane (red arrow). In the cytosol of the
host cell, several organelles can be observed including a mitochondrion (red star) and rough endoplasmic
reticulum (red square) covered in ribosomes (white arrow). Many actin filaments can be observed in the
cytosol as well (black arrow). Scale bar: 200 nm.
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Supplementary Figure 2. (A) Enlarged area of the tomographic slice shown in Fig. 2D showing how the
bacterial membrane is locally deformed near the basal body of the injectisome. Bacterial outer membrane
indicated in white dashed line in panel B. Scalebar: 50 nm.

Supplementary Figure 3. Tomographic slices showing an injectisome (basal body indicated with white
arrow) that contacts the membrane of a host vesicle or invagination of the phagosomal membrane with
the needle at a very shallow angle (red arrow). Scalebar: 50 nm.

Supplementary Figure 4. Tomographic slices of individual injectisomes with variable basal body lengths.
Scale bar: 20 nm and applies to all panels.
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Supplementary Figure 5. Masks and resolution used during subtomogram averaging. Independent
subtomogram averages of the basal body (A), sorting platform (C) and the needle tip (E) used to create
Fig. 3A. Scale bar: 20 nm and applies to A-F. (B, D, F) Masks used to align the basal body, sorting platform
and the needle tip, respectively. (G, H, |) Fourier shell correlation plots of the averages of the basal body,
sorting platform and needle tip, respectively. Blue lines indicate the Fourier shell correlation without any
symmetry applied and the red lines, the correlation with their respective rotational symmetries applied.
The symmetry values were determined primarily based on published works (Mueller et al., 2005; Broz et
al., 2007; Worrall et al., 2016; Hu et al., 2017). The final resolution based on the 0.143 criterion without
applying symmetry for the basal body, sorting platform and needle tip was determined to be 4.0 nm, 4.3
nm and 4.0 nm, respectively, and with their respective symmetry to be 3.3 nm, 4.0 nm and 3.9 nm.
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Supplementary Figure 6. Structural comparison of contact and non-contact injectisomes with subtomogram
averaging. (A) Independent alignment of contact and non-contact injectisomes. As a control, three random
sets of particles with the same number (62) as the host contact group (random particles #1-3) and three
sets with the remaining particles were also independently aligned. Scale bar: 20 nm and applies to all
images. (B) Averages created from the same groups as in A based on the particle orientations determined
in the subtomogram averaging alignment with all the particles with a mask covering the sorting platform
and lower part of the basal body.

Supplementary Movie 1. Movie of the tomogram displayed in Fig. 2A showing the
3-dimensional distribution of the bacterial adhesin YadA on the surface of Y. enterocolitica
during intracellular infection. Scale bar: 200 nm.

Supplementary Movie 2. Movie of the tomogram shown in Fig. 2C. Injectisomes contacting
the host membrane are annotated with white arrows. Scale bar: 100 nm.

Supplementary Movie 3. Movie of the combined subtomogram average of the sorting
platform, basal body and needle shown in Fig. 3D. Black line indicates the slice shown on
the right. Scale bar: 20 nm.
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Accession numbers

The subtomogram averages of the sorting platform, basal body and the needle have been
deposited in the Electron Microscopy Database with accession numbers: EMD-11905 (sorting
platform), EMD-11906 (basal body) EMD-11907 (needle).
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General discussion

1. Establishing an in situ cryo-electron tomography workflow

In this PhD project we successfully established an in situ cryo-electron tomography workflow
using FIB-lamella fabrication. This enabled the in situ structural analysis of the type III
secretion system (Chapter 4) and the mycobacterial encapsulin (Chapter 5), and laid the
foundation for future studies using these techniques at M4i Nanoscopy.

One of the difficulties of these techniques is that the workflow consists of many different
steps, which each must be reliable to allow in situ structure determination. Consistent sample
preparation was initially challenging, but was iteratively improved to the point where most
grids were suitable for FIB-lamella fabrication. Pivotal in this process was the use of gold-foil
EM grids (UltrAufoil), which proved much less fragile than the carbon film grids we used
previously. Also FIB-lamella fabrication was an initial bottleneck. By identifying and resolving
vacuum and stability issues in the FIB/SEM dualbeam instrument, followed by iteratively
improving the FIB-lamellae fabrication process enabled consistent lamella fabrication of up to
10 lamella per day. Data processing, visualization, interpretation and subtomograms averaging
were all successfully performed. These processing steps as performed in this PhD project
still required substantial manual input. The throughput could be substantially increased by
further streamlining and automating these steps (Himes and Zhang, 2018; Chen et al., 2019;
Wagner et al., 2019; Xu et al., 2019; Martinez-Sanchez et al., 2020; Tegunov ef al., 2021).
In Chapter 2 we describe the most recent development in CET on FIB-lamellae, the unique
capabilities offered by in situ tomography for structural biology and the future potential for
these techniques.

2. Tilt-series alignment on FIB-lamellae

The accurate alignment of CET tilt-series recorded on FIB-lamellae is challenging due to
the lack of fiducials and the low contrast, in particular at high tilt-angles. In Chapter 3 we
describe how endocytosis pathways of mammalian cells can be exploited to localize 10 nm
BSA-gold fiducials into FIB lamellae, and show that alignment of tilt-series with BSA-gold
is more accurate compared to fiducial-less patch-tracking. Accurate tilt-series alignment has
been shown to contribute to the resolution obtained with subtomogram averaging (Fernandez
etal.,2018,2019; Himes and Zhang, 2018; Chen et al., 2019) and this method may therefore
contribute to in situ structural biology using CET on FIB-lamellae.

Endocytosis of BSA-gold is simple to apply, as it only requires the addition of BSA-gold to
the cells one hour before vitrification. The method was particularly effective for cells infected
with Yersinia enterocolitica, where each of the over 150 collected tilt-series could be aligned
with BSA-gold. We noticed that inhomogeneities in the platinum layer sputtered onto the
finished lamella may also be used to align tilt-series (Fig. 1). The downsides of this method
are that software for tracking gold fiducials typically assume spherical objects of homogenous
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size and therefore don’t work as well on the platinum densities and non-spherical objects may
look different at different tilt angles resulting in less accurate centering of the fiducials. It may
perhaps be possible to modify the platinum sputter coating conditions to result in platinum
depositions that are more spherical and homogenous in size as a general method to reliably

deposit fiducials on FIB-lamellae of any sample.

Figure 1. Top panel: Slice of cryo-electron tomogram of the platinum sputtered on a FIB-lamella. Electron-
dense inhomogeneities with variable shapes are visible in the platinum layer as black dots (red circles).
Bottom panel: slice of the same tomogram in the XZ direction. The platinum layer is visible as a line on the
top of the lamella (red dashed line). Two platinum inhomogeneities can be observed in this slice (red arrows)
as well as two 10-nm gold fiducials that were endocytosed by the cell (white arrow). Scale bar: 200 nm.
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3. In situ structure of the type lll secretion system

In Chapter 4 we use the CET on FIB-lamellae workflow to determine the structure of the
type III secretion system of Yersinia enterocolitica during intracellular infection. We observed
that a minimal needle length is required to make host contact and find structural differences
in the cytosolic sorting platform compared to other bacterial species. The findings in this
work contribute towards understanding how the type III secretion system is able to perform
its function in relation to the host cell.

The structure was determined using 202 subtomograms from 65 tomograms, for which over a
150 tilt-series on FIB lamellae were acquired. The number of particles proved to be a limitation
in this study; more particles would have likely resulted in a higher resolution structure and may
have allowed for classification to be performed to look for different structural states between
contact and non-contact injectisomes with greater confidence. Developments in (automated)
lamella fabrication, tilt-series acquisition and data processing may increase the speed of data
acquisition (Chapter 2) and make studying structural heterogeneity of rare macromolecular
complexes more feasible.

4. Searching for the mycobacterial type VIl secretion system

To determine the structure of the mycobacterial type VII secretion system, we collected over
200 tilt-series of Mycobacterium marinum either with or without the host infection context.
However, contrary to the type III secretion system of Y. enterocolitica, we were unable to
visually identify distinct transmembrane complexes in mycobacteria that could be the type
VII secretion system.

Differences in the structure of the type VII secretion system and bacterial envelope are likely
factors to have contributed to this. For the TIIISS of Y. enterocolitica, injectosomes could be
visually identified by the more electron-dense basal body compared to the bacterial envelope
and the needle that protrudes into the phagosomal vacuoles of the host. Based on the structures
of the isolated type VII secretion, the ESX-systems are 28 nm wide at the inner membrane,
and have a height of 20 nm (Beckham et al., 2017; Famelis et al., 2019; Poweleit et al., 2019;
Bunduc et al., 2021). No ESX components have been identified yet that span the bacterial
outer membrane. We observed that both M. marinum and M. smegmatis have a substantially
more electron-dense envelope compared to the gram-negative Y. enterocolitica (fig. 2). This
is in line with the known high lipid content of the mycobacterial envelope, including the long-
chain mycolic acids and low-permeability of the mycobacterial envelope for nutrients and
antibiotics (Chiaradia ef al., 2017; Reed ef al., 2018). The high density of the mycobacterial
envelope likely explains why we were unable to observe any clear transmembrane complexes
in the mycobacterial envelope.
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Figure 2. Top panels show representative tomographic slices of Y. enterocolitica, M. marinum and M.
smegmatis. An injectisome is visible in the center of the slice of Y. enterocolitica. White dashed lines indicate
membranes where line profiles were determined (bottom panels). Bottom panels show representative
line profiles from the outer membrane (OM) to the inner membrane (IM), where the inverted relative pixel
intensity is scaled from light (0) to dark (1). Scale bars: 50 nm.

Based on single-particle structures of isolated ESX-3 and -5, the cytosolic domain should
extend 14 nm into the cytosol (Beckham et al., 2017; Famelis et al., 2019; Poweleit et
al., 2019; Bunduc et al., 2021), which may enable visual recognition of ESX complexes.
However, the cytosolic sorting platform of the type I1I secretion system was generally difficult
to discern in individual tomograms. The cytosolic sorting platform of the T3SS is described
as a dynamic structure (Diepold et al., 2017), and effective subtomograms averaging of this
structure required specific masking of this region, suggesting flexibility, which may explain
why it is difficult to visualize in tomograms. Likewise, EccC of the type VII secretion system,
which extends the furthest into the cytosol, is highly flexible (Rosenberg et al., 2015; Bunduc
etal.,2021). Like the cytosolic domains of the type III secretion system, the cytosolic domains
of ESX may be difficult to discern in tomograms.

We also did not observe clear needle structures, which were readily visible for the T3SS
system. Lou ef al. observed polymerization of the ESX-1 substrate EspC in vitro, as well
as linear depositions of immunogold specific for EspC on the outside of M. tuberculosis,
which may suggest that EspC could form a hollow needle structure, similar to the type 111
secretion system (Lou ef al., 2017). Likewise, Gijsbers ef al. Propose three different models
for secretion of the ESX-1 substrate EspB based on its structural features; EspB forms a pore-
like structure with a similar diameter to the cytosolic portion of ESX-5 which contains EspB
monomers in vitro. One of the models proposes that EspB may form a needle-like structure
between the outer membrane and the host phagosomal membrane (Gijsbers ef al., 2021).
However, the absence of clear needle structures in the tomographic data may suggest that
the type VII secretion system does not have a large needle like the type III secretion system.
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It is unlikely that any of the different ESX systems are not expressed at the time point of
cryo-fixation. ESX-5 is known to be essential for many mycobacteria, including M. marinum
(Ates et al., 2015). We observed a large number of bacteria that have translocated from the
phagosome, and it is well established that ESX-1 is essential for this process (van der Wel et
al., 2007; Houben et al., 2012; Simeone et al., 2012). Therefore, ESX-1 must have at least
been transiently expressed and assembled at the timepoints we used. Secretion systems may
be present in low copy numbers, but considering that we recorded over 200 tilt-series, it’s
highly unlikely that no ESX systems were present in any of the reconstructed tomograms.
The structural differences in the bacterial envelope between mycobacteria and gram-negative
bacteria and the absence of clearly identifiable needle structures therefore likely explain why
we were unable to visually identify ESX-complexes it in the data.

Since visual identification of the type VII secretion system is difficult, algorithms for finding
unknown macromolecular complexes may be more successful (Xu et al., 2019; Martinez-
Sanchez et al., 2020). However, the low contrast between ESX and the mycobacterial envelope
likely also reduces the success of such algorithms. While incremental improvements in EM
hardware (e.g. cold field immersion gun (Maki-Yonekura et al., 2021), new generation energy
filters and detectors (Nakane ef al., 2020), data acquisition strategies like dose symmetric tilt
schemes (Hagen et al., 2017; Turonova et al., 2020) or novel algorithms for improving the
visual clarity of tomograms (Buchholz ef al., 2019; Tegunov and Cramer, 2019; Bepler et al.,
2020) may increase the contrast of acquired tomograms, a different strategy may be more
successful to identify the type VII secretion system in situ.

Fluorescent labeling of ESX-1 using a fusion protein may in principle allow for the localization
of ESX-1 within tomograms. Fluorescent labeling strategies using fluorescent fusions have
been successful for different secretion systems, including the type III and type VI secretion
system (Basler et al., 2012; Gerc et al., 2015; Diepold et al., 2017). However, correlative
light and electron microscopy (CLEM) with a high-localization precision currently remains
challenging due to limited resolution (discussed in Chapter 2). Alternatively, an in situ label
visible in cryo-tomograms such as an encapsulin fusion protein (Sigmund et al., 2018, 2019)
may enable identification of the type VII secretion system in situ. Promising candidates
for (fluorescent) labeling of ESX-1 without impeding its biological functions could be the
C-terminus of EccCbl (Wirth ef al., 2012; van Winden et al., 2016) or based on the structure
of ESX-3 and -5, the C-terminus of EccD.
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5. Molecular diversity at the nanometer scale

One of the strengths of in situ cryo-electron tomography is visualizing the entire cellular
environment. Tomograms recorded with the aim of finding a specific macromolecular complex
may contain other proteins and structures of biological interest (Dobro et al., 2017). In the
over 200 tomograms recorded of M. marinum, we found +23 nm wide objects which we
later identified as proteinaceous storage compartments termed encapsulins, which could
be structurally analyzed by subtomogram averaging (Chapter 5). We identified partially
assembled encapsulins, which could be analyzed in more structural detail using single particle
analysis of isolated encapsulins. These findings contribute to understanding the assembly and
disassembly of bacterial encapsulins.

A large number of other structures were also identified in these tomograms that may yield
relevant novel scientific insights when systematically analyzed (Fig. 3-5). These include
different bacterial membrane vesicles and invaginations (Fig. 3A-C), mycobacterial storage
compartments (Fig. 3D-F) and the mycobacterial septum in different stages of development
(Fig. 4). In the mammalian host cells, we identified protein storage compartments termed vault
complexes (Fig. SA) (Woodward ef al., 2015), nuclear pore complexes (Fig. 5B) (Allegretti
et al., 2020) and regular, almost crystalline lattices of a putative macromolecule (Fig. 5C).

The wide range of macromolecules and structures that may be structurally or morphologically
analyzed in this type of in sifu data creates both opportunities as well as challenges for
scientists. A thorough biological understanding is required for these different macromolecules
and structures to identify relevant scientific questions that may be answered with these data.
Studying the biology, analyzing the data and reporting these findings can be very time-
consuming. Collaboration and discussion with experts in the biology of these different
cellular components can help identify relevant scientific questions and speed up this process.
Effective sharing and annotating of large dataset may also help to use in sifu tomography
data to its full potential. Raw tilt-series data is often made publicly available via databases
(e.g. EMPIAR), which has proven particularly useful for methods development, to allow
analysis of the same dataset by different methods. Tools to publicly search, segment and
annotate tomograms could in principle allow for the subcellular distribution and structural
heterogeneity of macromolecules to be studies aggregated from different datasets, in particular
when combined with reliable automation of segmentation and particle picking.
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Figure 3. Overview of different structures observed in tomogram of FIB-lamellae of M. marinum during
intracellular infection or without the infection context. (A) Invagination of the bacterial envelope into the
bacterial cytosol. The inner membrane sharply curves inward to form the invagination (red dashed lines)
whereas the outer membrane follows the overall curvature of the bacterium (black dashed lines). Scale
bar: 200 nm. (B) Cytosolic membrane structures formed by a single bilayer. Scale bar: 200 nm (C) Close
interaction of the bacterial envelope with a host membrane (red arrow). In most cases, bacterial and host
membranes are not observed to be in direct contact. The bacterial envelope is locally deformed at the
interaction site. Scale bar: 100 nm. (D) Bacterial storage compartments (white stars) that are typically
spherical, with a homogenous content and thin electron-dense border between the storage compartment
and the cytosol. Based on their strong morphological similarities to mammalian lipids droplets (spherical,
homogenous electron-dense interior, electron-dense border from lipid monolayer), these compartments
likely store lipids. Scale bar: 200 nm. (E) Storage compartments that are not spherical, but with the same
homogenous electron-dense interior as the putative lipid storage compartment were observed as well
(white stars). Some of these compartments contain electron-dense bodies (red arrows). These may
possibly be formed by depositions of electron-dense minerals, similar to calcium deposits in mitochondria
(Wolf et al., 2017). Scale bar: 200 nm. (F) Elongated structures (red arrows) were frequently observed
as well. These structures are characterized by two or up to several sharp electron-dense lines with a
homogenous background. They are often found in close proximity and/or contact with non-spherical lipid
storage compartments (white stars). While morphologically similar in appearance to bacterial microtubules
(Pilhofer et al., 2011), these structures are shaped like sheaths, rather than tubes. Numerous other storage
compartments are visible as well (black stars). These storage compartments were frequently observed for
bacteria without an infection context, and only rarely during intracellular infection. In contrast, the putative
lipid storage compartment shown in panel D were primarily observed during intracellular infection, and
more rarely without the infection context. Scale bar: 200 nm.
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Figure 4. Tomographic slices of M. marinum in different stages of septum formation during cell division.
(A-C) early stage of septum formation. The bacterium is only slightly more narrow where the septum is
formed, as described previously (Eskandarian et al., 2017; Odermatt et al., 2020). In panel B (rectangle
with red dashed lines in panel A), the early septum appears to be formed by an invagination of the inner
membrane (red dashed line). The mid septal zone (Matias and Beveridge, 2007) is visible as well (red
arrow), and extends from close to the inner membrane to the tip of the septum. Several electron-dense
spots are visible near the top of the septum (black arrow), which form a filamentous structure when seen
in an XZ slice of the same tomogram (panel C). These filaments are likely to be FtsZ filaments (Li et al.,
2007), which are known to be involved in (myco)bacterial cell division, where they form a Z ring (Baranowski
et al., 2019). Black dashed lines in panel B and C indicate the position where the XY and XZ perspectives
in panel B and C intersect. (D, E) intermediate stage of septum formation. The mid septal zone is now
only visible up to halfway in the forming septum, suggesting that its formation may be slower than the
invagination of the inner membrane. Rectangle with red dashed lines in panel D indicates the area in panel
E. (F) tomographic slice showing a completed septum. The invaginated inner membranes and mid septal
zones from all sides of the bacterium appear to have fused. The bacterium is slightly narrower near the
septum. (G) Tomographic slice of Yersinia enterocolitica during bacterial cell division. In gram-negative
bacteria no septum is formed like in gram-positive bacteria, and instead the cell envelope is constricted to
pinch off the daughter cell. Scale bars panel A, D, F and G: 200 nm. Scale bars panel B, C and E: 50 nm.
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Figure 5. (A) Overview of host cell structures observed in tomograms of FIB-lamella. (A) tomographic
slice containing several vault complexes of the host (red arrow and enlarged inset). (B) tomographic slice
of the nuclear envelope containing a nuclear core complex (white arrow). A top view of a microtubule is
visible as well, where the 13 tubulin dimers can be individually seen. (C) Tomographic slice of MHC class
Il compartment, where the complex morphology of membranes is clearly visible. An unidentified regular
array of macromolecules is visible in the lumen (white arrow). Scale bars: 200 nm.

6. Future perspective

Over the years, CET on FIB-lamellae for biological samples has evolved from a proof
of principle (Marko et al., 2006, 2007) into a technique capable of characterizing protein
structure within their native cellular environment (Asano et al., 2015; Engel et al., 2015;
Mahamid et al., 2016) and are now applied for in situ structural biology (Turk and Baumeister,
2020). Recently, advances in data acquisition, processing and subtomogram averaging have
greatly increased the resolutions that can be achieved with tomography, resulting in several
studies demonstrating sub-nanometer in sifu structures (Sutton et al., 2020; Tegunov et al.,
2021; Wang et al., 2021).

Current limitations of cellular tomography are the limited resolution compared to structural
techniques on isolated macromolecules, and the high costs in money and time. The challenge
for the coming years is to make the workflows faster and more robust, to consistently reach
near-atomic resolution on a wide range of macromolecular complexes. Less expensive
instrumentation may make cellular tomography available to more scientist to help answer a
diverse range of biological research questions. The nature of cellular tomography allows for a
wide range of biological structures to be observed in a given dataset. Scientific collaboration
with experts in their respective biological fields can help to use this data to its fullest potential.
The unique capability to study the structural heterogeneity of macromolecules within its native
cellular environment has the potential to transform our understanding of macromolecule
structure in relation to cellular function; to bridge cell- and structural biology.
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The structure of proteins and other macromolecules has been studies for decades now at high
resolution using techniques such as X-ray crystallography and nuclear magnetic resonance
spectroscopy (NMR). This resulted into important insights into the relationship between
structure and function. However, a limitation of these techniques is that protein structure is
observed in isolation, rather than the complex environment of the cells, where it performs
these functions in conjunction with other proteins. Understanding how protein structure affects
functions is crucial to understand their role in the cell in health in disease. Processes in the
human body, such as controlling cell division and the immune system may malfunction,
resulting in pathologies such as cancer and auto-immune diseases. By better understanding
these processes at a structural level, more avenues are created to cure or even prevent disease.
Likewise, by understanding how the structure of proteins determines how infectious pathogens,
such as Tuberculosis and COVID-19, spread and cause disease can create opportunities to
design better vaccines and treatments. Proteins perform complex functions at a molecular level
such as manipulating other small molecules, or act as molecular motors. In the long term, a
thorough understanding of how protein structure controls the function of proteins may benefit
the rational design of novel proteins for biotechnological applications.

Developments in cryo-electron microscopy combined with a relatively novel method to create
+200 nm thin slices of cells using a focused ion beam allow for a unique opportunity to
study the variability of protein structure in relationship to its cellular environment. While
these methods are still in an early stage, important novel scientific insights are already being
obtained by its application. In this thesis project we applied and further developed these
methods to study the structure of bacterial secretion systems during intracellular infection.
We determined the structure of the bacterial type III secretion system of the pathogen Yersinia
enterocolitica during intracellular infection in collaboration with scientist from other research
groups, and shared these findings with the scientific community in a scientific journal. We
combined observation of the structure of mycobacterial encapsulins in the cell with high-
resolution structural data of isolated encapsulins to gain insight into the structural dynamics of
mycobacterial encapsulin assembly and disassembly, for which a manuscript is in preparation.

We developed a method to distribute gold fiducials in cryo-FIB lamellae of cellular samples
by using endocytosis. To disseminate this methodology among other scientist, the results were
published in a scientific journal. For rapidly freezing cells on electron microscopy sample
carriers, a novel technique that uses jets of liquid ethane to increase the cooling rate. M4i
Nanoscopy and the company Cryosol (that originates from M4i Nanoscopy) are together
developing a commercial instrument for jet-freezing mammalian cells. We also used our
experience to write a literature review on the methodology and the scientific results obtained
with them thus far, and the potential for the technique in the future, for which a manuscript
for publication is in preparation. The skills and knowledge obtained on cellular cryo-electron
tomography by all the scientists directly involved are invaluable for new research projects at
the M4i Nanoscopy, and other research groups.
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Titel: Cryo—elektronentomografie van FIB-lamellen voor het bepalen van de
structuur van bacteriéle secretiesystemen

Eiwitten en andere macromoleculen zijn essentieel voor het bestaan van leven. Door hun
structurele eigenschappen kunnen ze een grote variatie aan cellulaire functies vervullen. De
structuur van eiwitten wordt al decennialang onderzocht met behulp van technieken zoals
rontgenkristallografie en kernspinresonantie. Dit heeft belangrijke inzichten verschaft over
hoe eiwitten hun biologische functies kunnen uitoefenen. Een beperking van deze technieken
is dat eiwitten eerst moeten worden geisoleerd en opgezuiverd. Hierdoor verliezen deze de
context van de cel of organisme waarin ze normaal functioneren en kunnen interacties met
andere macromoleculen die van invloed zijn op de structuur en functie verloren gaan. Door
de structuur van eiwitten in hun biologische context bepalen blijven deze behouden, wat tot
nieuwe inzichten kan leiden in het verband tussen eiwitstructuur en de cellulaire functies. De
structuur bepalen van macromoleculen in de cel is mogelijk geworden door ontwikkelingen
in elektronenmicroscopie.

Door de ontwikkelingen van nauwkeurigere transmissie elektronenmicroscopen is het nu
mogelijk om de structuur van eiwitten te bepalen met een resolutie van enkele tienden van een
nanometer. Dit is mogelijk door honderden tot honderdduizenden kopieén van hetzelfde eiwit
(of ander macromolecuul) iteratief uit te lijnen en te middelen. De monsters worden bekeken
in de elektronenmicroscoop onder cryogene condities (>-150 °C) om deze te beschermen
tegen het vacuiim. Door cryo-elektronenmicroscopie opnamen te maken van het monster
onder verschillende hoeken kan een driedimensionaal tomografisch beeld worden gevormd,
waardoor eiwitcomplexen ook in cellen, kleine organismen en weefsels kunnen worden
waargenomen. Een beperking is echter dat dit alleen goed mogelijk is voor dunne monsters met
een dikte tot ongeveer 300 nanometer, terwijl de meeste monsters dikker zijn. Met behulp van
een relatief nieuwe techniek kan met een gefocusseerde ionen bundel (FIB) onder cryogene
condities al het materiaal onder en boven een deel van het biologische materiaal worden
verwijderd, waardoor er een +200 nanometer dunne plak overblijft genaamd een lamel. Deze
lamellen zijn geschikt om de structuur van eiwitten te bepalen in hun natuurlijke omgeving.

Het doel van dit promotietraject is om met behulp van cryo-elektronentomografie (CET) van
FIB-lamellen de structuur te bepalen van bacteri€le secretiesystem tijdens de infectie van
gastheercellen. Secretiesystemen zijn grote eiwitcomplexen die virulentie factoren door de
bacteri€le membranen heen in een gastheer kunnen transporteren. Dit maakt deze complexen
essentieel voor de infectiviteit van een groot aantal ziekteverwerkers. Inzichten in de structuur
van deze complexen dragen bij aan de ontwikkeling van betere vaccins en antibacteriéle
middelen. Het secretiesysteem waar we in het bijzonder in zijn geinteresseerd is het type VII
secretiesysteem ESX-1, wat essentieel is voor de infectiviteit van de tuberculose bacterie.
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Summary

Wereldwijd overlijden er jaarlijks 1,4 miljoen mensen aan de gevolgen van tuberculose.

Omdat CET van FIB-lamellen een relatief nieuwe techniek is hebben we eerst tijd geinvesteerd
om deze te optimaliseren voor onze microscopen en onderzoeksvragen. Op basis van deze
ervaringen geven we een literatuuroverzicht van recent structureel biologisch onderzoek dat
is uitgevoerd met deze technieken, welke technische ontwikkelingen dit mogelijk hebben
gemaakt, en een vooruitblik op wat voor onderzoek in de komende jaren mogelijk kan worden
met verdere technische verbeteringen (Hoofdstuk 2).

Om de EM opnamen die zijn gemaakt onder verschillende hoeken te reconstrueren tot een
3-dimensionaal volume is het noodzakelijk om deze nauwkeurig uit te lijnen. De meest
nauwkeurige methode hiervoor maakt gebruikt van toegevoegde ankerpunten, die normaliter
niet aanwezig zijn in cellen. Om cellulaire EM opnamen toch met deze ankerpunten uit te
kunnen lijnen hebben we een methode ontwikkeld om goudbolletjes van 10 nanometer in cellen
te krijgen met behulp van endocytose. Deze intracellulaire goudbolletjes kunnen gebruikt
worden als ankerpunten, en we laten zien dat dit nauwkeuriger is voor cryo-tomografische
data die is opgenomen van FIB-lamellen in vergelijking met de gebruikelijke methode zonder
deze ankerpunten (Hoofdstuk 3). De resultaten zijn gepubliceerd in het wetenschappelijke
vakblad de “Journal of Structural Biology”.

Om te valideren of de geimplementeerde CET-workflow te gebruiken is om de structuur
te bepalen van bacteriéle secretiesystem tijdens intracellulaire infectie, hebben we deze
eerst toegepast op het type III secretiesysteem (T3SS) van de ziekteverwekker Yersinia
enterocolitica (Hoofdstuk 4). Hiervoor hebben we meer dan 150 reeksen van CET-data
opgenomen op FIB-lamellen van immuun cellen geinfecteerd met Y. enterocolitica. Met
deze data konden we de structuur bepalen van het T3SS door 202 kopieén iteratief uit te
lijnen en te middelen in een proces genaamd “subtomogram averaging”. Hierdoor konden
we structurele informatie verkrijgen over de cytosolische componenten van het complex
voor deze bacterie, die in eerdere studies niet zijn opgehelderd. Verder laten we zien dat de
naald van het T3SS, welk wordt gebruikt om virulentie factoren door membranen van de
gastheer heen te injecteren, een minimale lengte nodig heeft om in contact te komen met de
deze membranen. Deze bevindingen dragen bij aan ons begrip hoe het T3SS haar functie
kan uitoefenen in gastheercellen, en zijn gepubliceerd in het wetenschappelijke vakblad de
“Journal of Structural Biology”.

Vervolgens hebben we ons gericht op het type VII secretiesysteem ESX-1 in mycobacterién.
We hebben meer dan 200 reeksen van CET-data opgenomen op FIB-lamellen van immuun
cellen geinfecteerd met Mycobacterium marinum, een model voor de tuberculose bacterie. De
kwaliteit van de data was vergelijkbaar of beter dan de vorige dataset, maar desondanks was
het niet mogelijk om ESX-1 visueel te identificeren in de tomogrammen. Mogelijke oorzaken
hiervoor worden besproken in de algemene discussie (Hoofdstuk 6).
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Appendix

Een van de andere voordelen van eiwitcomplexen bestuderen in cellen, weefsels of kleine
organismen is dat naast het eiwitcomplex waarin primair naar wordt gezocht ook andere
complexen aanwezig zijn. Een overzicht van de macromoleculaire complexen en membraan
structuren die we hebben waargenomen in deze dataset wordt gegeven in Hoofdstuk 6. Eén
van complexen die we hebben gevonden is zijn bacteri€le opslag compartimenten genaamd
encapsulines. Met “subtomogram averaging” kon de structuur van het encapsuline complex
bepaald worden met een resolutie van 3 nm in de bacterién (Hoofdstuk 5). Daarnaast zagen
wij een grote structurele diversiteit in de individuele complexen, waaronder encapsulines
geladen met verschillende componenten, encapsulines in verschillende stadia van assemblage
en flexibele structuren op de buitenkant van de encapsulines. Om encapsulines met een
hogere resolutie te bestuderen hebben we encapsulines van M. tuberculosis geéxpresseerd
in de bacterie Escherichia coli en geisoleerd, en de structuur bepaald met cryo-elektronen
microscopie en een “single particle” analyse. Hiermee kon de structuur worden bepaald van
volledig geassembleerde encapsulines, en drie structuren van encapsulines in verschillende
stadia van opbouw en/of afbraak. Deze bevindingen geven inzicht in de op- en afbouw van
encapsulines in de cel.

Tesamen draagt dit promotieonderzoek bij aan biologische inzichten in het T3SS, encapsulines,
en de technische ontwikkeling van CET in cellen. Door ontwikkelingen die momenteel
plaatsvinden waardoor er sneller monsters kunnen worden geprepareerd, data kan worden
opgenomen en worden verwerkt is het aannemelijk dat in de komende jaren steeds van steeds
meer macromoleculen structuren kunnen worden bepaald in de context van cellen of weefsels.
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