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A B S T R A C T   

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.   

1. Introduction 

The type III secretion system (T3SS), or injectisome, is a large bac-
terial 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 patho-
gens, it is important to understand their structure in the most native 
setting (in situ). 

The injectisome consists of a cytosolic sorting platform in the cyto-
plasm, 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 et 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). Subse-
quently, 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 trans-
locon proteins are secreted to form a pore into the host cell (VanEnge-
lenburg 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 un-
known. 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 

* Corresponding author. 
E-mail address: pj.peters@maastrichtuniversity.nl (P.J. Peters).  

Contents lists available at ScienceDirect 

Journal of Structural Biology 

journal homepage: www.elsevier.com/locate/yjsbi 

https://doi.org/10.1016/j.jsb.2021.107701 
Received 30 October 2020; Received in revised form 17 December 2020; Accepted 14 January 2021   

mailto:pj.peters@maastrichtuniversity.nl
www.sciencedirect.com/science/journal/10478477
https://www.elsevier.com/locate/yjsbi
https://doi.org/10.1016/j.jsb.2021.107701
https://doi.org/10.1016/j.jsb.2021.107701
https://doi.org/10.1016/j.jsb.2021.107701
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsb.2021.107701&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of Structural Biology 213 (2021) 107701

2

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 et 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 pepti-
doglycan layer. Cryo-electron tomography (CET), however, can visu-
alize 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 (Kawa-
moto et al., 2013; Hu et al., 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 et 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 et 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 plat-
form 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 
et al., 2019). This makes myeloid cells excellent models to study injec-
tisome structure in a biologically relevant infection context. We there-
fore 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 molec-
ular 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. 

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 injec-
tisome 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 ΔblaA Δasd ΔyopH 
ΔyopO ΔyopP ΔyopE ΔyopM ΔyopT) SctV-mCherry was grown over-
night at 28 ◦C in 37 g/L brain heart infusion medium (BHI) containing 
35 µg/ml nalidixic acid (NAL) and 80 µg/ml diaminopimelic acid (DAP). 
The starter culture was used to inoculate a culture at an OD600 of 0.12 in 
37 g/L BHI containing 35 µg/ml NAL, 80 µg/ml DAP, 0.4% glycerol (v/ 
v) and 20 mM MgCl2. 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 ΔblaA Δasd 
ΔyopH ΔyopO ΔyopP ΔyopE ΔyopM ΔyopT ΔyadA) 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 µg/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 Tech-
nologies) as per the manufacturer’s instructions. Isolated monocytes 
were cultured at 37 ◦C and 5% CO2 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. 

2.3. Infection and adhering cells to grid 

Isolated monocytes or differentiated dendritic cells or J774 macro-
phages were washed with RPMI 1640 medium and detached by incu-
bating 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 nu-
cleus 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 fluores-
cence microscope (Thermo Fisher Scientific) with a 40× air objective 
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(Zeiss, 420363-9901-000) with 405 and 561 nm excitation in spinning 
disk mode. Z-stacks were deconvoluted (Sage et 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 tem-
perature 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 equiv-
alent 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 1nA at a milling angle of 11◦ relative 
to the grid. The initial width of the lamella was chosen between 8 and 20 
µm 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). 

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 Å. 
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-/Å2. 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 Å 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× 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× or 
4× 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 Mask-
tomrec (Fernandez et 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 
(Castaño-Díez et al., 2017). Particles were extracted from 2× 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 C5 symmetry 
were applied during the last steps of the refinement procedure for the 
sorting platform, basal body and needle tip, respectively. These sym-
metry values were derived from literature (Broz et al., 2007; Worrall 
et al., 2016; Hu et al., 2017) and by applying different rotational sym-
metries to the subtomogram average structures followed by visual in-
spection 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 indepen-
dently 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× bin-
ned tomograms and manually aligned with Dynamo gallery. Subtomo-
grams from manually refined particle coordinates were extracted from 
2× 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 per-
formed by separating the even and odd particles and independently 
aligning them at increasingly higher low-pass filter values. Final reso-
lution 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 
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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). 

3. Results 

3.1. Cryo-FIB and CET workflow 

To study the T3SS of Y. enterocolitica in an intracellular host envi-
ronment, 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 (Kudrya-
shev 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 proced-
ures 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 sub-
tomogram 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 repro-
ducible 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, 
Suppl. 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 Suppl. Movie 1). We iden-
tified 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 

Fig. 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 μm. (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 Fig. 2D and E. Scale bar: 2 μm. 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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electron-dense basal body and the needle structure protruding from the 
outer membrane (Fig. 2C and Suppl. Movie 2). The needle tip often in-
teracts 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., 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 dif-
ferences 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. 

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 situ 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◦, 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 phag-
osomal 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 

Fig. 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 μm. 
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injectisome attachment. 
Next, we measured the basal body length of all injectisomes and 

compared them between contact and non-contact injectisomes (Fig. 3D, 
Suppl. 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 stu-
dent 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 
et al., 2013). 

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. 

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, 
Suppl. 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 (Suppl. 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 Salmonella 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 (Suppl. 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 

Fig. 3. Comparison of contact and non-contact injectisomes. (A) Tomographic slices showing individual injectisomes with the needle interacting with host mem-
branes (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 injec-
tisomes, 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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Fig. 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 (Suppl. 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. 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. 
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assigned the sorting platform proteins to the measured electron densities 
based on the work of Hu et 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 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 ap-
pears 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 et 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 (Suppl. Fig. 6). Based on the variations observed 
in the random control, we conclude that no significant structural rear-
rangements could be observed in injectisomes in contact with the host 
membrane. 

4. Discussion 

Here we used CET on FIB-lamellae to visualize Y. enterocolitica dur-
ing 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, Suppl. 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 defor-
mation 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 et 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 be-
tween 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 et al., 2015). Whether 
deformation of host membranes is required for insertion of the trans-
locon 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 vari-
able contact angles over time. 

In addition to the varied contact angles, we also found large vari-
ability 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 struc-
ture 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. enterica minicells (Hu et al., 2017; Bernal et al., 2019). One expla-
nation 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 al., 2012). SctQc binds in 
dimers to full-length SctQ (Bzymek et 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 et al., 2019). 
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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 dif-
ferences 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 vari-
ability 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 vis-
cosity 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 sub-
tomogram averaging structures of S. enterica, S. flexneri and 
Y. enterocolitica have a strong inward curvature (Kudryashev et 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 mem-
brane curvature on most of their surface. 

Our finding that the structures of contact and non-contact injecti-
somes 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 appa-
ratus 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 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 
et 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. enterocolitica functions in situ in 
intracellular infection in host cells. Studying the injectisome intracel-
lularly 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. 

5. 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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