Membrane protein stoichiometry
studied in intact mammalian cells
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Receptor membrane proteins in the plasma membranes of cells respond
to extracellular chemical signals by conformational changes, spatial
redistribution, and (re-)assembly into protein complexes, for example,
into homodimers (pairs of the same protein type). The functional state
of the proteins can be determined from information about how subunits
are assembled into protein complexes, the so-called stoichiometry.
Stoichiometry information, however, is generally not obtained from intact
cells but from pooled material extracted from many cells, resulting in a lack
of fundamental knowledge about the functioning of membrane proteins.
Firstly, functional states may dramatically differ from cell to cell on account
of cell heterogeneity. Secondly, extracting the membrane proteins from the
plasma membrane may lead to many artefacts. Liquid scanning transmission
electron microscopy (STEM) is a new technique capable of determining
the locations of individual membrane proteins within the intact plasma
membranes of cells in liquid. Many tens of whole cells can readily be imaged.
It is possible to analyse the stoichiometry of membrane proteins in single
cells while accounting for heterogenic cell populations. Liquid STEM was
used to image epidermal growth factor receptors in whole COS7 cells. A
study of the dimerisation of the HER2 protein in breast cancer cells revealed
the presence of rare cancer cells in which HER2 was in a different functional
state than in the bulk cells. Stoichiometric information about receptors
is essential not only for basic science but also for biomedical application

because they present many important pharmaceutical targets.
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An essential aspect of communication in all life
forms is how messages are interpreted and then
translated into action. Cells have receptor proteins
in their plasma membranes “listening” to chemical
signals from the outside world.These signals consist
of ligands, small molecules that bind specifically to
a receptor. But how those signals are “interpreted”
and lead to decisions triggering distinct signalling
pathway/s is incompletely understood (Bessman
et al, 2014; Valley et al, 2014). A key challenge
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Figure I. Membrane proteins when extracted from the plasma membrane of a cell may not necessarily resemble the native functional state.
Conclusions about their function drawn based on biochemical- and crystallographic techniques using extracted protein material may contain artefacts.
Image courtesy of Macarena Fritz K., https://www.linkedin.com/pulse/insane-membrane-how-overcome-problems-when-working-proteins-fritz.

for understanding the fundamentals about cell
decisions involved in the interpretation of external
chemical signals is that these decisions often differ
from cell to cell on account of cell heterogeneity, so
that even neighbouring cells of the same cell type
may show different responses to the same ligand
concentrations.The chemical-physical response of a
cell to the binding of an external signal molecule is
termed signal transduction. The first stage of signal
transduction involves the binding of a ligand and the
resulting response of the involved receptor protein
leading to its activation. This stage is associated
with dramatic spatial and temporal changes in
the distribution of these membrane proteins
resulting, for example, in conformational changes,
re-localisation in the plasma membrane, and their
assembly into protein complexes, for example,
homodimers (pairs of the same receptor type). In
fact, a multiple of receptors is often at play, and
many cell surface receptors have been shown to
redistribute into several different protein complexes,
for example, heterodimers (pairs of two different
receptor types), in response to ligand binding. The
picture becomes even more complicated because
certain receptors, so-called orphan receptors, do
no not need to receive a signal in order to become
active. Information about the assembly of subunits
into protein complexes is called stoichiometry,

and its examination reveals important clues about

the functional state of the proteins. However,
information is lacking about the stoichiometry of
membrane proteins within individual cells and about
differences between cells, and in the presence of
chemical signals, so that the initiating events within
the plasma membrane remain unclear (Bessman et
al,, 2014;Valley et al., 2014).

Limited capabilities of
analytical methods to study
membrane proteins

The main reason behind the lack of knowledge
about the early stage of signal transduction is
rooted in the limitations of the used analytical
methods (Yamashita et al, 2015). A key challenge
to understanding the function of membrane
proteins is that it is notoriously difficult to study
them. The information about the stoichiometry of
protein complexes is generally not obtained from
intact cells but via biochemical methods involving
extraction of proteins from cellular material, via
X-ray crystallography of protein crystals or other
technologies (Larance & Lamond, 2015; Bessman
et al,, 2014). Firstly, protein material is pooled from
many thousands of cells and thus most knowledge
about cellular function is based on population
averages. Secondly, extracting the membrane
proteins from the plasma membrane may lead to

artefacts in conclusions about function, since the
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Table |.Important analytical techniques used to study the functional state of proteins (stoichiometry) and their limitations (see supplementary

discussion in Peckys et al., 2015).

Technique Limitation

Biochemical methods Limited to pooled cellular material, proteins do not remain in cells

Provides information about average responses in a cell population only

Light microscopy

Spatial resolution insufficient to directly view stoichiometry

complexes

Indirect techniques such as FRET lead to artefacts, for example,
detection of back-to-back neighbours rather than subunits in protein

Flow cytometry

Cells not in adherent state

Prone to artefacts when determining protein stoichiometry

Electron microscopy Samples in vacuum, thus cells not intact

Thin cell- or tissue sections needed, challenging to image intact plasma
membrane, provides information about few (sections of) cells only

Proximity assay

Does not detect dimers but reflects overall protein proximity, which is
heavily influenced by protein concentrations, leads to artefacts

actual molecular behaviour of the receptors is not
studied in a native environment (Figure 1). Protein
extraction may lead to changes in folding, protein
complexes that are bound together in the plasma
membrane may not necessarily remain together
when extracted, and finally, certain proteins may be

difficult to extract.

On the other hand, state-of-the-art light microscopy
techniques using intact cells are incapable of
resolving endogenously (naturally) expressed
membrane proteins with sufficient spatial resolution
(Peckys et al., 2015; Shivanandan et al., 2014), so that
often opposing observations are published (Valley
et al, 2014). Forster Resonance Energy Transfer
(FRET) may result in artefacts since the dimensions
in protein complexes may supersede the FRET
distance (Piston & Kremers, 2007). Various other
indirect fluorescence techniques exist but are mostly
restricted to unnaturally low protein expression
levels of <I per um?(Arant & Ulbrich, 2014). Cryo
electron microscopy can be used to image proteins
in an almost native environment of amorphous ice
(Kourkoutis et al., 2012) but the sample preparation
and microscopy is so elaborative that it is practically
impossible to study whole cells let alone series
of cells. Freeze fracture sample preparation in
combination with immunogold labelling (Cambi

& Lidke, 2012) provides protein locations in

membrane patches, but it is practically impossible to
obtain stoichiometric protein information since the
used antibodies are too large, the cellular context
gets lost, and the techniques involve delicate sample

preparation.

Finally, proximity methods (Leuchowius et al., 2013;
Citri & Yarden, 2006), detect if protein pairs are in
vicinity but the methods do not actually measure
the distances between protein subunits, so that
truly occurring protein complexes cannot be
separated from proteins positioned in proximity
by random chance, and the methods thus trigger
many false positives for the naturally occurring high
protein surface densities (Moreira et al,2013).Table
| lists the most important analytical techniques
including their limitations preventing to study HER

dimerisation in cellular subpopulations.

Studying membrane receptors from cell population
averages might give incorrect insights, since
individual cells and even individual areas of the
plasma membrane often include proteins in a
different functional state than in the average (Peckys
et al, 2015). Aiming for a more comprehensive
picture of signal transduction, it is thus crucial to
study the distinct relations between ligand exposure
and receptor redistribution at the single-molecule

level within the intact cell and examine multiple
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Figure 2. Principles of liquid scanning transmission electron microscopy (STEM).A whole cell is grown on a supporting silicon nitride (SiN)
membrane. Proteins labelled with nanoparticles (NPs) reside in the plasma membrane. Imaging is done by scanning a focused electron beam over
the cell. Transmitted electrons are recorded with the STEM detector located underneath the sample. (A) The cell is fully enclosed in a microfluidic
chamber with two SiN windows. (B) The cell is maintained in a saturated water vapour atmosphere, while a thin layer of cooled water covers the
cell for STEM using environmental scanning electron microscopy (ESEM).With permission from Cambridge University Press (Peckys & de Jonge,

2014a).

cells thus allowing to account for differences within

cell populations.

Liquid STEM technology

A new analytical microscopy technology to study
membrane proteins in intact eukaryotic cells in their
native liquid environment was introduced in the last
decade (de Jonge et al,, 2009; de Jonge & Ross, 201 1;
Peckys & de Jonge, 2014a; Peckys et al., 2015). This
technology, termed liquid scanning transmission
electron microscopy (STEM), overcomes key
limitations in the study of cellular function at the
molecular level. Eukaryotic cells in liquid are placed
in a microfluidic chamber enclosing the sample in
the vacuum of the electron microscope, and they
are then imaged with STEM (Figure 2A). In order to
obtain contrast through water and cell material of
several micrometres thickness, gold nanoparticles
or fluorescent quantum dots (QDs) are used as
specific protein labels (Dukes et al, 2010; Peckys
& de Jonge, 2015; Peckys et al, 2014a) and the
atomic number (Z) contrast of STEM is employed
so that nanometre resolution is obtained on tagged
proteins in whole eukaryotic cells in liquid (de Jonge
et al, 2009). The high resolution is achieved well
within the limit of radiation damage (de Jonge et
al,, 2009; Hermannsdorfer et al.,, 2016). Crucial for
the study of cell function is the capability to screen
hundreds of cells and to investigate selected tens

of cells with high spatial resolution in the range of

3 nm, this was achieved by combining fluorescence
microscopy with liquid STEM and correlating the
obtained information (Peckys et al., 201 |; Dukes et
al,, 2010). It is not always necessary to enclose the
cells in a microfluidic chamber. For many studies,
it is sufficient to obtain information from the thin
outer regions of the cells, and those can be imaged
with high resolution using environmental scanning
electron microscopy (ESEM) with STEM detector
(see Figure 2B) (Bogner et al., 2005; Peckys et al.,
2013). A third option is given by enwrapping the
cells with a graphene sheet (Park et al., 2015;Wojcik
etal,2015).

An essential aspect of the liquid STEM technology
is the specific labelling of membrane proteins.
Several protocols were developed to achieve
specific labelling of receptors, for example, the
epidermal growth factor receptor (EGFR) via its
ligand using gold nanoparticles of 10 nm diameter
(de Jonge et al, 2009), and with QDs providing
both a fluorescence signal and Z-contrast for
correlative microscopy (Peckys & de Jonge, 2015;
Peckys et al., 2014a; Peckys et al., 2014b; Dukes et
al,, 2010). Labels were also developed for another
growth factor receptor, HER2 (Peckys et al.,, 2015),
a so-called orphan receptor that does not have
a ligand to be activated and often resides in the
plasma membrane in active state. This receptor is
of particular relevance in various types of cancer. It

is overexpressed in a particularly aggressive type of
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Figure 3. Model of the biotinylated anti-HER2 Affibody (blue) binding to a single epitope of HER2 (red).The single biotin moiety of the Affibody
binds to streptavidin (green) conjugated to a bullet-shaped quantum dot (QD). From (Peckys et al., 2015).

breast cancer (Hynes & Lane,2005;Yu & Hung,2000).
In the absence of a ligand as for EGFR, a label was
developed for HER2 using an Affibody peptide with
a biotinylated C-terminus (Eigenbrot et al., 2010)
(Affibody AB, Sweden) conjugated to a QD via a
short biotin-streptavidin bond to a QD (see Figure
3). The Affibody does not influence the behaviour
of HER2 with respect to dimerisation or cellular
uptake (Orlova et al., 2006; Steffen et al., 2005). The
labelling procedure was carried out in two steps
(Peckys & de Jonge, 2014b) in order to avoid label
induced clustering (Brown & Verkade, 2010) and to
obtain binding of the Affibody-QD label to HER2
in a I:l ratio (Peckys et al., 2015). Live cells were
first incubated with the anti-HER2 Affibody, and the
cells were then chemically fixed. Finally, the cells
were then incubated with streptavidin-conjugated
QDs. This labelling strategy works in principle also
for many other membrane proteins. Instead of
affibodies, other small specifically binding peptides
or antibody fragments may be used. Usage of
standard antibodies is not recommended since they
are too bulky to be able to detect the stoichiometry

of protein complexes.

A third strategy exists for the labelling of

membrane proteins in case the binding via a ligand

is not possible or not preferred, and a small specific
binding peptide is not available, involving genetic
engineering of a binding site into the protein of
interest. For example, the selective Ca** channel
pore-forming ORAII protein was provided with an
extracellular hemagglutinin (HA)-tag in Jurkat T-cells
(Peckys et al., 2016). The HA tag was positioned in
the second extracellular loop of ORAII, between
transmembrane domain 3 and 4, between amino
acid 206 and 207 (Gwack et al, 2007). The HA tag
insertion was shown by others not to impair the
formation of functional ion channels (Quintana
et al, 2011). The cells were fixed, subsequently
incubated with biotinylated Anti-HA-Fab, binding
in a one-to-one stoichiometry to the HA-tag, and

finally labelled with streptavidin QDs.

Imaging EGFR in COS7 cells

Sections of text in this chapter were copied with
permission from Cambridge University Press
(Peckys & Jonge, 2016).To perform the experiment,
COS7 fibroblast cells were grown on microchips
coated with poly-L-lysine for the promotion of cell

adherence, incubated with the labels, and fixed with

glutaraldehyde (Ring et al.,201 |;de Jonge et al.,2009).

This protocol avoids the traditional preparation

steps associated with electron microscopy such

Figure 4. Liquid STEM images of whole eukaryotic cells in liquid (saline buffer solution) obtained in a CM200 S/TEM (FEI, Hillsboro, OR, USA) with
a field emission gun operated at 200keV. (A) Color-coded image recorded at the edge of a fixed COS 7 cell. Au EGFR labels are visible as yellow
spots and the cellular material as light blue over the dark blue background.The inset shows monomers, dimers, and a larger cluster at the location
marked *.The image size was 1024 x 1024 pixels, the pixel size 2.9 nm, the pixel-dwell time 20 us and the total exposure time 20 s.The liquid
thickness was 5.7 um. (B) Image of a cell fixed after an additional incubation time of |5 min, following the 5 min. EGF nanoparticle labelling, to
allow the endocytosis of labelled EGFR.The image shows two exemplary endocytotic vesicles with labelled EGFRs, recorded at pixel size 4.4 nm.The
liquid thickness was 8.6 um. Images modified with colour, with permission (de Jonge et al., 2009).

as sectioning, and plastic embedding or freezing
(Hoenger & Mcintosh, 2009) with their high risk of
perturbing the original state of the cells. Instead, the
protocol is comparable with that for fluorescence
microscopy, where chemical fixation is used to
preserve biological structures during exposure
to the intense light beam needed to detect the
fluorophores (Pawley, 1995; Tanaka et al., 2010).
The sample was then enclosed in the microfluidic
chamber for STEM (Figure 2) and images were
recorded while maintaining a continuous flow
of buffer. Figure 4A shows the edge of a COS7
fibroblast cell that was incubated for 5 minutes
with the label. The liquid STEM spatial resolution of
4 nm was sufficient to distinguish adjacent labels,
dimers, and larger clusters (see inset). The cellular
material is visible as light blue shapes.The randomly
distributed localization of the EGFRs over the
cellular surface is consistent with this time window
of incubation (Lidke et al., 2004).

To test if the labelled EGFRs were still functional
after the binding of the nanoparticle label, we
examined the cells for endocytosis of labelled EGFRs,

a process that naturally follows after the EGFR is

activated (Glenney et al.). The cells were incubated
for 10 minutes with EGF-gold, washed, incubated
an additional 15 minutes in buffer, then fixed. Figure
4B shows circular clusters of labels, consistent with
clustering in internalised endosomes (Lidke et al.,
2004). The rounded shape in the top right corner
is blurred indicating a different vertical position in

the sample.

These experiments were carried out with STEM at
an electron dose of 7x10? /A only an order of
magnitude larger than used for imaging frozen cells
(Hoenger & Bouchet-Marquis, 201 1), and an order
of magnitude smaller than the dose used for STEM
on conventional thin sections (Sousa et al, 201 I).
Signs of radiation damage, such as displacement or
shifting of the EGFR-bound AuNPs in subsequently
recorded images, only appeared after several image
exposures. The sample fixation thus provided
sufficient stability to the sample, and the liquid flow
presumably also helped to reduce the damaging
effects from electron beam induced radicals, free
electrons, and heat (de Jonge et al, 2009). The
liquid thicknesses were in the micrometres range,

as measured from the total number of electrons
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Figure 5. Correlative light and electron microscopy overview images of QD labelled HER2 on SKBR3 human breast cancer cells (Peckys et al.,
2015). (A) Fluorescence overview image showing several dozens of cells. Individual cells exhibit a high degree of heterogeneity in their morphology
and HER2 membrane expression. (B) Fluorescence image of the cells within the boxed area in A. (C) Liquid STEM image of the boxed region in

B recorded at 15,000 % magnification using ESEM. (D) STEM image recorded in the boxed region shown in C at 75,000 x magnification. The
locations of individual HER2 receptors labelled with QDs are visible as the bright spots.The brighter background features represent membrane
ruffles. Many pairs (homodimers) are visible; two are indicated with the arrowheads. Note that the image looks very different to conventional
electron microscopy images showing the cellular ultrastructure. From (Peckys et al., 2015).

scattered towards the annular dark field detector.
The spatial resolution achieved is remarkably high,
and is due to the Z contrast of STEM (de Jonge
et al, 2010; Demers et al., 2010; Schuh & de Jonge,
2014). It would not be possible to achieve nanoscale
resolution at these thicknesses with transmission
electron microscopy. Furthermore, although it has
been suggested that Brownian motion should blur
the images, this is not seen experimentally; instead,
nanoparticles in close proximity to a membrane
move several orders of magnitude slower than
what would be expected for a bulk liquid (Ring &
de Jonge, 2012;White et al., 2012;Verch et al., 2015).
Indeed, atomic resolution has been reported for
TEM in liquid (Yuk et al, 2012; Evans et al, 201 I).

Nanoparticle labels appear to be sufficiently
immobilised in live or fixed cellular structures to
allow nanoscale microscopy (Peckys et al., 201 |; de
Jonge et al., 2009).

Studying HER2 in intact
breast cancer cells

With liquid STEM it is feasible to collect data on
receptor membrane expression and stoichiometry
in single cells. The results shown in Figure 5
demonstrate the usage of the analytical technique
for research on HER2 in cancer cells. SKBR3
cells, a HER2 overexpressing human breast
cancer cell line, were studied with correlative

fluorescence microscopy and liquid ESEM-STEM
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Figure 6. Statistical analysis of the spatial distribution of labelled HER2 proteins in eleven SKBR3 cells using the pair correlation function g(r)
(Peckys et al., 2015). (A) g(r) calculated for a total of 14,171 labels exhibited a peak at 20 nm indicating HER2 dimerization. Larger-sized clusters
were also observed.The curves of randomly dispersed quantum dots (QDs), and a simulation (simu) of random data were included as reference.
(B) HER2 pairs were absent in cellular areas with homogeneous or flat membrane topography (3,307 labels), contrasting g(r) in the ruffled areas.
(C) HER2 does not appear clustered in the two analysed flat cells (3,664 labels). Clustering was only observed in cells with membrane ruffles.

From (Peckys et al,, 2015).

(Figure 2B). In contrast to conventional electron
microscopy studies, the cells were imaged as a
whole and in liquid state, so that the membrane
proteins remained in the intact plasma membrane.
The locations of individual HER2 receptors
were detected using an anti-HER2-Affibody
in combination with a QD label. Fluorescence
microscopy revealed considerable differences of
HER2 membrane expression between individual
cells, and between different membrane regions of
the same cell (Figure 4A). Subsequent ESEM of the
corresponding cellular regions provided images of
individually labelled HER2 receptors (Figure 4D).
The high spatial resolution of 3 nm, the I:1 labelling
stoichiometry, and the close proximity between
the QD and the receptor allowed quantification of
the stoichiometry of HER2 complexes. It was also
possible to distinguish between monomers, dimers,

and higher order clusters.

The clustering behaviour of HER2 was statistically
analysed via the pair correlation function g(r)
(Stoyan & Stoyan, 1996), calculated from all individual
HER?2 positions. These positions were automatically
detected using a software tool designed by our
group for this purpose.The function g(r) measures
the likelihood of a particle to be found within a
certain radial distance with respect to a reference
particle, whereby g(r) = | represents a random
distribution, and a value >| indicates clustering
with a higher probability than random occurrence
(Stoyan & Stoyan, 1996). In measurements
incorporating 14,043 HER2 positions in eleven cells,
a sharp peak in the g(r) function at 20 nm indicated
that HER2 was clustered as a homodimer (Figure
5A).A centre-to-centre label distance of 20 nm was
expected on account of the size of the HER2 dimer,

and the two quantum dot labels (Peckys et al.,2015).

HER2 distribution patterns were determined for
two distinct cellular regions: membrane ruffles
and homogeneous or flat areas. A remarkable
difference was found from analysing g(r) for these
different membrane regions. HER2 homodimers

(peak at g(r) = 20 nm) appeared in ruffled regions

but were entirely absent from homogeneous
membrane regions (Figure 5B). In cancer cells, the
highly dynamic membrane ruffles, also referred to
as invadopodia, are considered to serve as junctions
for cellular signalling,and drive motility, invasiveness,
and metastasis of cancer cells (Weaver, 2006;
Feldner & Brandt, 2002; Brix et al., 2014).The results
could thus imply that HER2 homodimers play a
role in cancer cell spreading, which is supported
by the findings of others showing that HER2
overexpression increases the oncogenic potential

in breast epithelial cells (Ingthorsson et al., 2015)

A second imperative finding was the discovery
of a small subpopulation of cells with a different
phenotype than the average cell (Peckys et al,
2015).This group of cells was characterised by flat
peripheral membrane regions and can possibly be
identified as resting (possibly dormant) cells. HER2
homodimers were found to be absent from this
subpopulation of cells (Figure 5C), even though the
concentration of HER2 in the plasma membrane
was only ~ 30% lower than in the bulk cancer cells.
The absence of HER2 homodimers from these flat
cells likely indicates a different intercellular signalling

mechanism than the average/bulk SKBR3 cell.

Conclusions

Liquid STEM is a new electron microscopy
technology with the unique capability to measure the
individual locations of endogenous proteins within
the intact plasma membranes of cells, combined
with the capability to screen hundreds of cells with
correlated light microscopy. It enables the analysis of
the functional (stoichiometric) state of membrane
proteins at the molecular level in single cells and
can account for heterogenic cell populations by
examining tens to hundreds of individual cells. A
spatial resolution of 3 nm is achievable on labelled
proteins in whole cells and within the limit of
radiation damage. The sample preparation is similar
to that for fluorescence microscopy,and it is readily
possible to examine many tens of cells.Although the

role of HER proteins is an important topic in cancer
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research, which has been extensively explored using
a wide range of techniques, the aforementioned
presence of rare HER2 overexpressing cancer cells,
in which signalling active HER2 homodimers were
absent, was not unveiled before. The findings are
not only relevant for the basic science behind this
receptor, but also for research on the mechanism
behind drug resistance development, which is
presumably rooted in cancer cell heterogeneity
(Bedard et al., 2013).

Prof. Dr. Niels de Jonge

Prof. Dr. Niels de
Jonge received his
M. Sc. in Physics
from the University
of Amsterdam,
Netherlands  (1994),
and a Ph.D. in Natural

Y Sciences, specialization

Biophysics, from the University of Freiburg,
Germany (1999). He worked as senior scientist
at Philips Research, Netherlands, on carbon
nanotube electron sources (2000-2005). He
was strategic hire at Oak Ridge National
Laboratory (ORNL), where he pioneered
scanning transmission electron microscopy
(STEM) of liquid specimens (2005-2010). He
joined Vanderbilt University School of Medicine,
as Assistant Professor of Biophysics (2007-
2011). He is currently senior group leader at
the INM — Leibniz Institute for New Materials,
Germany (2012 - present), and Honorary
Professor of Experimental Physics, Saarland
University, Germany. His main research area is
in situ electron microscopy of biological samples
in liquid phase, for example, to study membrane
protein complexes in cancer cells. He received
the ORNL innovation award, the ORNL Esprit
de Corps award, the 2016 MRS Innovations
in Materials Characterization Award, and the
2016 European Microscopy Award life sciences

category.

Acknowledgements

The author is grateful to D.B. Peckys for co-
pioneering liquid STEM and for many discussions,
M. Fritz for providing Figure |, and E. Arzt for his
support through INM.

References

Arant R}, Ulbrich MH (2014) Deciphering the subunit
composition of multimeric proteins by counting
photobleaching steps. Chem Phys Chem, 15, 600-605.

Bedard PL, Hansen AR, Ratain MJ, Siu LL (2013)
Tumour heterogeneity in the clinic. Nature, 501,
355-364.

Bessman NJ, Freed DM, Lemmon MA (2014) Putting
together structures of epidermal growth factor
receptors. Curr Opin Struct Biol, 29, 95-101.

Bogner A, Thollet G, Basset D, Jouneau PH,
Gauthier C (2005) Wet STEM: A new development
in environmental SEM for imaging nano-objects
included in a liquid phase. Ultramicroscopy, 104, 290-
301.

Brix D, Clemmensen K, KallunkiT (2014)When Good
Turns Bad: Regulation of Invasion and Metastasis by
ErbB2 Receptor Tyrosine Kinase. Cells, 3, 53-78.

Brown E,Verkade P (2010) The use of markers for
correlative light electron microscopy. Protoplasma,
244, 91-97.

Cambi A, Lidke DS (2012) Nanoscale membrane
organization: where biochemistry meets advanced
microscopy. ACS Chem Biol, 7, 139-149.

CitriA,YardenY (2006) EGF-ERBB signalling: towards
the systems level. Nat Rev Mol Cell Biol, 7, 505-516.

de Jonge N, Peckys DB, Kremers GJ, Piston DW
(2009) Electron microscopy of whole cells in liquid
with nanometer resolution. Proc Natl Acad Sci, 106,
2159-2164.

de Jonge N, Poirier-Demers N, Demers H, Peckys DB,
Drouin D (2010) Nanometer-resolution electron
microscopy through micrometers-thick water layers.
Ultramicroscopy, 110, 1114-1119.

de Jonge N, Ross FM (201 1) Electron microscopy of
specimens in liquid. Nat Nanotechnol, 6, 695-704.

Demers H, Poirier-Demers N, Drouin D, de Jonge N
(2010) Simulating STEM imaging of nanoparticles in
micrometers-thick substrates. Microsc Microanal, 16,
795-804.

Dukes M, Peckys DB, de Jonge N (2010) Correlative

fluorescence microscopy and scanning transmission
electron  microscopy of quantum-dot-labeled
proteins in whole cells in liquid. ACS Nano, 4, 4110-
4116.

Eigenbrot C, Ultsch M, Dubnovitsky A, Abrahmsen L,
Hard T (2010) Structural basis for high-affinity HER2
receptor binding by an engineered protein. Proc Natl
Acad Sci, 107, 15039-15044.

Evans JE, Jungjohann KL, Browning ND, Arslan |
(2011) Controlled growth of nanoparticles from
solution with in situ liquid transmission electron
microscopy. Nano Lett, 11, 2809-2813.

Feldner JC, Brandt BH (2002) Cancer cell motility--
on the road from c-erbB-2 receptor steered signaling
to actin reorganization. Exp Cell Res, 272, 93-108.

Glenney JR, Jr, Chen WS, Lazar CS, Walton GM,
Zokas LM, Rosenfeld MG, Gill GN Ligand-induced
endocytosis of the EGF receptor is blocked by
mutational inactivation and by microinjection of anti-
phosphotyrosine antibodies. Cell, 52, 675-684.

GwackY, Srikanth S, Feske S, Cruz-Guilloty F, Oh-hora
M, Neems DS, Hogan PG, Rao A (2007) Biochemical
and functional characterization of Orai proteins.J Biol
Chem, 282, 16232-16243.

Hermannsdorfer J, TinnemannV, Peckys DB, de Jonge
N (2016) The effect of electron beam irradiation
in environmental scanning transmission electron
microscopy of whole cells in liquid. Microsc Microanal,
20, 656-665.

Hoenger A, Bouchet-Marquis C (2011) Cellular
tomography. Adv Protein Chem Struct Biol, 82, 67-90.

Hoenger A, Mcintosh JR (2009) Probing the
macromolecular organization of cells by electron
tomography. Curr Opin Cell Biol, 21, 89-96.

Hynes NE, Lane HA (2005) ERBB receptors and
cancer: The complexity of targeted inhibitors. Nat
Rev Cancer, 5, 341-354.

Ingthorsson S, Andersen K, Hilmarsdottir B,
Maelandsmo GM, Magnusson MK, Gudjonsson
T (2015) HER2 induced EMT and tumorigenicity
in breast epithelial progenitor cells is inhibited by
coexpression of EGFR. Oncogene.

Kourkoutis LF, Plitzko JM, Baumeister W (2012)
Electron Microscopy of Biological Materials at the
Nanometer Scale. Annu Rev Mater Res, 42, 33-58.

Larance M, Lamond Al (2015) Multidimensional
proteomics for cell biology. Nat Rev Mol Cell Biol, 16,
269-280.

Leuchowius K], Clausson CM, Grannas K, Erbilgin Y,
Botling J, Zieba A, Landegren U, Soderberg O (2013)
Parallel visualization of multiple protein complexes
in individual cells in tumor tissue. Mol Cell Proteomics,
12, 1563-1571.

Lidke DS, Nagy P, Heintzmann R,Arndt-Jovin D), Post
JN, Grecco HE, Jares-Erijman EA, Jovin TM (2004)
Quantum dot ligands provide new insights into erbB/
HER receptor-mediated signal transduction. Nat
Biotechnol, 22, 198-203.

Moreira JM, Thorsen SB, Brunner N, Stenvang ]
(2013) Proximity probing assays for simultaneous
visualization of protein complexes in situ. Expert Rev
Proteomics, 10, 219-221.

Orlova A, Nilsson FY,Wikman M, Widstrom C, Stahl
S, Carlsson J, Tolmachev V (2006) Comparative in
vivo evaluation of technetium and iodine labels on
an anti-HER2 Affibody for single-photon imaging of
HER?2 expression in tumors. | Nucl Med, 47, 512-519.

Park J, Park H, Ercius P, Pegoraro AF, Xu C, Kim JW,
Han SH, Weitz DA (2015) Direct Observation of
Wet Biological Samples by Graphene Liquid Cell
Transmission Electron Microscopy. Nano Lett, 15,
4737-4744.

Pawley JB (1995) Handbook of biological confocal
microscopy, Springer; New York.

Peckys DB, Alansary D, Niemeyer BA, de Jonge N
(2016) Visualizing quantum dot labeled ORAII
proteins in intact cells via correlative light- and
electron microscopy. Microsc Microanal, 22, 902-912.

Peckys DB, Bandmann V, de Jonge N (2014a)
Correlative fluorescence- and scanning transmission
electron microscopy of quantum dot labeled proteins
on whole cells in liquid. Meth Cell Biol, 124, 305-322.

Peckys DB, Baudoin JP, Eder M, Werner U, de
Jonge N (2013) Epidermal growth factor receptor
subunit locations determined in hydrated cells with
environmental scanning electron microscopy. Sci Rep,
3, 2626:2621-2626.

Peckys DB, de Jonge N (2014a) Liquid Scanning
Transmission Electron Microscopy: Imaging Protein
Complexes in their Native Environment in Whole
Eukaryotic Cells. Microsc Microandl, 20, 346-365.

Peckys DB, de Jonge N (2014b) Spezifische
Proteinmarkierung sowie
Identifizierung der statistischen Verteilung der
Proteinstochiometrie. German patent application
WO2015/197050 Al.

Verfahren zur

ISSUE 44 DECEMBER 2016

focus



Peckys DB, de Jonge N (2015) Studying the
stoichiometry of epidermal growth factor receptor
in intact cells using correlative microscopy. | Vis Exp.,
e53186.

Peckys DB, Dukes MJ,de Jonge N (2014b) Correlative
fluorescence and electron microscopy of quantum
dot labeled proteins on whole cells in liquid. Methods
Mol Biol, 1117, 527-540.

Peckys DB, Jonge Nd (2016) Liquid scanning
transmission electron microscopy for studying
biological function in whole cells. In: Liquid cell electron
microscopy (ed. . M. Ross). Cambridge University
Press, Cambridge.

Peckys DB, Korf U, de Jonge N (2015) Local
variations of HER2 dimerization in breast cancer
cells discovered by correlative fluorescence and
liquid electron microscopy. SciAdv, 1, e1500165.

Peckys DB, Mazur P, Gould KL, de Jonge N (2011)
Fully hydrated yeast cells imaged with electron
microscopy. Biophys J, 100, 2522-2529.

Piston DWV, Kremers GJ (2007) Fluorescent protein
FRET: the good, the bad and the ugly. Trends Biochem
Sci, 32, 407-414.

Quintana A, Pasche M, Junker C,Al-Ansary D, Rieger
H, Kummerow C, Nunez L,Villalobos C, Meraner P,
Becherer U, Rettig |, Niemeyer BA, Hoth M (201 1)
Calcium microdomains at the immunological synapse:
how ORAI channels, mitochondria and calcium
pumps generate local calcium signals for efficient
T-cell activation. EMBO J, 30, 3895-3912.

Ring EA, de Jonge N (2012)Video-frequency scanning
transmission electron microscopy of moving gold
nanoparticles in liquid. Micron, 43, 1078-1084.

Ring EA, Peckys DB, Dukes MJ, Baudoin JP, de Jonge
N (2011) Silicon nitride windows for electron
microscopy of whole cells. | Microsc, 243, 273-283.

Schuh T, de Jonge N (2014) Liquid scanning
transmission  electron  microscopy: Nanoscale
imaging in micrometers-thick liquids. C R Phys, 15,
214-223.

Shivanandan A, Deschout H, Scarselli M, Radenovic
A (2014) Challenges in quantitative single molecule
localization microscopy. FEBS Lett, 588, 3595-3602.

Sousa AA, Azari AA, Zhang G, Leapman RD (2011)
Dual-axis electron tomography of biological
specimens: Extending the limits of specimen
thickness with bright-field STEM imaging. | Struct Biol,
174, 107-114.

Steffen AC, Wikman M, Tolmachev V, Adams GP,
Nilsson FY, Stahl S, Carlsson ] (2005) In vitro
characterization of a bivalent anti-HER-2 Affibody
with potential for radionuclide-based diagnostics.
Cancer Biother Radiopharm, 20, 239-248.

Stoyan D, Stoyan H (1996) Estimating pair correlation
functions of planar cluster processes. Biom J, 38,
259-271.

Tanaka KA, Suzuki KG, Shirai YM, Shibutani ST,
Miyahara MS, Tsuboi H, Yahara M, Yoshimura A,
Mayor S, Fujiwara TK, Kusumi A (2010) Membrane
molecules mobile even after chemical fixation. Nat
Methods, 7, 865-866.

Valley CC, Lidke KA, Lidke DS (2014) The
spatiotemporal organization of ErbB receptors:
insights from microscopy. Cold Spring Harb Perspect
Biol, 6.

Verch A, Pfaff M,de Jonge N (2015) Exceptionally Slow
Movement of Gold Nanoparticles at a Solid/Liquid
Interface Investigated by Scanning Transmission
Electron Microscopy. Langmuir, 31, 6956-6964.

Weaver AM (2006) Invadopodia: specialized cell
structures for cancer invasion. Clin Exp Metastasis,
23, 97-105.

White ER, Mecklenburg M, Shevitski B, Singer SB,
Regan BC (2012) Charged nanoparticle dynamics
in water induced by scanning transmission electron
microscopy. Langmuir, 28, 3695-3698.

Woijcik M, Hauser M, Li W, Moon §, Xu K (2015)
Graphene-enabled  electron  microscopy  and
correlated super-resolution microscopy of wet cells.
Nat Comm, 6, 7384.

Yamashita H, Yano Y, Kawano K, Matsuzaki K (2015)
Oligomerization-function relationship of EGFR on
living cells detected by the coiled-coil labeling and
FRET microscopy. Biochim Biophys Acta, 1848, |1359-
1366.

Yu D, Hung MC (2000) Overexpression of ErbB2 in
cancer and ErbB2-targeting strategies. Oncogene, 19,
6115-6121.

Yuk JM, Park ], Ercius P Kim K, Hellebusch D],
Crommie MF, Lee ]Y, Zettl A, Alivisatos AP (2012)
High-resolution EM of colloidal nanocrystal growth
using graphene liquid cells. Science, 336, 61-64.

ISSUE 44 DECEMBER 2016

The most flexible imaging solution ever!

High Speed Confocal Platform

The game-changer in confocal microscopy - with the
you can image at an unrivalled, multi-
modal combination of instant confocal, widefield and TIRF.

The Dragonfly offers you the sharp insight into the world of
your specimen by employing a novel multi-point confocal
design optimized for fast, flexible and sensitive scanning.

It extends your sample's longevity and significantly speeds
up data acquisition.

Image courtesy of Ronan Mellin and Dr. Luke Boulter, MRC Human Genetics Unit, University of Edinburgh, Scotland.

AND

OR

company




