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Accurate labeling of endogenous proteins for advanced light microscopy in living cells remains challenging.
Nanobodies have been widely used for antigen labeling, visualization of subcellular protein localization and
interactions. To facilitate an expanded application, we present a scalable and high-throughput strategy to
simultaneously target multiple endogenous proteins in living cells with micro- to nanometer resolution. For
intracellular protein labeling, we advanced nanobodies by site-specific and stoichiometric attachment of
bright organic fluorophores. Their fast and fine-tuned intracellular transfer by microfluidic cell squeezing
enabled high-throughput delivery with less than 10% dead cells. This strategy allowed for the dual-color
imaging of distinct endogenous cellular structures, and culminated in super-resolution imaging of native
protein networks in genetically non-modified living cells. The simultaneous delivery of multiple

Received 2nd July 2018
Accepted 20th August 2018

DOI: 10.1039/c85c02910e engineered nanobodies does not only offer exciting prospects for multiplexed imaging of endogenous

Open Access Article. Published on 20 August 2018. Downloaded on 12/10/2025 2:20:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

The localization of endogenous proteins in a native cell envi-
ronment is fundamental for the quantitative spatiotemporal
delineation of cellular homeostasis and dysfunction. Live-cell
imaging is highly desired to visualize timely balanced protein
networks, avoiding contingent artifacts by fixation or per-
meabilization procedures." In this regard, genetic fusion of
fluorescent proteins (FPs) enables the visualization of proteins
of interest (POIs).> However, the fusion of FPs or other bulky
enzyme-based tags, e.g. SNAP; tag, can provoke protein mis-
assembly, mistargeting, or other artifacts.>* Current efforts in
the visualization of endogenous proteins focus on the insertion
of small epitope tags, such as split-GFP, SunTag, or His-tag, into
endogenous genomic loci.>® Although genomic tagging via
CRISPR/Cas9 dispels concerns about overexpression, it is still
difficult and time-consuming for a number of applications.
Antibodies or recombinant binders are prominent alternatives
to trace unmodified proteins.”® Targeting by antibodies has
the advantage of detecting endogenous proteins rather than
heterologously expressed ones, and thus facilitates a correct
localization or proper expression of the POL Yet, labeling with
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protein, but also holds potential for visualizing native cellular structures with unprecedented accuracy.

conventional antibodies is limited to fixed cells since their
disulfide bonds are reduced in the cytosol. To overcome this
downside, antibody fragments have been developed for protein
targeting."**?

In this regard, the variable domains of heavy-chain-only
antibodies (VyHs) of camelids, named nanobodies, are prime
candidates (Scheme 1).**** They bind with nanomolar or even
picomolar affinities to their targets, are small in size (=13 kDa),

fluorescent nanobody

% synthetic dye
N, <1kDa

autofluorescent protein
> 25 kDa

Scheme 1 Size of a fluorescent nanobody compared to nanobodies
labeled with a fluorescent protein, termed chromobody. Bulky fluo-
rescent proteins (>25 kDa) triple the size of the nanobody (=13 kDa). In
comparison, the minimal size of fluorophores (<1 kDa) is unlikely to
disturb the nanobody and offers a higher quantum yield as well as
photostability.
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exhibit great solubility, and can functionally be produced in the
reducing cytosolic milieu of mammalian cells. Nanobodies
fused to fluorescent proteins, termed ‘chromobodies’, have
been used to label various POIs.**>*> Nonetheless, visualization
of intracellular proteins is still impeded because fused FPs
triple the size of the nanobody, and FPs entail suboptimal
photophysical properties (Scheme 1). An additional drawback is
that the expression level of chromobodies is hard to control,
evoking high background and deteriorated signal-to-
background staining, which in turn makes the observation of
low abundant proteins, in particular by super-resolution
microscopy, very difficult or impossible. Recently, an «-GFP
nanobody was delivered into cells by attaching a cyclic cell-
permeable peptide sequence.”® In addition, nanobodies
directed against FPs were equipped with quantum dots or
organic dyes to trace kinesin by single-particle tracking.***®
However, most approaches still have some limitations restrict-
ing their broad applicability: (i) two or more antigens in the
same cell are difficult to address, (ii) the intracellular concen-
tration of the nanobody is very difficult to control, and (iii)
endogenous proteins are not readily targeted by super-
resolution microscopy. The latter two obstacles are mainly
caused by the overexpression of a genetically modified POI for
recruiting the nanobody as well as an imprecise regulation of
the nanobody delivery to match its intracellular level to that of
the target antigen. Likewise, it cannot be excluded that nano-
body binding impairs the POIs' dynamic, function, or localiza-
tion as observed for fusion tags. Despite all efforts, the
application of nanobodies for visualizing endogenous proteins
by single-molecule localization microscopy in non-modified
living cells is still underexplored.

To bypass several limitations, we advanced nanobodies with
bright, organic fluorophores in stoichiometric ratio. Using
a vector-free microfluidic device, these fluorescent nanobodies
(fNbs) were delivered at defined nanomolar concentrations via
a direct, non-endocytic transfer. The approach precluded
intracellular excess of fluorescently labeled nanobodies and
thus resulted in the dual-color imaging of endogenous target
proteins, e.g. vimentin and lamin, with high fidelity and excel-
lent signal-to-background ratios. For multiplexing, different
fNbs were delivered in parallel at defined nanomolar concen-
trations. Ultimately, the endogenous nuclear lamina was
resolved at nanometer precision by live-cell super-resolution
microscopy in native, genetically non-modified cells.

Results and discussion
Specific protein labeling

The quantitative and stoichiometric fluorophore labeling is
a crucial factor for advanced fluorescence microscopy as it holds
the potential to investigate absolute protein copy numbers. In
order to achieve a high labeling specificity and efficiency, as well
as to strategically position small synthetic fluorophores, we
engineered nanobodies with single free cysteines either at the N
terminus, position 9, or the C terminus. Compared to auto-
fluorescent proteins, brighter synthetic fluorophores are easier
to detect as they provide an enhanced signal-to-background
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ratio. Moreover, the devised strategy offers the possibility to
easily tune the spectral properties of different fNbs. Our goal
was to create fluorescent nanobodies that preserve their specific
and high-affinity antigen binding combined with negligible
label displacement. To this aim, our approach provides simple
customization and velocity in adapting the spectral properties
for advanced microscopy or other spectroscopy techniques.

As a first showcase, we modified the a-GFP nanobody,
and then generalized the approach to target different endoge-
nous proteins using the cognate fNbs. Furthermore, its
respective antigen (GFP) allows for immediate read-out by co-
localization studies in vitro as well as in vivo, and thus to test
fNb function after transfer into GFP-expressing cells. After
expression and affinity purification, nanobodies with a single
free cysteine were labeled via maleimide coupling with high-
quantum yield fluorophores, namely sulfo-Cyanine 3 (sCy3),
sCy5, or ATTO655 (Scheme 1a).>® For comparison, random
labeling of lysines was also examined. Specific conjugation of
the fluorophore was confirmed by SDS-PAGE in-gel fluorescence
and by fluorescence-detection size-exclusion chromatography,
yielding molar labeling ratios of =0.9 for a-GFP*?* and =0.8
for o-GFP*?" (Fig. S1 and S27).

As an initial screen for fNb function, we evaluated the
specific binding of the a-GFP nanobodies (fNbs) in fixed cells
prior to live-cell applications. We expected to identify nano-
bodies that tightly bind to the target and hence will intracellu-
larly co-localize with the target protein. The equilibrium
dissociation constant for the a-GFP nanobody was reported to
be =1 nM.” Different intracellular assemblies were selected as
targets, namely the transporter associated with antigen pro-
cessing TAP (TAP1™Y*"") in the ER membrane, histone 2B
(H2B*°™) in the nucleus, and lamin A (™*“*"Lamin A) as
a component of the nuclear envelope. The respective POIs were
expressed in human HeLa Kyoto cells, labeled with the a-GFP
fNbs (50-200 nM) and analyzed by confocal laser scanning
microscopy (CLSM). All engineered o-GFP fNbs retained high
specificity with negligible background staining, which was not
affected by the positioning of the fluorophores (Fig. 1A and S3,
S4t). An excellent co-localization was observed as depicted by
Pearson's coefficients ranging from 0.948 to 0.986, independent
of the attached synthetic dyes (Fig. 1A and S3, S4t). Specific fNb
binding was further demonstrated by the intensity distribution,
which highly correlated with the POI expression level (Fig. 1B
and S3-S57).

Next, we transferred the findings to engineer an «-Lamin
fNb. As basic constituents of the nuclei, lamins were assembled
in a filamentous meshwork, providing structural stability. Since
a-Lamin traces the endogenous nuclear envelope, the engi-
neered fNb can avoid limitations typically entailed by (over-)
expression of fusion proteins. For nanobody production, we
here employed an engineered E. coli strain that promotes
disulfide bond formation in the cytosol and yields an optimized
coupling procedure. To suppress transient exposure of inner
scaffold cysteines by thermal breathing, covalent dye attach-
ment was performed at 4 °C (Fig. S1%).*°

Specific labeling of the endogenous nuclear lamina was
observed in the in vitro screen of fNb function (Fig. 1C and S67).

26-28
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Fig.1 Specific binding of site-specifically labeled nanobodies. (A) Specific labeling of FP-tagged proteins in chemically arrested cells. HeLa Kyoto
cells expressing H2BESFP or TAP1™VeNUS (green) were labeled with 100 nM of a-GFPS<Y® fNb (orange). A co-localization (merge) between the fNbs
and both FP-tagged POls was revealed. Pearson's coefficients were determined from 9-11 individual cells (right). (B) Fixed Hela Kyoto cells
expressing H2BESFP were stained with a-GFP*®® (orange), a.-GFPS<Y® (red, 100 nM each), and DAPI (blue). Cross-sections of relative fluorescence
intensity profiles of both fNbs (along dashed line) highly correlated with the expression level of H2BES™. Low background fluorescence was
detected in untransfected cells (only DAPI positive), supported by the Pearson's coefficients (r) between different channels (right). (C) After
fixation, the endogenous nuclear lamina of Hela Kyoto cells was visualized by 100 nM of a-Lamin®TT9%% fNb (red). The fNb specifically
decorated the nuclear envelope (DNA visualized via DAPI staining, blue). Images were taken by CLSM with the Airy Scan detector (C). Dashed lines

indicate the cell border. Scale bars: 5 um (A, C) and 20 pm (B).

By this means, we generated o-Lamin fNbs equipped with sCy5
or ATTO655 at labeling ratios of 0.8 to 1.0, respectively. Note-
worthy, different labeling procedures led to successful dye
conjugation but were accompanied by a loss in specificity
(Fig. S7t). Similar results were obtained when lysine residues on
the nanobody surface were stochastically modified via N-
hydroxysuccinimide Alexa647 (Fig. S7at). Unlike the very robust
a-GFP fNb, which always retained its high target specificity
independently of all described routes for production and
labeling, the o-Lamin fNb was drastically affected by the
procedures (Fig. S8t). Since the highest signal-to-background
ratio was achieved after dye-conjugation to the N-terminal
cysteine of the a-Lamin fNb (Fig. 1C; ESI Video 1 and Fig. S6
and S7bt), labeling at this position was employed for all further
experiments. Regarding site-specific labeling, the proper site-
specific functionalization as well as the coupling procedure
are important as either the nanobody function or specificity can
be impeded. This was particularly evident for the a-Lamin
nanobody targeting endogenous protein networks.

This journal is © The Royal Society of Chemistry 2018

Live-cell protein labeling at nanomolar concentrations

After validating the target specificity in chemically arrested
cells, we focused on live-cell intracellular labeling. A central
restriction in the in-cell application of nanobodies is their
inability to penetrate the cell membrane. This has substantially
limited their scope of application and often restricted their use
in fixed cells. Alternative strategies are required to transfer fNbs,
which allow for a controlled, non-endocytic delivery of multiple
binders into living cells. To this end, we made use of micro-
fluidic cell squeezing for the fast and efficient fNb intracellular
transfer. This promising technique enables the fNb delivery
into the cytosol of mammalian cells by mechanically disrupting
the plasma membrane and allowing diffusion through transient
pores (Fig. S97). Cell squeezing bypasses the endosomal uptake
and offers precise control of the transduced cargo concentra-
tion combined with high-throughput delivery (up to one million
cells per s) and resulted in less than 10% dead cells.**** Based
on these unique signatures for cell transduction, we decided to
utilize this methodology to deliver engineered fNbs. We first

Chem. Sci,, 2018, 9, 7835-7842 | 7837
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aimed to validate the correct antigen specificity with the a-GFP
fNbs, as its delivery provides a direct read-out through the
recognition of its fluorescent antigen GFP. Again, HeLa Kyoto
cells expressing the three different FP-tagged proteins were
chosen as targets. After cell squeezing in the presence of
nanomolar concentrations of the fNbs (100-500 nM), the
intracellular fNb distribution was analyzed one to three hours
after cell transfer via co-localization CLSM analyses. For the
diverse arrays of target proteins tested, the fluorescence of the a-
GFP fNbs showed a high degree of co-localization with FP-
tagged H2B, TAP1, and lamin A, reflected by Pearson's coeffi-
cients ranging from 0.892 to 0.911 (Fig. 2A and S10at). For
example, an excellent correlation between the fluorescence
intensity profiles of TAP1™Y*™ and the o-GFP*** fNb was
observed (Fig. 2B and C; Pearson's coefficient of 0.926). High-
throughput and efficient nanobody delivery was apparent by
the high number of transduced cells (Fig. S11t). Notably, all
transduced cells displayed a very low background staining, and
the intensity of the fNb reflected the variability in the POI
expression level. We observed an increased fNb binding in cells
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with high levels of FP-tagged POIs, whereas cells expressing low
amounts of the POIs displayed weaker fluorescence intensities
(Fig. S117). One hypothesis for this correlation can be found in
the retrograde diffusion of free binders before membrane
resealing as well as in the nanomolar concentration of fNbs
used in cell squeezing, both synergistically contributing to
a high signal-to-background staining (Fig. 2D).>* Untransfected
cells showed a very low level of uniform intracellularly distrib-
uted fNbs (Fig. S127), which is in line with the localization of the
a-GFP-mCherry chromobody or mCherry expressed in HeLa
Kyoto cells (Fig. S13a and b¥). In contrast, the plasmid-driven
expression of a-GFP-mCherry chromobodies together with FP-
tagged POIs often resulted in an overabundance of the binder
due to high and unmatched expression levels (Fig. S13c-ef).
Here, a high signal-to-background labeling is impaired in cells
with high expression levels of chromobodies, while very low
levels entail high sensitivity to photobleaching. To accurately
report on the localization of endogenous proteins, it is essential
and indispensable to minimize the excess of nanobodies and

a-GFP= fNb

TAP 1 mVenus

C TAP1 mVenus
2 a-GFPscy3
2 fNb
(0]
kS
o
X position
D mEGFP|_amin A a-GFP=¢5fNb

Fig.2 Live-cell protein labeling by fluorescent nanobodies. (A) Protein labeling in living cells at different subcellular localizations. The o.-GFPSY®
fNb (200 nM, red) was delivered via cell squeezing into Hela Kyoto cells, expressing H2BESF or TAP1™VeU (green). Excellent co-localization
(merge channel) of the fNbs with both FP-tagged POls was observed 3 h post squeezing by CLSM. The Pearson's coefficients (r, bottom) ranging
from 0.892 to 0.901 were determined from 8-10 individual cells. Dashed lines indicate cell border. (B) Live-cell visualization of TAP1TVenus
(green) by a-GFP*®? fNb (orange) 20 h after squeezing. (C) Cross-sections of relative fluorescence intensity profiles of TAP1™Ve"s and o.-GFPSY>
(along dashed line) showed specific and low-background labeling in live cells by the a.-GFP fNb. Pearson’s coefficient: 0.926. (D) 3D intensity plot
of a representative Hela Kyoto cell expressing ™ESFPLamin A (green) was stained by a.-GFPS<Y° fNb (red) and showed a high signal-to-background
ratio. All images were taken by CLSM. Scale bar: 5 pm.
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hence background signal. By utilizing microfluidic f{Nb transfer,
these drawbacks and impediments were not observed.

We also addressed the long-term stability and persistence of
fNDb labeling. Remarkably, even 20 h after delivery, imaging fNb
transduced cells showed that the POIs were still decorated by a-
GFP fNbs, highlighting their long-term specificity and in-cell
robustness (Fig. 2B). After a prolonged period, however, cyto-
solic punctae and a higher background signal were detected,
indicating incipient fNb degradation (Fig. S10b¥). Overall, the
adaptive, fine-tuned intracellular delivery of fNbs by cell
squeezing promoted low-background labeling of genetically
tagged proteins.

High signal-to-background labeling of endogenous proteins
in live mammalian cells

To fully exploit the scalable and high-throughput delivery of
fNbs we next focused on live-cell labeling of endogenous
proteins. With regard to their extenuated abundance compared
to overexpressed proteins, the utilization of high-performance
fluorescent or fluorogenic probes is essential to enhance
sensitivity. Therefore, we selected two intermediate filaments as
targets. Specifically, we used the engineered a-Lamin fNb to
visualize the native lamin meshwork of the nuclear envelope
and o-Vimentin®™"**® in order to label vimentin as a cytoskel-
etal component, crucial for organelle positioning. In living cells,
the selective labeling of the native cytoskeleton of vimentin was
so far only facilitated by overexpression of vimentin fusion
proteins,*** genetic code expansion®* or endogenous tagging of
vimentin with a SNAP or Halo-tag, respectively.*

Based on the target specificity of both binders in fixed cells
(e-Lamin®T"°%% Fig. 1C and S6;T o-Vimentin®""°**% Fig. $147),
we aimed to label endogenous protein networks by fNb delivery.
Live, non-transfected HeLa Kyoto cells were squeezed in the
presence of 200 nM a-Lamin®""°%>® fNb to visualize the native
lamin meshwork. 3 h after delivery, specific decoration of the
endogenous nuclear envelope with a concomitant negligible
background was observed by means of live-cell CLSM (Fig. 3A).
Even in the crowded environment, the expected localization of
the o-Lamin®""%*® fNb was clearly resolved by CLSM and
visualized as endogenous lamin. The observed morphology was
similar to the one obtained in fixed cells (Fig. 1C), demon-
strating that o-Lamin®""°%*® specifically recognizes its intra-
cellular antigen even at subnanomolar concentrations. Besides
this, the fNb delivery enabled the targeting of native protein
networks with marginal background signal, which constitutes
to the best of our knowledge the first labeling of an endogenous
protein inside living cells by exogenously derived fNbs. By
contrast, in live HeLa Kyoto cells expressing o-Lamin-EGFP
chromobodies, decoration of the nuclear lamina was accom-
panied by high background staining and cytosolic punctae,
presumably due to saturation of the protein synthesis
machinery and aggregation (Fig. S151). Worthy of note is that
even 20 h after cell squeezing the labeling of the nuclear lamina
was still persistent.

Nevertheless, higher background, mainly as cytosolic punc-
tae, was observed (Fig. S161), which is in line with the results

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Live-cell labeling of endogenous targets. (A) The a.-Lamin”TT9%%°

fNb (200 nM) was transferred into Hela Kyoto cells via squeezing.
Confocal imaging after 3 h showed specific labeling of the native nuclear
lamina in living cells with high signal-to-background ratio. (B) HelLa Kyoto
cells were squeezed with 50 ug mi~? of a-Vimentin®TT°488 _Fluorescence
intensity cross-section of a live Hela Kyoto cell transduced with
a-Vimentin®TT©%8 (along dashed line) showed specific and distinct
decoration of the endogenous vimentin meshwork with high signal-to-
background ratio. The respective network was localized beneath the
nucleus (corresponding to z-plane 2 in C). (C) The fNb decorated
vimentin network was observed 3 h post squeezing and visualized as
a dense meshwork around the nucleus (HOECHST-positive, blue) in
different confocal z-planes (1-3; indicated in scheme, left). Images were
taken by CLSM with the Airy Scan detector. Dashed lines indicate the cell
border. Scale bars: 5 um.
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Fig. 4 Dual-color live-cell labeling of endogenous targets and live-cell super-resolution imaging by fluorescent nanobodies. (A) Dual-color

labeling of endogenous lamin and vimentin in living cells. a-Lamin

ATTO655

ATTO488

and o-Vimentin were simultaneously transferred into Hela

Kyoto cells. 3 h after cell squeezing, spatially distinct labeling of endogenous lamin (red) and vimentin (green) was visualized by multiplexed

imaging. Magnification (box, top) of the a-VimentinTT©488

stained vimentin network showed the three-dimensional organization around the

nucleus. The respective confocal z-planes are indicated in the scheme. (B) Reconstructed dSTORM image of endogenous lamin specifically
labeled with o.-Lamin”TT©%%5 fNb (5 h after squeezing). The sensitive and high degree of fNb labeling allowed for visualization of the native nuclear
envelope with nanometer precision. (C) Comparison of dSTORM analysis with the averaged fluorescence intensity. Cross section of the intensity
profiles (along the dashed line in B) displayed the enhanced resolution by dSTORM. Images were taken by CLSM with the Airy Scan detector or

dSTORM. Dashed lines indicate the cell border. Scale bars: 5 um.

obtained for the a-GFP fNb (Fig. S10bt). Notably, specific tar-
geting was unaffected by the utilized fluorophore (ATTO655 or
sCy5; Fig. 3A and S167).

To further broaden
ATTO488

the range of applications,
a-Vimentin was delivered into live HeLa Kyoto cells.
Following cell squeezing, live-cell CLSM was employed to image
the filamentous structure of endogenous vimentin (Fig. 3B, C
and S177). 3 h as well as 20 h after cell transduction, the well-
defined native vimentin cytoskeleton was observed at high
signal-to-background ratio as reflected in the fluorescence
intensity profile (Fig. 3B). In addition, we were able to visualize
the native vimentin meshwork at various confocal z-planes
(Fig. 3C). Specific and distinct decoration of vimentin at
endogenous level was observed throughout the cell. In each
z-plane, an explicit fNb accumulation at the intermediate fila-
ment was present. The accurate representation of the endoge-
nous target structure was facilitated by the combination of
efficient and scalable fNb delivery (Fig. S187). A well-controlled
fNbs delivery at nanomolar concentrations without overloading
the cytosol allowed for a very good signal-to-noise ratio and thus
enhanced sensitivity, compared to cell-permeable nano-
bodies.> Taken together, our methodology provides straight-
forward access to employ fNbs for live-cell microscopy.

7840 | Chem. Sci., 2018, 9, 7835-7842

Multiplex and super-resolution analysis of native intracellular
protein networks

A main limitation for multiplexing in living cells is the simul-
taneous delivery of two or more labeling probes at defined
concentrations. To meet that challenge, we intended to
demonstrate how multiple fNbs can be used for multi-color live-
cell imaging. Thus, we performed dual-color imaging of fNbs
transduced cells. When o-Lamin®""%** and o-Vimentin®""°*#3
fNbs were present at nanomolar concentrations during cell
squeezing, the simultaneous delivery of both fNbs into native
HeLa Kyoto cells was easily facilitated. CLSM imaging of double
transduced cells, indeed, demonstrated that both fNbs were
successfully transferred and specifically localized with their
target proteins (Fig. 4A). By dual-color labeling, both individual
protein networks were clearly visible, and we were able to
simultaneously image the nuclear lamina (Fig. 4A, red) and
vimentin filaments (Fig. 4A, green) at endogenous level. The
resolutions in representative z-planes were high enough to
discernibly visualize the vimentin cytoskeleton next to the
nuclear envelope. The protein networks were closely spaced, but
with spatially different distributions. 3D mapping of cell
topology by multiplexed imaging further confirmed the specific
decoration of both endogenous antigens by fNb targeting. Due

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sc02910e

Open Access Article. Published on 20 August 2018. Downloaded on 12/10/2025 2:20:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

to the high target specificity and precise localization of the fNbs
conjugated to bright organic dyes, we thus enabled live-cell
immunofluorescence imaging. Notably, the fluorescence back-
ground in double transduced cells was negligible and
substantially lower compared to plasmid-driven expression of
chromobodies (Fig. S157).

A low background fluorescence is also a key requirement for
super-resolution microscopy. We therefore examined the effi-
cacy of fNbs for high-resolution imaging. By combining the
precisely adjusted delivery via cell squeezing with the small site-
specifically labeled fNbs, we aimed to perform live-cell super-
resolution microscopy. In particular, the bright-fluorescent
dye delivery via fNbs provides an adequate labeling efficiency
and specificity, combined with close proximity of the dye to the
target structure. For demonstration, o-Lamin®""%® was deliv-
ered into genetically non-modified HeLa Kyoto cells. Subse-
quently, live cells were subjected to direct stochastic optical
reconstruction microscopy (dSTORM).** We used highly
inclined laminar optical sheet (HILO) microscopy with laser
intensities in the range of 0.5-2 kW cm™>.3” We recorded 40 000
images at a frame rate of 33 Hz. After reconstructing the
dSTORM images, the endogenous nuclear lamina was visual-
ized with sub-diffractional spatial resolution in live cells. An
average resolution of =55 nm (localization precision of 23.4 +
8.3 nm; Fig. 4B) was obtained with significantly increased
contrast compared to wide-field imaging (Fig. 4C). Strikingly,
dSTORM analysis of a-Lamin®""°%*° fNb in fixed cells resulted
in a similar average localization precision, but an increased
signal-to-background ratio was obtained in live cells (Fig. S197).
Nevertheless, this underscores the applicability of our approach
for an efficient, scalable and controlled nanobody delivery. In
summary, fNbs containing bright, high-quantum yielding dyes
allowed the resolution of finer details with high fidelity and low
concentration in super-resolution microscopy, thus making
them suitable for high-end microscopy. To this end, the fNb
labeling will help to visualize dynamic processes in living cells
by avoiding problems with regard to overexpression as well as
fixation.

Conclusions

In general, the lower level of endogenous proteins renders their
specific and high signal-to-background labeling quite difficult.
To circumvent this constraint, we established a method for live-
cell imaging of endogenous proteins at nanometer resolution,
together with minimal disturbance and high-throughput
delivery (up to one million cells per s). This robust and
generic technique is versatile in the choice of the nanobody and
bright organic fluorophore, and allows for low-background
labeling of high as well as low abundant native protein
networks in living cells. In case of the selected target, fNb
decoration was persistent for several hours after fNb transfer.
Increased background after 20 h, however, suggests that long-
term protein labeling can be affected. This obstacle is experi-
mentally manageable, depending on the turnover rate of the
POI as well as the rate of cell division. Alternative approaches to
tag endogenous proteins, such as the generation of stable cell
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lines utilizing e.g. CRISPR/Cas9 for low chromobody levels, are
highly promising, yet very labor-intensive and hardly feasible
for multiple knock-ins. Other transduction methods including
electroporation or semi-permeabilization are promising for
cargo delivery. But, so far, they suffer from low in vivo efficiency,
low throughput, batch-to-batch variations, or elaborated
chemical synthesis.”**>*° Our strategy, however, involves the
transient disruption of the cell plasma membrane followed by
entry of the target material before resealing.

All in all, our devised strategy strikes a new path for the live-
cell visualization of endogenous targets by high quantum yield
fluorescent nanobodies to study their precise intracellular
localization and trafficking. The simplicity and robustness of
the methodology can be extended to deliver simultaneously
multiple probes for multiplexed imaging and has potential for
other types of microscopy (e.g. cryo-EM tomography). By cell
squeezing, the fNb targeting of endogenous proteins in patient-
derived primary immune cells or embryonic stem cells is
feasible. Moreover, our method provides access for exogenously
derived, high-affinity binding scaffolds (e.g. fibronectin-based
binding proteins or designed ankyrin repeat proteins) to 3D
and multi-color super-resolution imaging in native cells, and it
opens avenues to label cellular ultrastructures at endogenous
level for correlated light and electron microscopy (CLEM) or
lattice light-sheet microscopy. These advantages of our
approach outweigh potential limitations such as modalities
encountered by membrane disruption. Especially the labeling
of different proteins in parallel will be valuable to simulta-
neously study multiple proteins by imaging as well as non-
imaging techniques, given the speed, flexibility and efficiency
of the delivery protocol. In addition, the nanobody delivery will
directly benefit from the progress in the development of func-
tional nanobodies and opens opportunities for the compre-
hensive study of low-abundant proteins in their native cellular
environment. Overall, the viable expansion of the methodology
will pioneer the non-genetically encoded visualization of
cellular networks and subcellular structures, and hence provide
complementary and unique information with unprecedented
precision. To this effect, our approach allows researchers to
rapidly and precisely visualize the localization of endogenous
proteins in various cell types, and it provides an alternative
platform for antigen labeling in living cells via transduction of
exogenously derived antigen binders.
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