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Single-domain antibodies (sdAbs) have substantially expanded the possibilities of
advanced cellular imaging such as live-cell or super-resolution microscopy to visualize
cellular antigens and their dynamics. In addition to their unique properties including
small size, high stability, and solubility in many environments, sdAbs can be efficiently
functionalized according to the needs of the respective imaging approach. Genetically
encoded intrabodies fused to fluorescent proteins (chromobodies) have become
versatile tools to study dynamics of endogenous proteins in living cells. Additionally,
sdAbs conjugated to organic dyes were shown to label cellular structures with high
density and minimal fluorophore displacement making them highly attractive probes for
super-resolution microscopy. Here, we review recent advances of the chromobody tech-
nology to visualize localization and dynamics of cellular targets and the application of
chromobody-based cell models for compound screening. Acknowledging the emerging
importance of super-resolution microscopy in cell biology, we further discuss advantages
and challenges of sdAbs for this technology.

Keywords: nanobodies, intrabodies, chromobodies, cytoskeleton, live-cell imaging, high-content imaging, super-
resolution microscopy

Reflecting the importance of cellular imaging, microscopic technologies ranging from wide-field
to super-resolution microscopy are applied in nearly every cell-biological laboratory. Along with
recent developments such as high-content live-cell imaging or super-resolution microscopy, there
is a concomitant need for advanced labeling strategies to visualize cellular components in physi-
ologically meaningful states. Here, we review recent progress in the development of camelid-derived
single-domain antibodies (sdAbs) for live-cell imaging and super-resolution microscopy.

sdAbs FOR LIVE-CELL IMAGING

Antigen staining with conventional antibodies is still the most popular approach to image native
cellular antigens, but due to chemical fixation of the cells it is not suitable to monitor dynamic
processes. For visualization in living cells, proteins can be fused either to self-labeling enzymes
(SNAP-, Halo-, or CLIP-tag) or fluorescent proteins (FP) (1-5). However, addition of such large
protein tags (~20-25 kDa) to the N- or the C-terminus may affect the expression level, activity,
and localization, and for some targets, it was shown that expression of the corresponding fusion
protein affects cellular morphology or function (6-8). To avoid genetic modification, intracellularly
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functional binding molecules (intrabodies) have been developed
to visualize endogenous targets. While some intrabodies are
based on non-antibody scaffolds like peptides, monobodies, or
designed ankyrin repeat proteins (9-12), most intrabodies are
derived from immunoglobulins (IgGs) comprising a variable
heavy (VH) and variable light domain, artificially linked to form
a single-chain variable fragment (scFv) (13-15). Due to their
compact structure, small size, high stability, and solubility, sdAb
fragments (ViHs, nanobodies) from camelids (16) provide ben-
eficial properties for intracellular applications (11, 17). However,
only nanobodies which retain a binding-compatible conforma-
tion in the absence of the conserved disulfide bond connecting
frameworks 1 and 3 are functionally expressed in live cells, as
disulfide bridges are not formed in the reducing environment of
the cytoplasm. Such binders have to be selected experimentally,
whereas nanobodies comprising additional disulfide bonds, e.g.,
to stabilize complementarity-determining regions forming the
paratope can be excluded a priori based on their DNA sequence.
Nowadays, numerous protocols and synthetic libraries are avail-
able which facilitate the selection of intracellular nanobodies
(18-24). For visualization of endogenous antigens, nanobodies
were genetically fused to fluorescent proteins and introduced as
DNA-encoded expression constructs in living cells. Reflecting
their chimeric structure these constructs were termed “chromo-
bodies” (25) (Figures 1A,B).

In an initial study, a red fluorescent chromobody directed
against GFP was generated. Fluorescence co-localization analysis
of living cells expressing the GFP-chromobody in combination
with different GFP-labeled marker proteins (components of the
cytoskeleton, nuclear lamina, or chromatin) revealed a high

overlap of the fluorescence intensities of antigen and chromo-
body. Besides functional expression in the cytoplasm, the GFP
chromobody was shown to enter the nucleus, where it traces
dynamic changes of cellular antigens (e.g., H2B-GFP) throughout
different stages of the cell cycle (25). Since its first description, the
GFP-chromobody has been widely used for multiple functional
and imaging applications ranging from targeted relocalization
(26-28), induced proteasomal degradation (29, 30), to high-
throughput translocation assays (31) of GFP-tagged proteins.
While the GFP-chromobody became a unique tool to study
GFP-tagged proteins in many facets, numerous chromobodies
directed against native proteins have been generated during the
last decade.

CHROMOBODIES TO VISUALIZE
THE CYTOSKELETON

Chromobodies that visualize, but do not disturb the cytoskeleton
network, are highly desirable for live-cell imaging as many of
the cytoskeletal proteins become only partially integrated into
native structures when administered as FP fusions (7, 32-34).
To date, numerous chromobodies targeting proteins involved
in the formation of the nuclear lamina, actin, and intermedi-
ate filaments have been described. A lamin-chromobody was
identified and stably introduced in human cell lines (Figure 1C)
(35). Fluorescent recovery after photobleaching (FRAP) analysis
showed that the lamin-chromobody binds very transiently,
which does not interfere with the functional redistribution of the
nuclear lamina (25). Live-cell imaging of the chromobody signal
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FIGURE 1 | (A) Schematic representation of a chromobody derived from a single-domain antibody of Camelidae. (B) lllustration of intracellular antigen binding of
chromobodies followed by introduction and expression of DNA-encoded chromobody expression constructs. (C) Representative images of endogenous cellular
structures visualized by recently developed chromobodies directed against lamin A, ACTB, vimentin, proliferating cellular antigen (PCNA), and p-catenin in living
cells.
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revealed the typical nuclear rim structure and monitors its disin-
tegration during mitosis or upon compound-mediated induction
of apoptosis (36). For in vivo labeling of the actin cytoskeleton, an
actin-chromobody with a similar highly transient binding mode
was generated (Figure 1C) (37). Originally selected against mam-
malian ACTB, it also recognizes F-actin in parasites, zebrafish,
or plant cells (37-40). Not disturbing actin dynamics by steric
hindrances or stabilizing effects, the actin-chromobody provides
distinct benefits over other labeling approaches such as lifeact-
GFP (10) or SiR-Act (41). Thus, the actin-chromobody was used
to track the movement of Golgi bodies along actin filaments in
tobacco leaf cells. Compared to lifeact-GFP, a more complex
movement pattern of the organelles was detectable, indicating
that the transiently binding chromobody has only a minor effect
on actin dynamics in those plant cells (40). In a recently published
report, Periz et al., used the actin-chromobody to visualize actin
for the first time in Toxoplasma gondii. Previous attempts with
other labeling approaches have failed due to the fast turnover of
F-actin in those parasites. Since the actin-chromobody prefer-
entially labels filamentous actin the dynamics of the extensive
actin network that connects parasites within the parasitophorous
vacuole becomes visible and the exchange of vesicles between
individual parasites could be monitored (38). In another approach
the actin-chromobody was directed to the nucleus of mammalian
cells. Following the chromobody signal in stably expressing
NIH3TS3 cells a fast formation of actin fibers within the nucleus
in response to cellular treatment with soluble fibronectin was
observed by time-lapse imaging (42). Moreover, the generation
of an actin-chromobody expressing zebrafish established the first
application of chromobodies in a vertebrate. Embryos ubiqui-
tously expressed the actin-chromobody were raised to adulthood
demonstrating that this intrabody does not interfere with normal
animal development. Live imaging of whole zebrafish at various
developmental stages revealed distribution and dynamics of
actin in different cell types including embryonic muscle fibers,
migrating primordial cells, epidermal cells, macrophages, or
xanthophores and provides novel insights into processes such as
wound healing or neuronal development (37).

Addressing another cytoskeletal target, we recently have
generated a vimentin-specific chromobody (VB6-chromobody)
to label major intermediate filaments in vivo (Figure 1C) (43). In
addition to its role as an essential component of the cytoskeletal
network, vimentin is a biomarker of epithelial-mesenchymal
transition (EMT), a highly dynamic process involved in the initia-
tion of metastasis and cancer progression. Thus, a lung cancer cell
model stably expressing the VB6-chromobody was established
and dynamic changes of endogenous vimentin were monitored.
Upon treatment with TGF-f as an inductor of EMT, the chromo-
body signal revealed the incremental formation of vimentin fibers
over time, starting from the nucleus toward the cellular periphery
while upon RNAi-mediated vimentin depletion we observed an
increasingly diffusible distribution of the chromobody in live
cells. Based on these findings, we established a phenotypic readout
for high-throughput live-cell imaging and quantified dose- and
time-dependent effects of vimentin-modulating compounds as
novel potential inhibitors of EMT (43, 44). In summary, to date,
numerous cytoskeleton-specific chromobodies are available. They

provide a promising approach for labeling these components in
living cells and can be implemented in phenotypic screening
approaches using 2D- or 3D-chromobody cell models (36, 44)
or whole organism (37). However, no intracellularly functional
tubulin-chromobody was reported so far, which would ideally
complement this set of cytoskeletal probes.

CHROMOBODIES VISUALIZING
NUCLEAR COMPONENTS

Chromobodies directed against nuclear factors have also found
their way into live-cell imaging. Visualizing the dynamic appear-
ance of distinct nuclear foci, formed by the native proliferating
cell nuclear antigen (PCNA), a PCNA chromobody allows a
detailed time-lapse analysis of S phase progression and quantita-
tive live imaging of endogenous DNA replication in human cells
(Figure 1C) (45). The potential of the PCNA chromobody to
monitor the cell cycle using real-time high-throughput imaging
was recently combined with an enzymatic determination of dead
cell protease activity in corresponding cell culture supernatants.
By this cell cycle modulators derived from a compound library
which show low cellular toxicity were identified (46). In a similar
setting, a PARP1 chromobody was used to visualize recruitment
of endogenous PARP1 to DNA-damaged sites. The possibility to
trace the characteristic relocalization of PARP1 from nucleoli
to nucleoplasm following the chromobody signal constitutes a
novel cell-based screening for rRNA transcription inhibitors or
DNA-damaging agents using a translocation-specific, real-time
imaging approach (47). Addressing the heterodimer formed by
H2A-H2B histones, a chromobody (chromatibody) was devel-
oped for chromatin labeling of a wide variety of cell lines ranging
from yeast to human. Although this chromobody shows a high
affinity, its expression does not affect normal cell cycle progres-
sion. Moreover, similar to the actin-chromobody, introduction of
the H2A-H2B chromobody in a transgenic Drosophila model has
no influence on normal development underlining the functional-
ity of chromobodies for non-invasive imaging of native targets in
whole organisms (48).

All previously described chromobodies address structurally
defined antigens (fibers, spots, etc.). A more challenging approach
is to probe soluble cellular components. Recently, a chromobody
specific for the Wnt signaling component f-catenin in its hypo-
phosphorylated state was developed and stably introduced into
HeLa cells. This chromobody cell line was used to monitor cyto-
plasmic accumulation and nuclear translocation of endogenous
[-catenin in response to compound treatment (Figure 1C). This
study additionally describes a previously unappreciated depend-
ency of the chromobody level on the amount of its antigen and
demonstrates that the chromobody signal can be utilized to trace
quantitative changes of cellular f-catenin levels in real time (49).

Finally, a conformation-specific chromobody which visual-
izes GPCR trafficking from the plasma membrane to endosomes
should be highlighted. Starting from a nanobody selectively rec-
ognizing the activated p2-adrenoceptor (f2-AR) (50), Irannejad
et al. generated a GFP fusion of this binder (Nb80-GFP). Upon
activation of p2-AR with isoprenaline, this chromobody was
rapidly recruited from a diffuse fraction to the plasma membrane.
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Continued time-lapse imaging showed a displacement of the
chromobody when -arrestin binds to internalized f2-AR and
relocalization of the chromobody signal to p2-AR-containing
endocytic vesicles further revealed a restoration of target binding
once endosomes became uncoated (51). This study impressively
demonstrates the potential of chromobody-based probes to
visualize dynamic conformational changes of signaling proteins
with high spatiotemporal resolution in living cells.

The aforementioned examples provide a rather short overview
of recent advances of the chromobody technology. For the sake of
brevity, many other chromobodies and applications thereof, e.g.,
to visualize viral morphogenesis (52), actin-binding proteins (19)
or to manipulate native targets and structures (53, 54) in living
cells are only mentioned briefly here.

Like for any other molecular probe applied for live-cell imag-
ing, influence of chromobody expression has to be carefully
evaluated. Especially, impact on antigen mobility or displacement
of natural interaction partners has to be considered. This can be
addressed, e.g., by selecting transiently binding chromobodies,
detectable by FRAP analysis (23, 25, 37, 43), or chromobodies
addressing inert epitopes, which can further be analyzed by
intracellular immune-precipitations to monitor interactors
co-precipitating with the antigen (49). Stable chromobody cell
lines further requires detailed evaluation of, e.g. morphology,
proliferation, and signaling pathways the target is involved in
(43). To date, most chromobodies visualizes proteins present
in considerable amounts in the cell. Introduced as genetically-
encoded constructs their expression is only partially adjustable
and signal of bound chromobodies is affected by the diffuse signal
derived from non-bound ones. Gross et al. recently described an
elegant approach to adjust the level of an intrabody by fusing
it to a DNA-binding KRAB domain which induces a dynamic
feedback mechanism transcriptionally repressing the generation
of non-target-bound intrabody (9). Another option is to generate
destabilized chromobodies. By adding a destruction motif such
as PEST domains (55) or introducing distinct point mutations
in the framework regions (56), the cellular turnover of chromo-
bodies can be increased. Since we and others have observed that
chromobodies are stabilized upon antigen binding (49, 56), such
modifications might be suitable to improve the detection of low
abundant components within living cells.

In summary, chromobodies are versatile probes to monitor
expression and dynamics of endogenous proteins in vivo. Their
ability to visualize antigens without affecting their function
makes them ideally suited for real-time imaging of cellular
processes and redistribution assays. To combine in cellulo imag-
ing with functional studies, chromobodies which interfere with
distinct protein functions or interactions can be selected. Such
intrabodies would offer new perspectives for target identification,
validation, and visualization in living cells.

sdAbs FOR SUPER-RESOLUTION
IMAGING

With structured illumination microscopy (SIM) (57), stimulated
emission depletion microscopy (STED) (58) and single-molecule

localization techniques such as photoactivation localization
microscopy (59) or stochastic optical reconstruction microscopy
(STORM) (60), highly advanced methods are now available to
image biological samples at resolutions below the diffraction limit
oflight (61, 62). In parallel, novel labeling strategies and improved
affinity probes for SRM are developed (63-65). However, to date
SRM-compatible fluorophores are most commonly delivered by
expression of (photoactivatable) FPs or indirect labeling using
secondary antibodies conjugated to organic dyes. Antibodies
as relatively large molecules (150 kDa, 10-15 nm) can interfere
with the achievable resolution as they displace the fluorophore
from the target and introduce a so-called “linkage error” (66).
Obviously, the 10 times smaller nanobodies (15 kDa, 2-4 nm)
are predestined to overcome these issues as they have better
access to intracellular antigens and can be easily conjugated to
fluorophores either by chemical coupling or enzymatic labeling
(67). Despite their clear advantages for the field, nanobodies are
still at an early stage as novel labeling probes for super-resolution
microscopy.

The first nanobody applied for super-resolution was the GFP
nanobody in SIM studies (68). SIM requires very photostable
labeling and GFP fusions often suffer from massive photobleach-
ing during extended image acquisition. Upon binding to the
high-affinity GFP nanobody (25) coupled to green fluorescent
organic dye fluorescent intensities of individual GFP fusions
can now be “boosted,” to restore and increase the signal in the
green channel. Combining SIM with ATTO488-conjugated
GFP nanobodies, Guizetti et al. regain fluorescence of GFP-
labeled components of endosomal sorting complex required for
transport-III and obtained insights in the organization of the
intracellular cortical constriction zone at the nanoscale (68).
For single-molecule localization microscopy (SMLM), Ries
et al chemically coupled the GFP and RFP nanobody developed
by ChromoTek to AlexaFluor 647 (AF647) and AlexaFluor 700.
They stated that nanobody-mediated targeting of organic dyes
to FP fusions combines molecular specificity of genetic tagging
with high photon yield of organic dyes and minimal linkage
error. By staining of tubulin-YFP in Ptk2 cells with the GFP
nanobody, they achieved a high-density labeling of microtu-
bules with a full width half maximum of ~30 nm for individual
filaments, which is in accordance with the reported microtubule
diameter of ~25 nm. Additionally, they showed that the small
GFP nanobody is able to penetrate the permeabilized cell wall
of intact yeast cells without generating spheroblasts. Thus,
they were able to perform STORM imaging of multiple endog-
enous GFP fusions derived from a haploid genomic library of
S. cerevisiae (69).

Due to its applicability for nanoscopy of widely available
GFP fusions, the GFP nanobody becomes a very popular tool
for SMLM. Recently, the GFP nanobody was used to explore
the structural background of information transmission in the
nervous system. For localization microscopy of nanoclusters in
the pre- and postsynaptic neurons the endogenous postsynap-
tic scaffolding protein PSD-95 was replaced by a GFP-tagged
knockdown rescue variant of PSD-95 and labeled with the GFP
nanobody conjugated at a 1:1 ratio with ATTO647. This provided
a detailed insight in distributions of proteins mediating vesicle
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priming in the presynaptic active zone in relation to postsynaptic
membranes marked by PSD-95 (70).

While GFP- or RFP nanobodies are highly suitable for SRM of
FP fusions in fixed and also live-cells when coupled to quantum
dots (71), this strategy relies on the correct expression of FP
fusions and does not cope with problems arising from overex-
pression, mislocalization or dysfunction (6, 8). Thus, nanobodies
directed against smaller and inert peptide tags could be advanta-
geous. With the BC2 nanobody, we recently reported the first
peptide-binding nanobody which is suitable for cellular imaging
(72). Upon chemical conjugation to organic dyes we visualized
BC2-tagged proteins in various cellular compartments including
the cytoplasm or the nucleus using wide-field or confocal micros-
copy (72). Further adaption of the BC2 nanobody to generate a

SRM-compatible labeling probe is currently under development
in our group.

To avoid any interferences derived from the addition of pro-
tein- or peptide tags, nanobodies targeting native proteins would
be ideally suited for SRM. Considering that only a very few sci-
entific groups or companies are currently developing nanobodies
for SRM, only three examples of target-specific nanobodies can
be mentioned here. Pleiner et al. have generated a set of nanobod-
ies addressing various components of the nuclear pore complex
(NPCs) of Xenopus laevis. For stoichiometric dye conjugation,
they exchanged individual amino residues within the framework
regions with single cysteines and performed maleimide coupling
of AF647. They stated, that in comparison to NHS-mediated labe-
ling, the site-specific conjugation leads to a better signal-to-noise

Hela cell, stained with the bivWB6-Nbass7. Scale bar, 5 um.

bivalent VB6-Nbarg47

vimentin dimer

FIGURE 2 | llustration of the nanobody-based labeling strategy for stochastic optical reconstruction microscopy (STORM) of the native vimentin network.
(A) Schematical depiction of the bivalent VB6 (bivVB6)-Nb-labeled vimentin network.
larger fibers and highlight the detection of dimeric vimentin with the fluorescently labeled bivalent VB6-Nb (bivWVB6-Nbarss7). (B) Representative STORM image of a

The boxed regions outline the organization of individual vimentin molecules into

Frontiers in Immunology | www.frontiersin.org 5

August 2017 | Volume 8 | Article 1030


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Traenkle and Rothbauer

sdAbs for Live-Cell Imaging and Super-Resolution Microscopy

ratio as it decreases unspecific background derived from dys-
functional or hydrolyzed NHS-coupled nanobodies. The AF647-
conjugated nanobodies were successfully applied for STORM
imaging of nuclear pore components including Nup93, Nup98,
and Nupl53. A detailed insight in the organization of these
nuclear pore forming proteins can be deduced from the obtained
images (73). In another example, two nanobodies against endog-
enous p-tubulin have been generated. STORM imaging with the
newly identified anti-tubulin nanobodies in comparison to a
primary anti-tubulin antibody either directly labeled or detected
by a secondary antibody revealed significant differences in resolv-
ing bundled microtubules in various cell lines. While individual
microtubules were resolvable with both nanobodies, none of
the antibody-mediated labeling approaches led to a successful
resolution of bundled microtubules. On quantitative level, the
diameter of densely labeled microtubules was determined with
~40 nm for the anti-tubulin nanobodies and ~54 to ~62 nm for
the directly conjugated primary anti-tubulin antibody or the
primary/secondary antibody approach, respectively. From those
findings, the authors concluded that conventional antibody
labeling displaces the fluorophore on average ~12.5 nm from the
microtubule whereas nanobody labeling reduces this distance to
less than 2.5 nm (74).

Given the fact that our recently developed bivalent VB6
(bivVB6) nanobody also detects native vimentin structures
when it is applied as a dye-conjugated labeling probe (43), we
further evaluated this bivalent nanobody format for SRM. Thus,
we performed site-directed conjugation of VB6-Nb with AF647.
STORM images impressively show a high resolution of the vimen-
tin network in mammalian cells indicating that the bivVB6-Nb
nanobody is also suitable for SRM (Figure 2, own work).

In summary, nanobodies in combination with site-specific and
quantitative fluorescent labeling will be crucial for SRM aiming at

REFERENCES

1. Keppler A, Gendreizig S, Gronemeyer T, Pick H, Vogel H, Johnsson K. A gen-
eral method for the covalent labeling of fusion proteins with small molecules
in vivo. Nat Biotechnol (2003) 21(1):86-9. doi:10.1038/nbt765

2. Gautier A, Juillerat A, Heinis C, Correa IR Jr, Kindermann M, Beaufils E, et al.
An engineered protein tag for multiprotein labeling in living cells. Chem Biol
(2008) 15(2):128-36. doi:10.1016/j.chembiol.2008.01.007

3. Los GV, Encell LP, McDougall MG, Hartzell DD, Karassina N, Zimprich C,
et al. HaloTag: a novel protein labeling technology for cell imaging and protein
analysis. ACS Chem Biol (2008) 3(6):373-82. doi:10.1021/cb800025k

4. Giepmans BN, Adams SR, Ellisman MH, Tsien RY. The fluorescent toolbox
for assessing protein location and function. Science (2006) 312(5771):217-24.
doi:10.1126/science.1124618

5. Tsien RY. The green fluorescent protein. Annu Rev Biochem (1998) 67:509-44.
doi:10.1146/annurev.biochem.67.1.509

6. Snapp EL. Fluorescent proteins: a cell biologist’s user guide. Trends Cell Biol
(2009) 19(11):649-55. d0i:10.1016/j.tcb.2009.08.002

7. Hosein RE, Williams SA, Haye K, Gavin RH. Expression of GFP-actin leads
to failure of nuclear elongation and cytokinesis in Tetrahymena thermophila.
J Eukaryot  Microbiol (2003) 50(6):403-8. doi:10.1111/j.1550-7408.2003.
tb00261.x

8. Stadler C, Rexhepaj E, Singan VR, Murphy RE Pepperkok R, Uhlén M, et al.
Immunofluorescence and fluorescent-protein tagging show high correlation
for protein localization in mammalian cells. Nat Methods (2013) 10(4):315-23.
doi:10.1038/nmeth.2377

detailed structural analysis or determination of absolute protein
copy numbers. Although only a limited number of nanobodies
are available for SRM, the presented examples excelled in SRM
and well-defined cellular structures such as the vimentin network,
NPCs, or microtubuleslabeled with nanobodies have nowbecome
benchmarks for many new advancements of SRM. In contrast to
conventional poly- or monoclonal antibodies, nanobodies are
reliably producible in high yields with a standard quality. Thus,
it is conceivable that they will help to avoid current uncertainties
regarding antigen labeling and facilitate the reproducibility of
results between laboratories and publications. In combination
with other approaches developed to deliver bright organic dyes
to defined cellular structures such as point accumulation for
imaging in nanoscale topography (75), bicyclic peptides (76), or
aptamers (77), nanobodies perfectly complement the portfolio of
new and reliable labeling probes for super-resolution imaging.

AUTHOR CONTRIBUTIONS

UR and BT have jointly written the manuscript and prepared
the figures.

ACKNOWLEDGMENTS

The authors would like to thank Bettina Keller, Philipp Kaiser,
and Julia Maier for critical reading the manuscript and helpful
discussion. Especially, we thank Ulrike Endesfelder and David
Virant for STORM images of vimentin network. The authors
acknowledge support by Deutsche Forschungsgemeinschaft and
Open Access Publishing Fund of University of Tuebingen and
gratefully acknowledge the Ministry of Science, Research and
Arts of Baden-Wiirttemberg (V.1.4.-H3-1403-74) for financial
support.

9. Gross GG, Junge JA, Mora RJ, Kwon HB, Olson CA, Takahashi TT, et al.
Recombinant probes for visualizing endogenous synaptic proteins in living
neurons. Neuron (2013) 78(6):971-85. doi:10.1016/j.neuron.2013.04.017

10. Riedl J, Crevenna AH, Kessenbrock K, Yu JH, Neukirchen D, Bista M, et al.
Lifeact: a versatile marker to visualize F-actin. Nat Methods (2008) 5(7):605-7.
doi:10.1038/nmeth.1220

11. Kaiser PD, Maier ], Traenkle B, Emele F, Rothbauer U. Recent progress in gen-
erating intracellular functional antibody fragments to target and trace cellular
components in living cells. Biochim Biophys Acta (2014) 1844(11):1933-42.
doi:10.1016/j.bbapap.2014.04.019

12. Plicckthun A. Designed ankyrin repeat proteins (DARPins): binding proteins
for research, diagnostics, and therapy. Annu Rev Pharmacol Toxicol (2015)
55:489-511. doi:10.1146/annurev-pharmtox-010611-134654

13. Biocca S, Neuberger MS, Cattaneo A. Expression and targeting of intracellular
antibodies in mammalian cells. EMBO ] (1990) 9(1):101-8.

14. Nizak C, Martin-Lluesma S, Moutel S, Roux A, Kreis TE, Goud B, et al.
Recombinant antibodies against subcellular fractions used to track endoge-
nous Golgi protein dynamics in vivo. Traffic (2003) 4(11):739-53. doi:10.1034/
j.1600-0854.2003.00132.x

15. Freund G, Desplancq D, Stoessel A, Weinsanto R, Sibler AP, Robin G, et al.
Generation of an intrabody-based reagent suitable for imaging endogenous
proliferating cell nuclear antigen in living cancer cells. ] Mol Recognit (2014)
27(9):549-58. doi:10.1002/jmr.2378

16. Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C,
Songa EB, et al. Naturally occurring antibodies devoid of light chains. Nature
(1993) 363(6428):446-8. doi:10.1038/363446a0

Frontiers in Immunology | www.frontiersin.org

August 2017 | Volume 8 | Article 1030


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nbt765
https://doi.org/10.1016/j.chembiol.2008.01.007
https://doi.org/10.1021/cb800025k
https://doi.org/10.1126/science.1124618
https://doi.org/10.1146/annurev.biochem.67.1.509
https://doi.org/10.1016/j.tcb.2009.08.002
https://doi.org/10.1111/j.1550-7408.2003.tb00261.x
https://doi.org/10.1111/j.1550-7408.2003.tb00261.x
https://doi.org/10.1038/nmeth.2377
https://doi.org/10.1016/j.neuron.2013.04.017
https://doi.org/10.1038/nmeth.1220
https://doi.org/10.1016/j.bbapap.2014.04.019
https://doi.org/10.1146/annurev-pharmtox-010611-134654
https://doi.org/10.1034/j.1600-0854.2003.00132.x
https://doi.org/10.1034/j.1600-0854.2003.00132.x
https://doi.org/10.1002/jmr.2378
https://doi.org/10.1038/363446a0

Traenkle and Rothbauer

sdAbs for Live-Cell Imaging and Super-Resolution Microscopy

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Helma J, Cardoso MC, Muyldermans S, Leonhardt H. Nanobodies and recom-
binant binders in cell biology. J Cell Biol (2015) 209(5):633-44. doi:10.1083/
jcb.201409074

Jobling SA, Jarman C, Teh M-M, Holmberg N, Blake C, Verhoeyen ME.
Immunomodulation of enzyme function in plants by single-domain antibody
fragments. Nat Biotechnol (2003) 21(1):77-80. doi:10.1038/nbt772

Van Audenhove I, Van Impe K, Ruano-Gallego D, De Clercq S, De Muynck K,
Vanloo B, et al. Mapping cytoskeletal protein function in cells by means of
nanobodies. Cytoskeleton (Hoboken) (2013) 70(10):604-22. doi:10.1002/
cm.21122

Zolghadr K, Mortusewicz O, Rothbauer U, Kleinhans R, Goehler H,
Wanker EE, et al. A fluorescent two-hybrid assay for direct visualization of
protein interactions in living cells. Mol Cell Proteomics (2008) 7(11):2279-87.
doi:10.1074/mcp.M700548-MCP200

Zolghadr K, Rothbauer U, Leonhardt H. The fluorescent two-hybrid (F2H)
assay for direct analysis of protein-protein interactions in living cells. Methods
Mol Biol (2012) 812:275-82. d0i:10.1007/978-1-61779-455-1_16

Pellis M, Muyldermans S, Vincke C. Bacterial two hybrid: a versatile one-
step intracellular selection method. Methods Mol Biol (2012) 911:135-50.
do0i:10.1007/978-1-61779-968-6_9

Pellis M, Pardon E, Zolghadr K, Rothbauer U, Vincke C, Kinne J, et al.
A bacterial-two-hybrid selection system for one-step isolation of intracel-
lularly functional nanobodies. Arch Biochem Biophys (2012) 526(2):114-23.
doi:10.1016/j.abb.2012.04.023

Moutel S, Bery N, Bernard V, Keller L, Lemesre E, de Marco A, et al. NaLi-H1:
a universal synthetic library of humanized nanobodies providing highly
functional antibodies and intrabodies. Elife (2016) 5:€16228. doi:10.7554/
eLife.16228

Rothbauer U, Zolghadr K, Tillib S, Nowak D, Schermelleh L, Gahl A, et al.
Targeting and tracing antigens in live cells with fluorescent nanobodies. Nat
Methods (2006) 3(11):887-9. doi:10.1038/nmeth953

Rothbauer U, Zolghadr K, Muyldermans S, Schepers A, Cardoso MC,
Leonhardt H. A versatile nanotrap for biochemical and functional studies
with fluorescent fusion proteins. Mol Cell Proteomics (2008) 7(2):282-9.
doi:10.1074/mcp.M700342-MCP200

Schornack S, Fuchs R, Huitema E, Rothbauer U, Lipka V, Kamoun S. Protein
mislocalization in plant cells using a GFP-binding chromobody. Plant ] (2009)
60(4):744-54. doi:10.1111/j.1365-313X.2009.03982.x

Berry LK, Olafsson G, Ledesma-Fernandez E, Thorpe PH. Synthetic pro-
tein interactions reveal a functional map of the cell. Elife (2016) 5:e13053.
doi:10.7554/eLife.13053

Caussinus E, Kanca O, Affolter M. Fluorescent fusion protein knockout
mediated by anti-GFP nanobody. Nat Struct Mol Biol (2012) 19(1):117-21.
doi:10.1038/nsmb.2180

Shin Y], Park SK, Jung Y], Kim YN, Kim KS, Park OK, et al. Nanobody-
targeted E3-ubiquitin ligase complex degrades nuclear proteins. Sci Rep (2015)
5:14269. doi:10.1038/srep14269

Kirchhofer A, Helma J, Schmidthals K, Frauer C, Cui S, Karcher A, et al.
Modulation of protein properties in living cells using nanobodies. Nat Struct
Mol Biol (2010) 17(1):133-8. doi:10.1038/nsmb.1727

Mendez MG, Kojima S, Goldman RD. Vimentin induces changes in cell shape,
motility, and adhesion during the epithelial to mesenchymal transition. FASEB
J(2010) 24(6):1838-51. doi:10.1096/1].09-151639

Lemieux MG, Janzen D, Hwang R, Roldan J, Jarchum I, Knecht DA.
Visualization of the actin cytoskeleton: different F-actin-binding probes tell
different stories. Cytoskeleton (Hoboken) (2014) 71(3):157-69. doi:10.1002/
cm.21160

Belin BJ, Goins LM, Mullins RD. Comparative analysis of tools for live cell
imaging of actin network architecture. Bioarchitecture (2014) 4(6):189-202.
doi:10.1080/19490992.2014.1047714

Schmidthals K, Helma J, Zolghadr K, Rothbauer U, Leonhardt H. Novel
antibody derivatives for proteome and high-content analysis. Anal Bioanal
Chem (2010) 397(8):3203-8. doi:10.1007/s00216-010-3657-0

Zolghadr K, Gregor J, Leonhardt H, Rothbauer U. Case study on live cell
apoptosis-assay using lamin-chromobody cell-lines for high-content analysis.
Methods Mol Biol (2012) 911:569-75. doi:10.1007/978-1-61779-968-6_36
Panza P, Maier J, Schmees C, Rothbauer U, Sollner C. Live imaging of endoge-
nous protein dynamics in zebrafish using chromobodies. Development (2015)
142(10):1879-84. doi:10.1242/dev.118943

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Periz ], Whitelaw J, Harding C, Gras S, Minina MIDR, Latorre-Barragan F,
et al. Toxoplasma gondii F-actin forms an extensive filamentous network
required for material exchange and parasite maturation. Elife (2017) 6:e24119.
doi:10.7554/eLife.24119

Melak M, Plessner M, Grosse R. Actin visualization at a glance. J Cell Sci
(2017) 130(3):525-30. d0i:10.1242/jcs.189068

Rocchetti A, Hawes C, Kriechbaumer V. Fluorescent labelling of the actin
cytoskeleton in plants using a cameloid antibody. Plant Methods (2014) 10:12.
doi:10.1186/1746-4811-10-12

Lukinavicius G, Reymond L, D’Este E, Masharina A, Gottfert F, Ta H, et al.
Fluorogenic probes for live-cell imaging of the cytoskeleton. Nat Methods
(2014) 11(7):731-3. doi:10.1038/nmeth.2972

Plessner M, Melak M, Chinchilla P, Baarlink C, Grosse R. Nuclear F-actin
formation and reorganization upon cell spreading. JBiol Chem (2015)
290(18):11209-16. d0i:10.1074/jbc.M114.627166

Maier J, Traenkle B, Rothbauer U. Real-time analysis of epithelial-mesenchymal
transition using fluorescent single-domain antibodies. Sci Rep (2015) 5:13402.
doi:10.1038/srep13402

Maier ], Traenkle B, Rothbauer U. Visualizing epithelial-mesenchymal tran-
sition using the chromobody technology. Cancer Res (2016) 76(19):5592-6.
doi:10.1158/0008-5472.CAN-15-3419

Burgess A, Lorca T, Castro A. Quantitative live imaging of endogenous DNA
replication in mammalian cells. PLoS One (2012) 7(9):e45726. doi:10.1371/
journal.pone.0045726

Schorpp K, Rothenaigner I, Maier J, Traenkle B, Rothbauer U, Hadian K.
A multiplexed high-content screening approach using the chromobody
technology to identify cell cycle modulators in living cells. ] Biomol Screen
(2016) 21(9):965-77. doi:10.1177/1087057116641935

Buchfellner A, Yurlova L, Nuske S, Scholz AM, Bogner J, Ruf B, et al. A new
nanobody-based biosensor to study endogenous PARP1 in vitro and in
live human cells. PLoS One (2016) 11(3):e0151041. doi:10.1371/journal.
pone.0151041

Jullien D, Vignard ], Fedor Y, Bery N, Olichon A, Crozatier M, et al.
Chromatibody, a novel non-invasive molecular tool to explore and manipu-
late chromatin in living cells. J Cell Sci (2016) 129(13):2673-83. doi:10.1242/
jcs.183103

Traenkle B, Emele F, Anton R, Poetz O, Haeussler RS, Maier J, et al. Monitoring
interactions and dynamics of endogenous beta-catenin with intracellular
nanobodies in living cells. Mol Cell Proteomics (2015) 14(3):707-23.
doi:10.1074/mcp.M114.044016

Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka
TS, et al. Crystal structure of the [bgr] 2 adrenergic receptor-Gs pro-
tein complex. Nature (2011) 477(7366):549-55. doi:10.1038/nature
10361

Irannejad R, Tomshine JC, Tomshine JR, Chevalier M, Mahoney JP,
Steyaert J, et al. Conformational biosensors reveal GPCR signalling from
endosomes. Nature (2013) 495(7442):534-8. d0i:10.1038/nature12000
Helma J, Schmidthals K, Lux V, Niiske S, Scholz AM, Kriusslich H-G, et al.
Direct and dynamic detection of HIV-1 in living cells. PLoS One (2012)
7(11):e50026. doi:10.1371/journal.pone.0050026

Van Audenhove I, Gettemans J. Use of nanobodies to localize endogenous
cytoskeletal proteins and to determine their contribution to cancer cell
invasion by using an ECM degradation assay. Methods Mol Biol (2016)
1365:225-41. doi:10.1007/978-1-4939-3124-8_12

Beghein E, Van Audenhove I, Zwaenepoel O, Verhelle A, De Ganck A,
Gettemans J. A new survivin tracer tracks, delocalizes and captures endog-
enous survivin at different subcellular locations and in distinct organelles.
Sci Rep (2016) 6:31177. doi:10.1038/srep31177

Sibler AP, Courtéte J, Muller CD, Zeder-Lutz G, Weiss E. Extended half-
life upon binding of destabilized intrabodies allows specific detection of
antigen in mammalian cells. FEBS J (2005) 272(11):2878-91. doi:10.1111/j.
1742-4658.2005.04709.x

Tang JC, Drokhlyansky E, Etemad B, Rudolph S, Guo B, Wang S, et al.
Detection and manipulation of live antigen-expressing cells using con-
ditionally stable nanobodies. Elife (2016) 5:e15312. doi:10.7554/eLife.
15312

Gustafsson MG. Surpassing the lateral resolution limit by a factor of two
using structured illumination microscopy. ] Microsc (2000) 198(Pt 2):82-7.
doi:10.1046/j.1365-2818.2000.00710.x

Frontiers in Immunology | www.frontiersin.org

August 2017 | Volume 8 | Article 1030


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1083/jcb.201409074
https://doi.org/10.1083/jcb.201409074
https://doi.org/10.1038/nbt772
https://doi.org/10.1002/cm.21122
https://doi.org/10.1002/cm.21122
https://doi.org/10.1074/mcp.M700548-MCP200
https://doi.org/10.1007/978-1-61779-455-1_16
https://doi.org/10.1007/978-1-61779-968-6_9
https://doi.org/10.1016/j.abb.2012.04.023
https://doi.org/10.7554/eLife.16228
https://doi.org/10.7554/eLife.16228
https://doi.org/10.1038/nmeth953
https://doi.org/10.1074/mcp.M700342-MCP200
https://doi.org/10.1111/j.1365-313X.2009.03982.x
https://doi.org/10.7554/eLife.13053
https://doi.org/10.1038/nsmb.2180
https://doi.org/10.1038/srep14269
https://doi.org/10.1038/nsmb.1727
https://doi.org/10.1096/fj.09-151639
https://doi.org/10.1002/cm.21160
https://doi.org/10.1002/cm.21160
https://doi.org/10.1080/19490992.2014.1047714
https://doi.org/10.1007/s00216-010-3657-0
https://doi.org/10.1007/978-1-61779-968-6_36
https://doi.org/10.1242/dev.118943
https://doi.org/10.7554/eLife.24119
https://doi.org/10.1242/jcs.189068
https://doi.org/10.1186/1746-4811-10-12
https://doi.org/10.1038/nmeth.2972
https://doi.org/10.1074/jbc.M114.627166
https://doi.org/10.1038/srep13402
https://doi.org/10.1158/0008-5472.CAN-15-3419
https://doi.org/10.1371/journal.pone.0045726
https://doi.org/10.1371/journal.pone.0045726
https://doi.org/10.1177/1087057116641935
https://doi.org/10.1371/journal.pone.0151041
https://doi.org/10.1371/journal.pone.0151041
https://doi.org/10.1242/jcs.183103
https://doi.org/10.1242/jcs.183103
https://doi.org/10.1074/mcp.M114.044016
https://doi.org/10.1038/nature10361
https://doi.org/10.1038/nature10361
https://doi.org/10.1038/nature12000
https://doi.org/10.1371/journal.pone.0050026
https://doi.org/10.1007/978-1-4939-3124-8_12
https://doi.org/10.1038/srep31177
https://doi.org/10.1111/j.1742-4658.2005.04709.x
https://doi.org/10.1111/j.1742-4658.2005.04709.x
https://doi.org/10.7554/eLife.15312
https://doi.org/10.7554/eLife.15312
https://doi.org/10.1046/j.1365-2818.2000.00710.x

Traenkle and Rothbauer

sdAbs for Live-Cell Imaging and Super-Resolution Microscopy

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hell SW, Wichmann J. Breaking the diffraction resolution limit by stimulated
emission: stimulated-emission-depletion fluorescence microscopy. Opt Lett
(1994) 19(11):780-2. doi:10.1364/0OL.19.000780

Betzig E, Patterson GH, Sougrat R, Lindwasser OW, Olenych S, Bonifacino JS,
et al. Imaging intracellular fluorescent proteins at nanometer resolution.
Science (2006) 313(5793):1642-5. doi:10.1126/science.1127344

Rust MJ, Bates M, Zhuang X. Sub-diffraction-limit imaging by stochastic opti-
cal reconstruction microscopy (STORM). Nat Methods (2006) 3(10):793-6.
doi:10.1038/nmeth929

Lippincott-Schwartz J, Manley S. Putting super-resolution fluorescence
microscopy to work. Nat Methods (2009) 6(1):21-3. doi:10.1038/nmeth.f.233
Schermelleh L, Heintzmann R, Leonhardt H. A guide to super-resolution
fluorescence microscopy. J Cell Biol (2010) 190(2):165-75. doi:10.1083/jcb.
201002018

Schnitzbauer J, Strauss MT, Schlichthaerle T, Schueder F, Jungmann R. Super-
resolution microscopy with DNA-PAINT. Nat Protoc (2017) 12(6):1198.
doi:10.1038/nprot.2017.024

Chamma I, Rossier O, Giannone G, Thoumine O, Sainlos M. Optimized
labeling of membrane proteins for applications to super-resolution imaging
in confined cellular environments using monomeric streptavidin. Nat Protoc
(2017) 12(4):748. doi:10.1038/nprot.2017.010

de Castro MAG, Hobartner C, Opazo F. Aptamers provide superior stainings
of cellular receptors studied under super-resolution microscopy. PLoS One
(2017) 12(2):e0173050. doi:10.1371/journal.pone.0173050

Wouterlood FG. Cellular Imaging Techniques for Neuroscience and Beyond.
Amsterdam: Academic Press (2012).

Massa S, Vikani N, Betti C, Ballet S, Vanderhaegen S, Steyaert J, et al. Sortase
A-mediated site-specific labeling of camelid single-domain antibody-
fragments: a versatile strategy for multiple molecular imaging modalities.
Contrast Media Mol Imaging (2016) 11(5):328-39. doi:10.1002/cmmi.1696
Guizetti J, Schermelleh L, Miéntler J, Maar S, Poser I, Leonhardt H, et al.
Cortical constriction during abscission involves helices of ESCRT-III-
dependent filaments. Science (2011) 331(6024):1616-20. doi:10.1126/science.
1201847

Ries J, Kaplan C, Platonova E, Eghlidi H, Ewers H. A simple, versatile method
for GFP-based super-resolution microscopy via nanobodies. Nat Methods
(2012) 9(6):582-4. doi:10.1038/nmeth.1991

70.

71.

72.

73.

74.

75.

76.

77.

Tang A-H, Chen H, Li TP, Metzbower SR, MacGillavry HD, Blanpied TA.
A trans-synaptic nanocolumn aligns neurotransmitter release to receptors.
Nature (2016) 536:210-4. doi:10.1038/nature19058

Wang Y, Cai E, Rosenkranz T, Ge P, Teng KW, Lim §J, et al. Small quantum
dots conjugated to nanobodies as immunofluorescence probes for nano-
metric microscopy. Bioconjug Chem (2014) 25(12):2205-11. doi:10.1021/
bc5004179

Braun MB, Traenkle B, Koch PA, Emele E Weiss E Poetz O, et al. Peptides
in headlock - a novel high-affinity and versatile peptide-binding nanobody
for proteomics and microscopy. Sci Rep (2016) 6:19211. doi:10.1038/
srepl19211

Pleiner T, Bates M, Trakhanov S, Lee C-T, Schliep JE, Chug H, et al. Nanobodies:
site-specific labeling for super-resolution imaging, rapid epitope-mapping and
native protein complex isolation. Elife (2015) 4:e11349. doi:10.7554/eLife.11349
Mikhaylova M, Cloin BM, Finan K, Van Den Berg R, Teeuw J, Kijanka MM,
et al. Resolving bundled microtubules using anti-tubulin nanobodies. Nat
Commun (2015) 6:7933. d0i:10.1038/ncomms8933

Sharonov A, Hochstrasser RM. Wide-field subdiffraction imaging by accu-
mulated binding of diffusing probes. Proc Natl Acad Sci U S A (2006) 103(50):
18911-6. doi:10.1073/pnas.0609643104

Heinis C, Rutherford T, Freund S, Winter G. Phage-encoded combinatorial
chemicallibraries based on bicyclic peptides. Nat Chem Biol (2009) 5(7):502-7.
doi:10.1038/nchembio.184

Opazo E Levy M, Byrom M, Schafer C, Geisler C, Groemer TW, et al.
Aptamers as potential tools for super-resolution microscopy. Nat Methods
(2012) 9(10):938-9. doi:10.1038/nmeth.2179

Conflict of Interest Statement: UR is shareholder of ChromoTek GmbH. BT
declares that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Traenkle and Rothbauer. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

August 2017 | Volume 8 | Article 1030


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1364/OL.19.000780
https://doi.org/10.1126/science.1127344
https://doi.org/10.1038/nmeth929
https://doi.org/10.1038/nmeth.f.233
https://doi.org/10.1083/jcb.201002018
https://doi.org/10.1083/jcb.201002018
https://doi.org/10.1038/nprot.2017.024
https://doi.org/10.1038/nprot.2017.010
https://doi.org/10.1371/journal.pone.0173050
https://doi.org/10.1002/cmmi.1696
https://doi.org/10.1126/science.1201847
https://doi.org/10.1126/science.1201847
https://doi.org/10.1038/nmeth.1991
https://doi.org/10.1038/nature19058
https://doi.org/10.1021/bc5004179
https://doi.org/10.1021/bc5004179
https://doi.org/10.1038/srep19211
https://doi.org/10.1038/srep19211
https://doi.org/10.7554/eLife.11349
https://doi.org/10.1038/ncomms8933
https://doi.org/10.1073/pnas.0609643104
https://doi.org/10.1038/nchembio.184
https://doi.org/10.1038/nmeth.2179
http://creativecommons.org/licenses/by/4.0/

	Under the Microscope: Single-Domain Antibodies for Live-Cell Imaging and Super-Resolution Microscopy
	sdAbs for Live-Cell Imaging
	Chromobodies to Visualize the Cytoskeleton
	Chromobodies Visualizing Nuclear Components
	sdAbs for Super-Resolution Imaging
	Author Contributions
	Acknowledgments
	References


