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Abstract
Correlated light and electron microscopic (CLEM) imaging is a powerful method for dissecting
cell and tissue function at high resolution. Each imaging mode provides unique information and
the combination of the two can contribute to a better understanding of the spatio-temporal patterns
of protein expression, trafficking and function. Critical to these methods is the use of genetically
appended tags that highlight specific proteins of interest in order to be able to pick them out of
their complex cellular environment. Here we review and discuss the current generation of genetic
labels for direct protein identification by CLEM, addressing their relative strengths and
weaknesses and in what experiments they would be most useful.
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I. Introduction
In 2008 the Nobel Prize for chemistry was awarded to Osamu Shimomura, Martin Chalfie
and Roger Y. Tsien for the discovery and development of the jellyfish protein Green
Fluorescent Protein (GFP) as an imaging tool for light microscopy. The development of
GFP, similarly constructed 11-stranded β barrel proteins such as the coral protein DsRed
derived monomeric RFP and their spectral derivatives, enabled a revolution in live-cell light
microscopic imaging as well as fluorescence microscopy of fixed preparations. Using these
genetically appended tags, individual proteins could be identified and tracked within a cell
as well as expressed as soluble fluorescent proteins (FPs) that can be used to delineate a
particular subset of cells. Particularly in neuronal tissues, soluble FPs enable researchers to
delineate and track fine neuronal processes in an otherwise highly complex milieu. Soluble
FPs can also be used to denote the transfection event of a second tagged protein within the
same cell. In addition, the development of photo-activated fluorescent proteins (FP) has
made possible the development of a subset of super-resolution light microscopy (LM)
techniques such as PALM (Henriques et al., 2011, Leung and Chou, 2011). There has been
much interest within the imaging field to build or extend these kinds of genetically appended
light microscopy (LM) labels to protein detection in the electron microscope (EM) with the
advantage of superior resolution and a different modality of imaging based on mass density.
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II. The crowded cell and spatio-temporal proteomics
The human genome contains 23,000 genes that give rise to larger numbers of active
proteins. Adding to this number are different isoforms of these proteins with alternative
splicing and post-translational modifications (Andersen and Mann, 2006). Organelles such
as the nuclear pore complex contain many proteins (Rout et al., 2000) while the cytoplasm is
a highly complex and organized matrix. The cytosol contains components mostly in a non-
equilibrium system due to the multiple levels of organization of protein in it (Fulton, 1982).
Viscosity measurements of the cytosol is similar to pure water, however, the diffusion of
small molecules is about four-fold slower than pure water solutions (Verkman, 2002). In the
axon, the protein content has been estimated to be ~ 2% of the weight of the axoplasm,
while in the oocytes the cytoplasm is between 30% and 40% protein by weight, excluding
the protein of the yolk. Muscle cells contain approximately 23% protein by weight; red
blood cells contain about 35% protein by weight: and in general actively growing cells
contain between 17% and 26% protein by weight (Fulton, 1982). These measurements are
comparable to the protein content of crystals used for structure determination (Vergara et al.,
2005).

The field of “spatial cell biology” (Hurtley, 2009) has been defined as the study of the
spatio-temporal distribution of cellular components. In particular, the location of a cell
within an organism and the location within the cell of its constituent parts affects the
functions cells, tissues and organisms perform, molecular signaling partners, growth and
division. The establishment and maintenance of cellular and organismal order dictates that
cell components such as proteins “know their place”. In particular, the regulatory machinery
of the cell must be organized in a highly sophisticated manner, both spatially as well as
temporally, ensuring that, for example, signaling enzymes are able to correctly encounter
their intracellular substrates. These processes involve the coordinated movement of
molecules and complexes through the crowded cytoplasm to their correct positions. In order
to observe this elegant molecular ballet, the development of highly specific imaging probes
is crucial to identifying them from among the molecular and organellar “crowd”.

III. What EM has to offer
Microscopy has the ability to examine single cells among many and their internal molecular
organization. Fluorescence imaging has proved to be very powerful because probes such as
FPs, fluorescent antibodies and small probes (e.g. phalloidin staining for actin or DAPI for
DNA) provide a signal from only specific proteins or nucleic acids. FPs, in particular, have
been of tremendous value for live-cell imaging of dynamic events. However, interacting
components and organelles must be stained as well in order to visualize multiple
interactions. While the resolution of LM imaging has increased due to the development of
super-resolution techniques, LM can still only provide information related to a labeled
molecule or set of molecules. Even with super-resolution techniques, electron microscopy
still has a minimum ~5 fold improvement in practical resolution, and transmission electron
microscopy has the benefit of being able to view other cellular components when there is
sufficient mass density. However, because of the limitation of putting biological samples
into a vacuum, EM imaging is currently limited to biological specimens fixed or frozen at a
specific time.

Techniques have been developed to combine light and electron microscopy on the same
specimens in order to exploit the advantages of both imaging methods. This has been
referred to as CLEM, for Correlated Light and Electron Microscopy (the same area is
examined by both imaging techniques) or Correlative Light and Electron Microscopy (the
same specimen, but not the same area, is imaged by LM and EM). The latter is typically less
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time consuming because less searching is required. The combination of LM and EM has
proved to be very powerful since it combines the specificity and dynamics of the fluorescent
imaging probes using LM with the increased resolution and cellular context made available
by EM techniques. Specialized probes, mostly for proteins, have been developed for CLEM
and have the characteristics of exhibiting fluorescence for LM observations, and either have
or can be used to generate mass density contrast during the EM specimen preparation
process.

IV. Immuno-markers
Antibody labeling techniques remain an extremely important tool for the subcellular
localization of proteins. These probes have the advantage of high specificity and signal
strength when used in combination with secondary antibodies with either fluorescent tags,
colloidal gold markers, immuno-enzymatic methods or eosin-based fluorescence
photooxidation (Sosinsky et al., 2007a). The primary disadvantage to pre-embedding
procedures for immunolabeling is that the milder fixation conditions and detergent
permeabilization incubation necessary to allow antibodies to enter a cell or tissue results in a
greatly compromised cellular ultrastructure. In particular, for proteins embedded in interior
membrane compartments or soluble within the cytoplasm, structures are often compromised
or soluble proteins lost during incubation steps. Some of this damage can be partially
mitigated by the addition of small amounts of glutaraldehyde (0.01–1%) in a standard 2–4%
paraformaldehyde fixation. However, there is typically a tradeoff in the accessibility and
conformation of epitopes to these immuno-probes, often resulting in a reduced LM and EM
signal. CLEM using the genetic tags described below has the potential for significantly
improved preservation of ultrastructure. Since no permeabilization step is necessary and
because the label is intrinsically incorporated into the sample, strong fixatives such as 1–2%
glutaraldehyde can be used. However, it should be noted that in certain cases, such as when
examining proteins that adopt unique conformations during part of their life cycle,
conformation-dependent antibodies are necessary. For example, phospho-specific antibodies
are still the only way to discriminate between different phospho-forms of proteins within the
cell (Sosinsky et al., 2007b).

For CLEM imaging, secondary antibodies must be fluorescent and contain an electron dense
label. Two types of CLEM secondary antibodies are currently commercially available.
These are quantum dot conjugated secondary antibodies (Nisman et al., 2004) and
FluoroNanogold™, a secondary antibody that has both a fluorescent moiety and a 1.8 nm
gold cluster. Quantum dots have strong and stable fluorescence and unique geometries for
multi-labeling for electron microscopy (Giepmans et al., 2005) (Fig. 1A–C), however,
quantum dot conjugated secondary antibodies are about the same size as small colloidal gold
beads so that epitope accessibility can still be problematic. In addition, quantum dots are less
dense than gold spheres and thus, can be difficult to find within a dense cytoplasm.
FluoroNanogold™ has the advantage of being fluorescent and having a smaller gold particle
for better penetration (Takizawa et al., 1998, Takizawa and Robinson, 2000), but require a
gold or silver enhancement step to grow the gold cluster immunolabeling in order to easily
detect the particle in EM images. Fluorescence photooxidation (see next section) can also be
used as a detection method using eosin conjugated to secondary antibodies or small ligands
(Deerinck et al., 1994, Capani et al., 2001) (Fig. 1D–F).

V. Genetically appended or inserted protein tags
The key to using genetic tags for the EM portion of a CLEM label is the incorporation of
diaminobenzidine (DAB) as part of the labeling protocol. DAB has a long history as a
reagent for correlated light and electron microscopy specimen preparation methods. DAB is
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used as a substrate for enzymatic-based polymerization using peroxidase or singlet oxygen
based polymerization during photooxidation (Maranto, 1982, Deerinck et al., 1994). When
oxidized, DAB forms a highly insoluble reaction product that can be made electron-dense
through treatment with osmium tetroxide. Although peroxidase-based systems generally
have limited resolution due to diffusion of reaction product as compared to photooxidation,
enzymatic systems have greater sensitivity. DAB-based reaction products are excellent for
filling cells for correlated microscopy, either through enzymatic reactions or through
photooxidation (Maranto, 1982, Li et al., 2010). For molecular localization using
photooxidation, we have shown that fluorescence photooxidation of DAB provides superb
resolution and diffusion of the reaction product is minimized by extensive chemical cross-
linking by glutaraldehyde prior to the generation of the reaction product. Unlike particulate
markers such as protein conjugated colloidal gold, photooxidation-based reaction products
do not just decorate the targeted protein but acts almost as a negative stain, in some cases,
providing exquisite structural detail (Shu et al., 2011). Staining occurs in close proximity to
the molecule rather than being separated by many nanometers as occurs with antibody
methods where the secondary antibody is covalently linked to a detection agent such as a
colloidal gold bead, quantum dot or eosin and is separated from the target by length of the
primary antibody.

To be useful as a CLEM label, there are certain requirements when using genetic tags.
Genetic tags should be non-toxic when expressed in a cellular environment, have good
sensitivity in the physiological range of the experiment and be active in the required
physiological environment (including pH, temperature, aqueous solution, enzymatic
environment and ionic concentrations), exhibit fluorescence and either independently or
with the addition of additional ligands or cofactors, create an electron dense label. Genetic
tags have the additional advantage that they are stoichiometric to their target protein. This
quality can be important for low copy number proteins within cells. Table 1 summarizes the
properties of several CLEM genetic labels. As with any exogenously expressed protein, it is
critical that independent control experiments be done to ensure that recombinant proteins be
expressed and trafficked in the same manner as endogenously expressed proteins. Often
these controls mean a comparison to immunolabeled native systems.

VI. Types of genetic tags currently available
A. GFP

Historically, GFP was one of the first protein tags to be used for CLEM (Monosov et al.,
1996). While the shielding of its chromophore helps to make GFP extremely bright,
photostable and non-toxic, it also prevents GFP from producing enough singlet oxygen
necessary for good DAB polymerization. GFP has been used as a CLEM tag in certain cases
where there is high concentrations of GFP tagged expressed protein (Grabenbauer et al.,
2005) that in special cases provides sufficient singlet oxygen generation, even though the
level of GFP singlet oxygen quantum yield is close to zero (quantum yield < 0.004)
(Jimenez-Banzo et al., 2008).

B. Tetracysteine domain/ReAsH ligand
In 1998, Albert Griffin, Stephen Adams and Roger Tsien demonstrated that recombinant
proteins in intact cells can be imaged by genetically appending or inserting a small
tetracysteine motif, -Cys-Cys-Xaa-Xaa-Cys-Cys- and then exposing the cells to a
membrane-permeant non-fluorescent biarsenical derivative of fluorescein, termed FlAsH
(Griffin et al., 1998b, Griffin et al., 2000). The uniquely designed stereochemistry of the
tetracysteine domain binds small molecules containing two arsenic atoms with a specific
distance that coordinate with the SH groups of the Cys residues. FlAsH binds with high
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affinity and specificity to the tetracysteine motif and becomes strongly green fluorescent.
Toxicity from binding of the trivalent arsenic atoms to endogenous thiols is mitigated by
simultaneous administration of micromolar concentrations of arsenic antidotes such as 1,2-
ethanedithiol (EDT) or British anti-Lewisite (BAL; dimercaprol; 2,3-dimercaptopropanol).
Upon removal of excess FlAsH, the fluorescent complexes survive for days in the absence
of excessive (mM) concentrations of competing EDT. We engineered a recombinant
connexin43 (Cx43) by genetically fusing a 17 amino-acid-long tetracysteine receptor
domain (EAAAREACCRECCARA) to the COOH terminus of Cx43 (Gaietta et al., 2002)
and showed localization to gap junctions and internal trafficking structures including
vesicles, lysosomes, as well as portions of the ER and the Golgi apparatus.

One of the advantages of the tetracysteine tag/biarsenical ligand labeling approach is that
one can employ multiple ligands with specialized properties for different imaging purposes,
and since its introduction, multiple ligands have been successfully synthesized. One such
ligand, termed ReAsH, a red fluorescent biarsenical derivative of resorufin, was found to be
a modest singlet oxygen generator suitable for fluorescence photooxidation of DAB (Adams
et al., 2002). Using a directed evolution approach, the tetracysteine domain sequence was
optimized (Martin et al., 2005) to greatly increase the ReAsH affinity over the original
peptide. This peptide has the sequence FLNCCPGCCMEP and can be appended to either the
N or C terminus (referred to as a 4N or 4C tag, respectively). While an improvement, the
absolute contrast value of the bound ReAsH fluorescence was still lower than that of GFP.
However, this enhanced tetracysteine domain has the advantages of its small size (typically
between 14 and 16 amino acids), the ability to use ligands with different spectral properties
to achieve an optical pulse chase labeling of new and old proteins and its improved EM
contrast due to the higher signal to noise ratio.

Because the tag size is small, tetracysteine tags can be incorporated more easily into
proteins. Typically, tags are appended to the protein either at the N or C terminus (see actin
example in Fig. 2), however, in many instances, tetracysteine domains have been
incorporated into internal sites within a protein without any disruption of function or
trafficking (Hoffmann et al., 2005, Lanman et al., 2008, Boassa et al., 2010, Ziegler et al.,
2011). In particular, viral function and infectivity can be maintained when small
tetracysteine tags are incorporated into internal positions (Rudner et al., 2005, Lanman et al.,
2008, Whitt and Mire, 2011).

Later improvements to the tetracysteine tagging system included incorporating it into GFP.
The tetracysteine tag can be appended to either the N or C terminus of GFP for subsequent
fusion of the complex to either the N or C terminus of the target protein. Fusing this newer
tetracysteine to GFP and exciting ReAsH indirectly via fluorescence resonance energy
transfer from the fluorescent protein (Gaietta et al., 2006) can increase the contrast of the
4C/ReAsH to within a factor of two of GFP. This novel combinatorial tag has several
advantages for dynamic imaging, in that it combines the properties of GFP (brightness, high
specificity, and ease of use) with small tetracysteine tags (pulse-chase, photooxidation,
excellent preservation for EM). It is worth noting that both GFP and tetracysteines do not
fluoresce well in oxidative compartments such as the Golgi or ER, but this effect can be
ameliorated by carrying out the biarsenical labeling step during a short incubation that
includes triethylphosphine (TEP), a membrane permeant phosphine (Gaietta et al., 2006).

C. Other genetic tags that covalently bind exogenous fluorescent ligands
A strategy similar to tetracysteine/biarsenical labeling whereby an exogenous ligand
covalently binds to a genetically engineered protein domain is the SNAP-tag system.
Covalent labeling with a small molecule is achieved through the mammalian O6-
alkylguanine-DNA-alkyltransferase (hAGT) that irreversibly transfers the alkyl group from
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its substrate, O6-alkylguanine-DNA, to one of its cysteine residues. These ligands have
guanine or chloropyrimidine leaving groups via a benzyl linker that bind to hAGT (Keppler
et al., 2003). Dyes conjugated to benzyl linkers facilitate fluorescence labeling. A mutant
version of hAGT that binds benzocysteine provides an orthogonal labeling system. The
commercial versions are marketed as SNAP and CLIP (New England Biolabs). The size of
the SNAP and CLIP protein tags are ~20 kDa. The commercially available HALOtag™ is
33 kDa enzyme derivitized from a modified prokaryotic dehalogenase (DhaA), that makes
stable bonds can be readily made with synthetic molecules appended to a chloroalkane
linker (Los et al., 2008) (Promega Corporation). While there are no reports of ligands
currently available that would allow EM observation, there is a potential for having an
orthogonal set of genetic labels with these reagents.

D. MiniSOG: a genetic tag that tightly binds endogenous flavin mononucleotide
Addition of an exogenous ligand is a requirement for fluorescence imaging and DAB
photooxidation with the tetracysteine/biarsenical labeling system. While this is typically not
a problem in tissue culture cells (Griffin et al., 1998a, Gaietta et al., 2002) or transfected
primary cells in culture (Ju et al., 2004), the labeling with exogenous ligands in intact tissues
can be highly problematic. In particular, diffusion of biarsenicals across the blood-brain
barrier or through large expanses of tissue to their correct targets presents a challenge. In
addition, tetracysteine/biarsenical labeling requires the co-administration of an antidote such
as ethandithiol to prevent cellular toxicity and needs careful precautions to mitigate
nonspecific background labeling. Our efforts to create other new and novel genetic tags was
in part driven by the need to develop protein tags that did not require the application of an
endogenous fluorescent ligand. Thus, when the tagged protein is expressed within the
cellular environment, the recombinant protein would become fluorescent and capable of
generating a reaction product upon light stimulation without any further treatments.

Using a completely new approach, Shu and co-workers (2011) developed a new genetically
encoded tag that has the advantages of a tag size significantly smaller than conventional
fluorescent proteins, exhibits intrinsic fluorescence without the need for an exogenously
applied fluorescent ligand, has low cellular toxicity and exhibits a substantially higher
singlet oxygen quantum yield than ReAsH (Shu et al., 2011) (Fig. 3). MiniSOG (for mini
Singlet Oxygen Generator) was engineered from the LOV2 (light, oxygen and voltage)
domain of the protein phototropin 2, a blue light plant photoreceptor from Arabidopsis
thaliana that binds flavin mononucleotide (FMN), a highly efficient singlet oxygen
photosensitizer. FMN is ubiquitous in cells and is involved in biological functions such as
mitochondrial electron transport, fatty acid oxidation and vitamin metabolism. In
phototropin 2, the excited state energy of FMN is consumed to form a covalent bond with a
cysteine. To divert this energy into fluorescence and singlet oxygen generation, saturation
mutagenesis of regions surrounding the chromophore of the LOV2 domain of phototropin 2
was performed. The current version of miniSOG, at 10.6 kDa, is less than half the size of
GFP and has two emission peaks at 500 and 528 nm and a singlet oxygen quantum yield of
0.47, an almost 20x improvement over ReAsH. For comparison, eosin has a singlet oxygen
quantum yield of 0.57, however, its fluorescence yield is only about 0.05 (10–20× less than
fluorescein). Furthermore, in the absence of light miniSOG causes no discernable cellular
toxicity.

The fluorescence from miniSOG can be used to successfully localize a wide variety of
proteins and organelles in cultured mammalian cells in much the same way as can be done
with GFP. Its green fluorescence, while modest compared to GFP (fluorescence quantum
yield of 0.37 versus 0.6), revealed that the fusion proteins appeared to have correct
localizations. These targets included the ER and Golgi apparatus (using signal sequence
localizations), Rab5a, zyxin, tubulin, β-actin, and α-actinin fusions as examples of proteins
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tagged in cytosolic compartments (see α-actinin examples in Fig. 3). Mitochondrial
targeting and nuclear histone 2B-fusions show that miniSOG expresses within those
organelles. In primary neurons, SynCAM-miniSOG fusions localized to the synapse. Using
the fluorescence and photo-generated singlet oxygen from miniSOG for fluorescence
photooxidation of DAB, correlated confocal and EM imaging could be performed with
many miniSOG fusion proteins with high sensitivity. Shu et al., (2011) also showed that
miniSOG was functional in transgenic animals, showing EM localization of labeled
mitochondria in the muscle walls of C. elegans transfected with miniSOG appended to a
cytochrome C targeting motif as well as at synapses labeled with SynCAM-1-miniSOG or
SynCAM-2-miniSOG in mice brain slices where the mice were transfected by in utero
electroporation.

E. Metal ligand based labels (metallothionein and ferritin)
Theoretically, the binding of metal clusters to proteins could act as markers for EM
observations because these metal clusters contain elements that sufficiently scatter electrons.
In order for these tags to be useful for CLEM, these protein tags could be appended to FPs.
Two protein tags that have been shown to be useful for metal deposition for EM imaging are
concatenated metallothionein (MTH) (Mercogliano and DeRosier, 2006, 2007) and bacterial
ferritin. Both use the principle that additions of exogenous metal atoms when bound to MTH
or ferritin cluster enough atoms for EM detection.

MTH facilitates direct gold labeling of the fusion protein via a reaction with aurothiomalate
to its MTH moiety. (Mercogliano and DeRosier, 2006) first demonstrated that purified MTH
proteins can form gold clusters that can be imaged by EM. MTH based labels were
originally developed as an electron dense label to be used in identification of protein
domains in single particle reconstruction of isolated macromolecular complexes
(Mercogliano and DeRosier, 2007). MTH binds ~12–20 gold atoms per copy, approximately
as much as is found in the EM reagent, Nanogold® (Nanoprobes Inc., Yaphank, NY) that
has a 1.4 nm diameter. One benefit is that at ~6 kDa, the present concatenated MTH is a
relatively small tag and can be used as a tandem dimer to increase signal, still leaving the tag
at about the same size as miniSOG (Mercogliano and DeRosier, 2007). There are a few
reports of MTH as molecular labels in cells for electron microscopic imaging using either
gold or cadmium ions to grow clusters to chimeric proteins expressed in E. coli or Cos7
mammalian cells (Fukunaga et al., 2007, Nishino et al., 2007, Diestra et al., 2009a, Diestra
et al., 2009b). The major drawback to this tagging system is that exogenous metals must be
added to and taken up by cells and these metal solutions can be toxic to the cell. As a result,
most cellular studies have used bacteria that are more tolerant of higher concentrations of
heavy metals. Zinc clusters, which are better tolerated, can also create an electron dense
label (Bouchet-Marquis et al., 2011).

An additional recently developed heavy metal binding protein probe is based on the bacterial
iron binding ferritin complex that is assembled from E. coli FtnA protein (19.4 kDa) (Wang
et al., 2011). Twenty-four FtnA monomers form a shell with a 7.5 nm central cavity. The
center of the ferritin complex becomes loaded with iron when cells grow under iron-rich
conditions and the advantage is its high imaging contrast and low toxicity. However, this is a
relatively large structure of ~12 nm diameter and because the FtnA needs to oligomerize, a
high concentration of chimeric protein is necessary. Test cases of the bacterial
chemoreceptor sensor, CheY protein, and the septal ring protein ZapA genetically fused to
GFP and FtnA showed detectable metal clusters in the correct cellular locations.
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F. Genetically appended peroxidase based labels
Horseradish peroxidase has been used extensively in light and electron microscopy as a
reagent for immunocytochemistry (Porstmann and Kiessig, 1992) and there is much interest
in adapting it as a genetic tag because of its excellent enzymatic activity in creating an
electron dense label. In order for HRP to be functional, it must be glycosylated (Veitch,
2004). Since HRP is a plant glycoprotein, the secretory signal sequence of the human
growth hormone on HRP was appended onto the HRP cDNA (ssHRP) to ensure proper
trafficking in mammalian cells (Connolly et al., 1994). ssHRP was then targeted to ER by
adding the KDEL-retention signal (Norcott et al., 1996). Schikorski and co-workers
subsequently showed that this ER marker could be made neuron-specific by modifying the
construct so that it was controlled by the synapsin promoter (Schikorski et al., 2007) and can
be used with transmitted light imaging as a LM probe (Schikorski, 2010). Examples of
specific HRP protein labeling for EM include the HRP-Wingless chimera used to show
directed Wingless trafficking in Drosophila embryos (Dubois et al., 2001) and a fusion
protein of HRP and type I transmembrane protein, CD2, that labeled specific populations of
gamma neurons in Drosophila (Watts et al., 2004) and HRP-synaptophysin-GFP that
highlighted populations of synaptic vesicles (Ruthazer et al., 2006).

Recombinant HRP has been proposed as a potentially good target for EM cell filling that
would act analogous to soluble cytosolic FPs for LM. The major application of this
technique would be to identify specific cells, such as neurons, and aid segmenting their
processes in three-dimensional reconstructions obtained either through EM serial section,
EM tomography or serial block face scanning electron microscopy (SBEM). However, the
major drawback to using the current HRP as a probe for cell filling is that it does not have
enzymatic activity in the reduced environment of the cytosol (Li et al., 2010). A membrane-
targeted HRP has recently been developed that allows identification of neurons because of
the intense staining of their plasma membranes. This protein contains a plasma membrane
signal sequence and transmembrane domain fused to the C-terminus of HRP. In combination
with a bicistronic vector, soluble GFP was also expressed serving as a fluorescent, cytosolic
label, thus facilitating easy identification and segmentation in 3D EM volumes.

VII. Future directions and challenges
Two challenges represent the frontiers for further development of CLEM genetic tags. The
first is the development of specific nucleic acid CLEM probes analogous to the protein
probes described in this review. Markers for specific DNA or RNA sequences appended to
FPs are still lacking. Notably, a recent study developing spectral imaging RNA probes have
generated a fluorescent toolkit similar to FPs (Paige et al., 2011) and thus, there is a
potential that such imaging tools could be modified for CLEM. The second challenge is
expression of EM genetic probes in animals. Several of the genetic tags discussed above
require the administration of exogenous ligands for detection of the tagged protein. While
ligand-based imaging tags can be very versatile, getting these exogenous reagents requires
diffusion through tissues and especially across the blood brain barrier. MiniSOG and
peroxidase based probes would circumvent this and in combination with strong fluorescing
FPs proved an avenue for CLEM imaging of transgenic animals (Dubois et al., 2001, Shu et
al., 2011). Finally, future CLEM improvements will also need to include combining these
genetic labeling protocols with methods that optimally preserve the ultrastructure of cells
and tissues, such as cryo-fixation methods. High pressure freezing and freeze substitution
using hybrid chemical/cryo-fixation protocols show great promise for achieving this goal
(Sosinsky et al., 2008).
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Figure 1. Comparison of antibody particle labels versus antibody fluorescent photooxidation
labeling
(A) Schematic of indirect (secondary) antibody labeling for correlative light and electron
microscopy where the secondary antibody is conjugated to a gold bead or quantum dot. (B)
Electron micrograph of microtubules (arrows) labeled with immuno-quantum dots. The
primary antibody is an α-tubulin monoclonal antibody. The fluorescence image from the
quantum dots is shown in the inset. (C) Higher magnification of microtubule. (D) Schematic
of photooxidized eosin-immunolabeling. The grey ellipse represents the layer of DAB
precipitate after photooxidationof the eosin (green sun) on the secondary antibody. Eosin is
a brominated version of the common fluorophore fluorescein, and the chemical formula of
the isothiocyanate used for conjugation is shown in the upper right hand corner. (E) Electron
micrograph of microtubules (arrows) labeled with anti-α tubulin primary antibodies, eosin
secondary antibodies and then photooxidized in the presence of DAB and oxygen. An eosin
fluorescence image is shown in the inset. (F) Higher magnification of a single microtubule.
The difference in ultrastructure between B and E is primary due to the less stringent fixation
methods used so the larger quantum dot secondary antibodies could penetrate into the cell.

Ellisman et al. Page 12

Methods Cell Biol. Author manuscript; available in PMC 2013 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2. Genetic tetracysteine domain and ReAsH provide good labeling and ultrastructure of
specific proteins
(A) Schematic of fluorescence photooxidation for correlative LM and EM (reprinted from
Sosinsky et al., (2003)). (B) Confocal fluorescence image (inset) and thin section electron
microscopy of the same two adjacent cells, one transfected with an N-terminal appended
tetracysteine domain. Labeling is obvious in the transfected cell (top cell) as opposed to the
untransfected cell (bottom cell). Arrows denote labeled stress fiber containing actin
filaments, versus an unlabeled bundle (arrowhead). (C) Slice from an EM tomogram of
stress bundles containing tetracysteine/ReAsH β actin. Arrows point to individual actin
filaments. (D) Tracing of actin filaments in the tomogram. The outlines of the actin bundles
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are shown in brown. Cyan filaments are those actin filaments separated from the actin
bundle while the yellow filaments are those that were easily traced within the bundle.
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Figure 3. Fluorescence photooxidation of mini-SOG labeled α-actinin
(A) Richardson diagram of miniSOG with FMN (left). The photooxidation process is shown
in the right hand schematic. (B–E) miniSOG was genetically appended to the C-terminus of
α-actinin. (B) Confocal microscope image of miniSOG fluorescence highlight actin bundles
(C) Transmitted light micrograph of the same area after photooxidation. (D) Thin section
EM of the same area. (E) Higher magnification of the actin bundle shows DAB precipitate
surrounding labeled α-actinin. (Figure reproduced from Shu et al., (2011)).
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