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Abstract

We describe an engineered family of highly antigenic molecules based on GFP-like fluorescent 

proteins. These molecules contain numerous copies of peptide epitopes and simultaneously bind 

IgG antibodies at each location. These “spaghetti monster” fluorescent proteins (smFPs) distribute 

well in neurons, notably into small dendrites, spines and axons. smFP immunolabeling localizes 

weakly expressed proteins not well resolved with traditional epitope tags. By varying epitope and 

scaffold, we generated a diverse family of mutually orthogonal antigens. In cultured neurons and 

mouse and fly brains, smFP probes allow robust, orthogonal multi-color visualization of proteins, 
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cell populations and neuropil. smFP variants complement existing tracers, greatly increase the 

number of simultaneous imaging channels, and perform well in advanced preparations such as 

array tomography, super-resolution fluorescence imaging and electron microscopy. In living cells, 

the probes improve single-molecule image tracking and increase yield for RNA-Seq. These probes 

facilitate new experiments in connectomics, transcriptomics and protein localization.

INTRODUCTION

Protein tags are ubiquitous tools in all areas of biology1. Although many types of tags exist, 

the two most commonly used are peptide antigens (“epitopes”)2 and fluorescent proteins 

(FPs). Epitope tags are short antigenic peptide sequences that facilitate 

immunohistochemistry (IHC) with tag-specific antibodies when attached to a protein of 

interest (POI). The principal advantage of epitope tags for IHC is the availability of reliable 

primary antibodies for detection, particularly when antibodies to the POI are non-specific, 

raised in the same species as antibodies to other targets, or unavailable entirely. Almost all 

epitope tagging experiments draw upon a small set of validated peptide antigens, including 

influenza hemagglutinin (HA)3, myelocytomatosis viral oncogene (myc)4, simian virus 5-

derived epitope (V5)5, the synthetic peptide FLAG6, the synthetic streptavidin-binding 

strep-tag7, and more recently OLLAS (Escherichia coli OmpF linker and mouse langerin)8 

and Sun Tag9. The small size of epitope tags (typically 8–12 amino acids) enables their 

attachment to POIs, even in multiple copies, without affecting protein folding, targeting or 

protein-protein interactions. However, the affinity of antibodies for small tags can be low; 

single or even multimeric tags are frequently insufficient for detection when the POI is 

weakly expressed. Furthermore, peptide epitopes are not stably expressed in cells without 

fusion to a scaffold protein10.

Alternatively, FPs may be used in fusions to visualize POI localization, or expressed alone 

as cell-filling tracers. Aequorea victoria green fluorescent protein (GFP), for example, is 

soluble, bright, stable, and generally well tolerated by cells for protein localization, isolation 

and tracking11. The existing FP toolkit offers fluorescence across the visible spectrum12 and 

compared to peptide antigens, FPs can offer higher affinity for IHC, as well as pre-IHC live 

fluorescence imaging.

Despite these advantages, endogenously fluorescent FPs are not suitable in many 

applications. The broad excitation/emission spectra of FPs hinder native imaging in 

combinations of more than 2 or 3, and many anti-FP antibodies cross-react with related 

probes, severely limiting options for IHC with multiple FP channels. Additionally, low FP 

expression levels may be insufficient for target localization while over-expression of most 

coral-derived FPs can result in aggregation and cytotoxicity, while failing to uniformly label 

neurites and other small structures.

To overcome the limitations of existing FP and peptide epitopes, we developed new 

molecular tags combining the advantages of both. Specifically, an ideal probe should 

combine the solubility, cell tolerance and optional endogenous fluorescence of FPs (FPs can 

easily be rendered dark, while retaining their 3-dimensional structure), together with 

orthogonal antibody recognition and tagging of POIs with multiple epitope copies. Here, we 
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describe a new family of extremely antigenic protein tags called “spaghetti monster” 

fluorescent proteins (smFPs). smFPs have 10–15 copies of single epitope tags strategically 

inserted into an FP scaffold with either an intact or darkened chromophore. smFPs permit 

robust, multi-color tracing of neurons and processes in multiple independent channels easily 

separable by conventional epifluorescence filter sets. This expands options for labeling and 

following defined populations of neurons and other cell types through brain tissue, where 

experiments are typically limited to a single excellent channel (GFP), with a handful of 

inferior options for second and third channels. The modular construct design facilitates 

further expansion of this toolkit, and a common scaffold helps to normalize tracer 

expression level, sub-cellular localization and half-life. In a range of advanced sample 

preparations and imaging strategies we show that smFPs are high-performance probes for 

light and electron microscopy applications as well as for molecular biology and 

biochemistry.

RESULTS

Molecular design and preliminary characterization

To create hyperantigenic labels, we chose protein scaffolds that would accommodate 

numerous peptide tag insertions while retaining their proper folding and cellular trafficking. 

GFP is soluble, stable, well tolerated by cells and accommodates the addition of peptide 

epitopes to its N- and C-termini and internal loops13. “Superfolder” GFP (sfGFP) is a 

hyperstable variant14 that accepts large insertions into its loops while retaining folding and 

fluorescence15. Thus, we reasoned that sfGFP would be an ideal scaffold for antigen 

presentation. Peptide tags were designed into sfGFP to optimize their antigenicity and 

permit simultaneous binding of multiple antibodies.

We chose six epitope tags (HA, myc, V5, FLAG, OLLAS, strep II) primarily based on the 

commercial availability of high-affinity antibodies with widespread validation. Epitopes 

were inserted in sets of 4 into the internal 172–173 loop of sfGFP15 and 3–4 epitopes were 

added to each terminus of sfGFP (Fig. 1a, Supp Fig. 1, Supp. Table 1). Fluorescence 

correlation spectroscopy (FCS) was used to quantify the number of antibodies bound to 

smFPs in solution, based on the change in diffusion properties with increasing molecular 

weight of the smFP-antibody complex. The smFP containing 10 FLAG peptides and an 

intact, fluorescent GFP chromophore (“smFP_FLAG_bright”) was expressed in bacteria, 

purified, and titrated with monoclonal IgG anti-GFP or monoclonal IgG anti-FLAG primary 

antibody. Then, the diffusion time (τD) of the GFP chromophore of smFP_FLAG_bright 

was determined (Fig. 1b, c). Titration with the monoclonal anti-GFP antibody yielded a τD 

of 0.57 ± 0.02 msec (std. dev., n = 5), consistent with a single binding event with a 

dissociation constant Kd< 10 nM. (Kd accuracy is limited to the smFP concentration, which 

was 10 nM in these experiments. See Online Methods for details.) Titration with the anti-

FLAG antibody M2 yielded a τD of 1.31 ± 0.04 msec (n = 5), with saturation occurring at 

100 nM antibody, consistent with the 100 nM concentration of epitopes (Fig. 1c). This 

measured value of τD corresponds to a molecular weight of 1700 kDa, consistent with 11.3 

± 1 bound anti-FLAG antibodies, based on a calibration series (Fig. 1b), where τD scales as 

the power law (complex MW)0.39, and assuming an individual antibody MW of 150 kDa 
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(Online Methods). A similar conclusion about the number of bound antibodies was found 

when the 10xFLAG smFP was replaced by a 3xFLAG version (Fig. 1c), where the bound 

antibody number was determined to be 3.4 ± 0.3. Thus, the smFP format displays FLAG 

epitopes with full M2 antibody accessibility and high affinity. FCS and tests in Drosophila 

and mammalian cells showed that the smFPs are strongly stained by their corresponding 

antibodies, monomeric, with no aggregation or cytotoxicity (Fig. 1d, Supp. Figs. 1–4, Supp. 

Table 2). We also created smFPs based on mRuby216 and mWasabi17 scaffolds, which are 

sequence-divergent from GFP and not detected with anti-GFP antibodies (Supp. Figs. 5–6).

Use as multi-channel connectomic tracers

GFP is widely used in tracing studies but provides only a single channel of fluorescence 

labeling. Red fluorescent proteins (RFPs) such as tdTomato are typically used as a second 

color channel, but exhibit low photostability and green emission. Antibody amplification of 

these probes typically weakly enhances signal and greatly increases background 

fluorescence. Furthermore, many RFP variants are cytotoxic, prone to aggregation and do 

not diffuse readily into fine processes. Other FP super family members, such as cyan and 

blue proteins, can suffer similar defects, and often cross-react with anti-GFP antibodies.

To demonstrate the increased performance of smFPs as connectomic tracers, we performed a 

set of neuronal labeling experiments and compared the results with published data from 

experiments with conventional FPs. smFPs were delivered by adeno-associated virus (AAV) 

serotype 2/1 into primary mouse vibrissal somatosensory cortex (S1). Opposite hemispheres 

of adult mice were infected with AAV expressing smFP_myc or smFP_FLAG (Fig. 2a, b). 

Intense cytoplasmic staining was observed at the injection sites. Both smFP probes labeled 

long-range projections with no signs of label aggregation or axonal blebbing. Axon 

projections were traced to several cortical and subcortical regions (Fig. 2c, Supp. Figs. 7 and 

8a–c). Projection patterns observed here are consistent with previous tracing studies using 

GFP18 and demonstrate that the smFPs are excellent long-distance neural tracers. A third 

probe, smFP_V5, showed similarly good efficacy in tracing long-distance projections from 

S1 (Supp. Fig. 8d). Thus the smFPs provide multiple orthogonal, high-contrast channels, 

suitable for labeling cells, neurites or specific proteins.

We tested smFP labels alongside EGFP, tdTomato and the blue fluorescent protein 

mTagBFP219. Cre-dependent virus (AAV-FLEX-CAG) expressing either smFP_myc or 

mTagBFP2 was injected into layer 5 S1 of Rbp4_KL100_Cre transgenic animals (Supp. Fig. 

9), which express Cre in a subset of L5 neurons20. While the injection site was prominent 

with mTagBFP2, contralateral projections were not clearly visible. With smFP_myc, long-

distance projections (e.g. to contralateral S1 and piriform cortex) were bright and the filling 

complete (Supp. Fig. 9).

To demonstrate compatibility with existing tracers, we performed a four-color labeling 

experiment with EGFP, tdTomato, Ruby2_FLAG and smFP_myc. We injected four adjacent 

cortical areas (vibrissal primary motor cortex (vM1), forelimb M1 (fM1), vibrissal S1 (vS1) 

and lower limb S1 (llS1), unilaterally) in Rbp4_KL100_Cre mice with Cre-dependent AAV 

viruses encoding the 2 smFPs and 2 FPs (Fig. 2d–f, Supp. Fig. 10). Long-range projections 

could be traced throughout the brain, including projections to thalamic nuclei, ectorhinal and 
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perirhinal cortex (Fig. 2g–i), superior colliculus (Fig. 2j–l) and brainstem nuclei including 

the spinal trigeminal ganglia (Fig. 2m, n). Axons from each of the four projections could be 

visualized independently in the same tissue, e.g. within the cortical peduncle and medial 

posterior nucleus of the thalamus (POm).

Visualization of sub-cellular structures

smFPs containing multiple, high-affinity binding sites for primary antibodies should enable 

IHC labeling of fine neuronal structures with higher fidelity at lower concentrations than 

GFP. To test this, limiting concentrations of plasmids (~0.5 µl of 0.25 µg/µl per brain) 

encoding either EGFP or smFP_FLAG were delivered to hippocampal CA1 and 

immunostained with primary monoclonal antibodies against GFP or FLAG. Sections were 

treated with secondary antibodies conjugated to Alexa488 and imaged under identical 

conditions. Although GFP appeared similar or slightly brighter in somata, neuronal 

processes were brighter and more completely labeled with smFP_FLAG as compared to 

GFP (Fig. 3a–d). In particular, basal dendrites in the stratum oriens, the most distal 

dendrites in the stratum lacunosum moleculare and spines throughout the neuron were better 

resolved with smFP_FLAG than GFP (Fig. 3b, d).

Hippocampal CA3 pyramidal neurons receive specialized input from dentate gyrus mossy 

fiber axons21–23 at “thorny excrescence” (TE) spines. Fluorescent visualization of individual 

thorns arising from a single spine neck has historically proven problematic, typically 

requiring microinjection of dye with subsequent immunohistochemical amplification24. 

While sustained high-level FP expression can sometimes resolve TEs25, this precludes many 

experiments, including developmental analysis. Here we demonstrate that even the 

notoriously difficult-to-label CA3 TEs can be visualized with low levels of genetically 

encoded smFPs.

As before, limiting amounts of DNA encoding either EGFP or smFP_FLAG were delivered, 

this time to hippocampal CA3 neurons. The complex, multi-headed thorns were much more 

clearly resolved with smFP_FLAG than GFP (Fig. 3e, f). For comparison, Lucifer Yellow-

filled neurons (Fig. 3g) had labeling density similar to that of smFP_FLAG. In a separate 

experiment, we delivered viruses encoding tdTomato and Ruby2_FLAG in utero into CA3. 

Again, thorns were more clearly resolved with Ruby2_FLAG than tdTomato (Supp. Fig. 

11). Antibody amplification of the tdTomato signal failed to appreciably improve labeling 

(Supp. Fig. 12) and Ruby2_FLAG detected significantly more (p = 0.0074) spines than 

tdTomato (Supp. Fig. 12). Together, our results suggest that smFP constructs label fine 

neuronal processes at much lower expression levels than are needed for detection with 

conventional FPs.

Enhanced detection of low-abundance proteins

For proteins lacking suitable antibodies, epitope tagging provides a way to reveal sub-

cellular distributions. High-affinity tags that provide specific labeling upon low exogenous 

expression, or from chromosomal knock-in, would be ideal for investigating proteins for 

which good primary antibodies are unavailable. We focused on N-cadherin (cadherin-2), a 

postsynaptic cell adhesion protein that plays a critical role in neural development26–28. Due 
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to the high sequence similarity between cadherin family members, anti-cadherin antibodies 

often recognize multiple species in tissue, precluding unambiguous localization of N-

cadherin. We used N-cadherin fusion proteins to compare detection efficiency between 

smFPs and conventional epitope tags. The smFPs performed much better than 1x, 2x or 3x-

HA tags (Fig. 3h–k, Supp. Figs. 13 and 14).

Single-molecule tracking in living cells

Single-molecule tracking using FP fusions is a powerful method for monitoring protein 

dynamics in live cells in real-time29, 30. However, FPs emit relatively few photons before 

photobleaching, which hampers localization precision and experimental timeframes in 

single-molecule imaging31, 32. Alternatively, enzymatic tags such as Halo33, SNAP34 and 

Clip35 tags allow the covalent coupling of reactive small molecule dyes to POI-enzyme 

fusions36. However, such enzymatic tags only couple one dye molecule per POI, and as such 

provide limited signal amplification over direct FP fusions. smFPs are ideal alternatives for 

single-molecule tracking of specific POIs in living cells since their hyperantigenicity 

combined with loading of dye-coupled antibodies into the cell would enable visualization of 

the POI with a substantially brighter signal from multiple antibodies bound to the target 

epitope.

As proof of principle, we separately fused the histone subunit H2B to EGFP, Halo tag and 

the smFP Ruby2_FLAG, and expressed the chimeric proteins in HeLa cells via transient 

transfection for 3–6 hrs. Halo tag-expressing cells were bead-loaded with Alexa488-

conjugated Halo-tag substrate. Ruby2_FLAG-expressing cells were bead-loaded with 

Alexa488-conjugated Fab antibody fragments against FLAG. smFP-labeled cells showed the 

brightest images from single-molecule tracking, clearly resolving histone punctae (Fig. 3l) 

that were difficult to observe with other probes (Fig. 3m, n). Background labeling of the 

anti-FLAG antibody in the nucleus was minimal (Fig. 3o). Thousands of single molecules 

were tracked for each label and quantified. Signals from Ruby2_FLAG were several-fold 

brighter than those for both Halo tag and GFP, with a long tail of bound antibodies (up to 

~7–10) (Fig. 3p, Supp. Movie 1). The smFPs thus provide much brighter alternatives to 

existing methods of single-molecule tracking, and facilitate multi-color tracking.

Utility in high-resolution microscopy

The above results highlight the utility of the smFP probes in traditional confocal and wide-

field microscopy. Techniques that offer dramatic improvements in imaging resolution, 

including array tomography (AT)37, super-resolution fluorescence imaging such as 

Stochastic Optical Reconstruction Microscopy (STORM), and electron microscopy (EM) 

may each benefit from the advantages of smFPs compared with conventional FP fusions or 

IHC against endogenous targets. Array tomography relies on embedding samples in acrylic 

resin, which may compromise sample antigenicity for subsequent IHC. Similarly, the strong 

fixation required for maximal ultrastructural preservation in material prepared for EM can 

weaken or destroy target antigenicity. For STORM and other localization-based super-

resolution approaches, image resolution is in part dependent on the molecular density of 

target labeling and smFPs could provide superior antigenicity for enhanced density and 
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resolution. To examine the efficacy of smFPs for high-resolution imaging, we tested the 

smFP antigens under each modality.

Array tomography

To test the utility of smFPs for AT37, we examined synaptic connectivity between 

interneurons expressing Cre recombinase under control of the somatostatin promoter (Sst-

IRES-Cre mice)38 and hippocampal CA1 pyramidal cells expressing EGFP (Thy-1 line 

M)39. AAVs expressing Cre-dependent tdTomato or smFP_FLAG were injected into the 

dorsal hippocampus of double heterozygous mice, and AT was used to visualize putative 

synapses between interneuron axons and CA1 dendrites using an antibody against the 

presynaptic protein synapsin.

Anti-FLAG immunolabeling enabled visualization of the entire somato-dendritic axis of 

SSt+ neurons, including small-diameter axonal fibers in the stratum lacunosum moleculare 

(SLM) located up to 500 µm from the cell soma (Fig. 4a, Supp. Fig. 15a, b). smFP_FLAG-

labeled axons in the SLM exhibited varicosities but not blebs (Supp. Fig. 15c) and were 

found to form putative synaptic (i.e., synapsin+) contacts onto the distal dendrites of GFP+ 

pyramidal cells throughout serial ultra-thin sections (Fig. 4b), suggesting that the 

smFP_FLAG epitope yielded a complete fill without any obvious toxicity or disruption of 

synaptic connectivity. Both monoclonal and polyclonal anti-FLAG antibodies worked 

exceptionally well with secondary antibodies conjugated to several commonly used 

fluorophores, including imaging channels such as 405 nm (Supp. Fig. 15d–f), which often 

yield dim signal in IHC. The bright smFP fluorescence yielded high signal-to-noise wide-

field images in as little as 80 msec/field.

In contrast, images from animals expressing tdTomato yielded signals that were 

substantially weaker, requiring wide-field exposure times of up to 5 sec (i.e. 2 orders of 

magnitude longer), and could not be enhanced with either commercial or in-house anti-RFP 

antibodies (data not shown). The smFP toolkit has substantial advantages over existing FP 

reagents in terms of image quality and acquisition speed, and will be ideal in AT 

connectomic studies where multiple genetically- or anatomically-defined cell types need to 

be reconstructed.

Super-resolution STORM imaging

STORM is a wide-field super-resolution fluorescence imaging approach that overcomes the 

diffraction limit in lateral and axial resolution via stochastic activation of individual 

photoswitchable molecules and precise localization of the activated molecules40, 41. Based 

on Nyquist sampling theory, the final resolution of the STORM image depends not only on 

the localization precision of each fluorophore, but also on probe density. By providing 

highly antigenic tags to label proteins for which antibody labeling is weak or nonexistent, 

smFPs could benefit super-resolution imaging by increasing the probe density relative to 

conventional FP or epitope fusions.

To examine the efficacy of smFPs for STORM, we co-injected Cre-dependent viruses 

(AAV-FLEX-CAG) driving expression of tdTomato and smFP_myc into L5 S1 of 
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Rbp4_KL100_Cre transgenic mice. Ultrathin cryosections of excised cortex were 

immunolabeled with primary antibodies for RFP and myc, and secondary antibodies coupled 

to photoswitchable organic dyes (Online Methods). Dendrites expressing tdTomato and 

smFP_myc showed dense labeling with both anti-dsRed (magenta) and anti-myc (green) 

probes (Fig. 5a). The localization density was qualitatively similar between the tdTomato 

and myc channels, and individual spine necks with diameters of ~100 nm were well labeled 

with smFP_myc, demonstrating the utility of this smFP as a dense cell filling probe for 

neurite imaging in STORM experiments (Fig. 5b).

The availability of multiple orthogonal smFPs each with comparable antigenicity and highly 

specific antibodies offers the potential for dense labeling of several targets simultaneously in 

multi-color super-resolution experiments. To demonstrate this, we co-electroporated N-

cadherin-smFP_HA fusion and smFP_V5 constructs into mouse embryos in utero at E16.5. 

Ultrathin cryosections were immunolabeled with antibodies coupled to the photoswitchable 

dyes Atto488, Cy3B, and Alexa647 for three-color imaging (Supp. Fig. 16). smFP_V5 

provided a dense cytoplasmic fill (Supp. Fig. 16c) that facilitated super-resolution imaging 

of dendritic spines in a manner comparable to anti-GFP labeling of the smFP scaffold (Supp. 

Fig. 16b, c). N-cadherin-smFP_HA showed strong labeling of postsynaptic spine heads and 

dendritic shafts, with much weaker labeling of spine necks (Supp. Fig. 16a), consistent with 

the regulated subcellular localization of N-cadherin by MAGUK proteins42. The density of 

each smFP label was sufficient for STORM and allowed for multi-color super-resolution 

imaging of both fine dendritic neuropil and N-cadherin cluster localization within spines. 

From these experiments, we conclude that smFPs provide alternate channels with effective 

probe densities for super-resolution imaging. smFPs will be particularly useful in multi-

color STORM applications, where the smFP platform offers more flexibility for high-quality 

labeling of multiple channels compared with conventional FPs.

Electron microscopy

Electron microscopy remains the gold standard for unambiguous identification of synapses. 

However, the identification of specific cells and proteins within EM samples remains 

challenging because the antigenicity of most proteins fails to survive EM processing 

protocols. Given that the smFPs robustly enhance labeling in light microscopy experiments, 

we tested the efficacy of these probes by immuno EM in resin-embedded tissue.

We performed immunogold staining on 60-nm serial sections cut from resin-embedded 

mouse cortical tissue transfected with smFP_FLAG_bright and smFP_myc (Fig. 5c, Online 

Methods). Both probes showed specific labeling of transfected cell bodies and neurites with 

minimal background (Fig. 5d, f and Supp. Fig. 17a–d). Labeling was consistently strong in 

neurites spanning serial sections, allowing 3D reconstruction (Fig. 5e, g and Supp. Movies 

2–5). Both probes were seen even in the finest neuronal processes with label density 

equivalent to EGFP (Supp. Fig. 17e–f). We also tested the ability of the smFP tags to 

survive osmium tetroxide (OsO4) fixation. The smFP_HA label persisted even in samples 

fixed with 4% PFA / 0.2% glutaraldehyde/1% OsO4, providing strong gold particle labeling 

(Fig. 5h, i). This enables immuno EM detection of defined cells and proteins in samples with 

good ultrastructure preservation. The availability of multiple smFPs and use of additional 
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distinguishable gold particle sizes, or other complementary detection methods, should allow 

expansion of the number of simultaneously detected proteins and/or traced cell populations.

In addition to these applications, smFPs also facilitate enhanced efficiency for nucleic acid 

profiling (Supp. Fig. 18).

DISCUSSION

smFPs expand the toolkit for multi-channel imaging and biochemistry to at least 6 strongly 

antigenic, mutually orthogonal labels. This increased number of color channels facilitates 

multi-color mapping of somata, dendritic arbors and axonal projections, as well as target 

proteins, in brain tissue. The tags work well in confocal and super-resolution STORM 

imaging, array tomography and immuno EM, facilitating a wide variety of new experiments.

Stochastic expression of the labels by multi-color FLP-out, a new method for multicolor 

stochastic labeling in Drosophila43, gives rise to “Brainbow-like”44 labeling with high 

signal-to-noise43, 45, 46. In addition to robust labeling, the use of a single protein scaffold for 

sets of antigenic tags increases sub-cellular co-localization, which aids in assigning label 

combinations and dosages in cells expressing multiple labels. Stochastic smFP expression 

can likely be adapted to other model organisms as well.

The high single-molecule tracking photon counts from orthogonal tags and antibodies will 

facilitate robust simultaneous multi-color molecule tracking in cells and in vivo. The high 

avidity of the smFP-antibody interactions will increase signal-to-noise in RNA-Seq and 

ChIP-Seq experiments targeting sparse cell types, increasing reliability of brain 

transcriptomics.

The success of the smFPs in the experiments shown here validates the design strategy. 

Biophysical characterization showed that smFP_FLAG bound the maximum possible 

number of IgG antibodies. Recently, the Sun Tag was shown to allow avid binding to linear 

epitope repeats, but suffered from low thermodynamic stability and poor expression levels 

of long repeats, leading to selection of much shorter repeats for optimal use in cells9. The 

smFP design format suffers from no such problems. The fluorescent protein backbone 

renders the antigens readily expressed and diffusible in cells, as evidenced by their 

penetration into small structures like axons and spines; expression levels were high under 

every tested setting, with no evidence of aggregation or cytotoxicity.

The modular nature of the design strategy and the compatibility with diverse FP scaffolds 

imply that the toolkit can be systematically expanded; more epitope repeats could likely be 

added to the scaffold format without affecting cellular stability and trafficking. Several FP 

scaffolds make the antigens orthogonal to anti-GFP antibodies, adding an extra imaging 

channel (particularly useful in animals already transgenically expressing GFP). Rendering 

FP chromophores dark, while preserving folding and stability, preserves spectral bandwidth 

for small molecule dyes. Alternatively, keeping FP chromophores intact permits the use of 

the labels in live imaging followed by post hoc immunohistochemistry to locate small, 

labeled regions for EM reconstruction.
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ONLINE METHODS

Molecular biology

DNA encoding smFPs were ordered from DNA2.0. Genes encoding smFPs were sub-cloned 

into pRSETa (Life Technologies) for protein expression and purification in Escherichia coli 

BL21 (this adds an N-terminal His tag for purification, and increases the MW by 4 kDa). 

Genes encoding smFP variants were sub-cloned into the pCAGGS vector with a CAG 

promoter (CMV enhancer, β-actin promoter) and regulatory element from the woodchuck 

hepatitis virus (WPRE)50 for expression in HeLa cells and in utero electroporation51, 52. For 

expression in flies, R59A05-GAL449 was used to drive expression of UAS-smFP reporter 

constructs. For expression in mice, GFP and smFP variants were expressed using an adeno-

associated virus serotype 2/1 (AAV2/1) driving the probe under control of the human 

synapsin-1 promoter or a Cre-dependent (FLEX) version of the CAG promoter; live virus 

was produced (Janelia Farm Viral Vector Core). All constructs were verified by sequencing.

Cell and neuronal cultures

Cells were obtained from the American Type Culture Collection (ATCC) and cultured 

according to their protocol. All cell lines used in these experiments have been verified to be 

free from contaminating mycoplasma, viruses and other cells. smFP variants were 

transfected using an Amaxa (Lonza) Nucleofector 96w shuttle device. 7e05 live HeLa cells 

were transfected with 1 µg DNA per shuttle well and plated onto two 35 mm MatTek plates. 

Cells were immunostained 24–48 hrs post transfection. Primary hippocampal neurons were 

obtained from P0 rat pups by dissection, dissociated with papain and plated onto coverslips 

coated with Poly-D-Lysine (PDL) at a density of 80–100,000 per coverslip and cultured in 

NBActiv4 medium (Brain Bits).

Fluorescence correlation spectroscopy (FCS)

The number of antibodies bound to an smFP was found from solution measurements of 

diffusion time of antibody-bound smFP_FLAG_bright using two-photon FCS. Calibration 

of diffusion time versus molecular weight was obtained using the following markers: 

hydrolyzed Alexa488, 534 Da (A-20000, Invitrogen); hydrolyzed Alexa546, 963 Da 

(A-20002, Invitrogen); epidermal growth factor (EGF)-FITC, 6.5 kDa (E-3478, Invitrogen); 

EGFP, 32.7 kDa (4999-100 Biovision); RSET-smFP_FLAG_bright, 42.3 kDa; bovine serum 

albumin (BSA)-Alexa488, 69 kDa (A13100, Invitrogen); M2 anti-FLAG mAb-FITC, 153 

kDa. Protein solutions were prepared in PBS buffer containing 0.2 mg/ml BSA. For 

antibody titrations, unlabeled anti-FLAG and anti-GFP antibodies were purchased (Supp. 

Table 2), and their concentrations were estimated from manufacturers’ mg/ml specifications. 

Both smFP_FLAG_bright (10 FLAG epitopes) and smFP_FLAG_bright_3x (3 FLAG 

epitopes at the C-terminus) were used at 10 nM protein concentration for the titration, 

yielding 100 nM and 30 nM of antibody binding sites, respectively. Antibody-antigen 

solutions were incubated 30 minutes before measurements, then pipetted into coverslip-

bottom dishes (MatTek) that had been pre-treated with 0.2 mg/ml BSA in PBS for 5 min, 

rinsed and dried, to block the surface. All measurements were taken at 25 °C on an inverted 

microscope (IX-81; Olympus) with a 1.2 NA water-immersion objective. Focused laser 

excitation at the sample was 2 mW of 940 nm light from a Ti:sapphire laser (Chameleon 
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Ultra II; Coherent), characterized by a beam radius wo of 430 nm at the focus. Details of the 

experimental setup and methods have been described elsewhere53. The diffusion time was 

found by fitting the fluorescence autocorrelation data to a diffusion model using a custom 

fitting program (Vijay Iyer, Janelia Farm) running on Matlab (Mathworks). The calibration 

of diffusion time versus molecular weight was obtained from fitting performed in Origin Pro 

8 (Origin Lab). Diffusion coefficient D was related to diffusion time τD by the equation: 

.

In utero electroporation

All procedures were performed according to the guidelines set by the Institutional Animal 

Care and Use Committees and Institutional Biosafety Committees of the University of Utah 

and Janelia Farm. Pregnant mothers (pups E14-E18) were deeply anesthetized with 

isoflurane (2%). The uterine horns were exposed and plasmid DNA (0.5 µl of ~5 µg/µl for 

most experiments; 0.5 µl of ~0.25 µg/µl for limiting expression) (Endo Q-prepped DNA 

mixed with 0.03% Fast Green dye in phosphate buffer), injected into the ventricle of 3–4 

embryos through a micropipette (~0.1 µl per embryo) and electroporated using custom 

forceps electrodes (5 pulses, 100 ms, 40 V each).

Immunohistochemistry

Mice were perfused with 4% PFA and post fixed for 2 hours at room temperature. Brains 

were rinsed in 1x PBS (3×15 mins) and 50 µm thick coronal sections were cut on a 

vibratome. Sections were blocked in 3% BSA + 0.3% Triton in PBS for 1–2 hrs and 

incubated with primary antibody diluted in block overnight at 4 °C. Sections were rinsed in 

0.3% Triton (3× 15 mins) and incubated in secondary antibody diluted in blocking buffer for 

2 hrs at room temperature. Sections were rinsed as before, mounted on glass slides and 

cover-slipped with Vectashield (Vectashield). All antibody dilutions are shown in Supp. 

Table 2. Images were contrast-adjusted in ImageJ.

Intracranial viral injections

All procedures were performed according to the guidelines set by the Janelia Farm Research 

Campus Institutional Animal Care and Use Committee and Institutional Biosafety 

Committee. Animals (adult C57/BL6J, Charles River; either sex) mice were anesthetized 

under isoflurane and AAV virus encoding smFPs, serotype 2/1 was injected with a custom-

made volumetric injection system (based on a Narishige MO-10 manipulator). Glass pipettes 

(Drummond) were pulled and beveled to a sharp tip (30 µm outer diameter), back-filled with 

mineral oil and front-loaded with viral suspension immediately before injection.

Injection coordinates for 2-color labeling experiment

Somatosensory cortex (S1) was injected in both hemispheres: smFP_myc into the left 

hemisphere and smFP_FLAG into the right hemisphere. Stereotactic coordinates for this 

region were: −0.59 mm anterior-posterior, 3 mm medial-lateral, and between −0.6 and −0.4 

mm dorso-ventral, all relative to the Bregma suture.
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Injection coordinates for 4-color labeling experiment

Four cortical regions were injected, all in the right hemisphere: tdTomato into vibrissal 

motor cortex (vM1), EGFP into vibrissal somatosensory cortex (vS1), smFP_myc into 

forelimb motor cortex (fM1), and smFP_FLAG into lower limb somatosensory cortex (llS1). 

Stereotactic coordinates for these regions were: vM1, 1.1 mm anterior-posterior, 0.9 mm 

medial-lateral, and between −0.5 and −0.8 mm dorso-ventral; vS1, −0.6 mm anterior-

posterior, 2.0 mm medial-lateral, and between −0.5 and −0.8 dorso-ventral; fM1, 0.5 mm 

anterior-posterior, 2.0 mm medial-lateral, and between −0.5 and −0.8 dorso-ventral; and 

llS1, −1.0 anterior-posterior, 1.5 medial-lateral, and between −0.6 and −0.65 mm dorso-

ventral, all relative to the Bregma suture.

4-color labeling

Two weeks following AAV injection (Intracranial viral injections), mouse brains were 

perfused, sectioned at 80 µm, and immunostained as described above 

(Immunohistochemistry). Sections were imaged on a Zeiss or Olympus microscope with a 

motorized stage with a 10x objective20. Tiled images of each section (~80–200 tiles per 

section) were taken and merged using Neurolucida software (MBF Bioscience).

Electron microscopy fixation

For HeLa cells transfected with pCAG-smFP_HA, fixation was carried out after 24–48 hrs 

of expression with 4% paraformaldehyde (PFA) plus 0.2% glutaraldehyde (glut) in 100 mM 

sodium cacodylate buffer on ice for 1 hour. Some samples were then post-fixed in 1% OsO4. 

For mouse brains expressing smFP_myc and smFP_FLAG_bright (in utero electroporated), 

fixation was carried out by perfusion with 4% PFA. The brains were dissected out and cut 

into 150 µm thick slices with a Leica vibratome. The slices were kept in 2% PFA. Regions 

with smFP_FLAG_bright fluorescence were punched out with a 2 mm biopsy punch under a 

fluorescent dissecting microscope.

HM20 embedding

The punched-out regions from the brain vibratome sections were transferred to 20% BSA, 

then to the well of a Type B 0.15/0.15 mm specimen carrier (Techno Trade International), 

which was capped by the flat side. The carrier assembly was high-pressure frozen with an 

HPF Compact 01 high pressure-freezing machine (M. Wohlwend GmbH). The frozen carrier 

assembly was forced open in liquid nitrogen and freeze substituted in acetone with 0.1% 

uranyl acetate (UA) in a Leica EM AFS2 freeze substitution unit at −90 °C for 72 hours. 

Afterwards, the temperature was brought up slowly (1 °C/hour) to −45 °C; samples were 

rinsed with cold acetone three times. Samples were infiltrated with 30%, 50%, and 70% 

HM20 resin in acetone for 4 hours each and then 100% resin overnight, followed by 

infiltration in fresh 100% resin for 2 hours. Samples were then transferred to precooled 

BEEM capsules and UV polymerized at −45 °C.

Immunogold labeling

Ultrathin sections (60 nm) were cut from embedded samples with a Leica UC6 ultra-

microtome and picked up on nickel EM grids for immunolabeling. Sections were incubated 

Viswanathan et al. Page 12

Nat Methods. Author manuscript; available in PMC 2015 December 01.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



with PBS (pH 7.4) for 5 minutes, 50 mM glycine in PBS for 15 minutes, and 1% BSA in 

PBS for 30 minutes. After incubation with primary antibodies in 1% BSA in PBS overnight 

at 4 °C, the sections were rinsed in PBS three times, followed by further washing in PBS for 

4× 10 minutes. Sections were incubated with secondary immunogold-labeled antibodies for 

two hours at room temperature followed by three quick rinses in PBS and further washing in 

PBS for 4× 10 minutes. Immunogold labeling was stabilized by incubation with 1% glut in 

PBS for 10 minutes. Afterwards, sections were washed sequentially in PBS for 3× 5 minutes 

and water for 4× 5 minutes and let air-dry. The gold labels were amplified with silver 

enhancement (intensification kit from Nanoprobes) for 3 minutes. Finally, the sections were 

contrast-stained with 3% UA and Sato’s triple lead.

For single immunolabeling of smFP_HA, antibodies were a mouse anti-HA primary and an 

immunogold (5 nm) goat anti-mouse secondary. For double immunolabeling of smFP_myc 

and smFP_FLAG, primary antibodies were goat anti-myc and rabbit anti-FLAG. Secondary 

antibodies were immunogold (6 nm) donkey anti-goat and 12 nm donkey anti-rabbit. All 

antibody dilutions were in 1% BSA in PBS. Antibody details are shown in Supp. Table 2.

TEM imaging

Sections were examined using an FEI Tecnai 20 TEM operated at 80kV. Images were 

acquired with a Gatan Ultrascan 4k × 4k camera. Serial section images were acquired as 

montages of 4k × 4k micrographs using the automated acquisition software Leginon. 

Montaging and 3D reconstruction were carried out using ImageJ-TrakEM254, 55.

Array tomography

In these experiments, AAV-FLEX-CAG-smFP_FLAG constructs were injected into dorsal 

hippocampus of heterozygous Sst-IRES-Cre mice bred with the Thy-1:EGFP mice using a 

stereotactic apparatus under isoflurane anesthesia. AAVs were allowed to express for at least 

two weeks, after which animals were perfused transcardially with ice-cold 4% 

paraformaldehyde and 0.125% glutaraldehyde in 100 mM phosphate buffer, pH 7.2. 

Following a 6-hour postfix in the same perfusate at 4 °C, 200 µm-thick coronal sections 

were made on a Vibratome and the CA1 region was manually micro-dissected under a 

fluorescent dissecting microscope. Tissue blocks containing CA1 were dehydrated in a 

series of ascending ethanol washes at 4 °C, infiltrated with LR White resin/Benzoyl 

peroxide, and polymerized by the addition of LR White accelerator (EMS). Following 

polymerization, ribbons of serial ultrathin (100 nm) sections were collected onto gelatin-

coated (0.01% gelatin with 0.001% chromium potassium sulfate, Sigma) coverslips and 

labeled with anti-synapsin (Cell Signaling) and anti-FLAG antibodies (M2, Sigma) (Supp. 

Table 2) according to37. Arrays were imaged with a 63× 1.4 NA objective on a modified 

Zeiss Axio Observer inverted microscope equipped with standard filter sets and a custom-

built infrared skew-beam autofocus system. Images were assembled into aligned z-stacks 

with custom software and putative synaptic contacts were visualized in TrakEM2.

Sample preparation for STORM

Brains injected or electroporated with smFP/FP constructs were removed following 

perfusion and post-fixed by submersion in 4% PFA overnight at 4 °C. Small cubes of cortex 
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and hippocampus were excised and infiltrated in a graded series (3/6/9/12%) of gelatin 

(Bovine skin type-B, Sigma) at 37 °C for 30 minutes each. Gelatin-embedded tissue was 

cryo-protected overnight in 2.3 M sucrose at 4 °C prior to plunge-freezing in liquid nitrogen. 

Tissue was sectioned at 100–500 nm on an ultracryotome (Leica) and sections were 

retrieved in a loop with a 10% methylcellulose/2.3M sucrose solution (Tokayasu method) 

and mounted on gelatin (0.5%) chromium potassium sulfate (0.05%) subbed coverglass or 

polylysine-coated (0.1%) coverglass. Sections were incubated in blocking buffer (10% 

normal donkey serum, Jackson Immunoresearch, with 0.3% Triton-X 100 and 0.3 M 

glycine) for 1 hr at room temperature (RT) prior to overnight incubation in primary 

antibodies diluted in blocking buffer. Antibodies used are shown in Supp. Table 2 (all at 

1:100). Primary antibodies for Fig. 5 were rabbit anti-RFP (recognizes dsRed) and mouse 

anti-myc; primary antibodies for Supp. Fig. 16 were rat anti-HA, chicken anti-GFP and 

mouse anti-V5. Following primary incubation, tissue was rinsed 6 × 20 minutes in 1x PBS 

at RT and incubated in secondary antibodies in blocking buffer (1:100 dilution) at RT for 1 

hour. Secondaries used were donkey anti-rabbit (DyLight750/Alexa405), donkey anti-mouse 

(Alexa647/Alexa405; reporter/activator), donkey anti-chicken (Cy3B), and donkey anti-rat 

(Atto488). Purchased secondary antibodies were dye-labeled using standard amine-reactive 

chemistry. Tissue was washed in 1x PBS 6 × 20 minutes and post-fixed 10 minutes at RT in 

3% PFA/0.1% glut. Coverslips were transferred to 1x PBS for storage prior to imaging.

STORM imaging

Coverslips were mounted on flow chambers, filled with imaging buffer (17.5 µM glucose 

oxidase (Sigma), 10 mM cysteamine (Sigma), 200 mM Tris, 10 mM NaCl, 710 nM catalase 

(Sigma), 10% glucose, pH 7.4), and sealed with epoxy. Images were collected on a custom 

STORM system with laser excitation powers of 1–3 kW/cm2 at 752, 647, 561 and 488 nm. 

A Quad view emission splitter (Photometrics) was used to separate individual fluorescent 

channels and images were collected on an EMCCD camera (Andor). 10–20,000 STORM 

frames at 30 or 60 Hz were acquired for each channel and 405 nm activation laser power 

was ramped slowly to maintain optimal single-molecule density for Alexa reporters. Single-

molecule fitting56 was performed offline using custom software (Insight3) and four-color 

image registration was performed in Matlab.

Nuclear antigen labeling and isolation (INTACT)

Antibody-adsorbed Dynal Protein-G beads (Invitrogen: 100-03D) were generated as 

described previously57. Briefly, 300 µl of beads were bound to 1µg of anti-GFP (Invitrogen: 

G10362), anti-FLAG (Sigma: F7425) or anti-V5 antibody (Abdserotec: MCA1360) in 

1xPBS-0.01%Tween-20.

10XUAS-unc84-smFP_FLAG and 10XUAS-unc84-smFP_V5 reporter lines were generated 

by phiC31-mediated transgenesis58. Tdc-GAL459 was used to drive expression of both tags 

in octopaminergic neurons and nuclei were purified by the INTACT procedure57. 

Approximately 200 frozen heads were added to 20 ml homogenization buffer (10 mM β-

glycerophosphate pH 7.0, 2 mM MgCl2, 0.5% NP-40) and passed over a Yamato continuous 

flow homogenizer, set at 100 rpm, 6 times. The homogenate was then successively filtered 

through first a 20 µm and then a 10 µm nylon filter (Partec: 040042325, 0400422314). 60 µl 

Viswanathan et al. Page 14

Nat Methods. Author manuscript; available in PMC 2015 December 01.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



of Dynal Protein-G magnetic beads adsorbed to anti-GFP, anti-FLAG or anti-V5 antibody 

were then added to the filtered homogenate, which was subjected to constant agitation at 4 

°C for 30 minutes. Bead-bound nuclei were captured on a magnet, washed 3x with 

homogenization buffer, filtered through a 10 µm nylon filter and analyzed by both light and 

fluorescence microscopy.

Antigen-binding fragment (Fab) preparation for single-molecule image tracking

The Pierce Fab Preparation kit (Thermo Fisher Scientific) was used to generate Fab from 5 

mg of anti-DYKDDDDK (anti-FLAG) tag monoclonal antibody (Wako; 012-22384). Anti-

FLAG Fabs were then concentrated up to ~2 mg/ml in PBS using an Ultra free 0.5 filter 

(10K cut-off; Millipore). Fab purity and integrity were tested by SDS-PAGE using a 10–

20% gradient gel (Wako). To fluorescently conjugate Fab, Alexa488 tetrafluorophenyl ester 

(for labeling 1 mg protein; Invitrogen) was dissolved in 50 µl dimethyl sulphoxide (DMSO; 

Wako) and stored at −20 °C. On the day of conjugation, a 5 µl aliquot of the ester was mixed 

into a 100 µl solution containing 100 µg of Fab and 100 mM NaHCO3 (pH 8.3). The mixture 

was then incubated for 1 h at room temperature with gentle rotation. A PD-mini G-25 

desalting column (GE Healthcare) pre-equilibrated with PBS was then used to remove 

unconjugated dye. Fab were finally concentrated up to ~1 mg/ml using an Ultrafree 0.5 filter 

(10K cut-off; Millipore) and the dye:protein ratio (~1) was calculated from the absorbance at 

280 and 494 using the extinction coefficient of IgG and the correction factor at 280 nm 

provided by the manufacturer (0.11).

Cell culture and live-cell imaging for single-molecule image tracking

HeLa cells were grown and imaged in Dulbecco’s modified Eagle medium (DMEM) 

without Phenol Red (Invitrogen) with 10% fetal bovine serum on pre-cleaned coverslips. 

Approximately three hours before imaging, H2B-smFP or H2B-Halo tag60 (a gift from J. 

McNally, NCI, NIH) was transiently transfected into cells with Opti-mem medium 

(Invitrogen) using the Lipofectamine 2000 reagent (Invitrogen). About one hour before 

imaging, cells expressing H2B-smFP or H2B-Halo tag were loaded with, respectively, 

Alexa488 conjugated anti-FLAG Fab or Alexa488 Halo ligand (Promega) using a bead 

loading method61–63. Briefly, the medium was removed from the dish and saved, 1 µl of 

fluorescent Fab concentrated at ~1/10 mg/ml (or, for H2B-Halo tag cells, 1 µl of 10 nM 

Alexa488 Halo ligand in PBS) was pipetted onto the coverslip center, and glass beads (106 

µm; Sigma-Aldrich; G-4649) were sprinkled on top. After tapping the dish four to eight 

times, the original DMEM was added back to the dish and the cells were returned to an 

incubator. Just before imaging, the media was replaced (and glass beads washed out) with 

fresh, phenol red-free DMEM. As a control, untransfected cells were also bead-loaded with 

Alexa488-conjugated anti-FLAG Fab in the same way as cells transfected with H2B-smFP.

During imaging, cells were maintained at 37 °C, 5% CO2, and constant humidity using a 

Tokai-hit stage top incubator (INUP-PPZI-F1). Live-cell single particle tracking 

experiments were recorded on a custom-built three camera RAMM frame (ASI) microscope 

using an Olympus 1.4 NA PLAPON 60x OSC objective, and a 300 mm focal length tube 

lens (LAO-300.0, Melles Griot), resulting in 100x overall magnification. Stroboscopic 488 

nm excitation (laser on for 9 ms of the 20 ms camera exposure) of a Stradus 488–150 laser 
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(Vortran) operating at 20 mW power was achieved using a NI-DAQ-USB-6363 acquisition 

board (National Instruments) via Lab view 2012. Peak power levels were estimated at 1 

kW/cm2 at the sample. A 2 mm-thick quad-band excitation dichroic 

(ZT405/488/561/640rpx, Chroma), a 2 mm-thick emission dichroic (T490pxrxt, Chroma), 

and a band-pass emission filter (FF01-525/45-25, Semrock) filtered the emitted light. 

Fluorescence was detected with a back-illuminated EMCCD camera (Andor Technology, 

Ixon Ultra DU-897U-CS0-EXF, 17 MHz)64. All imaging experiments were performed on 

cells prepared independently on two separate days.

Particle tracking

Localizer65 was used to track single H2B particles in acquired live-cell movies. The 

following settings were chosen for particle detection and track linking: 1 pixel maximum 

jump distance, 5 frame minimum track length, 8-way adjacent tracking, 1.3 standard 

deviation, and 20 GLRT sensitivity. Resulting tracks were then exported as text files using 

code written in Igor 6.3.4 (WaveMetrics), and Mathematica (Wolfram Research) was used 

to make a histogram of the intensities of particles from the first frame of each track.

Reproducibility statement

Sample sizes were chosen to be sufficient to show the magnitude of effects of the different 

probes. Most effects were large and qualitative and did not require statistical analysis of 

significance. Where statistical analysis was performed, all information on tests is provided. 

No data were excluded.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Probe development and preliminary characterization. (a) Schematic of modular smFP 

construction. sfGFP shown in cartoon; chromophore either left intact or rendered invisible 

(grey). Epitope tags are inserted at the N- (Ins 1, blue sphere) and C- (Ins 3, red) termini and 

into a loop (Ins 2, yellow). (b–c) Fluorescence correlation spectroscopy (FCS) 

measurements to quantify antibody binding to FLAG epitopes of smFP, based on changes in 

diffusion with molecular weight. (b) Calibration of solution-phase diffusion time τD and 

diffusion coefficient D versus molecular weight (MW) measured by FCS. Molecular weight 
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markers were: hydrolyzed Alexa488, 534 Da; hydrolyzed Alexa546, 963 Da; epidermal 

growth factor (EGF)-FITC, 6.5 kDa; EGFP, 32.7 kDa; smFP_FLAG_bright, 42.3 kDa; 

bovine serum albumin (BSA)-Alexa488, 69 kDa; anti-FLAG M2-FITC, 153 kDa. n = 5 

experimental replicates; mean ± SD shown. Data was fit to a power-law: τD = (0.072 ± 

0.006) ×MW(0.39±0.02) (± SEM, R2 = 0.99). Diffusion time and diffusion coefficient are 

related by D = wo
2/8τD, where wo is the e−2 laser-beam radius, here wo = 430 nm at 940 nm 

excitation. Also shown are literature values of diffusion coefficients of proteins47, and dyes 

and proteins measured using scanning FCS48. c) FCS-determined diffusion times of 10 nM 

smFP_FLAG_bright (with 10 FLAG copies per protein yielding 100 nM of FLAG epitopes) 

titrated with monoclonal antibodies against GFP (Invitrogen rabbit monoclonal) or FLAG 

(Sigma M2), which shows saturated binding above 100 nM antibody; and 10 nM 

smFP_3xFLAG_bright (30 nM epitopes) with anti-FLAG antibody, which shows saturated 

binding above 30 nM antibody. n = 5 experimental replicates for titrations; mean ± SD 

shown. Ladder at right is the calculated number of antibodies bound to smFP (42.3 kDa) for 

the corresponding τD, based on the calibration obtained in c). d) Fly brains showing 

expression and staining of smFP probes. R59A05-GAL449 crossed with UAS-myr-smFP 

flies, with myr-sfGFP as a control. All probes, including sfGFP, lack chromophores. 

Dissected fly brains were stained with anti-tag antibodies or anti-GFP and Alexa488-

conjugated secondaries, in small volumes (~10 µl); slight differences in staining are likely 

due to variation in antibody penetration. Scale bar, 50 µm.
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Figure 2. 
Multi-channel projection labeling with smFP probes and FPs. (a) Injection schematic. Right 

hemisphere injected with smFP_FLAG and left hemisphere injected with smFP_myc. 

smFP_FLAG and smFP_myc are detected with tag-specific primary antibodies and 

corresponding secondary antibodies conjugated with Alexa488 (myc) and Alexa594 

(FLAG). (b) Representative (n = 2 replicates) injection site image. (c) Confocal image 

showing a zoomed view of boxed area in panel b; long-range axonal projections from S1 in 

both hemispheres crossing the corpus callosum. (d) Injection schematic for the 4-color 

tracing. Left hemisphere of Rbp4_KL100_Cre mouse injected (all AAV-FLEX-CAG) with 

two fluorescent proteins (tdTomato and GFP) as well as two smFP constructs (smFP_myc 

and Ruby2_FLAG). Injections targeted four topographic areas: vibrissal sensory (vS1) and 

vibrissal motor cortex (vM1) as well as limb motor (fM1) and sensory areas (llS1) as 

indicated. (e–n) Schematics and images of 80 µm coronal sections. (e–f) Injection sites. 

Fluorescent neuronal somata in L5 at injection sites in fM1/vM1 (h) and vS1/llS1 (i) are 

clearly visible, as are long-range axonal projections. Schematics of long-range targets of L5 
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neurons are provided (g, j, m) alongside images of coronal sections from these planes. Red 

boxes indicate enlarged areas. (h, i) show cortico-cortical and cortico-thalamic axons in 

ectorhinal (Ect) and perirhinal (PRh) cortex as well as thalamus (POm). These descending 

axons continue in adjacent tracts to the cortical peduncle (cp; h–l) and target midbrain 

regions including substantia nigra reticulata (SNR) and superior colliculus (SC; k, l), as 

well as the spinal trigeminal nucleus (Sp5; m, n), >5 mm from the injection site. 

Intermingling of axons of all four colors in the pyramidal tract (py) results in the bright 

white color in n. Drawing are adapted with permission from Paxinos and Franklin, Mouse 

Brain in Stereotaxic Coordinates, 2nd Ed. (2001).
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Figure 3. 
Improved labeling of cells and single molecule tracking efficiency of proteins in fixed and 

live preparations. Comparison of smFP_FLAG (a, b) and EGFP (c, d) labeling of CA1 

hippocampal pyramidal cells. (a, c) Fields of view showing sparsely labeled cells, from 

apical dendrites through soma to distal dendrites. (b, d) Zoom of distal dendrite in boxed 

areas shown in a and c. All images were taken under identical confocal settings. Blue shows 

Hoechst nuclear counterstain. (e–g) Images of CA3 “thorns” in P15 mouse brain slices, 

expressing either smFP_FLAG (e) or EGFP (f) or filled with Lucifer Yellow (LY) (g). 
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Samples were amplified with anti-FLAG, anti-GFP or anti-LY primary antibodies and 

secondary antibodies conjugated to Alexa488. (h–k) Single dendrites of cultured rat 

hippocampal neurons co-electroporated with smFP_myc and either N-cadherin-smFP_HA 

(h, j) or N-cadherin-HA (i, k). The smFP_myc fills cells cytoplasmically and serves as a 

control for normalizing expression levels. Blue: anti-myc primary + secondary-Alexa488, 

pseudocolored blue. Red: anti-HA primary + secondary-Alexa555. h, i: combined imaging 

channels; j, k: N-cadherin channel alone. (l–o) HeLa cells with tracked labeled histone 

molecules. All images were acquired and displayed with identical parameters. (l) H2B-

smFP_FLAG transfected cell with Alexa488-labeled anti-FLAG antibody Fab fragments. 

(m) H2B-EGFP transfected cell with Alexa488-labeled anti-GFP antibody. (n) H2B-Halo 

tag transfected cell with Alexa488 Halo substrate added. (o) Background labeling of anti-

FLAG antibody. Alexa488-labeled anti-FLAG antibody added to untransfected cells. (p) 

Histogram of the intensity of single molecule tracks from EGFP (green), smFP_FLAG 

(magenta) and Halo tag (black). Arrowheads point to the smFP_FLAG histogram peaks 

(intensities ~7k; 14k; 21k; 28k; 35k; 42k; 49k) that give an estimate of the number of bound 

Fab molecules per tag. The smFP_FLAG histogram is fit by 

 with a determined from the fit to the Halo tag 

histogram (n = 1), and with p = 0.2, consistent with stochastic antibody binding with an 

average Fab occupancy of 20% (dashed curve). The three dotted curves depict the first three 

components of f(I). Movies corresponding to l–o are provided in Supp. Movie 1.
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Figure 4. 
Utility of smFP_FLAG for array tomography. (a) Left: large-scale AT z-projections 

showing smFP_FLAG labeling of somatostatin-Cre interneurons with cell bodies in CA1 

hippocampus stratum oriens (SO) and axonal projections in stratum lacunosum moleculare 

(SLM). Center: EGFP+ pyramidal cell signal from the same volume. Right: merged 

projection. (b) A series of 3 consecutive ultra-thin sections (100 nm) showing an 

smFP_FLAG-labeled varicosity (magenta) forming a putative synapsin (gray) 

immunopositive synapse onto a distal pyramidal cell dendrite (green) in SLM. Note the 

labeling consistency across serial sections for each channel. Bottom: zoomed images 
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showing each channel from section two (white box), with arrows showing pixels overlaying 

between the synapsin and smFP_FLAG channels.
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Figure 5. 
Utility of smFPs for STORM and immuno EM. (a–d) Multi-color STORM imaging of 

smFPs in mouse brain slice. (a) STORM image of IHC-labeled neurites expressing 

tdTomato and smFP_myc constructs from an ultracryosection of mouse cortex. (b) 

smFP_myc and tdTomato yield comparable STORM images of individual dendritic spines 

on this layer V pyramidal neuron (bottom panels correspond to dashed boxed region in a. 

The diffraction-limited conventional image counterparts are shown on the top for 

comparison. Scale bars: a, 5 µm; b, 500 nm. (c) Schematic of the double immunogold 
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labeling experiments in mouse brain tissue. Confocal image shows a representative 

vibratome section expressing green smFP_FLAG_bright fluorescence and immunolabeled 

with anti-myc (red) to verify expression of both constructs (scale bar 20 µm). smFPs were 

double-labeled with 6 nm (myc) and 12 nm (FLAG) colloidal gold particles followed by 

silver enhancement. HPF-FS, high-pressure freezing followed by freeze substitution. (d–e) 

smFP_FLAG immunogold labeling (yellow pseudocolor) and the resulting serial 

reconstruction (41 serial sections) of dendrites from a layer 2/3 cortical neuron. Scale bar 1 

µm. (f–g) Double immuno EM labeling and the resulting serial reconstruction of dendrites 

from two layer 2/3 cortical neurons (30 serial sections). smFP_FLAG pseudocolored yellow, 

smFP_myc pseudocolored red. Note high density of stain in all images, even in spines, with 

minimal background labeling. Scale bar 1 µm. (h–i) Silver enhanced anti-HA immunogold 

labeling in HeLa cells: (h) 1% OsO4, (i) No secondary fix. Notice the improved structure 

preservation with 1% OsO4, with no observable difference in label density. Movies showing 

the 3D reconstruction of the data in d–g are provided in Supp. Movies 2–5.
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