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Abstract

Fluorescence microscopy is an essential tool for the biosciences, enabling the direct observation of 

proteins in their cellular environment. New methods that enable attachment of photostable 

synthetic fluorophores with genetic specificity are needed to advance the frontiers of biological 

imaging. Here we describe a new set of small, selective, genetically-encoded tags for proteins 

based on a heterodimeric coiled-coil interaction between two peptides: CoilY and CoilZ. Proteins 

expressed as a fusion to CoilZ were selectively labeled with the complementary CoilY fluorescent 

probe peptide. Fluorophore-labeled target proteins were readily detected in cell lysates with high 

specificity and sensitivity. We found that these versatile interacting peptide (VIP) tags allowed 

rapid and specific delivery of bright organic dyes or quantum dots to proteins displayed on living 

cells. Additionally, we validated that either CoilY or CoilZ could serve as the VIP tag, which 

enabled us to observe two distinct cell-surface protein targets with this one heterodimeric pair.
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Fluorescent labeling of proteins enables the evaluation of protein function, interactions, 

dynamics, and sub-cellular localization[1]. The fluorescent proteins (e.g., GFP and mCherry) 

are useful tools for microscopy, but their large sizes (~28 kDa) can disrupt protein function, 

trafficking, stability, and sub-cellular morphology[2]. The tripeptide-derived fluorescent 

protein chromophores are formed spontaneously, but have a limited range of photophysical 

properties. Faced with these limitations, chemical biologists designed genetically-encoded 

protein tags that bind synthetic fluorophore ligands[3]. These include tags based on DNA 

alkyl transferases (SNAP[4] and CLIP[5] tags), dehalogenases (HaloTag[6]), dihydrofolate 

reductase (TMP tag[7]), and antibody fragments (e.g., fluorogen-activating proteins[8]). The 

introduction of synthetic chemical reporters improves the palette of fluorophores and 
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enables new applications in cellular imaging such as multi-color super-resolution 

imaging[3, 9]. Still, these protein tags remain relatively large, adding 18 to 33 kDa to the 

protein of interest.

In contrast to the protein tags, short peptide tags facilitate fluorophore labeling with a 

minimal increase in the target protein’s molecular weight. The tetracysteine tag[10] was the 

first peptide tag but its fluorescent biarsenical reporter is toxic and prone to labeling 

cysteine-rich cellular proteins[11]. Another approach exploits ligase variants to append 

biotin[12], coumarin[13], or resorufin[14] to short (<2 kDa) peptide tags. These peptide tags 

utilize the specificity and speed of enzymatic catalysis but are relatively complicated and 

limited in scope. Thus, despite over 15 years of community development, there are few 

versatile peptide tags and those tags have little spectral diversity compared to fluorescent 

proteins.

An ideal genetically-encoded peptide tag would be small, target-specific, easy to use, and 

compatible with diverse chemical reporters. We report herein two peptide tags, CoilY and 

CoilZ, with all of these features. These peptides heterodimerize to form a structured motif 

called an α-helical coiled-coil. We used the strong interaction between CoilY and CoilZ to 

fluorescently label proteins in vitro and on cells (Scheme 1). Our approach achieves spectral 

diversity through the delivery of a range of biophysical probes, including bright organic 

fluorophores and quantum dots (Qdots).

We initiated this project by identifying candidate heterodimers from the literature. We 

considered the E3/K3 pair described by Litowski and Hodges[15], and adapted for imaging 

by Matsuzaki and coworkers[16]. But this pair lacked bidirectionality—only the basic 

peptide could be used to deliver a fluorescent label. Therefore we sought a heterodimeric 

pair with strong affinity and better isoelectric properties. We were inspired by a report from 

Keating and coworkers, which described 27 coiled-coils designed for synthetic biology 

applications[17]. From among those peptides, we selected SYNZIP-5 and SYNZIP-6, a high 

affinity coiled-coil pair (KD < 15 nM) that does not homodimerize. These peptides are small 

(5–6 kDa), biocompatible, and have a good balance of basic (K/R) and acidic (E/D) 

residues[17–18].

We used this pair to create our CoilY and CoilZ peptide tags. We added a short linker 

adjacent to each coil to create our genetically-encoded peptide tags (see Table S1 for 

sequences and properties). Further modifications were needed to make the CoilY and CoilZ 

probe peptides. We used gene assembly PCR to enable recombinant expression of the 

peptides in E. coli. We included a short linker (GGGAAA) before a cysteine residue, which 

we introduced for site-specific conjugation to fluorescent reporters. A C-terminal 

hexahistidine tag was included for affinity purification of the peptides. We analyzed the 

solution phase structures of the peptides by circular dichroism (CD) spectroscopy and found 

that both had α-helical structures. A CoilY/CoilZ mixture also had a coiled-coil structure 

(Figure S1), consistent with the crystal structure of SYNZIP-5/SYNZIP-6 published by 

Keating et al. (structure available: 3HE4.pdb)[17].
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The CoilY and CoilZ probe peptides were assessed for their ability to label tagged proteins 

in cell lysates (Figure 1). Peptide-tagged proteins were genetically-encoded in a pDisplay 

vector[12], which anchored model proteins on the cell surface via the transmembrane (TM) 

domain of platelet-derived growth factor receptor. The CoilY tag was fused near the N-

terminus of mCherry (CoilY-mCherry-TM) and the CoilZ tag was fused near the N-terminus 

of enhanced GFP (CoilZ-EGFP-TM). Sequences are described in the ESI (Table S2). 

Transfected human embryonic kidney (HEK) 293FT cell lysates contained tagged (lanes 2 

and 4) or untagged proteins (lanes 1 and 3). Cell extracts were denatured, subjected to 

polyacrylamide gel electrophoresis (PAGE), and transferred to a polyvinylidene difluoride 

(PVDF) membrane. The PVDF membrane was incubated sequentially with CoilZ-

fluorescein and then CoilY-rhodamine. Fluorescence imaging demonstrated that only CoilY-

mCherry-TM and CoilZ-EGFP-TM were labeled by their corresponding probe peptides 

(lanes 2 and 4). Homodimerization, which would appear as red fluorescence in lane 2 or 

green fluorescence in lane 4, was not observed. The probe peptides did not label untagged 

EGFP-TM, mCherry-TM, or other cellular proteins, demonstrating their specificity and 

selectivity. Additionally, our results indicated that either coil could be used as the 

genetically-encoded peptide tag for protein labeling in vitro.

This membrane assay enabled us to compare our probe peptide labeling as an alternative to 

fluorescent immunoblotting (i.e., Western blotting). For this experiment we used purified 

His6-CoilY-mCherry (400 ng to 0.8 ng). The sensitivity of direct detection using CoilZ-

fluorescein was compared with an AlexaFluor (AF) 488-labeled anti-His antibody (Figure 

S3). CoilZ-fluorescein could detect as little as 3 ng of His6-CoilY-mCherry, while detection 

by immunolabeling required 8-fold more protein. Anti-His antibodies often exhibit low 

sensitivity and selectivity[19]. However we used a penta-His antibody from Qiagen, which is 

one of the best available commercially. Many proteins lack good antibodies, and we posit 

that our detection method offers a sensitive alternative to immunolabeling.

We translated our in vitro results to living cells. Flow cytometry was used to evaluate protein 

labeling in live human osteosarcoma (U-2 OS) cells expressing CoilZ-EGFP-TM, CoilY-

EGFP-TM, or untagged EGFP-TM. Cells were treated with 500 nM AF647-conjugated 

probe peptide before analysis, and we gated for EGFP-expressing cells. We found that both 

peptide tags, CoilY and CoilZ, enabled selective protein labeling via heterodimerization 

(Figure 2). Treatment of cells expressing CoilZ-EGFP-TM with CoilY-AF647 resulted in 

bright, selective protein labeling with a greater than 40-fold enhancement. Non- specific 

labeling of untagged EGFP-TM and homodimerization with CoilY-EGFP-TM were minimal 

for cells exposed to CoilY-AF647. Cells expressing CoilY-EGFP-TM were labeled with 

CoilZ-AF647, but with only a 4-fold enhancement. Non-specific labeling was slightly higher 

for cells treated with CoilZ-AF647, and we suspect that this positively charged probe might 

interact with the negatively charged cell surface resulting in a higher non-specific signal.

We assessed protein labeling as a function of CoilY-AF647 concentration. Live cells 

expressing CoilZ-EGFP-TM or untagged EGFP-TM were treated with a range of CoilY-

AF647 concentrations (50 nM to 1000 nM for 30 min at room temperature). Flow cytometry 

showed that the median AF647 signal increased with increasing concentration of probe 

peptide (Figure S4). Cells had 21- to 44-fold higher median fluorescence compared to cells 
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expressing untagged protein. Treatment with 300 nM AF647-CoilY gave optimal labeling, 

with 98% of cells labeled and a 35-fold increase in AF647 fluorescence. Treatment with an 

excess of probe peptide (i.e., 1000 nM) enhanced the AF647 signal, but at the cost of a small 

increase in non-specific labeling. These results demonstrate that a range of concentrations 

could be used successfully to label tagged proteins.

We used confocal fluorescence microscopy to assess protein labeling in transfected U-2 OS 

cells (Figure 2). Again, we relied on our CoilZ-EGFP-TM, CoilY-EGFP-TM, and untagged 

EGFP-TM constructs, which allowed us to track protein targets based on their green 

fluorescence. After transfection, EGFP fluorescence was observed both within cells and at 

the cell surface, where the peptide tag would be accessible to extracellular labeling by probe 

peptides. Live cells were blocked to reduce non-specific labeling, and nuclei were stained 

with Hoechst 33342. Cells were then chilled on ice to minimize endocytosis and treated with 

a cold solution of probe peptide (300 nM). Unbound probe was removed by washing. We 

acquired optically-sectioned images at room temperature within 10 min of probe peptide 

labeling. Fluorescent micrographs showed that labeling was tag-dependent and AF647 

signal colocalized with tagged EGFP at the cell surface. Again, we observed no 

homodimerization and untagged EGFP-TM was not labeled. Protein-specific labeling was 

also observed with cells that were fixed prior to imaging (Figure S6).

The probe peptides were membrane-impermeant towards living cells, therefore AF647-

labeling was limited to the subset of EGFP-TM localized to the cell surface at the time of 

treatment. We anticipate that this property will make the VIP tags useful for monitoring 

endocytosis or recycling of cell-surface receptors. While we have not yet undertaken such 

studies, we did find that tagged proteins could be observed by time-lapse imaging (Figure 

S7).

In prior work, Matsuzaki and coworkers used an E3-K3 heterodimer for protein labeling and 

reported that the acidic (i.e., negatively charged) E3 peptide (pI = 4.5) could not be used to 

label K3-tagged proteins. The lysine-rich K3 peptide had a pI of 9.7[16]. In contrast, we 

found that both our basic CoilZ (pI = 8.0) and acidic CoilY (pI = 6.4) enabled selective 

labeling. We attribute this bi-directionality to the better overall charge balance of CoilY and 

CoilZ compared to E3 and K3. Although our data suggest that CoilZ is a better genetically-

encoded tag than CoilY, it is notable that either peptide could be used to fluorophore-label 

proteins.

We took advantage of CoilY and CoilZ’s bi-directionality to observe two different protein 

targets simultaneously. Cells expressing CoilY-mCherry-TM were combined with cells 

expressing CoilZ-EGFP-TM to demonstrate the target-specific fluorophore labeling of 

distinct cell populations (Figure 3). Live cells were blocked and then cooled to halt 

endocytosis. Cells were labeled sequentially with CoilZ-biotin (500 nM; 15 min) and CoilY-

AF647 (500 nM; 15 min). After fixation, cells were treated with Qdot565-conjugated 

streptavidin to Qdot-label CoilZ-biotin. To assess specificity, we used the same protocol to 

label cells expressing untagged EGFP-TM or mCherry-TM.
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Four-color fluorescence imaging revealed that CoilY and CoilZ could be used concurrently 

for tagging two distinct cell populations. When exposed to a mixture of cells displaying 

either CoilY or CoilZ tags, CoilY-AF647 and CoilZ-biotin correctly heterodimerized with 

their respective targets at the cell surface. We observed the expected colocalization of AF647 

with EGFP and Qdot565 with mCherry, indicative of highly specific protein labeling. There 

was no cross-reactivity or labeling of untagged proteins (Figure S8). Therefore, this one 

heterodimeric pair unambiguously distinguished between two distinct protein targets at 

once.

In summary, we demonstrated that CoilY and CoilZ are two new genetically-encoded 

peptide tags that enable the selective fluorescent labeling of target proteins in vitro and on 

the cell-surface. Fluorescent labeling of proteins in cells was analyzed by flow cytometry 

and confocal fluorescence microscopy, and we confirmed that this one heterodimeric pair 

could be used to detect two proteins simultaneously in a mixed cell population. These two 

genetically-encoded tags offer significant advantages over extant protein and peptide tags. 

Labeling was rapid (15 to 30 min) and cells could be imaged either live or post-fixation. 

CoilY and CoilZ are small, target-specific, easy to use, and compatible with diverse 

chemical reporters. In the current work, we labeled proteins with organic fluorophores 

(fluorescein, rhodamine, and AF647) and Qdots (Qdot565). The reporter chemistry can be 

selected and optimized for different applications, which makes this labeling strategy highly 

versatile. We look forward to developing other selective heterodimeric coiled-coils into new 

VIP tags in future work.

Experimental Section

Details of experimental procedures are provided in the Supporting Information. The ESI also 

includes supplementary tables and figures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Selective fluorophore labeling of peptide-tagged proteins. Lysates were resolved by SDS-

PAGE, transferred to a membrane, and then incubated with CoilZ-fluorescein (green) and 

then CoilY-rhodamine (red). Fluorescence imaging revealed green-fluorescent CoilY-

mCherry-TM (lane 2) and red-fluorescent CoilZ-EGFP-TM (lane 4). GFP-TM (lane 3) and 

mCherry-TM (lane 1) were not labeled by either probe peptide. See Figure S2 for individual 

green and red channels.
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Figure 2. 
Histograms of AF647 fluorescence from flow cytometry. Cells were gated for green 

fluorescence and analyzed for labeling with Coil5-AF647 (A) or Coil6-AF647 (B). 

Transfected cells expressed Coil6-EGFP-TM (green), Coil5-EGFP-TM (blue), or untagged 

EGFP-TM (gray). Values in bold indicate the median AF647 fluorescence for each cell 

population.
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Figure 3. 
Selective fluorescent labeling of cell-surface EGFP using CoilY and CoilZ. (a) Cells treated 

with CoilY-AF647. (b) Cells treated with CoilZ-AF647. In both A and B, labeling was only 

observed upon heterodimer formation with peptide tagged EGFP-TM. The merged images 

include EGFP (green), AF647 (magenta), and nuclear stain (blue), and the scale bar 

represents 25 μm. Individual slices from the Z-projections are available in the ESI (Figure 

S5).
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Figure 4. 
Selective fluorescent labeling of cell-surface EGFP using CoilY and CoilZ. (a) Cells treated 

with CoilY-AF647. (b) Cells treated with CoilZ-AF647. In both A and B, labeling was only 

observed upon heterodimer formation with peptide tagged EGFP-TM. The merged images 

include EGFP (green), AF647 (magenta), and nuclear stain (blue), and the scale bar 

represents 25 μm. Individual slices from the Z-projections are available in the ESI (Figure 

S5).
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Scheme 1. 
CoilY and CoilZ facilitate the fluorescent labeling of cellular proteins through 

heterodimerization..
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