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Many discoveries in cell biology rely on making specific proteins
visible within their native cellular environment. There are various
genetically encoded tags, such as fluorescent proteins, developed
for fluorescence microscopy (FM). However, there are almost no
genetically encoded tags that enable cellular proteins to be ob-
served by both FM and electron microscopy (EM). Herein, we de-
scribe a technology for labeling proteins with diverse chemical
reporters, including bright organic fluorophores for FM and electron-
dense nanoparticles for EM. Our technology uses versatile inter-
acting peptide (VIP) tags, a class of genetically encoded tag. We
present VIPER, which consists of a coiled-coil heterodimer formed
between the genetic tag, CoilE, and a probe-labeled peptide, CoilR.
Using confocal FM, we demonstrate that VIPER can be used to high-
light subcellular structures or to image receptor-mediated iron up-
take. Additionally, we used VIPER to image the iron uptakemachinery
by correlative light and EM (CLEM). VIPER compared favorably with
immunolabeling for imaging proteins by CLEM, and is an enabling
technology for protein targets that cannot be immunolabeled. VIPER
is a versatile peptide tag that can be used to label and track pro-
teins with diverse chemical reporters observable by both FM and
EM instrumentation.

fluorescence microscopy | electron microscopy | coiled coil | biochemistry |
chemical biology

Recent advances in imaging instrumentation and computa-
tional analysis have created an exciting opportunity for in-

vestigating the molecular basis of diseases with extraordinary
detail. For example, in the area of fluorescence microscopy (FM),
the development of superresolution microscopy (SRM) (1–3) has
enabled new discoveries on the structure, organization, and dy-
namics of organelles (4–6). While SRM offers better resolution than
conventional FM, it still falls short of obtaining the ultrastructural
detail and cellular context afforded by electron microscopy (EM).
EM is therefore more useful for imaging nanoscale subcellular
features, including neuronal connections and components of the
endocytic machinery. Correlative light and EM (CLEM) combines
the best features of FM and EM (7, 8), but there are few methods
for labeling and tracking cellular proteins across size scales and
imaging platforms. New protein tags for multiscale microscopy need
to be developed to fully exploit the potential of these technologies.
How can cellular proteins be labeled to take advantage of

these new technologies? Immunolabeling is one of the only
methods compatible with FM, EM, and CLEM. Antibodies can
be conjugated to various chemical reporters. However, labeling
proteins with antibodies has several drawbacks. The large size of
antibodies reduces localization precision and labeling protocols
can disrupt cellular ultrastructure (9). Scarce proteins and rare
interactions can evade detection when immunolabeling is in-
efficient (9, 10). Many antibodies have poor specificity and cross-
reactivity (11, 12), which can result in misleading observations.
To summarize, issues with immunolabeling have led to widespread
interest in having better genetically encoded tags for imaging
cellular proteins.

Genetically encoded tags are widely available for FM, and a
subset are compatible with SRM (1). However, most tags for FM
are large (18–33 kDa), which can have negative consequences on
protein folding, trafficking, and function (13, 14). Commonly used
tags include fusions to fluorescent proteins, DNA alkyltransferases
(15, 16), a dehalogenase (17), or dihydrofolate reductase (18). By
comparison, there is a scarcity of genetically encoded tags for EM.
There have been efforts to develop metal-chelating tags, but those
tags have not been widely adopted due to multimerization, size,
toxicity, and poor contrast (19–23). All other EM tags, including
APEX and miniSOG (24–26), use the oxidation of diamino-
benzidine (DAB) to form an insoluble polymer that is stained to
generate contrast (27–29). DAB precipitation is difficult to con-
trol, which limits localization precision. A major shortcoming of
the DAB-based tags is their reliance on the same chemical re-
action to generate contrast.
We report herein a technology that enables effortless switch-

ing from FM to high-resolution EM without changing the ge-
netically encoded tag. In 2017, we published our first versatile
interacting peptide (VIP) tag, named VIP Y/Z (30). Now we
present VIPER, a distinct peptide tag that has high specificity in
a miniaturized size. VIPER uses a heterodimeric coiled-coil be-
tween two peptides, a genetically encoded peptide tag (CoilE) and
a reporter-conjugated peptide (CoilR), to label cellular proteins
with several distinct chemical reporters (Fig. 1). The genetically
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encoded peptide, CoilE, is one of the smallest available pep-
tide tags (5.2 kDa). We validated the specificity and versatility of
VIPER by imaging CoilE-tagged proteins by both FM and EM.

Results and Discussion
Design of VIPER, a Genetically Encoded Tag. Most genetically
encoded tags rely on large, complex protein structures to deliver
contrast. Such tags are challenging and time-intensive to engi-
neer. For example, it took 5 years to convert SNAP into CLIP
(15) and 20 years to develop a satisfactory near-infrared fluo-
rescent protein (31, 32). In contrast, VIP tags use an α-helical
coiled-coil to label proteins. This is a simple structural motif
amenable to design and optimization. Dimerization specificity
and affinity are dictated by the peptide sequence (33–38). For
VIP Y/Z (30), we adapted a heterodimeric coiled-coil reported
by Keating and coworkers (35). That dimer had a reported dis-
sociation constant (KD) of <15 × 10−9 M and a melting tem-
perature (Tm) of 32 °C (35). VIP Y/Z precisely labeled protein
targets in living cells with various chemical reporters, including
fluorophores and quantum dots (Qdots) (30).
For the present work, we developed a distinct VIP tag with higher

affinity. We selected a heterodimeric pair described by Vinson and
coworkers (33): RR12EE345L and EE12RR345L. Dimerization be-
tween these two peptides is driven by a hydrophobic interface and
optimized interstrand salt bridges, as shown in Fig. 1B. The result is
a remarkably high-affinity dimer (KD 1.3 × 10−11 M; Tm 73 °C) (33).
We used these peptides to create a CoilE tag and CoilR probe
peptide, which dimerize to produce VIPER.
Homology-based gene assembly was used to introduce the

CoilE tag into target proteins. CoilR probe peptides were gen-
erated by recombinant bacterial expression. The CoilR sequence
included a hexahistidine tag for purification and a cysteine for
site-specific labeling using thiol-maleimide chemistry. These
features enabled us to rapidly generate a set of probe peptides:
CoilR-biotin, CoilR-Cy5, and CoilR-BODIPY.

Localization of VIPER-Tagged Proteins to Distinct Subcellular Structures.
Our first priority was to establish that VIPER enabled selective
labeling of cellular proteins. We selected three distinctive sub-
cellular structures for labeling: the cytoskeleton (β-actin), nu-
cleus (histone 2B; H2B), and the mitochondrial matrix (using a
COX8 fragment encoding a localization sequence; “Mito”). We

obtained mammalian expression vectors that encoded each target
protein fused to a monomeric green fluorescent protein, mEmerald
(39). We modified each vector to insert the CoilE sequence intra-
genically between the target protein and mEmerald (Fig. 2A). We
transfected human osteosarcoma (U-2 OS) cells with vectors
encoding tagged proteins, which we named mEmerald-CoilE-
Actin, Mito-CoilE-mEmerald, and H2B-CoilE-mEmerald. We
also transfected cells with proteins lacking the CoilE tag (mEmerald-
Actin, Mito-mEmerald, H2B-mEmerald). Cells were fixed,
permeabilized, and blocked before treatment with CoilR-Cy5.
We used confocal FM to assess VIPER labeling and specificity in

cells (Fig. 2). Transfected cells were identified using mEmerald
fluorescence. We found that CoilR-Cy5 highlighted subcellular
structures only in cells expressing CoilE-tagged proteins. For ex-
ample, in cells expressing mEmerald-CoilE-Actin, CoilR-Cy5 fluo-
rescence (magenta) colocalized with mEmerald fluorescence
(green) (Fig. 2B). Similarly, cells expressing Mito-CoilE-mEmerald
or H2B-CoilE-mEmerald had colocalized fluorescence in the mi-
tochondria or nucleus, respectively (Fig. 2 C and D). CoilR-Cy5
signal in cells expressing the untagged mEmerald constructs was
nearly undetectable. These results demonstrate that VIPER-
labeling was selective and the CoilE tag did not change or disrupt
the target protein’s localization. Our results showed that VIPER-
labeling occurred with the CoilE tag inserted between two proteins,
a useful feature for labeling proteins that do not tolerate tags at the
N or C terminus.
We used a competition binding assay to assess VIPER labeling

efficiency. Fixed cells were pretreated with increasing concentra-
tions of unlabeled CoilR peptide (0, 100, 1000, 10,000, and
100,000 nM) to block subsequent Cy5 labeling of CoilE-tagged
proteins. Then cells were treated with 100 nM CoilR-Cy5 to label
the remaining unbound CoilE-tagged proteins. Pretreatment with
100 nM unlabeled CoilR peptide was sufficient to reduce the la-
beling by CoilR-Cy5 (SI Appendix, Fig. S1). Cy5 fluorescence be-
came nearly undetectable after pretreatment with a 10-fold excess
of unlabeled CoilR for cells expressing mEmerald-CoilE-Actin or
Mito-CoilE-mEmerald. Cy5 signal localized to nucleoli was de-
tected for cells pretreated with ≥1,000 nM CoilR, but the signal
was reduced and became increasingly difficult to detect. H2B lo-
calized to a small, subnuclear volume, a feature that rendered
CoilR-Cy5 locally concentrated and more detectable. Overall, our
treatment conditions were sufficient to efficiently label most, but
not all, of the CoilE-tagged targets in fixed cells.

Imaging Iron Uptake Using VIPER. Next, we assessed VIPER by
imaging two components of the iron uptake machinery: trans-
ferrin (Tf) and transferrin receptor 1 (TfR1). The TfR1 pathway
is a well-described system for receptor-mediated endocytosis (40,
41). Briefly, iron-loaded Tf binds to TfR1 and the complex in-
ternalizes through clathrin-coated vesicles. These endosomes
acidify, releasing iron from Tf. Reduced iron is transported into
the cytosol, where it is used by iron-requiring proteins or stored.
Then the apo–Tf/TfR1 complex recycles to the cell surface. Tf is
released from TfR1, enabling the process to restart. Iron uptake
is fast, with internalization of the Tf/TfR1 complex into early
endosomes occurring within minutes of Tf binding and recycling
of Tf-TfR1 back to the surface occurring in under 20 min (42).
We used confocal FM to observe Tf and TfR1 localization

and trafficking in living cells. We generated a vector with the
CoilE tag at the extracellular, C-terminal domain of TfR1
(pcDNA3.1_TfR1-CoilE). For comparative analysis, we acquired
a vector encoding TfR1 fused to the monomeric red fluorescent
protein mCherry (pcDNA3_TfR1-mCherry; Addgene #55144).
We used the Chinese hamster ovary (CHO) TRVb cell line for
these studies, which does not express TfR1 or the closely related
transferrin receptor 2 (TfR2) (43). We selected this cell line to
ensure that all cellular TfR1 would be tagged by either CoilE or
mCherry. Transfected cells were cooled to 4 °C to pause endocytosis

Fig. 1. VIPER is an enabling technology for multiscale microscopy. (A) A target
protein is genetically tagged with the CoilE peptide. Then the tagged protein
can be labeled by dimerization with a CoilR peptide covalently bound to
various chemical reporters, including BODIPY, Sulfo-Cyanine5 (Cy5), or biotin
for detection by a streptavidin-Qdot. (B) Helical wheel diagram of VIPER
generated using DrawCoil 1.0. Sequences for the CoilE tag and the CoilR probe
peptide are provided.
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and treated for 30 min with fluorescent ligand, Tf-AF488. Cells
expressing TfR1-CoilE were simultaneously treated with CoilR-Cy5,
while cells expressing TfR1-mCherry were not. Cells were washed,
returned to 37 °C, and imaged immediately after labeling
(0 min) and at 30 min.
At both time points, VIPER-tagged TfR1 colocalized with Tf-

AF488 (Fig. 3), which provides strong evidence that tagged TfR1
retains its ligand-binding function. Most of the fluorescent signal
from CoilR-Cy5 (receptor) and AF488 (ligand) was restricted to
the cell surface at 0 min before appearing in bright, fluorescent
endosomes at 30 min. At 30 min, some of the cell surface TfR1
no longer colocalized with Tf, consistent with recycling of the
complex and release of Tf into the media. These results dem-
onstrate that VIPER enables observation of receptor–ligand
binding interactions, receptor endocytosis, and receptor recy-
cling (indirectly). We found that the CoilR probe peptides were
live-cell impermeant. As a result, CoilR-Cy5 labeling was re-
stricted to the cell surface-localized TfR1-CoilE, which enabled
us to follow the endocytosis of that pool of receptors.
Next, we imaged cells expressing TfR1-mCherry (Fig. 3B).

Compared with VIPER, we observed less colocalization of green
and red fluorescence at both time-points. We found that the
Pearson’s correlation coefficient of Tf-AF488 with VIPER-
labeled receptor (AF488 with Cy5) at both 0 min (81%) and
30 min (87%) was greater than that of Tf-AF488 with TfR1-mCherry,
which was 65% at 0 min and 75% at 30 min (SI Appendix, Fig.
S2). This study highlights a key feature of the VIPER tag: only
VIPER enabled the unambiguous observation of cell-surface recep-
tors being internalized following treatment with fluorescent ligand.
In a related experiment, we demonstrated that Tf and TfR1

internalization could be observed by time-lapse imaging. We ac-
quired a 25-min time-course for CHO TRVb cells expressing ei-
ther a tagged (TfR1-CoilE) or untagged (TfR1) receptor. VIPER
labeling was highly specific, with CoilR-Cy5 signal only observed
for cells expressing TfR1-CoilE and not for untagged TfR1. The
complete time-course can be found in SI Appendix, Fig. S3.

Two-Color Pulse-Chase Labeling of TfR1. Pulse-chase labeling is an
established method for sequentially labeling cells with distinguishable

reporters. This method relies on fast labeling and live-cell compati-
bility to obtain two-color, time-resolved images of dynamic protein
populations. We used VIPER to pulse-label a cell surface population
of TfR1 with red-fluorescent Cy5 and then labeled a second pop-
ulation with green fluorescent BODIPY (Fig. 4). Briefly, CHO TRVb
cells expressing TfR1-CoilE were cooled to 4 °C and then treated with
CoilR-Cy5 to pulse-label receptors on the cell surface. We returned
cells to 37 °C and allowed the Cy5-labeled receptors to distribute for
5, 30, or 120 min. Next, cells were treated with ice-cold CoilR-
BODIPY to chase-label a second population of receptors. Cells
were washed, fixed, and imaged. At each time-point, we observed the
CoilR-Cy5–labeled TfR1 population (magenta) primarily within ves-
icles, consistent with rapid endocytosis of TfR1. In contrast, the
CoilR-BODIPY–labeled TfR1 (green) was primarily localized to the
cell surface. A small portion of BODIPY-labeled receptors appeared
in fluorescent punctae, consistent with prior reports that some Tf-
internalization occurs at 4 °C (40). This experiment was also per-
formed with untagged TfR1, which verified that CoilR labeling was
specific for TfR1-CoilE (SI Appendix, Fig. S4). This pulse-chase la-
beling experiment demonstrates that the VIPER technology can be
used to track two distinct populations of receptors over time. Addi-
tionally, VIPER labeling was rapid, achieving sufficient labeling within
15 min of treatment.

VIPER Enables Protein Labeling for Multiscale Microscopy. A new
technology is required for labeling and observing proteins by both
FM and EM. The instrumentation for multiscale microscopy is
now available. We used a commercial CLEM instrument, the FEI
CorrSight, which enables biological samples to be prescreened by
FM before processing for EM (44). The FEI MAPS software fa-
cilitates the selection and tracking of cells across imaging plat-
forms. Additionally, CLEM reporters are commercially available.
Qdots are brightly fluorescent and electron dense, two essential
features for multiscale microscopy (45).
The VIPER tag can be used to label proteins with Qdots. We

sought to determine if this unique feature could be used for mul-
tiscale microscopy of the iron uptake machinery. For these studies,
live CHO TRVb cells were treated with both Tf-AF488 and bio-
tinylated CoilR (CoilR-biotin), which we detected postfixation

Fig. 2. Selective fluorescent labeling of cellular actin, mitochondria, and the nucleus using VIPER. (A) Representation of the CoilE-tagged proteins used to
label the cytoskeleton (mEmerald-CoilE-Actin), mitochondria (Mito-CoilE-mEmerald), and the nucleus (H2B-CoilE-mEmerald). Transfected U-2 OS cells were
labeled postfixation by treatment with CoilR-Cy5 (100 nM) and then imaged by confocal FM to observe the cytoskeleton (B), mitochondria (C), or the nucleus
(D). CoilR-Cy5 labeling was specific for CoilE-tagged proteins, and the Cy5 (magenta) and mEmerald (green) signal colocalized. Green-magenta overlap
appears white in the merged images and the nuclear stain (Hoechst 33342) is false-colored blue.
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using streptavidin-Qdot655. We imaged cells first by FM and then
by scanning EM (SEM) (Fig. 5). Fluorescence micrographs
allowed us to identify transfected cells, which bound Tf-AF488.
Additionally, we observed bright Qdot655 fluorescence associated
with cells expressing TfR1-CoilE (Fig. 5A), but not for cells
expressing untagged TfR1 (Fig. 5B). We used MAPS software to
register the coordinates of fluorescent cells relative to the slide so
that we could relocate the same cells for SEM imaging.
Next, samples were dehydrated and carbon-coated for imaging

by SEM. Micrographs were acquired on an FEI Helios Nanolab
660, which provided a topographical view of the cells preselected
by FM. At 65,000× magnification, Qdots were observed as small,
bright-white spheres on a dark gray background (see Fig. 5C, Inset
for a magnified view of Qdots). Raised features on the cell sur-
face, such as membrane protrusions, appear light gray or white.
Micrographs revealed dense Qdot655 labeling for cells expressing
TfR1-CoilE (Fig. 5C). The Qdot labeling enabled by VIPER
appeared to be highly specific, with almost no nonspecific asso-
ciation of particles with TfR1 or cell surfaces (Fig. 5D).
Other EM tags use DAB precipitation to generate contrast

(24–29), but the reaction product can be difficult to control. In
contrast, Qdot-based target detection enables quantitative image
analysis because labeling is stoichiometric. To demonstrate this
feature, we algorithmically segmented and counted the number
of Qdot655 particles per field-of-view in SEM micrographs. We
captured 12 images (n = 6 cells) per condition. In VIPER-labeled
cells, we identified single Qdots, dimers, and multimers, but found
that most Qdots were distributed as monomers (SI Appendix,
Table S1). SI Appendix, Figs. S5 and S6 provide representative
micrographs with particle segmentation. We determined that
there were 110 ± 34 Qdots/μm2 (mean ± SD) in cells expressing

TfR1-CoilE; Qdot density ranged from 63 to 190 Qdots/μm2. We
attribute this variation to receptor expression differences among
transiently transfected cells. For cells expressing untagged TfR1, we
observed an average of 0 Qdots/μm2. This CLEM study shows
that VIPER is an effective EM tag that enables high-fidelity labeling
of cell receptors with Qdots. We anticipate that the ability to identify
a protein’s subcellular localization, clustering, and relative abundance
will be useful for various applications in cell biology.

Comparison of VIPER with Immunolabeling. Immunolabeling is
widely used for labeling and imaging target proteins by FM, EM,
and CLEM. For EM, proteins are typically treated with a pri-
mary antibody generated against the protein and a secondary
antibody delivering an electron-dense reporter (e.g., colloidal
gold or a Qdot). We selected three commercial antibodies
against the extracellular domain of TfR1: 8D3 (46), Ab1086 (47),
and Ab216665. Primary antibodies were detected by an antihost
secondary antibody conjugated to Qdot655. We used Qdot655,
instead of colloidal gold, to enable a direct comparison with our
VIPER Qdot labeling. For these studies, we used TfR1-CoilE
expressing CHO TRVb cells treated live with Tf-AF488. We
selected cells to image based on Tf binding, attempting to match
the Tf-AF488 green fluorescence intensity among samples. Fixed
cells were then VIPER-labeled or immunolabeled.
For two of the antibodies, Ab1086 and Ab216665, we were

unable to identify conditions for labeling the receptor, a common
problem encountered by researchers using commercial anti-
bodies. We saw no evidence of TfR1-CoilE labeling with
Ab1086 and Ab216665 by FM or EM (SI Appendix, Fig. S7).
However, we observed selective labeling of TfR1 by antibody 8D3,
which was detected by a goat anti-rat IgG antibody conjugated to
Qdot655 (Fig. 6). Qualitatively, immunolabeling with 8D3
(Fig. 6D) looked similar to VIPER labeling (Fig. 6C). However,
quantitative analysis of six images per condition (n = 3 cells)
indicated that 8D3 labeling (464 ± 97 Qdots/μm2) was more
efficient than VIPER (270 ± 85 Qdots/μm2). However, it is also
possible that indirect detection of the receptor resulted in mul-
tiple secondary antibodies bound to a single 8D3 primary.
We next evaluated a widely used anti-TfR1 antibody: H68.4

(48). Cells had to be permeabilized postfixation to label the cy-
tosolic domain of TfR1 with H68.4, which damaged the cell
membrane (Fig. 6E). Moreover, loss of Tf-AF488 fluorescence
occurred during permeabilization, presumably due to loss of

Fig. 4. Two-color pulse-chase labeling of TfR1. (A) Schematic of the pulse-
chase labeling protocol. (B) Cells expressing TfR1-CoilE were pulse-labeled
with CoilR-Cy5 (500 nM, 15 min), washed, and returned to 37 °C for 5, 30, or
120 min. TfR1-CoilE was then chase-labeled with CoilR-BODIPY (500 nM,
15 min), fixed, and imaged to detect both Cy5-labeled receptor (magenta)
and BODIPY-labeled receptor (green).

Fig. 3. VIPER-tagged transferrin receptor retains transferrin binding and
endocytosis. (A) CHO TRVb cells expressing TfR1-CoilE were treated with CoilR-
Cy5 and fluorescent ligand (Tf-AF488). In live cells, labeling by both Tf-AF488
and CoilR-Cy5 was localized to the cell surface at 0 min. After 30 min, AF488
and Cy5 signals from the Tf-TfR1 complex were observed together in endocytic
vesicles. (B) Cells expressing TfR1-mCherry were treated with Tf-AF488. In A
and B, yellow boxes delineate Insets, which provide a 2× magnified view. The
merged images (Right column) include Tf-AF488 (green), nuclear stain (blue),
and either mCherry (magenta) or CoilR-Cy5 (magenta). (Scale bars: 25 μm.)
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membrane-associated Tf. With H68.4, we observed 182 ± 63
Qdots/μm2, substantially less than observed with 8D3 or VIPER. We
also compared VIPER-labeling of TfR1 to immunolabeling of Tf
(Fig. 6 F and H), which was inefficient (91 ± 19 Qdots/μm2) com-
pared with VIPER, 8D3, or H68.4. Overall, VIPER surpassed
immunolabeling for four of five antibodies evaluated.
Biotinylated Tf enabled us to do a final comparison with

VIPER. Homodimeric TfR1 binds two iron-loaded Tf with low
nanomolar affinity (49). Complete labeling of TfR1 with either
CoilR-biotin or Tf-biotin would place two biotinylated ligands
on each receptor complex. Therefore, streptavidin-Qdot655
detection of Tf-biotin should be comparable to detection of
CoilR-labeled TfR1. We tested this hypothesis and observed
selective Qdot655 labeling for both samples by FM and EM (SI
Appendix, Fig. S8). We counted 210 ± 71 Qdots/μm2 for VIPER
and 258 ± 65 Qdots/μm2 for Tf (SI Appendix, Table S2), a
difference that is not statistically significant (P = 0.126). To
summarize, our comparative analyses demonstrate that VIPER
labeling is a selective and versatile alternative to commonly
used methods for imaging proteins by EM or CLEM.

Conclusion
VIP tags are a new addition to the microscopy toolkit, joining
immunolabeling, fluorescent proteins, and other genetically
encoded tags. VIPER is a small tag, adding a peptide of less than
6 kDa to the target protein. We provide evidence that VIPER
has high specificity for labeling various subcellular targets, in-
cluding the cytoskeleton, mitochondria, and nucleus. Proteins
can be labeled with various reporter chemistries either pre- or
postfixation. We demonstrated the range of reporters by labeling
TfR1-CoilE with CoilR-BODIPY, CoilR-Cy5, and CoilR-biotin.
There are myriad reactive fluorophores and fluorescent sensors
that could be site-specifically conjugated to CoilR, providing
many other options for imaging applications.
VIPER is compatible with live-cell and dynamic imaging. We

tagged TfR1 with CoilE to image iron uptake in cells. VIPER did
not appear to affect protein localization, function (e.g., ligand
binding), or trafficking. Importantly, VIPER enabled receptor
populations to be dynamically observed and spatio-temporally

resolved. Labeling was achieved within 15 min (Fig. 4). We did
not evaluate shorter CoilR labeling times, but we believe that
faster labeling is feasible.

Fig. 5. Imaging TfR1 by multiscale microscopy. Transfected CHO TRVb cells were treated with CoilR-biotin and Tf-AF488. After fixation, cells were treated
with streptavidin-Qdot655 to detect biotinylated (VIPER-tagged) receptors. (A) Fluorescence micrographs of cells expressing TfR1-CoilE. Transfected cells were
identified based on binding to Tf-AF488 (green) and labeling by Qdot655 (magenta). (B) Fluorescence micrographs of cells expressing untagged TfR1. We
selected region C (in A) and region D (in B) for high-resolution SEM imaging. Samples were processed before imaging at 65,000× magnification. SEM mi-
crographs of cells expressing TfR1-CoilE (C) showed selective Qdot labeling, while labeling was not observed on cells expressing untagged TfR1 (D). The Insets
provide a magnified view of the boxed region.

Fig. 6. Target labeling and CLEM imaging by VIPER or immunolabeling.
Cells expressing TfR1-CoilE were identified by binding to Tf-AF488. For VIPER
labeling, fixed cells were treated with CoilR-biotin and streptavidin-Qdot655
(A). For immunolabeling, cells were treated with a primary antibody against
Tf (Ab82411; F) or TfR1 [8D3 (B) or H68.4 (E)]. Primary antibodies were de-
tected using secondary antibodies conjugated to Qdot655. Fluorescence
micrographs of cells labeled with VIPER (A), 8D3 (B), H68.4 (E), and Ab82411
(F) were acquired and mapped for high-resolution SEM. After processing, we
selected regions (yellow boxes) for SEM imaging at 100,000× magnification.
The high-resolution view shows Qdot labeling of the cell surface (C, D, G,
and H). Magenta Insets present a 4× magnification of the Qdots. For H68.4,
detergent treatment caused membrane extraction, as observed by 3000×
SEM, and the Tf-AF488 signal was reduced.
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We developed VIPER as a technology for multiscale mi-
croscopy. The CLEM studies presented here demonstrate that
VIPER labeling offers a compelling alternative to immunolabeling.
We evaluated four anti-TfR1 antibodies in direct comparison
with VIPER. While both 8D3 and H68.4 selectively labeled TfR1,
H68.4 labeling required processing that compromised the cell
membrane. Half of the evaluated anti-TfR1 antibodies failed to
label TfR1. Unlike VIPER, immunolabeling is reliant on anti-
bodies with widely variable target specificity and affinity. For pro-
teins that lack a specific antibody, VIPER creates an opportunity to
observe those targets by multiscale microscopy.
We anticipate that the EM-compatibility of VIPER will be

particularly useful for exploring the subcellular localization and
assembly of cellular proteins. In future studies, VIPER-mediated
biotinylation of receptors could be detected with other reporters,
such as streptavidin-gold. Alternatively, CoilR could be direct-
conjugated to gold for EM or bifunctionalized with a fluo-
rophore plus gold for CLEM. These options should be explored
with the goal of using multicolor imaging to study multiprotein
assemblies with nanoscale precision.
VIPER’s compatibility with various chemical reporters creates

a flexibility unmatched by the DAB-based tags. However, it is

important to emphasize that VIPER does not replace or su-
persede all other genetically encoded tags. Rather VIPER aug-
ments other labeling methods, such as immunolabeling or
fluorescent proteins, to enable researchers to tag and track
multiple distinct targets at once. We anticipate that this en-
hanced microscopy toolkit will facilitate the generation of more
detailed and informative maps of cellular proteins.

Materials and Methods
See SI Appendix, Materials and Methods for detailed VIPER-labeling protocols.
The SI Appendix also provides a description of our quantitative image analysis.
Supporting data are provided in SI Appendix, Figs. S1–S12 and Tables S1–S9.
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