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Sensitive and specific antibodies are essential for detecting mole-
cules in cells and tissues. However, currently used polyclonal and
monoclonal antibodies are often less specific than desired, difficult
to produce, and available in limited quantities. A promising recent
approach to circumvent these limitations is to employ chemically
defined antigen-combining domains called “nanobodies,” derived
from single-chain camelid antibodies. Here, we used nanobodies
to prepare sensitive unimolecular detection reagents by genetically
fusing cDNAs encoding nanobodies to enzymatic or antigenic re-
porters. We call these fusions between a reporter and a nanobody
“RANbodies.” They can be used to localize epitopes and to amplify
signals from fluorescent proteins. They can be generated and puri-
fied simply and in unlimited amounts and can be preserved safely
and inexpensively in the form of DNA or digital sequence.
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Sensitive, specific, and reproducible localization of molecules
in cells and tissues is indispensable in many areas of bi-

ological inquiry. The most commonly used methods are immu-
nohistochemical. The introduction of the immunofluorescent
technique, in which antibodies are conjugated to a fluorophore
(1), had a profound influence but suffered from limited sensi-
tivity and specificity, the need to laboriously generate conjugates
of each antibody preparation, and the potential loss of activity
upon conjugation. These limitations were addressed by refine-
ments of the technology, including affinity purification of mono-
specific antibodies from sera to improve specificity, the use of
enzymatic labels such as horseradish peroxidase to improve sen-
sitivity, and the use of second antibodies (indirect immunofluo-
rescence) to avoid the need for chemical modification of the
primary antibody (2, 3).
Nonetheless, difficulties remained. Polyclonal antibodies from

immunized animals are often poorly defined, available in limited
amounts, and variable from bleed to bleed (4, 5). Some but not all of
these problems were addressed by the introduction of monoclonal
antibodies generated from hybridomas (6): They are monospecific,
molecularly defined, and can be produced in unlimited amounts.
However, they are laborious to generate. Moreover, storage of hy-
bridomas is costly and, even at low temperatures, impermanent.
A subsequent step toward routine production of specific and

sensitive immunoreagents was the development of methods for
selection and generation of recombinant antigen-binding anti-
body fragments. The first of these were variable regions from
conventional antibodies, cloned by PCR and then evolved, and
selected by methods such as phage display (7, 8). More recently,
single-chain antibodies from camelids (9) or selachians (10) have
been used for research, diagnostic, and therapeutic purposes
(11). Importantly, the high affinity of the antigen-recognition site
in these single-chain molecules is retained in fragments called
“nanobodies” that comprise only the ∼130-aa variable domain
(12, 13). Nanobodies are thus easy to clone and derivatize by
coupling to reporters or dyes (14–17). Moreover, they can be
stored with high stability and low cost as cDNAs or regenerated
at relatively low cost from a digitally stored sequence.
Here, we report an immunohistochemical platform based on

nanobodies. We fuse the nanobody to a reporter and append an

epitope tag that enables detection of the protein independent of
its bioactivity as well as one-step affinity purification from cul-
ture medium. Nanobody sequences can be synthesized and
cloned into a destination vector containing all other elements.
We call these reagents “RANbodies” for “fusions between a
reporter and a nanobody.” We describe methods for generating
RANbodies using each of four reporters: a variant of horseradish
peroxidase, two highly antigenic proteins (“spaghetti monsters”)
(18), and the Fc fragment of an avian antibody. We document
the versatility of these reagents for the detection of antigens in
cultured cells and tissues, with an emphasis on amplifying weak
signals from multiple fluorescent proteins (XFPs). We believe
that the simplicity of the method and specificity of the reagents
will make them widely useful.

Results
RANbody Platform. RANbody probes contain the following six
elements: (i) an N-terminal mammalian signal peptide from the
human Ig kappa chain to enable secretion of the protein from
cultured cells; (ii) a HA epitope tag to enable immunochemical
detection of the protein independent of its binding and enzy-
matic activities; (iii) a camelid nanobody; (iv) a short linker; (v)
a reporter; and (vi) a His epitope tag to enable one-step affinity
purification of the protein from culture medium (Fig.
1 A and B).
For facile construction of RANbodies, we used the Gibson As-

sembly method (19) in which multiple overlapping DNA molecules
can be assembled in a single step. The nanobody fragments, which
are ∼400 bp long, were synthesized commercially, and other com-
ponents were generated by PCR from readily available plasmids.
The resulting vectors were transfected into the mammalian cell
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line 293T, and RANbodies were collected from the medium.
Diluted culture medium was adequate for staining in most
cases. However, by using the His tag at the C terminus, we were
able to concentrate the activity by more than two orders of
magnitude in a single step on a commercially available affinity
resin, as judged by peroxidase activity. The purified recombi-
nant proteins (∼450 amino acids) migrated as a single ∼60- to
65-kDa band on SDS-polyacrylamide gels (Fig. S1). The larger-
than-expected size and diffuse nature of the band likely reflect
heterogeneous glycosylation.

Nomenclature. We use a simple nomenclature for RANbodies, in
which the term “RAN” is preceded by a one-letter abbreviation
denoting the reporter and is followed by the antigen to which the
nanobody is directed. Reporters described here are HRP (P),
HA-tagged spaghetti monster (H), Myc-tagged spaghetti mon-
ster (M), and the chicken IgY-Fc region (Y). Thus, a RANbody
incorporating a nanobody directed at GFP and horseradish
peroxidase is denoted P-RAN-GFP. If there are multiple
RANbodies with this design, they can be distinguished by num-
ber, for example P-RAN-GFP1, P-RAN-GFP2, and so forth.

Optimization of HRP as Reporter. Plant-derived HRP is a highly
sensitive and commonly used reporter (20). We therefore ini-
tially used HRP as a reporter. To this end, we compared three

HRP variants: The first, erHRP, was a “humanized” version of
the horseradish protein, with no changes to the amino sequence
but with its nucleotide sequence optimized to improve trans-
lation efficiency in mammalian cells. An endoplasmic reticulum
retention signal was appended to the C terminus to allow folding
and glycosylation of the protein, which does not occur in the
cytoplasm (21). The second variant, sHRP, bore a single muta-
tion, N175S, which enhances enzyme activity and protein stability
(22, 23). The third variant, vHRP, bears five additional point
mutations, which were selected to improve the stability of a
reconstituted “split HRP” (24) but had not been studied as a
single enzyme. All three versions were fused to an HA tag so that
protein concentration could be compared. Of the three, vHRP
was most active, whether measured histochemically (Fig. S2A) or
by enzyme assay in solution (Fig. S2 B and C). This version was
therefore used to generate RANbodies of the P series (Fig. 1 A
and B and Table S1).

P-RANbody: Detection of GFP with HRP-Containing RANbody. We
first generated and purified a RANbody bearing a GFP nano-
body described by Kubala et al. (25). Using the nomenclature
described above, we refer to this reagent as “P-RAN-GFP1.” We
used P-RAN-GFP1 to stain 293T cells transfected with Venus,
an enhanced YFP (eYFP) modified from Aequorea victoria GFP
(26). Cells were fixed, permeabilized, incubated with RANbody,
and then rinsed and incubated with an HRP substrate. Venus
was readily detected using a fluorogenic tyramide substrate with
red (Cy3) or green (FITC) fluorescence (Fig. 1 C–E) or a chro-
mogenic HRP substrate, 3, 3′-diaminobenzidine (DAB), which
generates visible brown precipitates (Fig. 1F). Untransfected cells
were unstained (Fig. 1G).

Comparison of P-RANbody and Antibody Detection. We compared
the sensitivity of P-RAN-GFP1 to intrinsic GFP (Venus) fluo-
rescence and conventional indirect immunofluorescence in two
ways. First, we imaged fields of 293T-transfected cells that had
been stained with P-RAN-GFP1 and a red tyramide substrate.
Some transfected cells were readily identified with the RANbody
even though intrinsic fluorescence was barely detectable (Fig.
S3A). Second, we stained parallel samples with monoclonal or
polyclonal antibodies to GFP, followed by an appropriate second
antibody or with P-RAN-GFP1 and then imaged them using
confocal optics with equal gain (Fig. S3B). At the lowest gain,
only RANbody-stained cells were visible. At intermediate gain,
both RANbody- and antibody-stained cells were visible. Only
with the highest gain, when RANbody-stained samples were
highly saturated, was intrinsic fluorescence detectable. Com-
parison of images acquired at the same gain indicated that
RANbody increased signals ≥10-fold over antibody staining
and ≥100-fold over intrinsic fluorescence. The amplification
provided by the HRP/tyramide system is likely to be the major
contributor to the increased signal from P-RANbody staining
compared with indirect immunofluorescence, but other factors,
such as decreased background and the high penetration of the
small protein, may also be involved.

Detection of Cellular Antigens. To ask whether RANbodies could
also be used to localize endogenous proteins, we generated re-
agents that recognized the histone H2A/H2B heterodimer and
the active-binding protein gelsolin using published nanobody
sequences (Table S1) (27, 28). Histones are confined to nuclei,
and gelsolin is cytoplasmic. As expected, P-RAN-H2A2B stained
nuclei and P-RAN-gelsolin stained the cytoplasm in 293T cells
using either fluorescent (Fig. 2 A–C) or colorimetric (Fig.
2E) detection.
A key advantage of indirect immunohistochemistry is the ability

to visualize multiple antigens in the same cells using antibodies
from different species. Although this is not possible using only
P-RANbodies, we were able to stain with two P-RANbodies se-
quentially without cross-reactivity. For this purpose we applied
one RANbody, stained with a FITC fluorophore, stripped off the

Fig. 1. Structure and use of RANbodies. (A) RANbody structure. Elements, in
order, are (i) a mammalian signal sequence, (ii) HA epitope tag, (iii) nano-
body, (iv) spacer, (v) reporter, (vi) stretch of small amino acids, and (vii)
polyhistidine (His) epitope tag. (B) Sequence of P-RAN-GFP1 The reporter is
an enhanced variant of HRP (vHRP). Amino acids in red show mutations that
enhance activity compared with native HRP; of these N175S has the greatest
effect. (C and C′) RANbody staining. 293T cells transfected with a YFP variant
(Venus) were incubated with P-RAN-GFP1 and stained with Cy3-tyramide) (C,
native fluorescence; C′, Cy3 fluorescence). (D and D′) Untransfected cells
stained as in C. (E) Transfected cells stained as in C but with FITC- tyramide.
(F) Transfected cells stained as in C but with a chromogenic substrate, DAB.
(G) Untransfected cells stained as in F. (Scale bar, 10 μm.)
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first RANbody with pH 2.0 acidic buffer, and then applied a
second RANbody, which we revealed with a Cy3 fluorophore. Fig.
2D shows cells doubly stained with P-RAN-H2A2B and P-RAN-
gelsolin using this protocol.

Detection of Multiple XFPs. We next asked whether RANbodies
could be used to amplify signals from XFPs other than GFP and
its derivatives (e.g., YFP and Venus). To this end, we generated
P-RAN-RFP4, incorporating the nanobody LaM-4 described by
Fridy et al. (29). P-RAN-RFP4 stained cells transfected with
mCherry (a monomeric RFP modified from Discosoma sp. RFP)
(30) but did not react with Venus. In contrast, P-RAN-GFP1
stained Venus-transfected but not mCherry-transfected cells
(Fig. 3 A and B).
We also generated two additional RANbodies to RFP, seeking

ones that could discriminate among RFPs. All three, P-RAN-
RFP2, -RFP4, and -RFP6, derived from LaM-2, -4, and -6, re-
spectively (29), recognized mCherry but differed in their ability
to recognize other RFPs: P-RAN-RFP2 was specific for
mCherry; P-RAN-RFP4 recognized both mCherry and dsRed2,
a variant of Discosoma sp. RFP; and P-RAN-RFP6 recognized
mCherry, dsRed2, and tdTomato, a tandem dimer of mCherry
(Fig. 3 C–F).

RANbody-GFP for GFP Reconstitution Across Synaptic Partners
Amplification. The GFP Reconstitution Across Synaptic Partners
(GRASP) method makes use complementation between two
fragments of GFP expressed in different cells to label synapses
and other sites of intercellular contact (31). Neither of the so-
called “split GFP” (sGFP) fragments, sGFP1-10 and sGFP11, is
fluorescent on its own, but the reconstituted protein is fluores-
cent, thus revealing contacts between cells that express different
fragments. Because the density of GFP is often low at such sites,
the signal is sometimes amplified by use of antibodies that rec-
ognize the reconstituted fragment but neither fragment alone
(32, 33). However, few such antibodies are available and those
that are polyclonal require affinity purification (33). We therefore
asked whether RANbodies could serve as reagents to amplify GRASP
signals.
P-RAN-GFP1 recognized both sGFP1-10 and GFP. We

therefore generated additional RANbodies to GFP based on
nanobodies LaG-26 and LaG-41 (Table S1) (29). Both P-RAN-
GFP26 and P-RAN-GFP41 stained GFP or Venus approximately
as well as P-RAN-GFP1, but neither recognized sGFP1-10–linked
neurexin (NRXN) or sGFP11-linked neuroligin-1 (NLGN) (Fig. 4
A–C). We cotransfected sGFP1-10 and sGFP11 into 293T cells to
enable intracellular complementation (Fig. 4D) and used the en-
zymatic assay described above to compare the specificity of these

GFP RANbodies with that of conventional polyclonal and
monoclonal antibodies (Fig. 4E). The ability of P-RAN-GFP26
and -GFP41 to discriminate reconstituted GFP from its fragments
was superior to that of monoclonal and polyclonal antibodies that
have previously been used for this purpose (32, 33). Likewise,
P-RAN-GFP26 and -GFP41 can recognize reconstituted GFP
at cell–cell contacts between sGFP1-10NRXN– and sGFP-
11NLGN–transfected cells (Fig. 4 F and G).

Fig. 3. Detection of multiple fluorescent proteins with RANbodies. (A and
B) 293T cells transfected with Venus or mCherry were incubated with P-RAN-
GFP1 (A) or P-RAN-RFP4 (B) and were stained using a Cy3 (red) or FITC
(green) tyramide dye. Each RANbody was specific for its cognate antigen.
(C–E) 293T Cells transfected overexpressing mCherry, dsRed2, or tdTomato (all
sea anemone RFP derivatives) were incubated with P-RAN-RFP2 (C), P-RAN-
RFP4 (D), or P-RAN-RFP6 (E) and were stained with FITC-tyramide. All P-RAN-
RFPs recognize mCherry, but they differ in their ability to detect dsRed2 and
tdTomato. (Scale bar, 10 μm.) (F) Enzymatic detection of cell-bound
RANbodies (as in C–E) with a water-soluble substrate provides a second
demonstration of the specificity of RFP-RANbodies-P for mCherry, dsRed2,
and tdTomato. Rabbit anti-RFP polyclonal antibodies react to all the RFP
variants. Data are shown as mean ± SEM, n = 3.

Fig. 2. Detection of endogenous proteins with RANbodies. (A–C) 293T cells
were incubated with P-RAN-H2A2B (A), P-RAN-gelsolin (B), or P-RAN-GFP1
(C) and were stained with Cy3-tyramide for 30 min. Panels were imaged at
the same exposure. (D–D′′) 293T cells were stained with P-RAN-H2A2B/Cy3-
tyramide (D), stripped with an acidic buffer, and restained with P-RAN-
gelsolin/FITC-tyramide (D′). Images are merged in D′′. (E ) Untransfected
cells incubated with P-RAN-H2A2B and stained with DAB. (Scale bar: 10 μm.)
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H- and M-RANbodies: RANbodies Incorporating Highly Antigenic
Reporters. Although P-RANbodies incorporating HRP are use-
ful reagents, there are cases in which enzymatic reactions are
inconvenient. In addition, tyramide reagents are costly, and
colorimetric reagents are difficult to incorporate into double- or
triple-labeling protocols. We therefore asked whether the HA
epitope tag contained in the P-RANbodies (Fig. 1A) could be
used for immunofluorescent detection. We incubated tdTomato-
transfected 293T cells with P-RAN-RFP6 and then used a
Dylight488-conjugated anti-HA tag antibody to stain the cells.
Staining was specific but dim (Fig. 5B). We therefore generated a
new set of RANbodies that incorporated highly antigenic re-
porters, spaghetti monsters (18), in place of HRP (Fig. 5A).
These reporters incorporate 10 HA or MYC epitope tags in a
GFP scaffold; we call them “H-RANbodies” and “M-RAN-
bodies,” respectively. As shown in Fig. 5 C, D,M, N, and P, these
reporters enabled sensitive detection of RFP and histone
(H-RAN-RFP6, H-RAN-H2A2B, and M-RAN-H2A2B) by either

direct detection using dye-coupled anti-HA antibody or indirect
staining with dye-conjugated secondary antibodies. Of the GFP
RANbodies tested, most were ineffective because they recognized
epitopes in the scaffold (e.g., Fig. 5G). However, H-RAN-GFP1
did not recognize the scaffold and was therefore useful for detecting
GFP and its derivatives (e.g., Venus) in tissues (Fig. 5F).

Y-RANbody: RANbodies Incorporating a Chicken Fc Fragment. In
many cases, mouse or rat monoclonal and rabbit polyclonal an-
tibodies are the only available reagents for detecting antigens in
tissue. Detection of additional antigens with conventional second
antibodies therefore requires the use of antibodies derived from
other species. To expand the possibilities for multiple labeling,
we used an Fc fragment of chicken IgY as a reporter (Fig. 5I).
This Fc3-4 fragment contains two Ig domains, which can be
detected with readily available fluorophore-coupled secondary
antibodies to chicken IgY (Fig. 5 J, K, L, and Q). Indeed,
RANbodies incorporating this reporter, Y-RAN-RFP6, Y-RAN-
GFP1, Y-RAN-GFP26, and Y-RAN-H2A2B, were approximately
as sensitive as RANbodies incorporating spaghetti monsters as
reporters (Fig. 5). Moreover, unlike spaghetti monster-derived

Fig. 4. RANbodies-GFP distinguish reconstituted GFP from GFP fragments.
(A–C) Cells transfected with the 1–10 fragment of GFP fused to neurexin
(sGFP1-10NRXN; NRXN), the short fragment of GFP fused to neuroligin
(sGFP11NLGN; NLGN), or Venus (holo-YFP; Venus) were incubated with
P-RAN-GFP1 (A), P-RAN-GFP26 (B), or P-RAN-GFP41 (C) and were stained with
Cy3-tyramide. sGFP1-10NRXN and sGFP11NLGN were detected with anti-
NRXN1β and anti-NLGN1, respectively. All three RAN-GFPs recognize Venus.
P-RAN-GFP1 (A) also recognized sGFP1-10, but not sGFP11. P-RAN-GFP26
(B) and -GFP41 (C) do not recognize either fragment. (D) sGFP1-10NRXN and
sGFP11NLGN plasmids were transfected individually or were cotransfected.
In the cotransfected cells, reconstituted GFP exhibited green fluorescence
and was recognized by P-RAN-GFP26 as well as P-RAN-GFP1 (Cy3-tyramide).
(E) Enzymatic assay using a water-soluble HRP substrate confirmed differ-
ential reactivity of P-GFP-RANs with sGFP1-10NRXN, sGFP11NLGN, and re-
constituted (cotransfected) GFP (mean ± SEM, n = 3). Mouse monoclonal
antibody clone #20 (Mono 20) is selective for reconstituted GFP, whereas the
monoclonal antibody GFP-G1 and a rabbit anti-GFP polyclonal antibody
also detect sGFP1-10. (F) P-RAN-GFP26 was used to detect the reconstituted
GFP generated in trans at points of contact between cells transfected with
sGFP1-10NRXN and sGFP11NLGN and then mixed. P-RAN-GFP1 also stained
sGFP1-10NRXN–transfected cells. sGFP1-10NRXN and sGFP11NLGN were
detected with chicken anti-GFP (blue) and anti-NLGN1 (green), respectively.
(G) Schematic of results shown in F. (Scale bar in D: 10 μm for A–D; scale bar
in F: 10 μm.)

Fig. 5. RANbodies incorporating epitope-tagged and antibody-based re-
porters. (A) Structure of H- and M-RANbodies, incorporating 10 HA or MYC
epitope tags, respectively, in a GFP scaffold (spaghetti monster) (18). These
reporters can be stained with antibodies to the HA and MYC epitopes. Note
that P-RANbody incorporates a single HA tag. (B–E) Detection of tdTomato
in 293T cells with P-RAN-RFP6 (with one HA tag) and Dylight488-coupled
anti-HA (B), H-RAN-RFP6 (with 11 HA tags) and Dylight488-coupled mouse
monoclonal antibody to HA tag (C) or H-RAN-RFP6, unconjugated rat
monoclonal antibody to HA tag and second antibody (D). As a control,
tdTomato-transfected cells were incubated with P-RAN-GFP1 and stained
with Dylight488-coupled anti-HA (E). All the images were obtained with the
same gain. (F–H) Venus expressing in 293T cells were incubated with H-RAN-
GFP1 (F), H-RAN-GFP26 (G), or H-RAN-RFP6 (H) and were stained with Alexa
Fluor 555-coupled anti-HA antibody. H-RAN-GFP1 stained Venus, but H-RAN-
GFP26 stained poorly because the nanobody recognized the spaghetti
monster reporter. (I) Structure of Y-RANbodies incorporating the Fc3-4 seg-
ment of Chicken IgY as reporter. Fc3-4 can be stained with fluorophore-
coupled antibodies to chicken IgY. (J–L) Detection of tdTomato and Venus in
293T cells with Y series RANbodies stained with fluorophore-conjugated
anti-chicken IgY: Y-RAN-RFP6 (J), Y-RAN-GFP1 (K), and Y-RAN-GFP26 (L). (M–Q)
Detection of histone in untransfected 293T cells with H-RAN-H2A2B (M and
N), M-RAN-H2A2B (P), and Y-RAN-H2A2B (Q), stained as in C–H. H-RAN-
GFP1 (O) serves as a negative control. (Scale bar in H: 10 μm for B–H; scale
bar in Q: 10 μm for M–Q.)
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H-RAN-GFP26, the IgY-derived Y-RAN-GFP26 was able to
detect GFP (Fig. 5L).

Detection of Antigens with RANbodies in Tissue Sections. Finally, we
assessed the ability of RANbodies to stain tissue sections. We
used mouse retina because we have characterized several
transgenic lines in which retinal neurons express XFPs. P-RAN-
GFP1 recognized GFP derivatives in each of two such lines
tested. In TYW3, subsets of retinal ganglion cells (RGCs) ex-
press YFP cytoplasmically, revealing somata and dendrites of
several distinct RGC types (34, 35). In Sdk1::CreGFP mice (SI
Materials and Methods), CreGFP is localized to the nuclei of
Sdk1-expressing cells, some of which have been characterized
previously (36). Sections were treated with H2O2 to inactivate
endogenous peroxidase-like activities and then were incubated
with P-RAN-GFP1 and reacted with the tyramide substrate. In
both lines, staining was more intense with RANbody than with
conventional anti-GFP antibodies and fluorophore-conjugated
second antibodies (Fig. 6 A–H). In our hands, Cy3-tyramide (red
color) resulted in crisper staining with lower background than
FITC-tyramide (Fig. 6 C, D, G, and H) and more sensitive
staining than chromogenic DAB staining. Moreover, fine den-
drites in the inner plexiform layer were more clearly visualized
with P-RAN-GFP1 than by indirect immunofluorescence (Fig.
6L). Similarly, P-RAN-RFP6 stained tdTomato-positive cells in
double transgenics (Parvalbumin-Cre mated to Ai14, a tdTomato
reporter line) (37, 38). Again, RANbody staining was more intense
and better defined than indirect immunofluorescence using anti-
tdTomato (Fig. 6 I–K). The staining is compatible with immuno-
histochemistry using monoclonal or polyclonal antibodies with
anti-mouse or -rabbit secondary antibodies (see, for example,
Figs. 4 A and M and 6M). This compatibility increases the range
of possibilities for labeling multiple antigens in a single cell
or section.
We also stained mouse retina with P-RAN-H2A2B and ob-

served strong, specific staining of nuclei (Fig. 6 N and O). Thus,
RANbodies can be used to detect endogenous antigens in tissue.
Finally, we confirmed that RANbodies incorporating HA-

based spaghetti monsters, an MYC-based spaghetti monster, and
a chick IgY Fc fragment (H-, M-, and Y-RANbodies, respectively)
could all be used to reveal antigens in tissue sections. Examples
are shown in Fig. 6 P–R.

Discussion
This paper describes RANbodies, versatile reagents generated by
fusing a reporter to a nanobody. RANbodies can be used to
detect antigens in cells and tissues. They are sensitive, because of
the amplification provided by the reporters (enzymatic for HRP
and incorporation of multiple epitopes in the spaghetti mon-
sters); specific, because of the monoclonal nature of nanobodies;
inexpensive, because they can be produced by standard methods
in most laboratories; and eternal because they can be regen-
erated based on information contained in a simple digital se-
quence file. We show that they can be used to detect a variety of
antigens in both cultured cells and tissue sections. In addition to
detecting endogenous antigens (e.g., histones and gelsolin), they
can be used to amplify the endogenous fluorescence of GFP,
RFP, tdTomato, and mCherry, decreasing reliance on expensive
commercial anti-XFP antibodies. Although we have not used them
for superresolution or electron microscopy, they are very likely to
be valuable reagents for these modalities as well.
We generated RANbodies incorporating four reporters,

allowing visualization by using colorimetric and fluorescent en-
zymatic amplification (P series, HRP), commercially available

Fig. 6. Detection of antigens in tissue sections by RANbodies. (A–D) Sections
of retina from a TYW3 mouse in which YFP is expressed in subsets of RGCs
with dendrites in the central sublaminae of the inner plexiform layer.
(A) Native fluorescence. (B) Chicken anti-GFP. (C) P-RAN-GFP1/FITC-tyramide.
(D) P-RAN-GFP1/Cy3-tyramide. All images were obtained with the same gain.
GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
ONL, outer nuclear layer. (E–H) Sections of retina from a Sdk1::CreGFP
mouse, stained as in A–D, in which CreGFP is localized to nuclei of subsets of
cells in the ganglion cell layer and inner nuclear layer. (I–K) Sections of retina
from a double transgenic mouse (cre-dependent tdTomato;Parvalbumin-cre)
in which subsets of RGCs express tdTomato. Sections were stained with anti-
RFP or P-RAN-RFP6/Cy3-tyramide. The RANbody stained dendrites more
distinctly than the antibody. (L) TYW3 retina stained with P-RAN-GFP1 as in
A–D, showing similarly distinct staining of dendrites. (M–M′′′) Section of
retina from a cre recombinase-dependent tdTomato;Parvalbumin-cre mouse
stained with P-RAN-RFP6/Cy3-tyramide (M), rabbit anti-calretinin (M′),
mouse anti-protein kinase C (PKC) (M′′), and anti-rabbit and mouse sec-
ondary antibodies (M′′′). RANbodies can be used together with conventional
antibodies from multiple species. (N, N′, and O) Sections of wild-type mouse
retina incubated with P-RAN-H2A2B and stained with Cy3-tyramide (N) plus
NeuroTrace (N′) or with DAB (O). RAN-H2A2B stained all nuclei. (P) Section of
wild-type mouse retina incubated with M-RAN-H2A2B and stained with anti-
MYC. All nuclei are stained. (Q and Q′) Section of retina from an adult
TYW3 mouse stained with H-RAN-GFP1 and Alexa 555-coupled mouse
monoclonal antibody to HA tag. (R and R′) Section of retina from an adult
Ai14;Sdk2::CreER stained with Y-RAN-RFP6 and Alexa488-conjugated anti-
chicken IgY secondary antibodies. In both Q and R, neuronal processes in the

inner plexiform layer (IPL) are clearly visible using RANbodies (Q′ and R′),
whereas native fluorescence from reporters (GFP and tdTomato) is in-
adequate to reveal these processes (Q and R). (Scale bar in H: 10 μm for A–H;
scale bar inM′′′ :10 μm for I–M′′′ ; scale bar in O: 10 μm for N–O; scale bar in R′:
10 μm for P–R′.)
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anti-epitope tag antibodies (H and M series, HA- and MYC-
tagged spaghetti monsters, respectively), and second antibodies
(Y series, chicken IgY). Each has advantages. The amplifica-
tion provided by the enzymatic activity of HRP renders the P
series many-fold more sensitive than standard indirect fluo-
rescence. Moreover, no secondary antibody is required for de-
tection. On the other hand, enzymatic reaction on tissue is
sometimes cumbersome and requires careful monitoring of
incubation time. In addition, the tyramide reagents used for
fluorescent detection are expensive, and the inexpensive col-
orimetric substrates are incompatible with most multiple-
labeling protocols. Conversely, H-, M-, and Y-RANbodies are
simpler to use and are well suited for multiple labeling, but,
although they are approximately as sensitive as standard indirect
immunofluorescence, they are less sensitive than P-RANbodies.
The Y-RANbodies have the additional advantage of enabling the
use of anti-chicken second antibodies, which can be combined
with more widely used anti-rodent and -rabbit secondary anti-
bodies. For example, the best currently available antibodies to
tdTomato, to our knowledge, are generated in rabbits and are
therefore are difficult to combine with broadly available rabbit
antibodies. Y-RAN-RFPs provide a useful alternative, increasing
the range of antibodies that can be used in combination with
RFP detection.
The advantages of nanobodies have been broadly appreciated:

A search of PubMed with the term “nanobody OR nanobodies”
retrieves 617 items in 2015–2017 alone. Thus, new nanobodies
are being generated at a rapid rate. As nanobodies to additional
antigens become available, the utility of the RANbody method is
likely to increase.

Materials and Methods
Animals were used in accordance with NIH guidelines and protocols ap-
proved by the Institutional Animal Use and Care Committee at Harvard
University.

Construction of RANbodies. DNA sequences including a signal sequence from
the human Ig kappa chain, an HA tag, codon-optimized HRP, and a His tag
were assembled in a backbone of pCMV-N1-EGFP (Clontech) together with
sequences encoding nanobodies which had been synthesized as gBlocks gene
fragments (Integrated DNA Technology) using the Gibson Assembly HiFi
1-Step kit (SGI-DNA). In some cases, the synthesized nanobody sequences
were inserted between the HA tag and HRP sequence after amplifying the
vector sequence by PCR. In other cases, reporter sequences were inserted
between the nanobody and His tag sequence. Sequences for nanobodies
described in this report are presented in Table S1. RANbody constructs are
available from Addgene.

Production of RANbodies. To produce RANbody proteins, 293T cells were
transfected with RANbody plasmid DNA using a calcium phosphate pre-
cipitation method followed by 15% (wt/vol) glycerol shock in serum-free
DMEM. After switching to DMEM10 or Opti-MEM I (Thermo Fisher/Invi-
trogen), the cells were incubated for 3 d. The medium, which contained
secreted RANbody, was harvested, filtered through 0.45-μm-pore cellulose
acetate membranes, and applied to cobalt Talon resin columns (Clontech),
rinsed, and eluted according to the manufacturer’s protocol. The eluate was
concentrated using Pierce 9K concentrators (Thermo Fisher) and then
substituted with several cycles of PBS. RANbodies were stored at 4 °C with
0.01% (vol/vol) ProClin 150 (Sigma-Aldrich) as a preservative or were ali-
quoted and frozen at −20 °C. In practice, it is possible to use cultured me-
dium harvested after plasmid transfection without further purification.

Primer sequences, sources of reagents, and protocols for imaging, cell
culture and biochemical assays are detailed in SI Materials and Methods.
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