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Protein–protein interactions (PPIs) form the foundation of
any cell signaling network. Considering that PPIs are highly
dynamic processes, cellular assays are often essential for their
study because they closely mimic the biological complexities of
cellular environments. However, incongruity may be observed
across different PPI assays when investigating a protein partner
of interest; these discrepancies can be partially attributed to the
fusion of different large functional moieties, such as fluorescent
proteins or enzymes, which can yield disparate perturbations to
the protein’s stability, subcellular localization, and interaction
partners depending on the given cellular assay. Owing to their
smaller size, epitope tags may exhibit a diminished suscepti-
bility to instigate such perturbations. However, while they have
been widely used for detecting or manipulating proteins
in vitro, epitope tags lack the in vivo traceability and func-
tionality needed for intracellular biosensors. Herein, we
develop NbV5, an intracellular nanobody binding the V5-tag,
which is suitable for use in cellular assays commonly used to
study PPIs such as BRET, NanoBiT, and Tango. The NbV5:V5
tag system has been applied to interrogate G protein–coupled
receptor signaling, specifically by replacing larger functional
moieties attached to the protein interactors, such as fluorescent
or luminescent proteins (�30 kDa), by the significantly smaller
V5-tag peptide (1.4 kDa), and for microscopy imaging which is
successfully detected by NbV5-based biosensors. Therefore, the
NbV5:V5 tag system presents itself as a versatile tool for live-
cell imaging and a befitting adaptation to existing cellular as-
says dedicated to probing PPIs.

Nestled at the heart of the study of molecular biology,
protein–protein interaction (PPI) assays stand as heralded
experimental techniques used to investigate the interactions
between two or more proteins, often informing drug discovery
and development, such as for G protein–coupled receptor
(GPCR) signaling (1, 2). Cell-based assays also find particular
relevance in unraveling PPIs from a physiological context,
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shedding light on their roles in biological processes, their
implications within cellular environments, and the conse-
quences of their dysregulation in disease (3). Considering the
varying strengths and limitations inherent to each approach,
the selection of an appropriate PPI assay is contingent upon
the specific research question being addressed (4). Earlier
experimental methodologies, such as pull-down and immu-
noprecipitation techniques, were commonly employed to
detect or isolate protein complexes. However, these ap-
proaches exhibit disruptive tendencies towards larger com-
plexes, particularly those involving membrane-spanning
proteins (5). A pivotal subset of cell-based assays comes in the
form of biosensor-based techniques, which offer indispensable
insights into PPIs within the realm of living cells. By utilizing
fluorescent/luminescent molecules or functional moieties to
label two proteins of interest, the biosensor-based technique
enables monitoring their interaction within a cellular milieu.
Moreover, these cellular biosensors can measure both high-
and low-affinity interactions and transient and stable com-
plexes using endpoint or live assay (6, 7). With respect to
GPCR signaling, the most common cellular systems employing
such biosensors include the protease-dependent reporter as-
says such as the Tobacco Etch protease-dependent assay
(Tango), bioluminescence resonance energy transfer (BRET),
and Nanoluciferase binary technology (NanoBiT) (8). Despite
the value of these biosensor-based cellular techniques, the
imbroglio of the protein interactome can complicate the
execution of its study, and investigations of PPIs at a scaled-up
level have been limited thus far. Moreover, PPI assays, such as
resonance energy transfer or binary complementation, require
cloning of each component in all possible and permissive
orientations, specifically at the C terminus or N terminus of
the protein, which could translate into over twelve different
combinations to be tested (9). Finally, while approaches such
as Tango, BRET, and NanoBiT have been designed to provide
an understanding of different PPIs, all involve the fusion of
large, functionalized tags (tobacco etch virus (TEV), GFP2,
Large BiT (LgBiT), respectively) to the proteins of interest (10).

Considering the aforementioned limitations, the adoption of
short peptide or epitope tags offers a reasonable possibility to
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Optimization of a V5-tag–directed intracellular nanobody
probe PPIs. Less than 20 residues in length, epitope tags (e.g.,
HA, Flag, Myc, and V5) are commonplace in protein purifica-
tion and localization/detection such as microscopy but less so
for monitoring dynamic interactions (11). However, although
fluorophores (e.g., GFP, mCherry) and other polypeptides (e.g.,
MBP, GST) are popularly used for probing recombinant pro-
teins in a cellular context, including live cell imaging, reporter
assays, and resonance energy transfer, the smaller size of epitope
tags could be preferable for these purposes, as the fusion of
bulkier fluorophores and polypeptides could interfere with the
native behavior and functions of the protein of interest, espe-
cially interactions that are particularly proximity- or location-
dependent (12). Besides avoiding cross-reactions within the
native proteome, epitope tags obviate the need for custom
antibody generation for every protein of interest and give rise to
the possibility of multiplexing orthogonal peptide tags within
the same experiment (11, 13).

Given the indispensability of these peptides, antibodies have
continually been developed to recognize existing and newly
developed epitope tags. Although conventional antibodies
have proven to be robust workhorses in various cell biology
research fields, their large size and complex architecture pre-
clude them from functioning within living cells (14, 15). These
limitations spurred advances in engineering novel recombi-
nant antibody constructs, termed intracellular antibodies or
intrabodies. Although their biophysical properties are unlike
the conventional monoclonal antibodies, intrabodies retain the
capacities for recognition and/or neutralization with similarly
high specificities and affinities, with the added conferred ability
to bind specific targets expressed within the same living cell
that houses it, typically within the cytoplasm of eukaryotic cells
(16). Despite intense efforts, minimal antigen-binding frag-
ments such as single-chain variable fragments or F(ab)-type
fragments remain highly unstable in a cellular environment
and have limited activity in an intracellular milieu (17–19).
The challenges for intrabodies to be expressed in their func-
tional forms are partly due to their aggregation propensity and
the reducing environment of the cytoplasm, which prevents
intradomain disulfide bond formation (20, 21).

Of greater promise are single-domain antibodies, also
referred to as variable domain of heavy-chain antibodies
(VHHs) or nanobodies (Nbs), which are the smallest antibody
derivatives (12–15 kDa). Although originally derived from
members of the Camelidae and Chondrichthyes family,
human-derived single-domain antibodies have also been
engineered from conventional human IgGs (22). Epitope-
specific Nbs can be selected by various approaches, including
display-based panning or synthetic libraries generated in vitro
using predesigned scaffolds that undergo complementarity-
determining region (CDR) codon randomization (23). More-
over, retrieved Nbs can be affinity-matured to further improve
upon the original pharmacological features (24). Structurally,
these noncanonical antibodies are more compact, consisting
exclusively of shortened heavy chains with three interspersed
CDRs that form their antigen-binding domain. Devoid of the
hydrophobic interface between heavy and light chains and
stabilized by only a single internal disulfide bond, Nbs rival
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conventional IgGs given their low immunogenicity, enhanced
solubility, and stability, all while retaining high binding affin-
ities towards their targets and thereby are more successfully
expressed in the cytosol of mammalian cells (25). In terms of
binding performance, Nbs have an enhanced ability to target
sterically hindered and/or concave epitopes given their slightly
convex-shaped paratope (26). As such, the physicochemical
and pharmacological properties of Nbs offer a multitude of
possibilities for live-cell applications, such as elucidating
signaling pathways and PPIs in live cells, targeting proteins or
protein complexes formerly inaccessible to biologics, fusing to
other functional effectors such as proteases and fluorophores,
and visualizing and localizing proteins of interest using con-
ventional and advanced microscopy (27). Moreover, Nbs tar-
geting intracellular targets are plentiful, the majority of which
target various cytosolic proteins and more recently, short
peptide or epitope tags (28–41). However, Nbs recognizing
these small peptide fragments are still scarce, in part due to
conformational difficulties of the cleft-like paratope of Nbs for
recognizing linear peptides and the needed strength of Nb–
peptide tag interaction; based on existing literature, less than
10 peptide-targeted Nbs have been identified, specifically
against the EPEA (42), SPOT (43, 44), 6E (45), Moon (46, 47),
Myc (48), BC2 (43, 49), and ALFA tags (50, 51). Only two of
these antibody-peptide pairs retained binding in cells, the
Moon and ALFA tag, allowing for the possibility of multi-
plexing (52).

Therefore, the paucity of tag-targeted intrabodies is a
bottleneck for intracellular interrogations, especially given the
pre-existing arrayed or pooled tag-encoded complementary
DNA (cDNA) and ORF libraries for overexpression studies.
For example, while there are comprehensive human genome-
wide and fully annotated V5-tagged libraries developed from
the ORFeome project (53) and the Drosophila genome-wide
V5-tagged library (54), these open resources are mainly
limited to phenotypic screenings for living cellular assay or
microscopy for in vitro assay on fixed tissues. As for the
peptide itself, the V5 tag is a universal epitope that has been
extensively used since its introduction roughly 30 years ago
(55) and has desirable characteristics suitable for intracellular
use. More specifically, the V5 tag is of small size (1.42 kDa),
possesses an equal number of positively and negatively charged
residues exhibiting a pI of 5.85 and no net charge at physio-
logical pH (56, 57), is of prokaryotic origin which circumvents
possible background signals when expressed in mammalian
and insect cell host, as well as being resistant to cleavage by
their endogenous proteases (51). Thus, the development of
intracellular Nb recognizing the small peptide V5-tag and its
functionalization would be highly amenable to cellular studies
of a broader nature using the genome-wide V5-tagged ORF
library, as well as more directed investigations of gene function
and genetic rescues and protein–protein interactions such as
dynamic receptor-protein interfaces, with minimal
interference.

To this end, we introduce the NbV5, a novel Nb that in-
teracts with the V5-tag, serving as the foundation of our
multipurpose intracellular nanobody-based biosensors. Our
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work demonstrates that the NbV5:V5 tag system is suitable for
monitoring dynamic PPIs in various adapted cellular assays,
specifically in the context of GPCR signaling, and for micro-
scopic imaging techniques.

Results

Generation of a nanobody directed against the V5-tag

The first generation of selective Nbs recognizing the V5-tag
was identified using the Hybribody approach, a two-pronged
screening strategy involving synthetic VHHs phage display
and yeast two-hybrid (Y2H). Peptide phage display was first
performed against a purified HaloTag protein harboring a
duplicate copy of the V5-tag to select for a synthetic VHH
against the V5-tag (sequence in Fig. 1A). Following the first
round of the phage display screening process, the VHHs
demonstrating an interaction for the V5-tag were subsequently
cloned into a yeast prey vector to execute the second Y2H (58,
59), yielding 52 distinct VHHs with redundancies ranging from
1 to 37. Among this repertoire of VHHs, the top 20 clones that
exhibited the highest degrees of redundancy were selected and
subsequently cloned into mammalian expression vector fused
at the C terminus with the TEV219. This integrated approach
and the utilization of the highly diverse humanized library
NaLi-H1 (60) promoted the enrichment of stable and soluble
intracellular-targeting Nbs; the overall process is illustrated in
Figure 1, B and C.

To interrogate their binding capabilities and specificities,
the potential VHHs were subsequently evaluated using the
Tango-based assay, specifically by using the mu-opioid re-
ceptor (μ-OR) and angiotensin II receptor type 1 (AT1R) and
independently testing each clone using increasing concentra-
tions of the μ-OR agonist DAMGO and AT1R agonist
angiotensin II. To maximize the detection of β-arrestin
Figure 1. Overview of the selection of a synthetic nanobody interacting w
panning for the enrichment of nanobodies interacting with the V5-peptide tag
nanobodies interacting with the V5-peptide tag in an intracellular environme
recruitment at these receptors, two variants of tagged-β-
arrestin-2 were utilized, either carrying an N- or C-terminal
V5-tag (V5-β-arrestin-2 and β-arrestin-2-V5, respectively).
The overall schematic of the nanobody-based Tango assay is
depicted in Figure 2A. Based on these preliminary findings, a
particular clone, designated as NbA1, exhibited a robust
response with β-arrestin-2-V5 while displaying a barely
detectable response with N-terminally tagged V5-β-arrestin-2.
Furthermore, codon optimization for human expression
enhanced the original nanobody’s expression level threefold
and thus was selected for further experiments in human cells
(Fig. 2, B and C).
Crystal structure of the NbA1

To address the suboptimal activity of NbA1 toward the N-
terminally tagged β-arrestin-2, a computer-aided affinity
maturation strategy was opted for. Towards this aim, we
initially solved the V5-bound structure of NbA1 at a resolution
of 2 Å (Table 1). Structural analysis revealed that NbA1 adopts
a typical V-shaped IgG fold connected by a disulfide bond,
while the V5 peptide lacks any secondary structures (Fig. 3A)
(61). The paratope responsible for V5 peptide interaction is
primarily mediated by the CDR2 and CDR3 regions, a com-
mon feature of Nbs (62). Nbs compensate for their reduced
number of CDRs compared to conventional antibodies
through distinctive CDR structures and antigen-binding
modes; for example, many Nbs possess elongated CDR3
loops to provide a larger antigen interaction surface (43), as
observed in NbV5 (Fig. 3A). The V5 peptide makes multiple
polar and hydrophobic contacts with NbA1 and is oriented at
90 degrees to the central axis of the nanobody. Out of the 14
residues of the tag, 11 directly interact with NbA1 (Fig. 3B).
The lateral chains of two residues, Lys 2 and Ile 4, point
ith the V5-tag. A, sequence of the V5-tag. B, schematic of the phage-display
. C, schematic of the yeast two-hybrid screening (Y2H) for the enrichment of
nt (intrabody).
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Figure 2. The first generation of the anti-V5 nanobody (NbA1) only
recognizes the C-terminal–positioned V5-tag. A, schematic of the
protease-dependent cell-based assay (TANGO) used to assay the anti-V5
nanobodies. The original NbA1 clone selected from the Y2H screening
was fused with the TEV219 protease and cloned into a eukaryotic expres-
sion vector. The initial assessment revealed that the nanobody was not well
expressed in HEK293 and codon optimization (NbA1(C.O)) increased its
expression and consequently its functional activity. The μ-OR-TANGO (B)
and AT1R-TANGO (C) were cotransfected with β-arrestin2 carrying a C- or N-
terminal V5-peptide tag along with either the NbA1-TEV219 or NbA1(C.O)-
TEV219 fusion protein the receptor stimulated with dose-response agonists,
DAMGO for μ-OR and angiotensin II (AngII) for AT1R. The original NbA1
clone only recognizes the C-terminally tagged β-arrestin2 (β-arrestin2-V5).
Dose-response curves were built using XY analysis for nonlinear regression
curve and the 3-parameters dose-response stimulation function from
GraphPad Prism. Baseline corrected curves were built using the “Remove
baseline and column math” function (Value-Baseline/Baseline). Wells in the
absence of ligand were used as the baseline for each condition. All error
bars represent SD of three or four technical replicates. Data presented are
representative of three biological replicates. μ-OR, mu-opioid receptor;
AT1R, angiotensin II receptor type 1; HEK293, human embryonic kidney 293;
TEV, tobacco etch virus; Y2H, yeast two-hybrid.

Table 1
Data collection and refinement statistics for NbA1 in complex with
the V5 peptide

NbA1:V5

Data collection
Space group P1
Cell dimensions

a, b, c (Å) 45.4, 45.4, 70.6
α,β,γ (�) 90.0, 90.0, 97.9

Resolution (Å) 24.59-2.01 (2.08-2.01)a

Rsym or Rmerge 0.034 (0.070)
I/σI 24.2 (11.6)
Completeness (%) 95.1 (92.1)
Redundancy 2.6 (2.6)

Refinement
Resolution (Å) 24.59-2.01
No. of reflections 35,510
Rwork/Rfree 19.1/23.8
No. of atoms

Protein (A/B/D/G) 926/936/928/925
V5 (E/C/F/H) c
Water 288

B-factors (Å2)
Protein (E/B/C/D) 30.9/30.8/30.5/30.6
V5 28.0/28.7/29.1/29.0
Water 30.1

R.m.s.ds
Bond lengths (Å) 0.009
Bond angles (�) 1.136

a Values in parentheses are for the highest-resolution shell.

Optimization of a V5-tag–directed intracellular nanobody
outward but their backbones make water-mediated hydrogen
bonds with NbA1. As shown in Figure 3C, the interaction is
largely mediated by hydrophobic residues, suggesting a strong
contribution of entropic forces by the Nb:V5 interfaces (63).
Numerous reports have documented the greater paratope di-
versity of Nbs than the classical Ab VH domain (63), which
was exemplified in this study by the distinct recognition mode
of NbA1:V5 compared to the NbALFA:ALFA-tag interaction,
which involves contacts with all three CDRs and is oriented
parallel to the central axis (Fig. S1) of the nanobody. Finally,
three residues (Gln57, Gly58, Asp59) within the CDR2 loop are
disordered and were unresolved (Figs. 3A and S1). The primary
coding sequence of NbA1 is shown in Figure 3D.
4 J. Biol. Chem. (2023) 299(9) 105107
Maturation of the NbA1

A primary objective driving our research was to advance the
study of PPIs utilizing a versatile nanobody-based sensor.
While NbA1 demonstrates intracellular functionality, it ex-
hibits a marked preference for the C-terminally tagged β-
arrestin-2. This partiality can potentially be attributed to the
lack of interactions with the last two residues of the V5 tag. To
improve the overall affinity, particularly for the N terminus of
the V5 tag, in silico affinity maturation was performed using
the Rosetta modeling software. The generated models were
assessed based on their corresponding scores and binding
energy metrics, resulting in 10 designed mutants harboring
degenerated mutations, which were subsequently synthesized
and tested using the Tango assay. Based on the functional
evaluation, it was deduced that two mutations (ΔD59 and
S60K) resulted in better activity than NbA1, especially for the
N-terminal V5-tagged arrestin. Consequently, an optimized
nanobody was generated to incorporate only those two mu-
tations, called NbV5. As shown in Figure 3E, the maturated
NbV5 can recognize both N- or C-terminally tagged β-
arrestin-2. In the case of AT1R, no discernible disparity was
observed between the two orientations of the tag. However, in
the context of μ-OR, a slight reduction in the recognition of β-
arrestin-2-V5 was noted; nevertheless, this was compensated
by a significant gain of function towards V5-β-arrestin-2 (N-
terminal tag) (Fig. 3E). Although the precise mode of inter-
action remains to be elucidated, this optimized NbV5 variant
exhibited a notable improvement in its overall behavior within
our functional Tango assay, warranting its selection for further
development of our nanobody-based biosensors.

Determination of the apparent KD of NbV5 was carried out
using yeast surface display in the EBY100 yeast strain. Using
the Gap-repair method, NbV5 was cloned in a yeast display
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Figure 3. Structure of the NbA1 bound to the V5 peptide. A, overview of the NbA1:V5 peptide complex shown as cartoon representation. NbA1 is
colored in blue with CDRs 1 to 3 colored in red, orange, and yellow, respectively. Three residues from the CDR2 were not resolved in the refined structure. B,
close-up view of the polar interactions within the complex including water-bridged interaction. The V5-peptide (green) is shown as stick representation with
the N terminal on the left. Interacting residues from the paratope are labeled in blue, while the peptide labels are green and marked with a prime symbol. H-
bonds are shown as yellow dashed lines and water molecules as red spheres. C, the NbA1:V5 peptide complex shown as surface representation and colored
using the color_h script based on the Eisenberg hydrophobicity scale 64. D, sequence of NbA1 with CDRs 1 to 3 colored in red, orange, and yellow,
respectively. The square highlights the RQG tripeptide that is disordered in the CDR2 loop. E, the μ-OR-TANGO and AT1R-TANGO were cotransfected with β-
arrestin2 carrying a C- or N-terminal V5-peptide tag along with either the NbV5-TEV219 or codon-optimized NbA1(C.O)-TEV219 fusion protein the receptor
stimulated with dose-response agonists, DAMGO for μ-OR and angiotensin II (AngII) for AT1R. The NbV5 recognizes the N- or C-terminally V5-tagged β-
arrestin2 with similar logistic parameters (potency and efficacy), while the original NbA1 clone only recognizes the C-terminally tagged β-arrestin2 (β-
arrestin2-V5). Dose-response curves were built using XY analysis for nonlinear regression curve and the 3-parameters dose-response stimulation function
from GraphPad Prism. Baseline correction was performed using the “Remove baseline and column math” function (Value-Baseline/Baseline). Wells in the
absence of ligand were used as the baseline for each condition. All error bars represent SD of three or four technical replicates. Data presented are
representative of three biological replicates. μ-OR, mu-opioid receptor; AT1R, angiotensin II receptor type 1; CDR, complementarity-determining region; TEV,
tobacco etch virus.

Optimization of a V5-tag–directed intracellular nanobody
vector (pYD1-Halo) derived from pCTCON2 (64), resulting in
the construct NbV5-AGAP2-Halo-myc in N-terminal to C-
terminal orientation. Efficient display of the nanobody was
verified using flow cytometry (FACS), utilizing Halo-Alexa 488
as the labeling agent (Fig. S2, A–C). As for the antigen, we
opted for the 1N3R Tau protein isoform (NP_001190180.1)
with a V5 insertion between E73 and A74 and labeled with
Alexa Fluor 488 succinimidyl ester. This unstructured protein
is well-suited for displaying linear epitopes (65), avoiding any
bias related to the N-terminal or C-terminal Tag-V5 presen-
tation. Assessment of binding was conducted by FACS, spe-
cifically using serial dilutions of labeled Tau-V5 ranging from
500 nM to 0.98 nM. The findings, as presented in Fig. S2D,
indicated an estimated affinity of 29 nM for NbV5. Never-
theless, it is important to emphasize that in vitro affinity
measurements may not accurately reflect cellular affinity or
activity.
Protein–protein interaction assays

PPIs lie at the core of cellular processes, wherein there is a
reciprocal and dynamic interplay between two proteins, often
generalized as the "bait" and "prey". In our NbV5:V5 system,
the bait represents a membrane receptor from the GPCR
J. Biol. Chem. (2023) 299(9) 105107 5
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family. Notably, due to the inherent membrane configuration
of GPCRs, their fusion is limited to the C-terminal region.
Conversely, the prey protein represents any protein of interest
tagged with the V5 epitope, which can be positioned at the C
terminus, N terminus, or even within the protein sequence
itself. As a proof-of-concept, we utilized the well-established
GPCR interactors, β-arrestin-1 and β-arrestin-2, as the prey
proteins. Within this tripartite system, the NbV5-based
biosensor acts as a molecular bridge, reconstituting a func-
tional cell-based assay by orchestrating the interaction be-
tween the V5-tagged prey protein and the bait receptor, which
carries the complementary functional moiety. Importantly, this
setup ensures minimal disruption of the native complex for-
mation and preserves the intrinsic functionality of the prey
protein.

The initial characterization of our platform with GPCRs
enabled tunable regulation of the interaction dynamics
through the utilization of an agonist and, thus, a more precise
assessment of biosensor efficiency. Subsequent experiments
were conducted using two distinct GPCRs, namely the AT1R
and μ-OR, both of which are widely studied receptors in our
laboratory and thus would serve well as targets for the char-
acterization of the Nb-V5 biosensors.
Figure 4. NbV5 as a versatile nanobody-based biosensor: application in
protease-dependent cell-based assay (TANGO). The μ-OR-TANGO (A) and
AT1R-TANGO (B) were cotransfected with β-arrestin1 or β-arrestin2 carrying
a C- or N-terminal V5-peptide tag along with the NbV5-TEV219 fusion
protein. Dose-response agonist treatments demonstrate the recruitment of
β-arrestin in all configurations tested. C, the μ-OR-TANGO and AT1R-TANGO
were cotransfected with β-arrestin2-TEV219 and stimulated with agonists
showing that EC50 obtained using the original TANGO is similar to the
NbV5-adapted TANGO. Dose-response curves were built using XY analysis
for nonlinear regression curve and the 3-parameters dose-response stimu-
lation function from GraphPad Prism. Baseline corrected curves were con-
structed using the “Remove baseline and column math” function (Value-
Baseline/Baseline). Wells in the absence of ligand were used as the baseline
for each condition. All error bars represent SD of three or four technical
replicates. Data presented are representative of three biological replicates.
μ-OR, mu-opioid receptor; AT1R, angiotensin II receptor type 1; TEV, tobacco
etch virus.
NbV5-based protease-dependent reporter assay (Tango)

The first functional assay adapted as a tripartite NbV5:V5
system was the Tango assay. Renowned for its high sensitivity
and permissibility, previous efforts have successfully exploited
this platform to investigate β-arrestin recruitment at specific
GPCRs or to conduct high-throughput screenings of the entire
class A GPCR-ome simultaneously (66–68). The Tango assay
leverages a modified GPCR, termed Tango-ized GPCR, which
carries a transcription factor, tetracycline-controlled trans-
activator (tTA), fused at its C terminus and preceded by a TEV
endopeptidase cleavage site. Upon recruitment of the β-
arrestin protein fused with TEV protease (β-arrestin-TEV) to
the receptor, the TEV protease cleaves its recognition site,
liberating the tTA transcription factor. Subsequently, the
translocated tTA engages the nucleus and activates a reporter
gene under the control of the tTA-response element. Our
study selected an optimized version of the TEV protease,
TEV219, which exhibits enhanced efficiency and avoids self-
inactivation (69), to improve further the GPCR-TANGO
platform’s performance (70).

Assessment of the NbV5 biosensors within the Tango assay
was conducted using μ-OR and AT1R. Interestingly, a robust
dose-response relationship was observed for both β-arrestin-1
and β-arrestin-2, regardless of the position of the V5-tag
(Fig. 4, A and B). It is noteworthy to highlight that the ob-
tained EC50 values were comparable to those obtained from
our updated Tango assay featuring a direct fusion of TEV219
at the C terminus of the β-arrestins (Fig. 4C). The interassay
reproducibility of the Tango assay is presented in Fig. S3A,
where data from multiple biological replicates were normal-
ized toward the top-performing conditions and pooled. These
findings substantiate the suitability and efficacy of our NbV5
6 J. Biol. Chem. (2023) 299(9) 105107
biosensors in conjunction with the TANGO-based assay,
further affirming their potential as valuable tools in PPI
studies.
NbV5-based BRET

Biophysical techniques involving resonance energy transfer
enable monitoring of the formation of dynamic complexes in
living cells (71), with their use being well-established and
remaining a gold standard in GPCR signaling (8). In the sec-
ond generation of BRET (BRET2), the receptor is fused at the
C terminus with the Renilla Luciferase variant 2 or 8 (RLuc2 or
8) (72), while the nanobody is fused at either N terminus or C
terminus with the GFP2 acceptor (Fig. 5A) (73, 74). The un-
derlying principle involves the generation of a resonance en-
ergy transfer signal when there is sufficient spectral overlap



Figure 5. NbV5 as a versatile nanobody-based biosensor: application in Bioluminescence Resonance Energy Transfer (BRET2). A, schematic of the
BRET2 cell-based assay used to evaluate the NbV5. The recruitment of the β-arrestin–NbV5-GFP2 complex to the receptor fused to RLuc8 allows the energy
transfer between the Renilla reniformis Luciferase mutant (RLuc8) and the GFP mutant GFP2 in the presence of the RLuc8 substrate Coelenterazine 400a. B
and C, NbV5-based detection of β-arrestin1 and β-arrestin2 recruitment at the AT1R-RLuc8. N- and C-terminally V5-tagged β-arrestins were tested as well as
both N- and C-terminally GFP2-tagged NbV5. Dose-response curve treatment with angiotensin II reveals equivalent recruitment of β-arrestin1 and 2 at the
AT1R. D, similar results were obtained with the nanobody that recognizes the synthetic ALFA-tag (NbALFA). Dose-response curves were built using XY
analysis for nonlinear regression curve and the 3-parameters dose-response stimulation function. All error bars represent SD of three biological replicates
with two technical replicates (n = 6). AT1R, angiotensin II receptor type 1.
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between the acceptor and donor molecules in close proximity,
leading to dipole-dipole coupling. Importantly, the extended
working distance range afforded by the BRET2 system enables
the study of larger protein systems, including GPCR-protein
interactor assemblies.

In a manner analogous to the adaptation of the TANGO
system, various configurations involving β-arrestin-1 and β-
arrestin-2 fused at the N terminus or C terminus with the V5-
tag were assessed, alongside the reference ALFA-tag, which
served as a benchmark due to the well-characterized perfor-
mance of the corresponding NbALFA intrabody with different
tag placements (N-term, C-term, and internal). As depicted in
Figure 5, B–D, all configurations exhibited a robust signal;
however, it was observed that the C-terminally tagged NbV5
(NbV5-GFP2) yielded a superior BRET2 ratio, while the
impact on NbALFA was comparatively less pronounced. One
possibility behind this intriguing observation could be
explained by the distinct binding orientation of NbALFA,
which is oriented at a 90-degree angle relative to NbV5, as
illustrated in Fig. S1. Notably, the tag placement within the
prey protein did not substantially influence the receptor-β-
arrestin coupling under investigation. For the AT1R receptor
specifically, both isoforms of β-arrestin were well recruited,
with a slight preference observed for β-arrestin-2 within this
particular assay. However, it is worth highlighting that we
failed to detect a significant β-arrestin BRET signal at the μ-
OR receptor, even in the presence of GRK2. While BRET has
frequently been employed to quantify β-arrestin2 recruitment
at the μ-OR receptor, it is noteworthy that the BRET ratio is
always weaker than other GPCRs, including the closely related
kappa opioid receptor, which worked in our Nb-V5–adapted
BRET assay. The reasons underlying the ineffectiveness of the
μ-OR receptor in this assay remain unclear; however, we
speculate that the overall conformation of the μ-OR receptor
may not be conducive to efficient resonance energy transfer.
Notwithstanding this observation, we successfully detected β-
arrestin recruitment utilizing the other two assays presented in
this study. Consequently, our NbV5-based biosensors
demonstrate substantial promise for implementation in BRET
assays, but adding a tripartite constituent might not be
favorable to efficient resonance energy transfer with specific
pairs.
NbV5-based NanoBiT

The NanoBiT assay represents a versatile structural
complementation reporter system, harnessing the unique
properties of a LgBiT (18 kDa) subunit and its corresponding
Small BiT (SmBiT; 11 amino acids) peptide, specifically engi-
neered to exhibit a low affinity for LgBiT. When these two
proteins interact, the subunits assemble into an active enzyme
which, in the presence of its substrate, furimazine, produces a
luminescent signal in living cells, enabling real-time kinetic
measurements of protein interaction dynamics (75). In the
context of GPCRs, it is conventionally advantageous to fuse
the SmBiT peptide to the C terminus of the receptor, likely
minimizing perturbations to the receptor’s native state or
ligand-induced complexes.

As depicted in Figure 6, various configurations of β-arrestin
fusions (V5-β-arrestin and β-arrestin-V5) and nanobody fu-
sions (Nbs-LgBiT and LgBiT-Nbs) were compared to evaluate
their respective functional performances. In contrast to the
J. Biol. Chem. (2023) 299(9) 105107 7



Figure 6. NbV5 as a versatile nanobody-based biosensor: application in Nanoluciferase Binary Technology. A, schematic of the NanoBiT cell-based
assay used to evaluate the NbV5. NbV5-based detection of β-arrestin1 and β-arrestin2 recruitment at the AT1R-SmBiT (B–D) and μ-OR-SmBiT (E–G) was
assayed. N- and C-terminally V5-tagged β-arrestin was tested as well as both N- and C-terminally LgBiT-tagged NbV5. D and G, live kinetic trace at 1 μM
agonist are shown in (D) for the AT1R and (G) for the μ-OR. The trace represents the mean of a quadruplicate experiment. H, schematic of the NanoBiT cell-
based assay used to assess the internal V5-tag. I, functional recognition of an internal localized V5-tag was also assayed by NanoBiT by incorporating the V5-
tag at position 92 of the G⍺oA (G⍺oA-iV5) and measuring the dissociation from the Gβ3 and SmBiT-Gɣ2 dimer upon μ-OR activation with DAMGO. B, C, E, F,
and I, dose-response curves were built using XY analysis for nonlinear regression curve and the 3-parameters dose-response stimulation function from
GraphPad Prism. Baseline correction was performed using the “Remove baseline and column math” function, calculated as Value-Baseline/Baseline (B–G) or
Value-Baseline (I). Wells in the absence of ligand were used as the baseline for each condition. All error bars represent SD of three or four technical
replicates. Data presented are representative of three biological replicates. μ-OR, mu-opioid receptor; AT1R, angiotensin II receptor type 1; LgBiT, Large BiT;
NanoBiT, Nanoluciferase Binary Technology; SmBiT, Small BiT.
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BRET2 experiment (Fig. 5), LgBiT-NbV5 produced a superior
response than NbV5-LgBiT, underscoring the importance of
evaluating both orientations to achieve optimal response and
sensitivity. Interestingly, the NanoBiT assay revealed a pro-
nounced preference for β-arrestin-1 over β-arrestin-2 at the
AT1 receptor, a trend also observed with the ALFA-tag sys-
tem, thereby confirming that the choice of tag system does not
significantly influence the outcomes (Fig. S2A). To detect
reasonable recruitment at the μ-OR receptor, the co-
expression of GPCR kinase 2 (GRK2) is often necessary,
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particularly considering its absence at endogenous levels in
human embryonic kidney 293 (HEK293) cells (76). As shown
in Figure 6, E and F, β-arrestin-1 was favored over β-arrestin-2
at the μ-OR receptor, with the N-terminally V5-tagged β-
arrestins and N-terminal LgBiT-NbV5 identified as the
optimal orientations for tripartite interaction at this receptor.
Fig. S3B displays the interassay reproducibility of the NanoBiT
assay, wherein data from various biological replicates were
normalized relative to the most optimal conditions and then
pooled.
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The NanoBiT assay offers notable advantages, particularly
its suitability and ease for performing live experiments. While
it can be employed for endpoint assays on a microplate reader,
using an appropriate real-time kinetic reader, such as the
Fluorescent Imaging Plate Reader-TETRA, can reveal addi-
tional information in live settings. This aspect holds particular
relevance for GPCRs, as it is often assumed that all interactions
occur under equilibrium conditions, despite it being well-
established that the interactions are transitory in nature,
especially in the case of heterotrimeric G proteins (77). Thus,
to study GPCR signaling under nonequilibrium conditions,
kinetic experiments and appropriate models should be favored
(78). In light of this, we present a live kinetics experiment in
Figure 6, D and G, wherein the recruitment of V5-tagged β-
arrestin at the μ-OR and AT1R receptors is examined at a
single concentration of 1 μM selective agonist.

The ability of NbV5 to recognize an internally positioned
V5-tag was also evaluated, specifically using the inhibitory G
protein G⍺oA with the V5-tag inserted at position 92. It is well
established that inhibitory G proteins tolerate such insertions,
commonly employed for the introduction of fluorescent pro-
teins or RLuc8 for BRET experiments. Figure 6H illustrates the
employed approach, where SmBiT was fused at the N terminus
of the Gγ2 subunit and co-expressed with Gβ3, thereby facil-
itating the assembly of the obligatory Gβγ dimer that interacts
with the inactive GDP-bound G⍺oA. Upon activation by the
G⍺i/o-coupled μ-OR receptor, G protein activation can be
detected through the dissociation of the heterotrimer. As
depicted in Figure 6I, activation of the μ-OR receptor by its
agonist, DAMGO, induces the dissociation of the trimer,
which can be monitored using NbV5 fused with LgBiT at the
N terminus or C terminus. Hence, our Nb-based sensor en-
ables the measurement of G protein activation through the
internal insertion of the V5 sequence, thereby minimizing the
potential impact on overall G protein regulation. Furthermore,
based on previous experiments conducted in our laboratory, it
has been determined that NanoBiT complementary subunits
are not well-tolerated when placed internally, further rein-
forcing the advantage of utilizing the NbV5:V5 tag system.

With regard to epitope tags, these incorporations are highly
favorable as they avoid the need to generate custom antibodies
for each protein of interest and allow orthogonal peptide tags
to be multiplexed within the same experiment (11, 13); thus,
the selectivity of the nanobody toward its target peptide tag is
of paramount importance. As demonstrated in Fig. S4B, NbV5
exhibits remarkable specificity for the V5 epitope while dis-
playing no detectable activity towards the ALFA-tag. This
finding underscores the potential for simultaneous utilization
of both tags broadening the experimental possibilities of our
nanobody-based framework. To illustrate the application for a
multiplexing experiment, the C-terminally V5-tagged AT1R
was used to bridge the NbV5 carrying the SmBiT to the LgBiT-
tagged NbALFA, detecting the recruitment of ALFA-tagged β-
arrestin1. All combinations were permissive, but the SmBiT-
NbV5 resulted in the best fold-over baseline compared to
NbV5-SmBiT. Interestingly, while the fold-over baseline was
substantially reduced, a gain into EC50 was observed from
�10 nM to �1 nM (Fig. S4A vs. Fig. S4C). We do not have a
definitive explanation for the observed increase, as the SmBiT-
tag (11 aa) is approximatively the same size as the V5-tag (14
aa). However, the higher affinity of both Nbs for their
respective tags compared to SmBiT–LgBit interaction could
account for this gain or alternatively, it could be attributed to a
more favorable spatial orientation of the complex. Together,
Fig. S2, B and C strongly support the selectivity of each tag
system and their application for multiplexing configurations.

Nbs as fluorescence trackers for microscopy

To explore the potential application of NbV5 as a genetically
encoded tracker, we conducted experiments involving the co-
expression of γ-actin tagged with a V5 epitope at its C ter-
minus (γ-actin-V5) along with NbV5 fused with the consti-
tutive fluorescent protein eGFP. As shown in Figure 7, the
NbV5-eGFP fusion protein diffuses within the cell when
expressed with the control pcDNA3.1 but selectively associates
with γ-actin-V5 in its presence. Importantly, discernable actin-
related structures like stress fibers and lamellipodia can be
observed, indicating that the NbV5-eGFP (green) could effi-
ciently interact with a dynamic protein such as γ-actin without
interfering with its natural localization. The selectivity of the
interaction is shown by the colocalization (yellow) between γ-
actin-V5:NbV5-eGFP staining (green) and direct staining us-
ing the phalloidin-568 (red), which is a high-affinity F-actin
probe. While the phalloidin selectively stains the actin fila-
ments (F-actin), the γ-actin-V5:NbV5-eGFP also stains the
globular actin (G-actin). Therefore, NbV5-based biosensors
could be used to track protein remodeling or trafficking in a
live cell-based experiment.

Discussion

Existing biotechnological methodologies used for the char-
acterization and validation of putative drug targets and as the
elucidation of physiological and pathophysiological cellular
processes necessitate a wealth of information pertaining to the
abundance, localization, and dynamic interactions of cellular
constituents (79). Consequently, the development of intracel-
lular traceable proteins for both endpoint investigations and
real-time kinetics diagnostics assumes paramount significance,
particularly in light of increasing efforts to acquire a more
comprehensive understanding of cellular PPIs and thus
extending the applicability of such intracellular tracers to
encompass a genome-wide even to an organism (-omics-)
scale.

In this study, we contribute to this endeavor by developing
and characterizing a V5-tag–targeted nanobody named NbV5
alongside a suite of NbV5-based intracellular biosensors with
multipurpose functionalities. The premise of our approach was
to avoid the fusion of a large, functionalized tag to a protein
while taking advantage the vast repertoire of C-terminally V5-
tagged genome-wide open source ORFs. The V5 epitope, an
established and widely employed peptide tag for over 3 de-
cades, assumes a pivotal role in our investigation. This 14-mer
peptide is devoid of net charge under physiological pH
J. Biol. Chem. (2023) 299(9) 105107 9



Figure 7. NbV5-based detection of V5-tagged proteins by cell imaging.
Fluorescence imaging of HT1080 cells expressing NbV5-eGFP and ɣ-Actin-
V5 or pcDNA3.1+ as a negative control. In the absence of ɣ-Actin-V5, NbV5-
eGFP (green) is diffused throughout the cell, while in the presence of ɣ-
Actin-V5, NbV5-eGFP is enriched in actin-rich protrusions and structures.
Cells were costained with the F-actin probe Alexa Fluor 568 phalloidin (red)
and the blue DNA stain Hoechst. The overlay is shown on the top panel.
Images are representative of 25 cells from three independent experiments.
Scale bars represent 25 μm.
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conditions and does not have any predicted secondary struc-
tures, albeit featuring quite an ordered core owing to the
presence of three proline residues. The inherent rigidity is
posited to reduce the multidimensional complexity of the
conformational landscape, thereby mitigating the impact of
environmentally induced secondary structures and conferring
stability in solution (80).

Multiple peptide tags have emerged, each bearing its own
set of advantages and disadvantages, yet few tags have corre-
sponding functional intrabodies that are thoroughly
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characterized, as done in this study. While it is worth noting
the exceptions of the NbALFA:ALFA-tag (51) and Moon-tag
(46, 47), it is crucial to highlight that neither of these were
thoroughly characterized for PPI studies as showcased herein
with the NbV5; nonetheless, the availability of these tag sys-
tems could capitalize on through simultaneous multiplexing
implementations in conjunction with the NbV5:V5. Unique to
the V5-tag is the associated commercially available V5-tagged
genome-wide ORF library, thereby paving the way for the
prospect of large-scale PPI investigations. Furthermore, it
must be underscored that among the numerous available
nanobody structures, only a handful involve those complexed
with linear peptide tags, namely ALFA (PDB: 6I2G), BC2
(PDB: 5IVO), and the V5 tag (reported herein). One avenue for
future investigation is evaluating whether advanced protein
modeling programs, such as Alphafold2, Alphafold Multimer,
or IgFold, can provide accurate predictions of nanobody-
peptide tag structures (81), which would help inform the
development of novel optimize future nanobody scaffolds with
an increased propensity for intracellular stability. Recently,
Dingus et al. have developed a general consensus framework
derived from the most highly conserved positional residues
across a large group of intracellularly stable Nbs, which would
also be a valuable asset for increasing the intracellular stability
of Nbs through targeted mutagenesis without compromising
target binding (15).

The majority of Nbs available to date have been developed
by animal immunization, but the utilization of synthetic
in vitro platforms, as exemplified in our study, holds immense
promise. The Hybribody methodology employed combines
peptide phage display and intracellular Y2H techniques, as well
as the selection of Nbs wherein the folding of the paratope is
independent of disulfide bonds, thus significantly enhancing
the enrichment and identification of viable intrabodies (60, 82).
This screening approach isolated a cohort of prospective Nbs,
among which clone NbA1 emerged as the preeminent candi-
date as an intrabody. Initial investigations unveiled a low
expression level for all Nbs, circumvented through codon
optimization tailored for a human expression system. Subse-
quent characterization in the Tango assay revealed that NbA1
exhibited suboptimal recognition of the N-terminally posi-
tioned V5-tag on β-arrestin2. To address this limitation, we
sought to resolve its crystal structure, which would provide
insight into the binding interface of NbA1:V5 tag. Conse-
quently, NbA1 was purified from the periplasm of SHuffle
bacteria, which are best suited for the purification of proteins
containing disulfide bonds (83), and the purified NbA1 was
then cocrystallized with the V5-tag. The resultant crystal
structure served as the foundation for computer-aided matu-
ration, aimed at refining the functionality of the nanobody.
The maturation process was confined to the three CDRs, with
no discernible mutants predicted to induce significant changes
in binding energy. Based on the mutants tested in Tango ex-
periments, it was determined that two specific mutations
conferred improved recognition of the V5-tag. The key dis-
tinguishing feature of NbV5 vis-à-vis NbA1 lies in its inter-
action with the N-terminally situated V5-tag, as shown in



Optimization of a V5-tag–directed intracellular nanobody
Figure 3E. Given that these two key mutations, ΔD59 and
S60K, are juxtaposed within a disordered loop in CDR2
(Fig. S1), the deletion of a single residue is postulated to confer
stability to this region, while Lys60 establishes direct contacts
with the CDR2 loop, thereby further stabilizing this region
(Fig. S1, B and C). While it is generally accepted that CDR3 is
the most critical region for antigen recognition and binding
due to its longer length and higher variability, several reports
and as demonstrated herein demonstrate that mutations in
CDR1 or CDR2 may optimize affinity or stability, particularly if
these regions are directly involved in the paratope interaction
(84). Thus, comprehensive optimization strategies should
involve exploring mutations in all three CDRs to assess their
combined impact on nanobody performance.

Having delineated the general mode of interaction between
the nanobody and V5-tag, we proceeded to construct NbV5-
based biosensors for versatile applications in the most widely
used cellular PPI assays, namely Tango, BRET, and NanoBit
assays. As shown herein, our biosensors probed the recruitment
of both β-arrestin-1 and β-arrestin-2 at two well-characterized
GPCRs, the μ-OR, and the AT1R. The μ-OR serves as the pri-
mary target for themost prescribed analgesics such asmorphine
and fentanyl (85). As for AT1R, this receptor is important for
controlling vasocontraction, with AT1R antagonists (ARBs)
being prescribed for the treatment of hypertension, congestive
heart failure, and diabetic nephropathy (86). Although both
receptors are known to engage both β-arrestin isoforms, there
exists conflicting data regarding isoform selectivity and, more
importantly, the intrinsic drug efficacy. As the measurement of
the direct interaction between the receptor and its effector is a
key aspect for accurately determining intrinsic drug efficacy
(87), the use of smaller tags should mitigate some distortions
caused by larger functional tags. With regard to GPCRs, the
fusion of a largemoiety to its C terminusmay introduce artifacts
that lead to impaired signaling, altered ligand binding, mis-
localization and affect trafficking, and changes to their stability
and expression levels, likely due to steric hindrance or altered
receptor conformation caused by the GFP fusion (88). There-
fore, tag systems such as V5 would enable a more faithful
characterization of receptor–effector interactions.

This work’s adaptation of common cellular-based PPI assays
involved the integration of NbV5-based biosensors,
commencing with the TEV-dependent reporter assay (Tango),
given its permissibility and sensitivity. Subsequently, our ef-
forts extended to the adaptation of two widely employed PPI
assays, namely BRET and NanoBiT. Intriguingly, a discrepancy
between BRET and NanoBiT assays surfaced when investi-
gating the selective recruitment of β-arrestin isoforms at the
AT1R receptor, with a distinct preference for β-arrestin-1 over
β-arrestin-2 observed solely in the NanoBiT assay, while
BRET2 and TANGO assays yielded no such disparity. The
underlying reasons behind this observation remain unknown.
Still, it is plausible to consider that the size and orientation of
the tag may exert differential influences contingent upon the
assay employed. In essence, these effects could manifest as
alterations in the kinetics of PPIs or literal steric hindrance
during complex formation. Another layer of complexity
emerges from the intrinsic principles governing each assay:
BRET, being highly conformationally dependent, necessitates
optimal distance and spatial orientation for effective dipole-
dipole coupling to facilitate efficient resonance energy trans-
fer (89). One plausible explanation is that the measured BRET2
signal represents an average of recruitment and conforma-
tional changes (multistates). Conversely, in binary comple-
mentation assays like NanoBiT, the two complementary
fragments must assume a favorable spatial arrangement to
facilitate complex formation. Moreover, binary complemen-
tation assays solely capture newly recruited β-arrestin or a
single conformational state of the complex, precluding the
monitoring of spatial rearrangements (90). In the case of
Tango, the prolonged stimulation and slower kinetics, due to
the inherent proteolytic activity of TEV (69), might mitigate
any detrimental kinetic effects stemming from tag size or
orientation, albeit steric hindrance remains a pertinent
consideration. While the implementation of a tag system has
the potential to alleviate the impact of steric hindrance or
particular arrangements of interacting partners during com-
plex formation, the tag system itself may influence the sensi-
tivity of the assay under specific circumstances. This
phenomenon was evidenced within our system, as NbV5 failed
to detect arrestin recruitment to the μ-OR in the BRET2 assay
while performing well for AT1R. It should also be noted that
during the optimization process, diverse sizes of flexible linkers
(ranging from 5 to 70 amino acids) were explored to ensure the
optimal distance between functional moieties (91); however,
varying linker size did not improve the lack of detected at μ-
OR. While a modest effect on the observed activity was noted
at AT1R, the small (GGGGS)2× fusion linker was ultimately
chosen as the optimal peptide for the NbV5-based biosensors.

While the current work primarily focused on utilizing
GPCRs as a means to characterize the NbV5-based system,
future efforts will be consecrated to expanding the applicability
of the NbV5:V5 system to a broad range of PPIs, such as other
membrane receptor–protein and protein–protein interactions.
Thus, the authors hope that the versatility and adaptability of
the NbV5:V5 platform will contribute to probing and unrav-
eling the intricate dynamics of various interaction networks.
Conclusion

Herein, we engineered a novel nanobody that recognizes the
V5-tag epitope, a widely employed peptide tag in many
expression vectors, including the MISSION TRC3 human
genome-wide ORF library. Said nanobody was selected and
maturated to optimize its functionality in the intracellular
environment, culminating in the development of NbV5. Our
NbV5 intrabody offers a broad range of applications, including
biosensors in cellular-based PPI assays, such as NanoBiT,
Tango, and BRET2, and for microscopic imaging purposes.
Moreover, the potential of NbV5 extends beyond its current
scope and can be further expanded to adapt other existing PPI
assays. In summary, NbV5 represents a unique tool that offers
traceability of intracellular binding proteins with minimal
disturbance to the native cellular milieu.
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Experimental procedures

Cell culture

HEK293T and HT1080 cells were obtained from the
American Type Culture Collection and maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
5% fetal bovine serum (FBS) (Thermo Fisher Scientific), 5%
bovine calf serum (Thermo Fisher Scientific), and 1× Pen-
Strep (100 U/ml penicillin and 100 μg/ml streptomycin)
(Thermo Fisher Scientific). HEK293T cells stably expressing μ-
OR-SmBiT (μ-OR-SmBiT/HEK293T) were generated by
transduction with lentivirus particles, which had been pro-
duced in HEK293T cells by transiently cotransfecting the
lentiviral packaging plasmid psPAX2 (Addgene #12260), a
lentiviral vector encoding μ-OR-SmBiT (pLenti-Blast Addgene
#17451), and the envelope plasmid pCMV-VSV-G (gift from
Marceline Côté) at a 1:1:1 ratio using PEI transfection reagent.
The following day, media was changed, and the supernatant
was harvested at 48h posttransfection. Cells were then trans-
duced with lentivirus in standard growth media containing
5 μg/ml polybrene and the next day, selected with blasticidin at
5 μg/ml. All cells were cultured at 37 �C in a humidified at-
mosphere containing 5% CO2.

Plasmids and cloning

All plasmid DNA used in this publication were fully
sequenced and are available upon request or through
Addgene repository (https://www.addgene.org/Patrick_
Giguere/). Plasmid encoding ɣ-Actin-V5 was extracted
from the MISSION TRC3 Human LentiORF Puromycin li-
brary (MilliporeSigma). V5-βArrestin1, V5-βArrestin2, βAr-
restin1-V5, βArrestin2-V5, βArrestin2-ALFA, ALFA-
βArrestin2, βArrestin1-ALFA, and ALFA-βArrestin1 were
amplified by PCR, including the V5 tag within the primer,
and subsequently cloned into pcDNA3.1+ at the HindIII-
XbaI restriction sites. GɑoA with internal V5-tag at posi-
tion 92 was synthesized by IDT (Integrated DNA Technol-
ogies) and cloned at HindIII-XbaI sites in pcDNA3.1+.
BRET2 constructs: AT1R-RLuc8, μ-OR-RLuc8, NbV5-GFP2,
GFP2-NbV5, βArrestin2-GFP2, βArrestin2-ALFA-GFP2 were
amplified by PCR and cloned in pcDNA3.1+ using NEB HiFi
DNA Assembly (New England Biolabs). Gβ3 and Gɣ2-GFP2
were generously gifted by Dr Asuka Inoue (TOHOKU Uni-
versity). NanoBiT constructs: μ-OR-SmBiT and AT1R-
SmBiT were amplified by PCR by including the SmBiT tag
within the primer preceded by a (GGGGS)2x linker. NbV5-
LgBiT, LgBiT-NbV5, NbALFA-LgBiT, and LgBiT-NbALFA
were amplified by PCR and cloned in pcDNA3.1+ using
NEB HiFi DNA Assembly (New England Biolabs). Gɣ2-
SmBiT was generously gifted by Dr Asuka Inoue
(TOHOKU University). TANGO constructs: μ-OR-TANGO
and AT1R-TANGO are from the original PRESTO-TANGO
library (29–31). Aforementioned Nbs fused to the TEV219
were cloned by PCR at restriction sites HindIII-BamHI in
pcDNA3.1+-X-TEV219 vector. NbV5-eGFP was generated by
PCR amplification of NbV5 and cloned into pEGFP-N1
(Clontech) at the HindIII-BamHI sites.
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Nanobody development

To identify Nbs that bind to a linear target and that could be
expressed from inside the cell (as intrabodies), phage display
selection was conducted with the Nali-H1 synthetic library
(57), by Hybrigenics Services (Paris, France), using a His-Halo
protein fused with three successive V5-tags (Halo-3xV5). The
naïve library was first depleted using another antigen fused in
the same Halo vector and selected on magnetic streptavidin
beads with the biotinylated Halo-3xV5. With the first round
presenting a complexity of 3 × 106 colonies, the DNA
extracted from the first round were used to construct a Y2H
prey library by PCR and Gap repair. The VHH selected after
one round of phage display against V5 tag-biotin were cloned
into the pP9 yeast prey vector, which is derived from the
original pGADGH plasmid; the library had 2.6 x 105 inde-
pendent clones in yeast. A single V5 tag, as well as two tandem
V5 tags, were cloned into pB27 as a C-terminal fusion to LexA
(LexA-V5); pB27 is derived from the original pBTM116
plasmid (92). The constructs were verified by sequencing the
insert and used as baits to screen the V5-specific VHH library.
For the screen, clones were vetted using a mating approach
with YHGX13 (Y187 ade2-101:loxP-kanMX-loxP, matα) and
L40ΔGal4 (mata) yeast strains as previously described (59).
Moreover, the library has been screened at saturation by cell-
to-cell mating (59). A total of 264 His+ colonies were selected
on a medium lacking tryptophan, leucine, and histidine sup-
plemented with 0.5 mM 3-AT, obtaining 52 different VHH
with redundancies from 1 to 37.
Protein purification

The NbA1 was cloned into the expression vector pET26b (+)
(Novagen) at NcoI-XhoI restriction sites to generate the pelB
leader-NbA1-His6 construct. The plasmid was transformed in
SHuffle T7 Competent Escherichia coli (New England BioLabs),
and the NbA1 was subsequently purified from the periplasm of
SHuffle T7 cells. Bacteria were then grown at 30 �C in Terrific
Broth and, after reaching an A600 of �0.6 to 0.8, were induced
with 1 mM IPTG (Thermo Fisher Scientific) at 25 �C for
approximately 16 h. Bacteria were then pelleted and resus-
pended in a solution of lysis buffer (0.5M sucrose, 0.2MTris pH
8, 0.5mMEDTA) andwater at a ratio of 1:2 to create an osmotic
shock. The lysate was then frozen and thawed for more efficient
purification. Following, the mixture was stirred for 45 min at 4
�C and brought to a concentration of 150 mM NaCl, 2 mM
MgCl2, and 20 mM imidazole and centrifuged at 20,000g for
30 min at 4 �C. The supernatant was then filtered through a
0.22 μm filter. After filtration, the supernatant was added to a
gravity column containing 4 ml of Ni-NTA (Qiagen). Beads
were washed with a high salt buffer (20 mM Hepes pH 7.5,
500 mM NaCl, 20 mM imidazole) and washed three times with
low salt buffer (20 mM Hepes pH 7.5, 100 mM NaCl, 20 mM
imidazole). The Nbs were then eluted (20 mM Hepes pH 7.5,
100 mM NaCl, 400 mM imidazole) and dialyzed into physio-
logical buffer solution (10 mM Hepes pH 7.4, 140 mM KCl,
10 mM NaCl) and purified using fast protein liquid chroma-
tography (AKTA GE) on an S75 prep size-exclusion column.
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Crystallization, data collection, and structure determination

Purified NbA1 (30 mg/ml) was incubated with the V5
peptide in a 1:3 ratio (protein: peptide). The protein complex
was crystallized via the sitting drop vapor diffusion method
at 4 �C with a mother liquor composed of Bis-Tris pH 6.5,
19% (w/v) PEG 3350, and 20% (v/v) ethylene glycol. The
crystals were flash-frozen in liquid nitrogen, and a full data
set was collected using a Rigaku MicroMax-007HF equipped
with a copper anode. Images were collected using an R-Axis
IV++ detector (Rigaku) and processed using Structure Stu-
dio (Rigaku). The structure was solved by molecular
replacement using the structure of NbALFA (PDB 6I2G) as
search model and Phaser (50). Following several rounds of
NbA1 building and refinement using COOT and Phenix,
respectively, V5 was built in the positive Fourier map. The
model was completed by adding the molecules and trun-
cating side chains for which no electronic density could be
observed. Ramachandran statistics: Nonglycine Ramachan-
dran outliers; 0%, Nonglycine Ramachandran favored; 100%,
Molprobity score: 1.65. Statistics of data collection and
refinement are summarized in Table1. All structural figures
were prepared in PyMOL.
Nanobody maturation

To optimize the NbA1 sequence and potentially increase the
affinity of the antibody towards V5, Rosetta single-state design
protocol was performed using the Rosetta Software Suite on
the crystal structure of the NbA1 complex. The structure of
NbA1 was prepared for antibody affinity maturation for
Rosetta by manually editing the PDB file in PyMOL. PyMOL
command prompts were used to delete the unwanted water
molecules and all nonessential ligands and chains. An extra
processing step was also performed to remove any protein
atoms that are not involved in the antibody-antigen interface;
chains were also renamed and reordered to help differentiate
the antibody residues from the antigen residues. Next, a resfile
(python script) was generated to identify the residues that were
within a distance of specified residues that define the NbA1
protein interface. The side chain conformations were opti-
mized using the repacking and relaxing feature in Rosetta
protein design, which was performed to minimize backbone
phi-phi angles to relieve small clashes between side chains.
The relaxed model was then used to generate 10 designed
models through RosettaScripts XML file, which contains a
design protocol that uses a single round of fixed backbone
design. As a control, the same protocol was repeated to
generate 10 control models without designing any residues.
These control models were generated to compare the scores
and the binding energies of the designed models to the native
sequence during the analysis stage. The designed sequences
were then analyzed by looking at the score, binding energy,
and the binding density of the models. The analysis of the
metrics was plotted using RosettaScripts which plots the score
and the binding energy of the designed models against the
control models. Subsequently, specific mutations were iden-
tified that resulted in the improvement of the NbA1 complex
based on corresponding findings from functional assay ex-
periments (as shown in Fig. 1). Finally, a sequence logo was
generated from the designed models in order to determine
which mutations were made and their frequencies.

BRET2 assay

HEK293T cells were plated in 6-well plates at 1.2 × 106 cells
and subsequently transfected using the PEI precipitation
method with BRET2 constructs at a total of 3 μg of DNA per
well. Transfected cells were detached and seeded on poly-L-
lysine (PLL)-coated white 96-well assay plates (Thermo Fisher
Scientific). The following day, spent medium was removed and
replaced with 60 μl of 1× Hanks’ balanced salt solution (HBSS)
buffer, followed by the addition of 10 μl of Coelenterazine 400a
(NanoLight Technologies) at 50 μM to each well, for a final
concentration of 5 μM. After incubating the plates away from
light for 8 min, 30 μl of serial dilutions of agonists at 3×
concentration was added. Plates were subsequently read 4
times after 2 min, 10 min, 20 min, and 30 min using the Hidex
Sense Beta Plus microplate reader (Gamble Technologies) with
405 nm (RLuc8-Coelenterazine 400a) and 500 nm (GFP2)
emission filters, at 1 s/well integration times. Figures shown in
the manuscript account for the reads after 20-min incubations
with agonist (and correspondingly, approximately 30-min in-
cubations with Coelenterazine 400a). Data were extracted us-
ing the integrated software and subjected to nonlinear least-
squares regression analysis using the sigmoidal dose-
response function provided in GraphPad Prism 9.0 (www.
graphpad.com). Data of three independent experiments (N =
3) performed in quadruplicate are presented as BRET2 ratio
(acceptor/donor) as indicated in figure legends.

NanoBiT assay

μ-OR-SmBiT/HEK293T and HEK293T cells were plated in
6-well plates at 1.2 × 106 cells and then transfected using the
PEI precipitation method with the NanoBiT constructs the next
day at a total of 3 μg of DNA per well. Transfected cells were
detached and seeded on PLL-coated white 384-well assay plates
(Thermo Fisher Scientific) in starvation media (DMEM, 1%
FBS, 1× Pen-Strep), The next day, media was removed and
replaced with 20 μl of 1× HBSS buffer containing 5 μM fur-
imazine and incubated for a total of 10 min at room tempera-
ture before reading on Fluorescent Imaging Plate Reader Tetra
system (Molecular Devices). Baseline measurements were
initially read before drugs were added into their respective wells
(concentration and different drugs in Figure legends). The
subsequent changes in relative luminescence signals (relative
luminescence unit, RLU) were recorded over time. Data were
extracted using the integrated ScreenWorks software (www.
moleculardevices.com/products/flipr-penta-high-throughput-
cellular-screening-system/screenworks-software) and sub-
jected to nonlinear least-squares regression analysis using the
sigmoidal dose-response function provided in GraphPad Prism
9.0. Data of three independent experiments (N = 3) performed
in quadruplicate are presented as RLUs or normalized as indi-
cated in figure legends.
J. Biol. Chem. (2023) 299(9) 105107 13
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Tango assay

HTTL (HEK293T stably expressing a luciferase reporter
gene under the tTA-response element-Tight promoter) cells,
an in-house developed reporter cell line (70), were seeded in 6-
well plates at 1.2 x 106 cells and were transfected with Tango-
ized constructs using the PEI precipitation method. Twenty
hours later, the transfected cells were plated in DMEM sup-
plemented with 1% dialyzed FBS into PLL-coated 384-well
white clear bottom cell culture plates at a density of
30,000 cells/well in a total volume of 40 μl for 5 h to ensure
proper attachment of cells. Agonist solutions, previously pre-
pared at 3× concentration in sterilized assay buffer (20 mM
Hepes, 1× HBSS, pH 7.4), were added to the cells at 20 μl per
well. Following overnight incubation, media was removed and
20 μl per well of homemade luciferase detection reagent
(108 mM Tris–HCl; 42 mM Tris-Base, 75 mM NaCl, 3 mM
MgCl2, 5 mM DTT, 0.2 mM coenzyme A, 0.14 mg/ml D-
luciferin, 1.1 mM ATP, 0.25% v/v Triton X-100, 2 mM sodium
hydrosulfite) was added to all wells (68). After 10 min of in-
cubation in the dark at room temperature, plates were read
using the Hidex Sense Beta Plus microplate reader (Gamble
Technologies). Data were subjected to nonlinear least-squares
regression analysis using the sigmoidal dose-response function
provided in GraphPad Prism 9.0. Data of three independent
experiments (N = 3) performed in quadruplicate are presented
as RLUs or normalized as indicated in figure legends.

Fluorescence imaging

HT1080 were seeded in an ibiTreat-chambered coverslip
(Ibidi) in complete medium to obtain a 50% confluency the
following day. The next day, cells were transiently cotrans-
fected using JetPRIME (Polyplus Transfection) with ɣ-actin-
V5/pLX307 or pcDNA3 and NbV5-eGFP/pcDNA3.1+.
Twenty-four hours posttransfection, cells were fixed for
10 min in PBS containing 4% (w/v) paraformaldehyde, then
washed three times in PBS, and incubated 30 min in PBS
containing 0.1% Triton (v/v). The cells were then incubated
with Alexa Fluor 568 Phalloidin (Thermo Fisher Scientific)
(1:200 dilution) for 45 min and washed three times, followed
by an incubation with 2 mM Hoechst 33342 (Thermo Fisher
Scientific) for 15 min at room temperature. The coverslips
were then washed with PBS, drained, and mounted with per-
mafluor mounting media (Epredia). Cells were imaged on a GE
Delta Vision Elite microscope using a 60×, 1.4NA, oil, Plan-
Apo N objective. The images were analyzed using ImageJ
software (https://imagej.net/ij/index.html).

Affinity measurement

Yeast Display: pYD1-Halo is derived from the pCTCON2
plasmid while retaining the AGAP2 and Gal4 inducible sys-
tem. The nanobody is first encoded into the strain EBY100
(64), followed by the Agap2 and the Halo-Tag (pHTC,
Promega Corp). Preculture was performed in drop-out media
minus tryptophane, with glycerol (1%), lactate (1%), and
nonrepressible media with a trace amount of glucose (0.05%)
overnight. Subsequently, galactose (2% final concentration)
14 J. Biol. Chem. (2023) 299(9) 105107
was used to induce the system for 6 h. PBS 1× with 1% bovine
serum albumin was utilized for binding and washing, and
readings were taken using a Novocyte Flow Cytometer (Agi-
lent Scientific) as per the manufacturer’s instructions.

Antigen: The cDNA of the 1N3R Tau protein isoform7
(NP_001190180.1) with a V5-tag inserted between E73 and
A74 was cloned in the pET15b vector, and purification was
carried out following the protocol described previously (93).
Labeling was realized using Alexa Fluor 488 NHS ester
(Thermo Fisher Scientific), with a molecular ratio of 2:1 for
NHS Alexa:Tau-V5. Binding analysis was performed using
FACS, with serial dilutions of labeled Tau-V5 ranging from
500 nM to 0.98 nM. Data were subjected to nonlinear least-
squares regression analysis using the sigmoidal dose-
response function provided in GraphPad Prism 9.0. Data
presented are representative of one biological replicate (n = 1)
in triplicate and represents the mean of % fraction bound.
Data availability

Crystal structure is available from Protein Data Bank
(https://www.rcsb.org/), PDB # 8SKJ.

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.
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