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ABSTRACT

Developmental biology research would benefit greatly from tools that
enable protein function to be regulated, both systematically and in a
precise spatial and temporal manner, in vivo. In recent years,
functionalized protein binders have emerged as versatile tools that
can be used to target and manipulate proteins. Such protein binders
can be based on various scaffolds, such as nanobodies, designed
ankyrin repeat proteins (DARPins) and monobodies, and can be used
to block or perturb protein function in living cells. In this Primer, we
provide an overview of the protein binders that are currently available
and highlight recent progress made in applying protein binder-based
tools in developmental and synthetic biology.
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Introduction
Forward and reverse genetic approaches have been key to expanding
our knowledge of gene function during development (see Housden
et al., 2017 and references therein). However, as more and more
proteins and pathways are becoming associated with developmental
processes, and as increasingly complex networks of regulatory
interactions emerge (see for example Manning and Toker, 2017),
the need to study protein function in detail at tissue and single-cell
scales in living organisms has become greater than ever. This
represents a considerable challenge, in particular when studying
proteins that regulate general cellular processes or have broad
expression patterns. The availability of tools that allow protein
function to be regulated more precisely and acutely in a spatial and
temporal manner would be extremely helpful and could provide
unprecedented insights into complex developmental processes.
Over the years, several methods have been developed to
manipulate proteins directly in vivo. These include degradation-
inducing applications (Banaszynski et al., 2006; Bongeretal., 2011,
Chung et al., 2015; Natsume et al., 2016), protein cleavage using
tobacco etch virus (TEV) protease (Harder et al., 2008; Pauli et al.,
2008), the ‘anchor-away’ approach (Haruki et al., 2008), the
‘knocksideways’ technique (Robinson et al., 2010) and various
dimerization tools that allow protein functions to be assembled in an
inducible manner (Renicke et al., 2013; van Bergeijk et al., 2015;
Wu et al., 2009), to mention just a few. However, an additional,
more systematic approach to manipulation of protein function has
recently emerged. This approach utilizes protein binders, which are
small, protein-based affinity reagents that can selectively recognize
and bind to a target protein and that are increasingly being used to
study protein function in living cells and organisms (Beghein and
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Gettemans, 2017; Helma et al., 2015; Pliickthun, 2015; Sha et al.,
2017). These genetically encodable binders, which are based on
various protein scaffolds, can be used to block or mask protein
function. Furthermore, such protein binders can be ‘functionalized’
by fusing them to various effector domains with the ultimate goal of
directly visualizing or regulating the function and interaction of
target proteins in living cells or organisms.

In the past few years, protein binders have started to be used in
developmental biology, and a multitude of novel protein binder-
based tools has been reported. In this Primer, we provide an
overview of these tools and discuss the possible applications of
protein binders in developmental biology research. Furthermore, we
highlight the potential and advantages of adding protein binder-
based tools to the methodological repertoire of developmental
biologists.

Types of protein binders and their generation

For many years, antibodies have been the tools of choice for
recognizing a specific protein of interest (POI), and they are still the
most widely used reagents for many applications. However, owing to
their large size and poor folding and stability properties in the
cytoplasm of cells, antibodies are most often used in the extracellular
milieu or in fixed tissues, and have proven to be less useful in the
context of a live cell. Over the last decade, however, several classes of
smaller protein-binding scaffolds have been used to generate protein-
specific binders that function when expressed in cells.

The different classes of peptide-based binders that currently exist
can be divided into two broad families: (1) those that are based on or
derived from immunoglobulins, i.e. antibodies and derivatives
thereof, such as single-chain variable fragments (scFvs) and
nanobodies; and (2) those that are based on non-immunoglobulin,
natural or designed protein scaffolds, such as designed ankyrin
repeat proteins (DARPins), monobodies, affibodies, anticalins and
others (Boxes 1-3, Fig. 1). In the past decade, tremendous progress
has been made in refining these scaffolds for better stability, higher
affinity and easier handling (Goldman et al., 2017; Schilling et al.,
2014; Schmidt et al., 2016), and libraries of increasing complexity
have been generated and characterized (Moutel et al., 2016; Tiede
et al., 2017; Yan et al., 2014).

With the exception of immunoglobulin-based binders, which can
also be obtained upon immunization (Greenfield, 2014), protein
binders are generally selected using in vitro display techniques
(Boder and Wittrup, 1997; Samuelson et al., 2002; Zhao et al.,
2009), with phage display being the most commonly used
(Bradbury et al., 2011; Breitling et al., 1991; Romao et al., 2016;
Kuhn et al, 2016). Although these techniques use different
biological systems, their general principles are shared; they allow
large peptide libraries to be screened, the respective protein is
coupled to its encoding DNA sequence, and multiple cycles of
selection can be used to increase binding specificity (Fig. 2). The
isolation of protein binders can also be performed commercially and
on large platforms, and many institutes have established core
facilities to isolate and characterize specific protein binders, making
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Box 1. scFv scaffolds

Conventional antibodies (immunoglobulins, 1gGs; see Fig. 1A) have
been used extensively in basic research and are indispensable tools for
protein detection. However, conventional IgGs are unsuitable for
intracellular expression for various reasons; the reducing nature of the
intracellular environment hampers disulphide bond formation and thus
proper antibody folding, and whole IgG antibodies have a complex
structure and a high atomic mass (~150 kDa). These drawbacks are
partially overcome by connecting the Vy and V| domain with a peptide
linker, forming a so-called single-chain variable fragment (scFv; Bird et al.,
1988; Huston et al.,, 1988; see Fig. 1B) that retains antigen-binding
capacity. scFvs are relatively small (~28 kDa) and consist of a single
domain that can be expressed in various host systems, such as bacteria,
yeast or higher animals. These advantages make scFvs attractive tools in
medical applications and in biotechnology (Lyon and Stasevich, 2017;
Monnier et al., 2013) but their use as intracellular protein binders
(intrabodies) is restricted because scFvs typically contain two highly
conserved intra-domain disulphide bonds (Williams and Barclay, 1988).
These bonds influence scFv stability and function (Glockshuber et al.,
1992; Proba et al., 1997), and so only intrinsically stable scFvs fold
correctly within a cell and can be utilized as functional intrabodies (Worn
and Pluckthun, 1998). Owing to these limitations, relatively few scFv-
based binders have been used to date in developmental biology.
Nonetheless, using protein engineering (Tanha et al., 2006) and specific
screening strategies, several improved scFv binders have been
successfully generated (Lynch et al., 2008; Vielemeyer et al., 2010) and
scFvs can now be selected for intracellular use (e.g. SunTag, see main
text). These will no doubt start to play an increasingly important role in
intracellular protein targeting, especially as scFvs can be derived from the
huge pool of existing and validated monoclonal antibodies and used as
genetically encoded protein binders in cells and developing organisms.

the task easier and more efficient. For more detailed information on
the screening and isolation of different protein binder classes, we
refer the reader to several recent publications (Helma et al., 2015;
Pardon et al., 2014; Pliickthun, 2015; Sha et al., 2017; Tiede et al.,
2017; Veugelen et al., 2017).

Protein binders: their applications in developmental biology

The first step towards regulating or modifying a protein is to identify
and isolate a binder that can specifically recognize the POIL Generally,
protein binders can be generated against two distinct classes of
proteins: against a widely used ‘tag’, such as fluorescent proteins or
smaller peptide tags, and against endogenous proteins or specific
post-translational modifications thereof. The first approach, using a
‘tag-binder’, comes with the advantage that a number of protein
binders against protein tags have already been characterized, and their
specificity in vivo has been carefully evaluated such that they can be
used without much further validation (see below). However, this
approach requires tagging of the POI (e.g. by genomic engineering
using CRISPR/Cas9 or other technologies) and the tag must be
inserted at a position at which it does not influence protein function.
For certain studies, the tag-binder approach might be the faster and
more convenient way to manipulate a target protein. This is the case
when either a tagged version of the POI already exists and/or when
the tag adds further properties to the protein of interest, such as
making it visible in cells by fusing it to a fluorescent protein. For
many applications, however, a better and more desirable strategy is to
target an endogenous protein specifically with a protein binder. For
certain targets, such as those carrying specific post-translational
modifications, there is no alternative but to isolate protein binders
that recognize these modifications. Although this approach does
not require tagging of the POI, it requires the isolation and

characterization of a novel binder. The latter then has to be
validated with regard to its specificity, efficacy and off-target
effects, a task that is not always trivial and has to be carefully designed
and executed.

The second step is to functionalize the binder such that it modifies or
regulates the target protein in a desired manner. This represents one of
the most exciting aspects of protein binders, as there are innumerable
possibilities for such functionalization. Over the past few years, the
availability of a wide range of high-affinity protein binders has resulted
in the development of a versatile repertoire of novel protein binder-
based techniques and tools (reviewed by Bieli et al., 2016; Béldicke,
2017; Helma et al., 2015; Kaiser et al., 2014; Marschall et al., 2015;
Pliickthun, 2015; Sha et al., 2017). Many of these tools have been
validated using binders that recognize specific fluorescent proteins. In
particular, several binders against green fluorescent protein (GFP)
have been isolated and characterized (Fridy et al., 2014; Kirchhofer
etal., 2010; Kubala et al., 2010; Rothbauer et al., 2006; Sacrens et al.,
2005; Brauchle et al., 2014). In addition, several studies have used
binders that recognize specific small tags, such as the 19 amino acid
(aa) peptide derived from GCN4 used in SunTag (discussed below)
(Tanenbaum et al., 2014; Worn et al., 2000).

However, more and more applications based on binders that
recognize endogenous, non-tagged proteins have emerged in the last
few years. Below, we focus on the protein-binding tools that have
been applied in developmental studies of multicellular systems, and
explain how they are starting to be used to answer developmental
questions. We also include certain exciting novel approaches in cell
biology and systems biology that have potential applications in the
field of developmental biology.

Box 2. Nanobodies and DARPins

The discovery of naturally evolved heavy chain antibodies (HCABs) in
camelids (Hamers-Casterman et al., 1993) initiated a new era in antibody
engineering (Beghein and Gettemans, 2017; Goldman et al., 2017). It
was discovered that the antigen-binding domain of HcABs can be
reduced to a single variable domain (Vp, also called a nanobody) of
only ~12-15 kDa (Fig. 1C,D). Nanobodies have biochemical properties
that favour a wide variety of biological applications: they are small in size,
they are highly stable, and they do not, in many cases, require disulphide
bridges to correctly fold — in such cases, nanobodies can be stably
expressed within the cytosol as intrabodies (Dmitriev et al., 2016; Kaiser
et al, 2014). Nanobodies are thus ideal candidates for protein
engineering and several of the protein binder-based tools already
applied in developmental biology utilize binders of the nanobody type
(Beghein and Gettemans, 2017). In particular, nanobodies that
recognize fluorescent proteins, and other proteins, have been isolated
and used in developmental biology (see main text).

Designed ankyrin repeat proteins (DARPins; see Pluckthun, 2015;
Fig. 1E) represent a well-known repeat-based protein binder scaffold. In
DARPiIns, the repeat modules are based on the ankyrin fold, which
mediates protein-protein interaction in vivo and consists of two
antiparallel o-helices connected by a p-turn (Pluckthun, 2015). DARPIn
specificity is determined by defined residues in the a-helices (Fig. 1E),
and the selective randomization of these helical residues allows high-
affinity binders to be selected (Steiner et al., 2008). The absence of
disulphide bonds and the concave binding surface of DARPins make
them ideal binders for intracellular applications and for large,
conformational epitopes. More recently, a modified DARPin scaffold
was introduced that overcomes epitope limitations imposed by the
concave shape of the binding surface (Schilling et al., 2014). This
modification optimizes screening for high-affinity binders with extended
epitope-binding properties. High-affinity DARPins against GFP and
mCherry have been isolated and validated (Brauchle et al., 2014) in
multicellular organisms.
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Box 3. Other protein binder scaffolds

Many other protein scaffolds have been used to generate specific protein
binders; we discuss here just a few that have been used for functional
studies in multicellular systems and direct the reader to recent reviews for
further information (Huet et al., 2015; Kalichuk et al., 2016; Lee et al.,
2012; Skrlec et al., 2015; Valerio-Lepiniec et al., 2015).

One popular type of small binder scaffold is the monobody (Koide
etal., 2012), which is engineered from the 10-kDa fibronectin protein fold
(Fig. 1F). Similar to the IgG domain, monobodies possess three
complementarity-determining region (CDR)-like loops that extend from
a barrel-like scaffold consisting of seven B-sheets. In contrast to IgG
domains, the fibronectin fold does not depend on disulphide bonds and
thus allows monobodies to be used as affinity binders in living cells
without further manipulation (Sha et al., 2017). Monobody scaffolds have
been used to isolate a large number of protein binders that can act as
allosteric inhibitors blocking specific protein-protein interaction or protein
function (Ji et al., 2017; Klikenshoner et al., 2017; Spencer-Smith et al.,
2017; Turman and Stockbridge, 2017), making monobodies interesting
candidates for interfering with developmentally relevant pathways.

Anticalins are another class of synthetic binders that are based on the
20-kDa lipocalin-fold (Gebauer and Skerra, 2012; Richter et al., 2014).
The anticalin structure consists of an eight-stranded B-barrel that
contains four naturally occurring loops (Fig. 1G) that can be
randomized to recognize specific antigens with high affinity. Owing to
their structural properties, anticalins bind well to small proteins
(Eggenstein et al., 2014). Anticalins have recently been used as
binding reagents that interfere with molecular function and interaction,
for example by blocking vascular endothelial growth factor receptor
function (Richter and Skerra, 2017).

One of the smallest classes of protein binders are the Affibodies
(Hansson et al., 1999; Stahl et al., 2017), with a molecular weight of
around 7 kDa (Fig. 1H). Affibodies are based on Staphylococcus aureus
protein A, consist of three o-helixes and contain no disulphide bonds.
Affibodies have been used extensively, but mostly as protein drugs for
biomedical applications (Frejd and Kim, 2017).

Protein visualization
Protein visualization in vivo is a powerful approach for investigating
protein dynamics, localization and interactions. In general,
visualization in vivo relies on the fusion of a fluorescent reporter
protein to the POI. Despite recent developments in CRISPR/Cas9
technology, however, the modification and tagging of a POI by
modifying its endogenous locus remains complex and labour
intensive. Also, the use of heterologous promoters/enhancers to
drive the expression of tagged proteins rarely recapitulates
endogenous expression levels. Fusions between protein binders and
fluorescent proteins, which are known as chromobodies, thus provide
novel alternatives as in vivo biosensors (Fig. 3A). A major advantage
of this approach is that the endogenous locus does not need to be
modified. Furthermore, protein labelling can be restricted to the tissue
of'interest by expressing the chromobody in a tissue-specific manner
in a developing organism. However, careful evaluations are needed to
ensure that the binding of the chromobody to the target protein does
not interfere with the function of the target protein. For instance, it is
known that protein binder interactions can induce a change in target
protein size and shape, and this could potentially alter protein
distribution and/or dynamics (Schornack et al., 2009). Furthermore, a
binder could potentially mask an interaction surface or an active site
(De Genst et al., 2006), thereby impairing protein interactions and/or
function. The appropriate controls, which vary for individual protein
types, thus need to be carefully designed.

Pioneering studies have shown that protein-binding chromobodies
can trace antigens in several cell compartments and throughout the
cell cycle in living cells (Nizak et al., 2003a,b; Rothbauer et al.,

2006). In another landmark paper, a 17-aa peptide from a yeast actin-
binding protein was fused at the C terminal to GFP; the resulting actin
binder, called LifeAct, represents a useful and much used in vivo
marker to visualize F-actin dynamics in a wide range of animal
systems (Riedl et al., 2008). In this case, the binder is derived from an
endogenous protein, and not from a scaffold via screening. In more
recent studies, chromobodies specific to endogenous protein targets
have been used in multicellular organisms. For example, Rothbauer
and colleagues used chromobodies to follow endogenous actin and
proliferating cell nuclear antigen (PCNA) proteins in living zebrafish
embryos (Panza et al., 2015).

Chromobodies are particularly valuable if they are targeted to
‘marker’ proteins of particular relevance to specific research areas
(such as actin in the case of LifeAct, for example). Arnold and
colleagues have recently demonstrated the power of chromobodies
by using them to visualize endogenous synaptic proteins in vivo
(Gross et al., 2013). Based on the monobody scaffold, they isolated
recombinant proteins, termed Fibronectin intrabodies generated
with mRNA display (FingRs), that bind the endogenous neuronal
proteins PSD-95 (also known as DLG4) and Gephyrin. When fused
to GFP, these FingRs allow excitatory and inhibitory synapses,
respectively, to be visualized in living cortical neurons in culture.
These tools can thus report the localization and amount of
endogenous synaptic proteins and may be used to study changes
in synaptic strength in vivo. FingRs were subsequently used in living
zebrafish embryos to map synaptic dynamics in genetically defined
neurons (Son et al., 2016), confirming that the methods do indeed
also work in the complex environment of a living organism.
Furthermore, by redesigning the FingRs and replacing the
fluorescent protein with a degradation-inducing domain (see
below), a powerful method was developed to ablate inhibitory
synapses in vivo and study the resulting developmental or
behavioural alterations (Gross et al., 2016).

In another recent variation of this approach, a chromatin-binding
nanobody, called chromatibody, was fused to a fluorescent protein
(Jullien et al., 2016). Chromatibody binds specifically to the
endogenous H2A-H2B histone heterodimer in a non-intercalating
manner, allowing real-time imaging of chromatin in live Drosophila
embryos, larvae and adult individuals. By fusing chromatibody to
an E3 ubiquitin ligase, this particular ligase activity was targeted to
native chromatin, allowing the latter to be modified in vivo. These
studies show that chromatibodies can be used as a universal, non-
invasive tool for chromatin imaging or to manipulate the chromatin
landscape in vivo.

In order for chromobodies to report the in vivo localization and
trafficking of their endogenous targets accurately, it is important that
their expression levels are such that excess, unbound chromobodies
are minimized. In most cases, this has been achieved by low level
expression of the chromobodies used. However, this problem was
directly addressed in the FingR design by incorporating a
transcriptional regulation system that ties chromobody (FingR)
expression to the level of the target proteins (PSD-95 and Gephyrin,
respectively) in order to reduce background fluorescence (see Gross
et al., 2013 for more information). Using a different approach to
solve this potential problem, Cepko and colleagues used a GFP
nanobody derivative that was isolated using a conditional screening
system; this nanobody is only stably expressed in cells in the
presence of GFP and is degraded in its absence (Tang et al., 2016).
The identified nanobody framework mutations leading to instability
can be used to rapidly create destabilized versions of nanobodies
recognizing other proteins and will be very useful for future studies
in the protein binder field.
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Fig. 1. The structure and size of selected protein binder scaffolds. The structures of different protein binder scaffolds are shown; variable regions are marked
in brown. (A) Conventional human immunoglobulin (IgG) antibody, consisting of two heavy (blue) and two light (orange) chains connected by disulphide bridges
(S-S). Both chains consist of several constant domains (C_ and C1-C3) and the variable domains (V_ and Vy). The variable domains contain the
complementarity-determining regions (CDRs), which are the three hypervariable domains that determine antibody-binding specificity. (B) The single-chain
variable fragment (scFv) is a synthetic fusion of the V|, and V|_domains via a linker. (C) Camelid heavy-chain antibodies (HcABs) are made up of only two heavy
chains, each of which consists of two constant (C2 and C3) domains and a single variable (VHH) domain. (D) Structure of an anti-GFP nanobody (vhhGFP4,
PDB ID:30GO; Kubala et al., 2010). The positions of the three CDRs are highlighted. (E) Structure of the AR_3a DARPin (PDB ID:2BKK; Kohl et al., 2005).
DARRPIns typically consist of constant N- and C-capping repeats motives (N-/C-cap), encapsulating two or three variable ankyrin repeats (three are shown here).
(F) Structure of the monobody ySMB-1 (PDB ID: 3QHT; Gilbreth et al., 2011). (G) Anticalin US7 structure (PDB ID: 4MVI; Rauth et al., 2016). (H) Structure of the

ZHER? affibody (PDB ID: 2KZJ; Eigenbrot et al., 2010).

Protein binders that recognize specific post-transcriptional
modifications have also been generated. The isolation of a
DARPin-based binder that specifically recognizes the
phosphorylated form of ERK (pERK) allowed Pliickthun and
colleagues to create an activity biosensor for ERK (also known as
MAPKI1), which provided a sensitive readout of ERK activation and
localization in cultured mouse embryo fibroblasts (Kummer et al.,
2013). It will be interesting to use this sensor in complex animal
systems to determine the spatial and temporal activation pattern of
ERK. Such studies, including similar sensors for other signalling
pathways, will allow signal integration in developing tissues to be
examined at a much more detailed level.

An exciting trend in the use of protein binders relies on the
development of novel methods, as recently demonstrated by
visualizing single protein molecules and genomic loci in living
cells. Notably, Tanenbaum et al. designed a protein scaffold, called
SunTag, which can recruit up to 24 copies of an scFv fusion
protein (Tanenbaum et al., 2014). SunTag is based on the specific
recognition by an scFv intrabody of a 19-aa peptide region of the
yeast transcriptional regulator GCN4 (see Worn et al., 2000); the
recruitment of several scFv-GFP fusion proteins to oligomerized
versions of the short peptide antigen results in strong signal
amplification and allows the detection of individual proteins by live-
cell imaging (Fig. 3B, left). SunTag can also function as a synthetic
transcription factor by recruiting several units of a transcriptional
activator fused to the scFv domain (Tanenbaum et al., 2014). The
SunTag principle was recently utilized by several groups to visualize

the dynamics of translation of single RNA molecules in cultured
cells and cultured neurons (Morisaki et al., 2016; Wang et al., 2016;
Wu et al., 2016; Yan et al., 2016). Such experiments were not
possible before and represent the beginning of a new area in single-
molecule analysis in cell and developmental biology. SunTag can
also be utilized to visualize single genomic loci (Fig. 3B, right).
This was achieved using a custom guide RNA (gRNA) to target a
fusion of the dCas9 protein and the SunTag to a defined genomic
locus. The subsequent recruitment of several copies of scFv-GFP
chromobodies by SunTag to the location at which the gRNA
associates with Cas9 allowed detection of the targeted locus. Using
this approach, a single genomic locus was visualized in vivo and
tracked throughout the cell cycle in HelLa cells; furthermore,
looking at different loci, it was possible to follow the differential
positioning of active and inactive regions in the nucleus (Qin et al.,
2017). We expect to see many more such novel and ingenious
applications emerge with the availability of more and more protein
binders.

Protein relocalization

The subcellular localization and relocalization of many proteins has
been studied in detail by immunohistochemistry and/or by using
fluorescently tagged versions of the POI (Lye et al., 2014; Stadler
et al.,, 2013). Although these studies have revealed that many
proteins show restricted localization patterns, for example within the
cell (e.g. components of the Hippo pathway: Richardson and
Portela, 2017; Su et al., 2017), along the cell membrane (e.g.
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Fig. 2. Selection of high-affinity protein binders using phage display. Protein binder selection by phage display. In the case of antibody-based scaffolds (top),
an antibody library (i.e. a nanobody library) is generated using lymphocytes (B cells) obtained from camelids (a llama is shown here). DNA fragments encoding
protein binders are extracted from the B cells by RT-PCR. A binder phage library is then created by ligation of the protein binder-encoding sequences into
the M13 phage plll or pVIIl genes, which encode phage coat proteins, allowing protein binders to be presented on the phage surface. DNA encoding the
respective binder is encapsulated in the phage genome (protein and DNA are thus physically linked). Binder-presenting phages are immobilized and isolated by
antigens in a process called panning, eluted and then amplified by infection in Escherichia coli. The selected binders are directly used for further characterization
or undergo another round of panning, which might include a mutagenesis step (e.g. error prone PCR, not shown here) for affinity maturation. Several cycles of
panning are commonly employed for the selection of high-affinity binders. For non-antibody-based scaffolds (bottom), synthetic peptide libraries are used
(Hoogenboom, 2005). These are constructed in vitro by introducing tailored degeneracy in the sites responsible for antigen binding. Once cloned into a phage
display vector, the panning process is the same as for scFvs and nanobodies.

receptors: Gui et al., 2016) or in the extracellular space (e.g.
diffusible growth factors: Matsuo and Kimura-Yoshida, 2014), the
functional implications or importance of protein localization are
more difficult to assess. Recently, however, protein binders fused to
localization domains have been successfully used to relocalize POIs
in a controlled manner, and have thus allowed the systematic study
of protein localization/mislocalization during animal development
(Berry et al., 2016; Chen et al., 2017; Harmansa et al., 2017;
Rothbauer et al., 2008). In these studies, protein relocalization is

achieved by fusing a GFP-binding nanobody to a protein or a
protein domain that localizes to a defined position within the cell or
the tissue. Such ‘localized’ protein binders can act as traps for GFP-
tagged POIs and can superimpose a novel localization on the POI,
determined by the properties and the position of the localized binder
(Fig. 4A).

This approach was first demonstrated in HeLa cells in which a
GFP-tagged version of the promyelocytic leukemia protein was
relocalized to the nuclear membrane by a localized protein binder
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Fig. 3. Examples of protein visualization using protein binder-based tools. (A) Fusion proteins between a protein binder and a fluorescent protein are referred
to as chromobodies. Chromobodies can be expressed in vivo and, depending on the protein binder used, target endogenous proteins, protein tags (e.g. GFP)
or a post-translational modification (PTM). (B) The SunTag system consists of two components: a POI that contains up to 24 copies of a peptide epitope
(GCN4), and a single-chain fragment (scFv) that specifically recognizes the GCN4 peptide epitope. As multiple copies of the scFv will be recruited by the
oligomerized peptide epitope, using a fusion of a fluorescent protein (e.g. GFP) and the scFv allows the visualization of single molecules (left). Single genomic loci
can also be visualized using the SunTag system (right). For this purpose, the SunTag is fused to the dCas9 protein, which can form a complex with a so-called
guide RNA (gRNA) to recognize specific DNA sequences. The recruitment of several chromobodies by the SunTag results in signal amplification and

improved signal-to-noise ratio. Image based on Tanenbaum et al. (2014).
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Fig. 4. Examples of protein relocalization and trapping using protein binder-based tools. (A) Protein binders (blue/brown) can be localized to specific
subcellular or membrane compartments by fusion to proteins of known localization (Prot. X) or to specific localization domains. Such a localized protein binder can
act as a protein trap for the POl and impose a novel localization on the POI, resulting in its controlled relocalization. A fluorescent protein can be optionally included
in the protein trap to visualize fusion protein localization. (B) The synthetic physical interaction (SPI) system provides several GFP-binding proteins (GBPs) that
localize to defined cellular compartments in yeast cells. In the example shown, a mitochondrial localized GBP (red) can relocalize a cytosolic GFP-tagged protein
(green) to the mitochondria. (C) The GrabFP system consists of several membrane-bound GFP traps (red, based on a GFP-nanobody) that localize either
uniformly around epithelial cells (morphotrap) or show a localization bias to either the apical (GrabFP-A) or basolateral (GrabFP-B) compartment in the Drosophila
wing disc epithelium. Expression of GrabFP-B with a GFP-tagged version of the apical protein Crumbs (Crumbs::GFP) results in the relocalization of Crumbs::
GFP to the basolateral compartment (bottom right). Scale bar: 5 um. Image courtesy of llaria Alborelli. Epithelial cell junctions (Junc.) are shown in blue. (D) In the
Drosophila wing imaginal disc, a GFP-tagged morphogen (green circles) is secreted from source cells (shaded green) and disperses into the target tissue (i). In
experiments using either morphotrap (ii), or components of the GrabFP system (iii), the morphogen can be immobilized at defined structures within the tissue.

Image based on Harmansa et al. (2017).

consisting of a GFP-binding protein (GBP) and the nuclear lamina
protein lamin B1 (Rothbauer et al., 2008). The same approach was
used by Berry et al. to systematically relocalize each of the ~6000
yeast proteins to all the major cellular compartments (Berry et al.,
2016). Relocalization was achieved by a set of 23 GFP traps that
localize to defined cellular compartments (e.g. the mitochondria,
see Fig. 4B). Interestingly, forced protein relocalization resulted
in drastic effects in only a few cases; in most cases, cells seemed to
be remarkably tolerant to protein relocalization. An analogous
approach was recently used to study the role of protein localization
along the apical-basal axis of epithelial cells in the wing imaginal
disc of Drosophila melanogaster. This study used the Grab green
fluorescent protein (GrabFP) system (Harmansa et al., 2017), which
consists of three nanobody-based GFP traps that localize to defined
positions along the apical-basal axis of epithelial cells (Fig. 4C).
Using this approach, GFP-tagged POIs could be effectively
relocalized along the apical-basal axis of epithelial cells (see
Fig. 4C, bottom right). It would be particularly interesting to use
such a protein-trap approach to relocalize POIs in cases in which
knowledge of the molecular control of protein localization is
missing or when endogenous modification of the POI is not feasible
or is time consuming (e.g. in systematic screens). However, one has

to bear in mind that binding (as well as the subsequent
relocalization) of the protein trap could potentially interfere with
the function of the POI and this needs to be assessed in each
individual case.

Extracellular protein trapping

Secreted signalling molecules, such as morphogens and hormones,
play crucial roles during animal development and homeostasis.
Being able to interfere with their extracellular distribution directly
would help us to understand better how secreted molecules
function, to dissect how and when morphogen gradient formation
is important, and to form gradients of altered shapes and investigate
the consequences of such manipulations. In the last few years,
protein binder-based approaches have proved to be useful in
achieving these aims.

For example, a nanobody-based method called morphotrap has
been used to retain secreted GFP-tagged proteins on the surface
of producing cells, or to immobilize them in the surrounding
target tissue, in Drosophila (Fig. 4D; Harmansa et al., 2015).
Conceptually, morphotrap consists of an anti-GFP-nanobody
(Rothbauer et al., 2006) that is presented along the extracellular
surface by coupling it to the extracellular portion of the mouse CD8
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transmembrane protein; this ‘GFP trap’ can bind and immobilize
secreted GFP-tagged proteins of interest in the extracellular space.
Using morphotrap, it was possible to retain the secreted morphogen
Decapentaplegic (Dpp), a homologue of the vertebrate Bmp2/4
signalling molecule, in those cells that express and secrete it during
Drosophila wing imaginal disc development. These studies showed
that although Dpp dispersal is required for patterning of the wing
imaginal disc and for growth of medial cells, dispersal is not
required for growth of the lateral structures of the disc (Harmansa
et al., 2015). Following on from this, the Grab green fluorescent
protein (GrabFP) system (discussed above), which is based on the
morphotrap concept, was used to directly modify different sub-
pools of the Dpp morphogen gradient in the developing Drosophila
wing disc (Harmansa et al., 2017). This approach revealed that Dpp
in the basolateral plane of the wing imaginal disc is crucial for wing
development (Harmansa et al., 2017). The morphotrap and the
GrabFP approaches will be valuable for future investigations
concerning the role of dispersal and the subcellular functions of
secreted signalling factors in diverse developmental contexts.

Protein interference and degradation

Approaches that use genetic or RNA interference (RNAI) tools to
intervene with protein function often depend heavily on the turnover
of the protein of interest. However, many proteins are maternally
provided to the egg and/or are rather stable in non-proliferating cells,
making it difficult to deplete them or inactivate them using standard
genetic techniques. In order to achieve fast, tissue-specific and
temporally controlled protein degradation, previous studies have
used destabilizing or inducible degradation signal (degron) domains
(Banaszynski et al., 2006; Bonger et al., 2011; Chung et al., 2015;
Natsume et al., 2016), but these approaches require the POI to be
modified and therefore are time and work intensive. Several protein
binder-based methods have been developed to overcome some of
these limitations. These methods generally rely on two approaches,
either using inhibitory protein binders or using protein binders to
hitchhike the endogenous proteasomal degradation pathway.

The first approach relies on the ability to screen for and select
protein binders that recognize protein-protein interaction surfaces,
enzymatic domains or protein phosphorylation sites, and that can
thus interfere with a specific protein function by masking important
functional domains upon binding. Importantly, this approach does
not require modification of the endogenous locus encoding the POI,
but does require screening for an appropriate binder with the desired
properties. Many protein binders that mask disease-associated
protein functions have been isolated over the past years (Marschall
et al., 2015). In many cases, however, these reagents were used to
show that the function of a given protein is masked in vitro or in
cultured cells, and they have been used less often in the context of
developmental biology. One such approach that has been applied to
this research field used peptide aptamer interference (PAPTI),
which makes use of monobodies that shield specific protein-protein
contact surfaces, to interfere with protein-protein interactions in
living Drosophila larvae without depleting the protein of interest
(Yeh et al., 2013). In this study, peptide binders against several
molecules involved in cell-cell signalling, including Notch,
Dishevelled and B-catenin (Armadillo), were identified and tested
in vivo. This approach demonstrated that one of the binders against
the ankyrin region of Notch increases the inhibitory activity of
Notch towards Wingless signalling, highlighting that this approach
can reveal important protein interactions within signalling
networks. A more recent example of the use of an inhibitory or
disruptive binder is the DeActs method. DeActs consists of

genetically encoded actin-modifying peptides fused to GFP
(Harterink et al., 2017), which effectively induce actin
disassembly upon binding. DeAct has been used successfully in
cultured cells, as well as in Caenorhabditis elegans and mouse
neuronal cells, to investigate the role of actin dynamics. Further
advances in the isolation and use of inhibitory protein binders have
also been made recently (reviewed by Boldicke, 2017).

The general principle of the second approach, which aims to
inactivate proteins, is to direct the POI to the ubiquitylation
machinery, and hence to proteasome-mediated degradation, by
fusing a protein binder to a subunit of the E3 ubiquitin ligase
complex (Fig. 5A). This recruits the POI to the complex, resulting in
polyubiquitylation and subsequent degradation of the POIL. In one
application of this technique, called deGradFP, an anti-GFP
nanobody was used to target GFP-tagged proteins for degradation
in cultured cells and in living Drosophila embryos and larvae
(Caussinus et al., 2011). Similar approaches using fusion of a protein
binder to a degradation-inducing partner have been shown to be
effective in human and mouse cell lines (Fulcher et al., 2017, 2016;
Portnoffetal., 2014), in zebrafish (Shin et al., 2015) and against GFP-
fusion proteins in C. elegans (Wang et al., 2017, 2015). Tissue-
specific protein degradation based on the aforementioned method has
also been used in Drosophila to look at the role of force requirements
during dorsal closure (Pasakarnis et al., 2016). Because classical
genetic approaches are not feasible in this particular case, deGradFP
was used to interfere with Myosin II (Myoll) function. In particular,
the deGradFP-mediated, tissue-specific depletion of Myoll activity,
via the inactivation of the Myosin regulatory light chain Spaghetti
Squash (Sqh), was used to show that the forces required for dorsal
closure are provided in a tissue-autonomous manner by amnioserosa
cells (Pasakarnis et al., 2016). The same deGradFP-mediated Myoll
inactivation approach has also been used to show that Myosin-
mediated forces are not required during branch elongation and cell
intercalation in the developing tracheal system in Drosophila
embryos (Ochoa-Espinosa et al., 2017). In another recent
investigation, an E3 ubiquitin ligase was fused to a FingR binding
protein that targets the neuronal protein Gephyrin (called GFE3),
which then targets the latter for ubiquitylation and degradation (Gross
et al., 2016). By temporarily expressing GFE3 in cultured cells or in
living zebrafish embryos, it was shown that inhibitory synapses retract
upon Gephyrin depletion; however, these synapses regrow when
Gephyrin is re-stabilized.

In summary, binder-mediated protein degradation allows the
functions and levels of a POI to be altered in a region-specific and
temporally controlled manner. Furthermore, the reversibility of this
approach allows protein function to be depleted for a defined period
of'time, allowing the phenotypic consequences upon protein recovery
to be studied. This has been shown in a very elegant way using the
Dunce (Dnc) protein (Nagarkar-Jaiswal et al., 2015), which is
expressed in mushroom bodies (MBs) of the adult Drosophila brain
and is involved in learning and memory. Specifically, it was shown
that the expression of deGradFP for 3 days (using a temperature-
dependent driver) in GFP-Dnc-carrying flies causes a 70% decrease
in learning score. Strikingly, these defects could be rescued by
shifting the flies back to the restrictive temperature for 2 days, which
restores GFP-Dnc levels to physiological conditions owing to the
absence of deGradFP (Nagarkar-Jaiswal et al., 2015).

Protein/DNA modification

Many protein kinases have several substrates, and it can thus be
challenging to control uniquely the phosphorylation state of a
specific substrate of a particular kinase. One way to address this is to
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bring a minimal kinase domain into close proximity of a chosen
substrate to direct phosphorylation exclusively towards this
particular target, and to assess the effect of this induced
phosphorylation. In a recent study (Roubinet et al., 2017), it was
shown that the Myosin regulatory light chain Sgh, when fused to
GFP, can be activated (phosphorylated) by a fusion protein
consisting of the minimal domain of Rho kinase and an anti-GFP
nanobody (see Fig. 5B). In order to restrict Sqh activation to the
apical domain of Drosophila neuroblasts in vivo, the nanobody
fusion protein was further linked to an apical membrane localization
domain. This approach resulted in the phosphorylation and
activation of the Sqh-GFP target protein exclusively on the apical
side of a neuroblast, confirming the important role of temporal
myosin activation and inactivation on the apical cortex for
asymmetric cell division. These experiments also highlight that
the same binder can be multi-functionalized via fusion with
several effector domains (i.e. localization and post-translation
modification), thereby further increasing the versatility of the
protein binder approach. In a similar vein, a recent study utilized the
previously described combination of a gRNA with dCas9-SunTag
to recruit a fusion protein consisting of a DNA demethylase fused to
an scFv that recognizes the SunTag (Fig. 5C; Morita et al., 2016).
This approach allowed the controlled demethylation of defined
DNA loci in cell culture and in vivo in mouse embryos. Many more
enzymatic activities are involved in the modification of proteins,
DNA or RNA; with further advances in protein binder-based

technologies, such activities could be directed to specific places in
time and space.

Protein scaffolding

Scaffold proteins are common to many cellular processes and
provide the framework to bring together two or more proteins in a
stable configuration (Garbett and Bretscher, 2014). Recently,
protein binders and their targets have been used to create
synthetic protein scaffolds that can bring together two or more
proteins of defined functions. The basic requirement for this
approach is the availability of two or more binders that recognize the
same ‘scaffold’ in a non-overlapping manner. This concept has been
used successfully in ‘transcription device dependent on GFP’
(T-DDOG:; Tang et al., 2013), a tool that allows gene expression to
be controlled (activated or repressed) specifically in those cells in
which GFP is present. T-DDOG uses two anti-GFP nanobodies that
bind to GFP in a non-overlapping and non-competitive manner
(Kirchhofer et al., 2010). One of the nanobodies is coupled to a
DNA-binding domain (from Gal4 or LexA, for example), and the
other is coupled to the activation domain of the viral protein VP16.
These two components come together only in the presence of the
GFP ‘scaffold’ and function as an artificial transcription factor that
drives gene expression in GFP-expressing cells (Fig. 5D). The
T-DDOG system has been used to control transcription in mice and
zebrafish (Tang et al., 2013). Given the existence of a multitude of
transgenic lines that express GFP in a tissue-specific manner in
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zebrafish and mouse (Abe and Fujimori, 2013), T-DDOG provides
a ready-to-implement tool that can be utilized to control
transcription. The same approach has also been used to create a
split Cre recombinase that can be reconstituted and activated by the
assembly on a GFP scaffold in living mice (Tang et al., 2015). Such
synthetic modules, which act as ‘sensors’ (the presence of GFP, in
this particular case), will likely be used more often in the field of
developmental biology to detect the presence of specific proteins or
protein subspecies in complex tissues.

Synergies between developmental biology and synthetic
biology

Synthetic biology is an engineering discipline that aims to find
solutions for biological problems by creating new biological circuits,
based on both biomolecules and synthetic materials, to perform
customized tasks (Ausldnder et al., 2017; Davies, 2017). Synthetic
biology exploits the vast diversity of functional components found in
the genetic material of all life forms, including protein domains of
different functions, and uses them to generate molecules with novel
biological properties. Protein binders, in most cases scFvs, have been
used in synthetic biology for many years, often as part of novel
synthetic receptors, triggering signalling upon recognition of a ligand
of interest (Barrett et al., 2014; Eyquem et al., 2017; Maus et al.,
2014; Srivastava and Riddell, 2015). Few intracellular applications
have been reported until now, mostly owing to the limited availability
of such functional binders. However, as protein binders have a high
degree of target specificity, and can now be isolated against virtually
every protein, protein isoform and post-transcriptional modification,
it is likely that many more protein binders will find a use in synthetic
biology circuits.

In a recent effort to engineer a customized cell sensing and
response behaviour, Lim and colleagues showed that chimeric
forms of Notch (synthetic Notch receptors; or SynNotch), in which
the extracellular sensor module and the intracellular transcriptional
module are replaced with heterologous protein domains, can serve
as a general platform for novel cell-cell contact signalling pathways
(see Fig. 6). In particular, the replacement of the extracellular
domain of Notch by binders that recognize different ligands (such as
scFvs that recognize CD19 or mesothelin, or a nanobody that
recognizes GFP) enabled the generation of cells that have a
customized sensing behaviour (Morsut et al., 2016). This leaves
room for the generation of cells that respond to user-specified
extracellular cues (see also Roybal et al., 2016), and it is clear that
the isolation and use of novel specific protein binders will increase
the potential use of such chimeric receptors. SynNotch receptors
have also been used in the field of developmental biology to ask

A Notch B SynNotch
e Jo

Ligand

domain

\
\

Notch i Delta
|

Effector
domain

Receiver

cell l'i ]

Recognition /

more basic questions. Two studies (He et al., 2017; Huang et al.,
2016) reported that optimized SynNotch receptors can indeed be
activated by direct cell-cell contact in vivo in Drosophila. Both
studies used the SynNotch system to reveal such direct cell
interactions using binary expression systems to express the ligand
(GFP) in one subset of cells, while expressing the SynNotch
receptor (harbouring a GFP nanobody and an intracellular
transcription activation domain) in another subset of cells (He
et al., 2017; Huang et al., 2016). Depending on the downstream
response of the SynNotch receptor, this setup can reveal cell-cell
contacts by inducing a detectable response in the interacting cells
(such as the expression of a fluorescent protein; He et al., 2017,
Huang et al., 2016) or can act as a synthetic signalling system that
induces the expression of a POI (Huang et al., 2016). Without doubt,
the power of this system will be further explored, as it is possible to
encode novel transcriptional circuits in the responding cell, as
reported in the experiments described above, and reveal direct cell-
cell interactions in vivo that would be difficult to detect otherwise.

Conclusions

In the past two decades, tremendous progress has been made in
generating diverse protein scaffolds that can successfully be used to
isolate binding proteins for virtually any target protein (Pliickthun,
2015; Sha et al., 2017). The recent generation of various platforms
that allow the isolation of such high-affinity binders, both in
academia as well as in biotech companies, should thus permit the
rapid and efficient identification of high-affinity protein binders that
can target any protein of interest. Recent progress in the application
of protein binders in cell and developmental biology has
demonstrated that such binders can be functionalized in many
different ways to regulate the function of the bound target protein.
This functionalization allows the controlled degradation of proteins
of interest and their controlled localization, and can also allow the
tracking of endogenous proteins in vivo as well as their controlled
post-transcriptional modification. Without doubt, many more such
engineered functionalizations will surface in the near future
allowing for a broad range of protein manipulations in vivo.

Of note, many of the binders that have been used thus far in the
field of developmental biology are directed against fluorescent
proteins. This is due to the fact that such binders have been available
for a number of years and have thus been well characterized,
representing ready-to-use reagents for the community. In addition,
many lines expressing GFP, either alone or fused to a POI, have
been generated in model organisms. In the future, it will be exciting
to see more applications of protein binders that recognize
endogenous targets in animal models. Obviously, many of the

Fig. 6. Application of protein binders in
synthetic biology. (A) Upon Notch interaction
with its ligand Delta, the intracellular domain

<
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g 8 the nucleus, where it acts as a transcriptional
£ @ regulator. (B) In the synthetic Notch (SynNotch)
scFv £ § pathway, the extracellular recognition domain
°% (ECD) is replaced by a protein binder with
o ©  defined specificity (such as VHH or scFv) and
y the ICD is replaced by an effector domain (e.g. a
Any other transcription factor from bacteria or yeast).
binder Importantly, both the recognition domain, as well

as the effector domain, are exchangeable,
enabling the generation of individualized,
custom-made responses; any protein binder
(VHH, scFyv, etc.) for a desired ligand can be
utilized. Image based on Morsut et al. (2016).
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applications designed to manipulate fluorescently tagged proteins
can be applied to endogenous proteins by exchanging the binder
against the fluorescent protein with a binder against a target POIL.
As binder isolation nowadays is relatively straightforward, it should
not represent a huge barrier to start working with these novel
reagents.

Excitingly, several novel methods based on protein binders have
been developed. For example, the availability of two binders against
the same proteins (e.g. GFP) provides the option of using the latter
to serve as a scaffold to combine split moieties of a molecular
activity (Cre recombinase, transcriptional activator and DNA
binder, for example) only in the presence of the scaffolding
protein. Owing to the versatility of this approach, many novel
applications making use of this principle are expected to surface in
the near future. Binders against small peptide tags are also being
developed and have contributed to the establishment of novel
methods. The best example of such a binder is the SunTag. Owing to
its small size, multiple copies of this tag can be inserted into a target
protein, thereby allowing single molecule visualization in live cells.
It is likely that this method will soon be used in developing
organisms to follow single molecules in defined tissues and under
different experimental paradigms, thereby providing valuable new
insight into developmental processes.

With recent advances in the isolation of functional scFv-based
intrabodies from monoclonal antibodies (Vielemeyer et al., 2010;
Worn et al., 2000), it should also be possible to isolate numerous
scFv-based binders starting from the huge collections of existing
monoclonal antibodies. This could result in the availability of
countless novel binding proteins that can be functionalized. Other
avenues for future development include equipping protein binders
with domains for which activity can be regulated by acute
interventions, such as illumination with light of a particular
wavelength, or with domains that can be functionally modulated
by small chemicals. It might also be interesting to generate so-called
‘split” binders that would only be functional when the two moieties
come together. The assembly of the functional binder could
then potentially be controlled by light- or chemical-induced
dimerization, eventually allowing for more acute regulation of
target protein function (Renicke et al., 2013; van Bergeijk et al.,
2015; Wu et al., 2009).

Considering the incredible versatility that protein binder-based
tools offer, combined with the available opportunities to obtain a
binder for a POI, we expect more and more developmental
biologists to test, validate and include these novel tools in their
experimental repertoire. Certainly, protein binder-based tools are a
valuable addition to currently available tools for modifying protein
function and will allow us to improve our understanding of
developmental phenomena that otherwise would be difficult to
dissect and investigate.
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