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Monobodies as tool biologics for accelerating
target validation and druggable site discovery

Padma Akkapeddi, †a Kai Wen Teng †‡a and Shohei Koide *ab

Despite increased investment and technological advancement, new drug approvals have not proportionally

increased. Low drug approval rates, particularly for new targets, are linked to insufficient target validation at

early stages. Thus, there remains a strong need for effective target validation techniques. Here, we review

the use of synthetic binding proteins as tools for drug target validation, with focus on the monobody

platform among several advanced synthetic binding protein platforms. Monobodies with high affinity and

high selectivity can be rapidly developed against challenging targets, such as KRAS mutants, using protein

engineering technologies. They have strong tendency to bind to functional sites and thus serve as drug-

like molecules, and they can serve as targeting ligands for constructing bio-PROTACs. Genetically encoded

monobodies are effective “tool biologics” for validating intracellular targets. They promote crystallization

and help reveal the atomic structures of the monobody-target interface, which can inform drug design.

Using case studies, we illustrate the potential of the monobody technology in accelerating target validation

and small-molecule drug discovery.

Introduction

Drug development is an expensive, time consuming yet

important endeavor to address an unmet medical need. Drug

discovery starts with the initial research, often in academia1,2

that generates a hypothesis that modulation, i.e., inhibition

or activation, of a biological function leads to a therapeutic

effect. The outcome of the initial research leads to the

identification of a potential drug target, i.e., a macromolecule
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involved in the biological function. Still further validation is

required before the project proceeds to target-based lead

discovery. Target-based drug discovery has become the

dominant paradigm, but, despite the advances in the

mechanistic understanding of the disease biology and in

target-based drug discovery, it remains challenging to bring a

new drug into the market.3,4

The overall failure rate in drug development is >96%,

including a 90% failure rate during clinical development5–10

and the failure rates are the highest for drugs against

previously ‘undrugged’ targets. A number of factors

contribute to this high rate of failure, including a lack of

preclinical experiments in cells, tissues, and animal models

to support drug target validation. Insufficient validation of

drug targets at an early stage has been linked to costly

clinical failures11 and low drug approval rates.6,12 Effective

target validation as well as early proof-of-concept studies have

been predicted to reduce the phase II clinical trial failures by

∼24%, thereby lowering the cost of development of new

molecular entities by ∼30%.5 Consequently, there is a clear

unmet need for robust technologies for drug target

validation.

The discovery and development of first-in-class drugs

often begins with identification of a new drug target (Fig. 1a).

Fortunately, there are many powerful technologies for target

identification. Omics technologies have brought about

unprecedented capacities to screen biological samples at the

levels of gene, transcript, protein and their interaction

network in a high-throughput manner.13 Although robust

and efficient, an omics study often results in a vast number

of hits for a disease of interest. Efficient prioritization of hits

at an early stage data is a key to a successful drug discovery

project.

In this article, we define drug target validation as the

evaluation of the following question: whether

pharmacological modulation of the target can provide

therapeutic benefit with an acceptable safety window (i.e., a

substantial therapeutic window). A wide spectrum of

validation methods involves genetic modulation of a target of

interest or biochemical perturbation, where a reagent binds

to a target and modulates its function, in cell and animal

models. Ideally, these perturbations should have a mode of

action close to that of the ultimate drug so that the outcomes

of perturbation studies have high predictive power for the

efficacy and adverse effects of the drug in patients.

Genetic manipulation is a powerful technique for target

validation and it leverages the ease of designing and

producing nucleic-acid reagents for selective targeting of a

region of interest and of performing large-scale

experiments.14 Examples include loss-of-function experiments

utilizing genetic knockout and knockdown approaches

ultimately resulting in reductions of protein levels. In

addition to the conventional RNA interference, recent

genome editing methods, particularly CRISPR/Cas9, have

accelerated and expanded these approaches.15–25 New

CRISPR/Cas9 variations can also increase the protein

abundance, in addition to reducing the protein abundance

and causing a loss of function. However, these approaches

alter the abundance of the target, which is not equivalent to

functional inhibition conferred by the binding of a drug to a

specific site within the target (see below for an important

exception with degrader drugs). Genetically modifying a

target, such as site-directed mutations, could offer higher-

resolution information than altering the target abundance,

but substantially more prior knowledge is required to design

such mutations and still mutations rarely mimic the action

of small molecule therapeutics. In addition, it is difficult to

predict the final biological outcome due to post-

transcriptional and post-translational modifications using

genetic approaches. For example, many genes produce

multiple isoforms that a single genetic manipulation can

perturb and hence it is difficult to determine which isoforms

are valid drug targets. Genetic modifications are often

irreversible, and it does not accurately mimic temporal

modulation of biological functions by a drug. Taken together,

whereas genetic modification is powerful as the initial

screening tools, higher-resolution tools that selectively target

a particular region (e.g., a domain and a site) within a target

molecule are needed for high-confidence target validation.

Small molecule chemical probes, compounds that bind

to the target of interest with sufficient selectivity and

potency, are powerful tools for target validation, including

the feasibility of perturbing the target to modulate

downstream consequences and predicting adverse effects.

Chemical probes are developed using techniques such as

high-throughput screening (HTS), fragment-based drug

discovery (FBDD) and newer technologies. HTS has

remained a pillar of small molecule drug discovery with

relatively high success rates of delivering hits that make it

to the clinic.64–66 It generally takes a long time to develop a

tool compound with sufficient selectivity and affinity for in-

cell and in-animal validation. Essentially one needs to
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develop a compound that is almost a drug to be able to

validate a target, which requires substantial investment of

time and resources (Fig. 1a).

As a variation of small molecule probes, proteolysis

targeting chimeras (PROTACs) are increasingly being

developed as drugs to degrade protein of interest and also

used as chemical tools to validate therapeutic targets.67,68

PROTACs are heterobifunctional compounds that recruit the

E3 ubiquitin ligase machinery to the target protein, resulting

in their ubiquitination and subsequent proteasomal

degradation. PROTACs function in an event-driven fashion

compared to the traditional inhibitors that function via the

occupancy-driven paradigm and as a result PROTACs

overcome the challenge of maintaining high target

engagement for effective inhibition. The mode of action of

PROTACs is conceptually related to the reduction of protein

abundance using genetic manipulation, which increases the

relevance of genetic manipulation in target validation.

However, PROTACs still require a highly selective ligand for

target engagement and thus suffers from the same bottleneck

as in chemical probe development.

In this review, we describe an emerging approach in

which synthetic binding proteins are used as “tool biologics”

for target identification and validation, with a particular

emphasis on the monobody technology (Fig. 1). These

molecules bind to a specific surface of a target of interest

and biochemically perturb its function, thus mimicking the

mode of action of small molecule drugs. Using advanced

protein engineering technologies, synthetic binding proteins

with exquisite selectivity and high potency can be rapidly

developed. Genetically encoded synthetic binding proteins

can be delivered to the cell and organ of interest and their

levels can be temporally controlled with the convenience and

efficiency of genetic manipulation. Over the last three

decades, a number of studies have demonstrated the

potential of this concept (Table 1). We propose that synthetic

binding proteins, such as monobodies, are powerful

technologies that bridge the gap between genetic

Fig. 1 (a) Schematic representation of major steps in the drug discovery process highlighting the time it takes in the conventional approach and

how monobody assisted approaches could facilitate target validation. We propose that an addition of a target validation step with synthetic

binding proteins such as monobodies helps address the efficacy question early in the project. (b) The three-dimensional structures of common

protein scaffolds for developing binding proteins. The yellow spheres indicate positions that are diversified in combinatorial libraries and thus likely

to be involved in target binding. (c) Schematic representation of main processes of target validation utilizing monobodies.

RSC Medicinal Chemistry Review

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

3
 S

ep
te

m
b
er

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
2
/2

0
2
2
 3

:3
0
:2

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1MD00188D


1842 | RSC Med. Chem., 2021, 12, 1839–1853 This journal is © The Royal Society of Chemistry 2021

modification and chemical probes and hence they will have

substantial impact on drug discovery (Fig. 1a).

Monobodies and other synthetic
binding proteins

Synthetic binding proteins are proteins that are tailored to

bind to a target of interest. Development of synthetic binding

proteins has been inspired by the capability of the immune

system to generate antibodies against virtually any antigen

and successes of monoclonal antibodies as transformative

therapeutics. It has also been motivated by the desire to

overcome shortcomings of the immunoglobulin framework

of the conventional antibodies including its complex

molecular architecture and the dependence of its folding on

the formation of multiple disulfide bonds. Advances in the

knowledge of the mechanisms governing protein–protein

interaction and in protein engineering technology over the

last three decades have enabled the generation of synthetic

binding proteins whose affinity and selectivity match those

of therapeutic antibodies.69–77

Synthetic binding proteins are mostly generated by varying

portions of a stable protein scaffold (Fig. 1b).77 Using

molecular display technologies, such as phage display, yeast

display, ribosome display and mRNA display, and tailored

oligonucleotide synthesis methods such as trimer nucleotides

and massively parallel synthesis, one can construct a large

combinatorial library of synthetic binding proteins in which

typically 10–20 residues are diversified.78–82 Modern libraries

contain 1010–1013 independent sequences, and the effective

library size can be readily expanded by the incorporation of

genetic recombination and random mutagenesis steps.

Clones that bind to the target of interest with desired affinity

and specificity are identified by subjecting a library to

selection and screening. Many potent and exquisitely

selective binding proteins have been rapidly developed,

typically within a few months, using multiple scaffold

systems, underscoring the fundamental ability of larger

interfaces afforded by a scaffold protein to achieve high

functionality.

Peptide aptamers are short peptides embedded within a

small protein scaffold. They can be viewed as pioneers of

synthetic binding proteins particularly for intracellular

applications.26,83,84 As one might expect, their simple

architecture does not often lead to high affinity or high

specificity and the flexible linkage between the peptide

segment and the scaffold makes it extremely challenging to

determine the crystal structures of the complexes.

Consequently, peptide aptamers have largely been

superseded by systems discussed below.

Among numerous synthetic binding protein platforms, the

most established systems include designed ankyrin repeat

proteins (DARPins),72,85–87 monobodies,88,89 anticalins,90–92

and affibodies.93–95 Numerous binding proteins, or

“binders”, have been derived from “natural” scaffolds of

antibody fragments such as single-chain variable fragment

(scFv) and nanobodies.96–101 The distinction between

synthetic and natural binders is subtle in that the latter

originate from natural immune repertoires rather than

synthetic libraries. Similar technologies are used for both

types in clone identification, characterization and

production. Successes of these and other scaffold systems in

generating potent binding proteins demonstrate that the

field has established robust knowledge and technologies for

synthetic binding protein development. For this review we

will not elaborate further on these and many other binding

protein systems, because there are already many excellent

reviews on this topic.72,92,95,100,102 As one might expect, the

major interest of synthetic binding protein developers is in

therapeutics development, and drug target validation is a

relatively unexplored application of synthetic binding

proteins.

Monobodies are the founding system of synthetic binding

proteins based on a fibronectin type III (FN3) domain that

has the immunoglobulin (Ig) fold.103 A typical monobody

development process involves enriching clones that bind to

the target of interest and optionally negative selection for

eliminating clones that cross-react with an undesirable

molecule (e.g., a homologous protein).104 In the end, the lead

clones are chosen from many candidates in terms of affinity,

specificity and biophysical properties. Ultimately monobodies

are expressed in E. coli for biochemical and structural

studies, and alternatively converted into genetically encoded

Table 1 Examples of binding protein platforms that have been used for

intracellular target engagement

Binding protein platform Target

Peptide-aptamer CDK2 (ref. 26)
HRAS27

Rho-GEF28

Affibody HRAS/Raf-1 (ref. 29–31)
Nanobody PKCε32

F-Actin33

α-Synuclein34

p53 (ref. 35)
GPCR36–38

scFv (Intrabody) RAS39

HHV-8/IL-6 (ref. 40)
pYSTAT3 (ref. 41)
HP-1β42

BCR-ABL43

DARPin ERK44

Tubulin caps45

KRAS46–48

c-Jun N-terminal kinase49,50

Monobody Abl-Kinase51,52

SHP2 (ref. 53)
PRDM14-MTGR1 (ref. 54)
sNASP55

HRAS and KRAS56

WDR5 (ref. 57)
ICMT58

Aurora kinase A59

MLKL60,61

STAT3 (ref. 62)
KRAS(G12C) and KRAS(G12V)63
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reagents, i.e., expression vectors, for in-cell and in vivo

studies (Fig. 1c).57,62 FN3 is monomeric and stable but unlike

conventional Ig domains it has no disulfide bonds.103 The

lack of disulfide bonds makes it straightforward to express

fully functional monobodies under the reducing environment

within the cell. Along with monobodies, scaffolds such as

DARPins and affibodies also do not have disulfide bonds,

and have been used for targeting intracellular proteins of

interest.29–31,44,46,47,50,93,105–107 The absence of a disulfide

bond is clearly desirable but not an absolute requirement for

intracellular applications. The so-called intrabodies have

been constructed using the scFv,108,109 VL,110 and

nanobody111,112 frameworks that retain functionality in the

intracellular reducing environment.108,113 These examples

(Table 1) clearly show that, in principle, these and other

scaffold systems can be used to generate binders suitable for

intracellular applications.

The robust scaffold of monobodies also makes it

compatible with diverse fusion partners (e.g., epitope tags

and fluorescent proteins) and with virtually all molecular

display technologies.88,104,114 Monobodies have strong

tendency to bind to a functional surface on the target

protein,88 and consequently, monobodies identified simply

based on target binding are usually modulators of biological

function (Fig. 2). There are distinct types of monobody library

designs developed to date, one that diversifies residues in

loops at one end of the scaffold and the other that diversifies

residues on a beta-sheet in addition to loop residues

(Fig. 1b). These libraries present diversified positions with

distinct surface topography and thus have distinct preference

of binding towards surfaces of the target. Monobodies from

the “loop” library prefer concave surfaces, whereas those

from the “side” library prefer flatter and convex surfaces.88

Together, monobodies binding to diverse surfaces of a target

can be developed88,89 resulting in identification of potential

druggable sites with diverse topography (Fig. 2).

Complementing synthetic proteins, cyclic peptides, usually

composed of 5 to 14 amino acids, are alternative synthetic

binding modalities. Details on application of cyclic peptides

in drug discovery is beyond the scope of this article and the

reader is directed to many excellent review articles on this

topic.115–117 The moderate size and diverse functional groups

of the cyclic peptides ensure the contact is large enough to

provide high selectivity, added to that the cyclization helps

resist degradation by proteases in blood.115 Similar to

synthetic binding proteins, it is often challenging to deliver

cyclic peptides into the cytoplasm of the cells,118 but, unlike

synthetic binding proteins, most cyclic peptides cannot be

produced genetically, further limiting their utility for the

validation of intracellular targets.

For the remainder of this review we present applications

of monobodies as “tool biologics” towards drug target

validation.

The use of monobody technology for
facilitating drug discovery

The monobody technology enables the rapid generation of

highly specific and potent inhibitors against difficult targets.

Therefore, it can provide valuable information during each

Fig. 2 Schematics showing modes of regulation of target functions using synthetic binding proteins. (a and b) Competitive disruption of protein–

ligand interaction with a monobody (Mb). (a) Competitive inhibition of the interaction between the active form of RAS mutant and the RAS-binding

domain (RBD), which in turn inhibits the downstream signalling.63 (b) Inhibition of transcriptional activity of STAT3 by monobody. Monobody binds

to STAT3 thus decreasing STAT3 binding to DNA.62 (c and d) Allosteric regulation of the target protein. (c) Monobody binding to a self-association

interface of RAS, disrupting the RAS–RAF hetero-tetramer and inhibiting RAS-mediated activation of RAF.56 (d) Monobody binding to the SH2

domain of ABL kinase disrupts the intramolecular, domain–domain interaction, leading to the inhibition of kinase activity.51
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step of the drug discovery process, complementing the drug

discovery effort (Fig. 1a). In this section we will illustrate how

the use of monobody technology has facilitated various steps

of drug discovery against challenging targets.

Monobody in drug target validation

Many potential drug targets that were discovered in basic

research are not validated due to a lack of suitable tool

compounds that can act as target-specific inhibitors. The

monobody technology can help bridge this gap by offering a

quick path for generating selective inhibitors for a given

target and validate the target as druggable by functional

readouts. Furthermore, the levels of specificity and selectivity

that the monobodies can achieve have allowed it to be used

as a tool for validating targets even in a situation where the

biology of the target is poorly understood. Other synthetic

binding protein platforms could, in principle, be employed

in a similar manner.

In one example, the monobody technology helped advance

the understanding of a poorly characterized and unvalidated

drug target. Members of G-protein coupled receptor (GPCR)

super-family are important drug targets because of their roles

in development and signaling regulation in both healthy and

diseased cells.119,120 In particular, adhesion GPCRs (aGPCRs)

are difficult to target due to their complex structures and

Fig. 3 Applications of the monobody technology for facilitating drug discovery. (a) Exquisite selectivity of monobodies facilitates drug target

validation and discovery of druggable sites. A panel of monobodies (teal) was developed for inhibiting aGPCR and dissecting the functional role of

individual extracellular domains (left). A monobody selectively recognizes STAT3 over other STAT family members. Monobody 12VC1 selectively

inhibits RAS mutants, G12C and G12V, over other WT RAS isoforms. (b) Monobody-assisted discovery of new targetable interfaces for inhibition

(PDB ID: 5E95).56 The NS1 monobody inhibited RAS by binding (yellow) to the α4–β6–α5 interface (enclosed with the black boundary) that is

important for RAS: RAS association, which is away from the effector binding interface (red). Structure of monobody Mb33 bound to MLKL 4HB

domain (PDB ID: 6UX8).60 (c) Monobody MB2 (PDB ID: 6C83, teal)59 allosterically inhibited AurA by targeting the pocket. The equivalent pocket of

a homologous kinase, PDK1, is targeted by small molecules inhibitors (PDB ID: 3ORX, magenta, PDB ID: 4RQK, green)146,147 (d) A peptide inhibitor

(PDB ID: 5WGQ, red)148 that binds to ER-α closely resembles the FG loop of a monobody (PDB ID: 2OCF, teal).149 Small molecule (PDB ID: 6E23,

green)150 and peptide inhibitor (PDB ID: 5VFC magenta)151 that targets WDR5 closely resembles the FG loop of a WDR5-binding monobody (PDB

ID: 6BYN, teal).57
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relatively poorly characterized biological roles.121 A

substantial fraction of pharmaceutical agents currently on

the market target GPCR. However, to date, there has yet to be

a clinically approved drug that targets an aGPCR. Only

recently have small molecule ligands for aGPCRs been

identified122–124 and tool reagents such as antibodies against

aGPCRs are limited. In addition to the seven-transmembrane

helix domain characteristic of GPCRs, aGPCRs have a large,

multi-domain extracellular region (ECR) whose roles in

signaling remain poorly understood. The lack of well-

characterized, soluble ligands to aGPCR makes it difficult to

evaluate whether it is a viable drug target, which calls for the

ongoing development of research tools that can dissect the

functional consequences of targeting aGPCR and its

individual extracellular domains.

A series of monobodies to an aGPCR (GPR56/ADGRG1) of

mouse and human were generated using the monobody

technology targeting different parts of the ECR (Fig. 3a).125 A

monobody was used to facilitate the determination of the

crystal structure of the mouse GPR56 ECR, which revealed

two domains: a novel N-terminal pentraxin and laminin/

neurexin/sex hormone-binding globulin-like (PLL) domain

and an unusually short G protein-coupled receptor

autoproteolysis-inducing (GAIN) domain. Using the

knowledge of the domain architecture, more monobodies

targeting the PLL domain, the GAIN domain, and an epitope

that included both domains were developed. These

monobodies became valuable reagents for detecting splice

variants of aGPCRs. Importantly, this panel of distinct

monobodies enabled the authors to elucidate signaling

implications for targeting specific extracellular domains of

GPR56. A monobody that interacted with both the PLL and

GAIN domains resulted in a decrease in GPR56 signaling,

leading to a model in which a rigid ECR may decrease basal

activity of the receptor. In contrast, some PLL domain-

binding monobodies acted as agonists. Lastly, none of the

GAIN-domain-binding monobodies caused significant

changes in GPR56 signaling. These studies have established

that aGPCR signaling can be modulated with a soluble ligand

targeting the ECR and that targeting of specific extracellular

domains in an aGPCR can lead to different downstream

signaling outcomes. As aGPCR ECRs are extracellularly

accessible, these monobodies are potentially new

therapeutics.

One of the major class of undruggable proteome is the

transcription factors.126,127 Although numerous studies have

highlighted the role of transcriptional regulation in human

disease, it has been challenging to validate transcription

factors as drug targets. A loss of function upon genetic

silencing of transcription factors may not be sufficient for

validating them as drug targets. Such an outcome may be

due to the disruption of a protein complex, which may not be

recapitulated with a small molecule drug. Furthermore, some

transcription factors belong to a family of proteins with high

sequence homology, making it challenging to selectively

target one particular family member for target validation.

Many monobodies with exceptional selectivity have been

developed, including a monobody that is selective to a single

SH2 domain among >100 human SH2 domains.53

Furthermore, monobody is an ideal reagent for validating

nuclear targets because of its compact size that allows it to

pass through the nuclear pores and reach its target inside

the nucleus.

STAT3 is an example of a transcription factors that have

so far been undruggable,128 and activation of STAT3 is

frequently found in solid tumors and hematopoietic

diseases.129,130 The main challenges in targeting STAT3

include the absence of an obvious pocket for inhibiting

STAT3 monomer and the high sequence similarity among

STAT-family member proteins. Although there has been

reports of inhibitors that prevent the dimerization of STAT3,

which is required for activation, the STAT3 monomer has

been reported to have residual signaling activity, suggesting

the need to inhibit the monomer.131 Recently, a series of

monobodies collectively termed MS3 that bind STAT3 were

developed (Fig. 3a).62 They bind to STAT3 with affinity in the

mid-nanomolar range, and their high selectivity for STAT3

over other STAT-family member proteins were confirmed by

affinity capture followed by mass spectrometry. Expression of

MS3 monobodies in cells inhibited the transcription of

STAT3 target genes. In particular, one of these monobodies,

MS3–6, binds to the coiled-coil domain of STAT3 and inhibits

STAT3 signaling through multiple fronts. First, it

allosterically inhibited the binding of STAT3 to DNA by

stabilizing a coiled-coil conformation of STAT3 that is

incompatible with its binding to DNA (Fig. 2b). Second, it

binds to a region of STAT3 proximal to the nuclear

localization sequence (NLS), which inhibited translocation of

STAT3 into the nucleus. Third, it reduces IL-22 signaling by

perturbing binding of STAT3 to the IL-22 receptor. Taken

together, this study has generated a powerful tool to study

the functional consequences of inhibiting STAT3, and

demonstrated that STAT3 can be inhibited by a variety of

mechanisms.

In another study, a monobody termed S4 was developed to

bind to WDR5,57 a nuclear protein that is a part of the mixed

lineage leukemia 1 (MLL1) transferase complex.132 A crystal

structure revealed that monobody S4, just like the small

molecule inhibitors, binds to the central cavity (WIN site) of

WDR5 in which WIN-motif of MLL family protein binds and

disrupts the formation of MLL1–WDR5 complex. MLL1 plays

an important role in MLL1-rearrange leukemia. However, the

efficacy of current WDR5 inhibitors has only been

demonstrated in cells but not in animal models due to their

low bio-availability. Leukemia cell lines with genetically

encoded S4 under a DHFR-degron based inducible system

was generated for studying the functional impact of WDR5

inhibition. In this system, the intracellular concentration of

monobody is controlled with trimethoprim (TMP), which

stabilizes the DHFR-monobody fusion that is otherwise

rapidly degraded. In the absence of TMP, DFHR-monobody

was degraded. The cells were then engrafted in mice to
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examine whether the approach of inhibiting WDR5 is

effective in vivo. Expression of S4 potently decreases Hox4A

mRNA level, a signature of MLL1’s transcriptional activity.

Cellular effects of S4 were similar to those of small molecule

inhibitors, supporting the use of monobodies for target

validation. In a mouse model, the expression of monobody

S4 significantly improved the survival of mouse engrafted

with leukemia cells, establishing the on-tissue efficacy of

targeting the WIN site of WDR5 and validating the site as a

therapeutic target. Through these examples, we can perceive

monobody being a useful tool for validating difficult to drug

targets, and a significant improvement over genetically based

verification.

Discovering new druggable sites and new modes of

inhibition

A monobody selection campaign often yields clones that bind

to multiple, different epitopes within a target. Because

monobodies are good crystallization chaperones,88,89,133 there

is a high probability that several different structures of

monobodies bound to a drug target can be readily

determined, which can reveal new potential druggable sites.

The monobody bound structures also reveal druggable

conformations of a target, establishing the feasibility of

targeting an epitope with a non-covalent ligand.

RAS has been known as a potential drug target for more

than 30 years.134,135 RAS mutation is a key driver in estimated

19% of human cancer,136 and currently there are no clinical-

approved inhibitors directly targeting RAS. RAS has long

earned its reputation as an undruggable target due to its lack

of surface pocket and its sole ligand binding pocket has

picomolar affinity to nucleotides. Over the last decade, there

have been significant breakthroughs in targeting the G12C

mutation of RAS by using covalent inhibitor,137–139 and

multiple drugs are being evaluated for the treatment of lung

and colorectal cancers in clinical trials. These breakthroughs

have validated RAS as a druggable target and invigorated

RAS-targeted drug discovery. However, the G12C mutation is

a small subset of oncogenic mutations found in RAS,

therefore it calls for new approaches to non-covalently inhibit

RAS function.

The feasibility of targeting RAS directly with a non-

covalent inhibitor has been a major unanswered question in

the field of RAS drug discovery. Recently, the monobody

technology has been used to address this question on several

fronts.56,63 A monobody termed 12VC1 was developed that

selectively target the oncogenic mutant forms of RAS, G12V

and G12C, in the active, GTP-bound state, and it does not

bind to any of the wildtype RAS isoforms in either active or

inactive states (Fig. 3a). Binding of 12VC1 to the active RAS

mutants competitively inhibits RAS from interacting with its

downstream effector RAFs (Fig. 2a). Fusion constructs of

12VC1 with fluorescent proteins readily enabled the

confirmation of its selective engagement with the RAS

mutants in cells.63 The unprecedented level of selectivity of

12VC1 demonstrated that RAS mutant can be selectively

targeted in a non-covalent manner. When expressed as an

intracellular biologic, 12VC1 is effective in inhibiting RAS

mediated signaling and proliferation in RAS-driven cancer

cell lines and a mouse xenograft model. This monobody has

established the feasibility of selectively inhibiting a RAS

mutant using non-covalent means, as well as validating active

mutants of RAS as a drug target, which significantly de-risk

approaches that aim to develop non-covalent inhibitors

against active RAS mutants.

The study also provided structural insights as to how RAS

mutants G12V and G12C can be selectively targeted. There is

a shallow pocket on the surface of monobody 12VC1 that

directly recognizes certain small side chains at residue 12 of

RAS. This finding provides a strategy for developing future

inhibitors against RAS mutants or “undruggable” mutants

alike, where a mutant protein that lacks a suitable druggable

pocket can be recognize by a molecule containing a pocket

that recognizes the mutation. For example, the structure may

guide the design of “molecular glue” compounds.140

Effort to inhibit challenging targets such as RAS can

benefit from having more than one mode of inhibition. This

view called for the exploration of novel interfaces on RAS that

can potentially be targeted for inhibiting its activity. A

monobody termed NS1 has been developed that targets the

α4–β6–α5 interface (a.a. residues 123–168) on RAS,56 which is

away from the effector binding surface of RAS (Fig. 3b). NS1

show potent inhibition of RAS-mediated signaling and

proliferation of RAS-driven cancer cells in both cell-based

and animal models.141 The binding of NS1 to RAS blocked

RAS–RAS association as well as CRAF–BRAF

heterodimerization (Fig. 2c). The functional importance of

the α4–β6–α5 interface had previously been unrecognized

prior to this work, primarily due to a lack of a tool compound

directed to this interface. The discovery of NS1 and its

binding site has provided a new interface to target for

inhibiting RAS function and inspired many follow-on

studies.141,142

Interestingly, the potent inhibitory activities of NS1 has

not been recapitulated by point mutations that are designed

to disrupt the proposed mode of RAS self association.56 This

discrepancy suggests that the size of monobody (10 kDa) may

contribute to its efficacy. If this is the case, it may be

challenging to translate the findings into small molecule

inhibitors. Further studies are needed to better define the

effect of the inhibitor size targeting this region of RAS.

Alternative modes of inhibition have also been explored

with Bcr–Abl kinase, a drug target in myelogenous leukemia

using the monobody technology.51,143 The study was

motivated by the observation that small molecule drugs that

bind the ATP-binding site of the kinase domain are prone to

escape mutations and that the SH2 domain of Abl serves as

an intramolecular allosteric activator of the kinase

activity.143,144 Monobodies termed AS25 and AS27 were

developed to target the SH2 domain on a surface that

interacts with the kinase domain (Fig. 2d) and inhibited the
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kinase activity.51 These results have validated the kinase

binding surface of SH2 as a druggable site of Bcr–Abl.

In another recent example, monobody has been used

successfully for identifying a new interface for inhibiting

mixed lineage kinase domain-like (MLKL).60 Phosphorylation

of MLKL, a necrotic effector pseudokinase, is a critical step in

the activation of necroptosis cell death pathway.145 The mis-

regulation of necroptosis pathway can lead to inflammatory

diseases. In the activation of necroptosis pathway, MLKL is

phosphorylated by a protein complex involving RIPK1 and

RIPK3 kinases, followed by oligomerization and membrane

translocation, which leads to an eventual permeabilization of

the cell membrane. The molecular interface of MLKL that are

responsible for these signaling events and whether inhibition

of any of these individual steps can block necroptosis are still

poorly understood. The authors generated monobodies that

bind to MLKL, which blocked ligand-induced necroptosis.60

Monobody, termed Mb33, inhibits necroptosis and blocks the

translocation of MLKL to the cell membrane, but it does not

block the oligomerization of MLKL. Thus, it helped define the

order of these events. The crystal structure shows that this

monobody binds to a previously uncharacterized surface, the

α4 helix of the four-helical bundle domain (Fig. 3b). Mutation

studies confirmed the action of Mb33 and validated the

importance of its binding interface. In a follow-up study, the

authors identified two additional monobodies that bind to

two distinct conformations of MLKL during its activation.61

These monobodies helped dissect the conformation change

of MLKL following its phosphorylation by RIPK3, shedding

new light on how MLKL can be selectively targeted for

controlling multiple events in the process of necroptosis.

Monobody as a starting point for drug design

The case studies above have demonstrated that monobodies are

powerful reagents for validating potential drug target and

discovering new druggable sites. The molecular interaction

posed by the “loop” regions of monobodies, revealed by crystal

structures of monobody-target complexes, have been

recapitulated by other drug modalities, including small

molecule compound and peptides in the following case studies.

There have been intense efforts to develop compounds

that allosterically control kinases, because of the difficulty in

directly targeting the substrate binding site of a specific

kinase.146,152 From a total of 84 monobodies binding to areas

overlapping the site for an natural allosteric activator of

Aurora Kinase A (AurA), monobody termed Mb2 was

discovered to allosterically inhibit, rather than activate, the

kinase activity.59 The crystal structure of Mb2 bound to AurA

revealed that Mb2 binds to a hydrophobic pocket near αC-

helix of AurA and stabilizes an inactive conformation. In

particular, the placement of a tyrosine residue of the

monobody in this pocket closely resembles that of small

molecule inhibitors of a homologous kinase, PDK1, that was

discovered using disulfide tethering and fragment-based

screening,146 suggesting the potential to use the monobody

structure as a starting point for designing ligand that target

this region of AurA (Fig. 3c).

As described above, the monobody libraries currently

utilize two designs (Fig. 1b).104 The FG loop of the monobody

is the longest and the most flexible among the loops of the

monobody scaffold, and it is the most extensively diversified

region in these libraries. Therefore, it is probably not

surprising that some monobodies are capable of binding to a

target utilizing only the FG loop. Recently, a cyclic peptide

was computationally designed from an antibody loop, which

demonstrated the feasibility of generating a much more

compact entity that would recapitulate the same binding

interface as a single loop binder.153 This potential was

implicated as early as 2001 from the development of a

monobody that binds to Estrogen receptor alpha (ER-α).149

This monobody inhibited the activity of ER-α by blocking the

binding of ER-α to its co-activator. The ER-α binding

monobody bound to the co-activator binding site using a

single FG loop, which presented itself as an α-helical

conformation. Decades later, several α-helical peptides that

mimicked this interaction has been developed targeting the

same binding pocket (Fig. 3d).148,154 These peptides potently

inhibited the transcriptional activity of ER-α. This example

shows that developing peptidomimetics that utilize the same

binding interface as single-loop binding monobodies is a

realistic idea.

Resemblance of single-loop binding monobody to peptides

and small molecules drug continues to be found. As

described above,57 monobody S4 that binds to the WIN site

of WDR5 closely resembles a natural peptide as well as

a small molecule drug, that binds to the same pocket

(Fig. 3d).150,151 A monobody was developed for

isoprenylcysteine carboxyl methyltransferase (ICMT),58 a

transmembrane protein that may act as potential drug target in

cancers driven by RAS and other proteins that rely the

modification of CaaX motif for membrane tethering. This ICMT

monobody acts as both inhibitor and crystallization chaperone.

Its FG loop reaches into a crevice between two transmembrane

helical regions of ICMT and competes with a natural

substrate. These studies show that monobodies that primarily

use the FG loop for target binding may mimic a natural ligand

and provide templates for small molecule design.

Other articles have also highlighted the possibility of

converting from a protein–protein binding interface to a

minimalistic peptide to protein binding interface.153,155 How

to leverage from the existing plethora of structural

information from monobody target complex should continue

to be explored.

Monobody fusions for validating
targeted protein degradation
approach

Proteolysis-targeting chimera (PROTAC) has emerged as a

new therapeutic modality.156 The PROTAC approach opened
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up new possibilities towards undruggable proteins and may

offer improvements over existing therapeutics.157 PROTAC is

advantageous over occupancy-based therapeutic in that an

efficient PROTAC molecule is able to engage multiple copies

of a target during its lifetime, which should effectively reduce

the required concentration and affinity to the target inside

the cell.157,158

There are many intricacies involved in building an efficient

PROTAC molecule to selectively degrade a target. First, its

target-engaging moiety should have high selectivity with few

off-targets, just as conventional inhibitors. Second, it should

have an affinity window to the target that allows for efficient

degradation. An efficient PROTAC should bind to the target

just long enough to facilitate ubiquitination and to move on

to the next target. However, current PROTACs are mostly

constructed based on pre-existing inhibitors or known

ligands, which have been developed to achieve the strongest

possible affinity.159 The limited availability of ligands and a

lack of understanding of optimal binding characteristics are

both impediments to PROTAC development. Important

questions include what is the optimal affinity or binding

kinetic that a ligand should possess for efficient degradation

of a target, and which epitope a PROTAC should bind to

effectively ubiquitinate a target. The optimization and target

validation of PROTAC are mostly performed using small-

molecule based methods, such as dTAG or similar

bifunctional small molecules.160–162 However, it is laborious

to alter the binding affinity of small molecules in a controlled

manner, and difficult to develop a panel of small molecule

ligands that target a variety of binding epitopes. On the other

hand, protein-based degraders can be readily designed in the

form of expression vectors and produced intracellularly so

that the effectiveness of many designs can be tested rapidly

and systematically. Therefore, binding protein platforms,

such as monobody, are ideally suited for studying factors

affecting degradation-based drug modality. To validate

whether PROTAC is an efficient strategy for a given

therapeutic target, one can simply generate binders with a

wide range of affinity and binders that target different

epitopes, and genetically encode these binders as part of a

degrader for intracellular expression. This way, the affinity

window and epitope can be systematically optimized (Fig. 4a).

Genetically encoded protein-based degraders have become

increasingly popular as a proof-of-concept tools for

demonstrating the validity of degrading a drug

target.48,163–165 In contrast to other binding protein

technology, the monobody degraders undergo minimum

degradation by itself.48,63 This may be due to the

characteristic that the monobody scaffold is small and

contains few lysine residues, which decrease its chance for

being ubiquitinated. Recently, several studies have used

monobodies developed by our group for generating protein-

based degraders against several oncogenic targets by fusing a

monobody directly to a subunit of E3 ligase.48,163–165

Sapkota et al. first demonstrated the utility of monobody-

based degraders termed AdPROMs by fusing a monobody

selective to SHP2 to the VHL domain.166 They demonstrated the

feasibility of degrading endogenous RAS using NS1 monobody-

based AdPROMs.164 Around the same time, a work done by the

Rabbitts group showed that other intracellular biologics, such as

DARPin, are also capable warheads of protein-based degraders.

They generated degraders with DARPin that are selective to

KRAS isoform, and demonstrated the selective degradation of

KRAS in cells.48 They also touched on the idea that different E3

subunit when fused to the DARPin, provided different efficiency

of degradation. Taking these ideas further, an interesting study

conducted by the Partridge group compared the degradation of

RAS by NS1 monobody and other RAS-binding proteins fused to

SPOP, which was the most efficient E3 ligase subunit among

those that they tested.163 They showed that the NS1 monobody

fused to SPOP successfully degraded RAS in an isoform specific

manner, which was in line with the expectation that NS1 binds

to HRAS and KRAS but not to NRAS. The term bio-PROTAC was

used in this study when referring to protein-based degraders.

This study has demonstrated that both the E3 ligase subunit

and the binding protein in a bio-PROTAC can be easily

exchanged in order to screen for the desired selectivity and

affinity of target depletion. Furthermore, the work demonstrated

that protein-based degrader can be delivered and expressed in

cells via mRNA technology,163 which may overcome the

fundamental limitation of biologics directed to intracellular

targets.

Fig. 4 Development of protein-based degraders using monobody as a

targeting ligand. (a) Modular design of degraders using monobodies.

Diverse degraders can easily be developed by exploring different E3

ligase subunits, by using monobodies that bind to different epitopes,

or by tuning the affinity of the monobody. (b) High selectivity of

monobodies can be exploited to examine whether targeted

degradation is feasible and potentially therapeutically effective by using

a genetically encoded degrader.
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A recent work by our group harnessed the exceptional

selectivity of the 12VC1 monobody to KRAS mutants in the

active state (Fig. 3a and 4b).63 The affinity of 12VC1 was

tuned by mutation. A variant with weaker affinity exhibited

higher efficiency in degrading the RAS G12C mutant than the

parent monobody. These results suggest that there is an

optimal affinity window for achieving efficient target

degradation. They also illustrate the importance of the ability

to readily tune the affinity of a monobody by mutating

residues at the binding interface.

Future directions

The examples presented in this review demonstrate that

intracellular biologics such as the monobody technology offer

impactful tools for the early drug discovery pipeline. The

high success rate of monobody technology for generating

highly selective and potent monobodies against challenging

drug targets in a short period enables the development of

tool biologics that represent the best-case scenario for

selective target engagement. Overall, we envision that on-

tissue efficacy data with intracellular monobodies should

help address the target validation question early in a project

(Fig. 1a).

A major limitation of genetically encoded tool biologics in

biological validation is the challenge in delivering the

expression vectors to all cells of interest and in controlling

the expression level of the encoded biologic reagent

throughout the duration of the experiment.63 Cells can

silence the expression of the encoded biologic reagent. It is

still difficult to examine systemic toxicity and off-tissue

effects in an animal study without developing transgenic

animals. Developing a facile and robust method to deliver a

biologic in either genetic or protein format, e.g., using mRNA,

gene therapy, or protein delivery technologies, will

substantially expand the utility and impact of these tools. We

envision that monobodies and other synthetic binding

proteins have the potential to directly act as a therapeutic

both extracellularly and as an intracellular inhibitor or

degrader.

The examination of protein–protein interaction interfaces

between intracellular biologics and its target has the

potential to facilitate small molecule drug discovery process

in many ways beyond target validation. The Rabbitts group

has demonstrated the possibility of incorporating

intracellular biologics in screening assays of small

molecules.167,168 In these assays, small molecules that are

displaced by the binding of biologics to the target can reveal

potential hits. In addition, monobodies that act as

crystallization chaperones have contributed to successful

determination of crystal structures of many potential drug

targets.89 Future work should also exploit the rich structure

database of monobody–drug target complexes for guiding the

design of other therapeutic modalities, as exemplified by a

recent work by Teng et al. that identified key components for

selective recognition of RAS mutants.63
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