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ABSTRACT: In targeted protein degradation of kinases, key
discoveries have been made specifically involving selective kinase
degradation. Structural and biophysical studies on the ternary
complex formation have provided a clear understanding of the
basis for achieving degradation selectivity which is important in
guiding the design of efficient and selective protein degraders.
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Many diseases, specifically cancers, are marked by
dysregulation of signaling pathways. Protein kinases

are the enzymes within cells that perform phosphorylation
reaction of proteins, which is a process central to signaling
pathways in controlling both cellular and extracellular
processes. The deregulation of phosphorylation can lead to
excess cellular proliferation or continued survival of cancerous
motifs. Thus, the identification of the essential roles of protein
kinases in oncogenic processes has intensified the discovery
and development of kinase inhibitors.1 However, despite the
increasing growth of kinase inhibitors in cancer treatments, an
intimidating issue that persists is resistance to these targeted
therapies and subsequent relapse.2,3 In addition to developing
new kinase inhibitors, other modalities, including those from
targeted protein degradation strategies, are actively being
explored for overcoming resistance issues. Protein degradation
is a natural process in cells, and the majority occurs through
the ubiquitin proteasome system (UPS). It is an emerging
form of chemical knockdown whereby molecular degraders can
tag specific proteins for degradation and often comes with
inherent advantages over those of typical inhibitors.4

Of particular note are two classes of protein degraders:
“molecular glue” degraders, e.g. cereblon E3 ligase modulating
drugs (CELMoDs),5 and proteolysis targeting chimeras
(PROTACs).6 Molecular glue degraders and PROTACs
function in a similar manner through their recruitment of an
E3 ligase to trigger degradation, but there are key distinctions
between the two classes. Molecular glue degraders are small
molecules that scaffold protein−protein interactions (PPIs), in
essence gluing the two protein surfaces of E3 ligase and protein
of interest together. PROTACs, meanwhile, are heterobifunc-
tional molecular constructs for performing ligand-directed
degradation. They are composed of an E3 ubiquitin ligase

binding ligand and target protein binding ligand, connected to
each other via a linker. Both degrader classes form a ternary
complex with the E3 ubiquitin ligase and target protein,
enabling proximity triggered ubiquitination of the target
protein and subsequent proteasome-dependent degradation
(Figure 1). This allows for the degradation of the whole
protein, which in the case of protein kinases, will erase both
enzymatic activity and nonenzymatic functions, e.g. scaffolding
roles. Molecular degraders have many intrinsic advantages over
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Figure 1. Schematic for the mode of action of molecular glue and
PROTAC. These protein degraders bring the protein of interest into
close proximity to the ubiquitination system, allowing for poly-
ubiquitination and proteasome dependent degradation.
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conventional inhibitors. Due to their catalytic, substoichio-
metric nature of action, degraders could achieve efficacy at
lower doses as compared to inhibitors, thus minimizing
potential toxicity and off-target liability. Furthermore, it has
been observed that protein degraders can achieve higher level
of selectivity that is difficult to realize via inhibitors, as
discussed in the following section. Since the development of
degraders as a therapeutic modality, their number and scope
have dramatically increased. This Viewpoint highlights recent
key advances in the area of targeted degradation of protein
kinases, particularly in the understanding of the structural and
biophysical basis of degradation selectivity.
As noted, kinases are essential to the functioning of basic

cellular processes, and cyclin-dependent kinases (CDKs) are
one subgroup. Among these kinases are CDK4 and CDK6,
which play an important role in the transition between the G1-
phase and S-phase of mitosis. CDK4/6 kinases function by
association with cyclin D, enabling phosphorylation of
retinoblastoma protein (Rb) and subsequent cell proliferation.
Deregulation of CDK4/6 can result in malignant Rb
phosphorylation that leads to cancer. A specific dependency
in acute myeloid leukemia cell lines on CDK6 has been
identified. However, there are currently only dual CDK4/6
inhibitor drugs, which have been approved for treatment of
breast cancer.7 The dual inhibitors lack the homologue-
selective inhibition due to the high amino acid sequence
similarity (94%) in the ATP binding pocket of CDK4 and
CDK6. It was hypothesized by Gray et al. that a PROTAC
could be utilized to induce selective degradation of CDK6 over
CDK4 by inducing PPIs that would result in differential
ternary complex formation.8 This idea is also known as
cooperativity (α). In the case of PROTACs, cooperativity, as
first defined by earlier work conducted in the Ciulli lab, is the
ternary complex binding affinity relative to that of the binary
complex.9 It can be quantitatively defined by the equation α =
KD

binary/KD
ternary. Systems with positive cooperativity (Figure 2,

top) have an α value greater than one, meaning the ternary
complex is stabilized by protein−protein interactions, and thus,
the relative ternary binding affinity is enhanced compared to
binary affinity. On the other end of the spectrum is negative
cooperativity (Figure 2, bottom) when the relative ternary
complex affinity is decreased compared to that of the binary (α

< 1) due to protein−protein destabilizing effects. Finally, when
cooperativity is equal to one, this is defined as a non-
cooperative or neutral system where the binary complex has no
impact on ternary complex formation. Based on the
assumption that differential ternary complex formation could
occur, PROTAC BSJ-03-123 (Figure 3A) was developed. BSJ-
03-123 is comprised of a cereblon (CRBN) targeting ligand,
pomalidomide, a phenoxy acetamide linker, and a CDK4/6

Figure 2. Ternary complex equilibria showing effects of cooperativity on degradation and selectivity. Complex formation can be enhanced (top) or
diminished (bottom) in the ternary complex compared to the binary complex. Enhancement often results from induced PPIs, achieving in an
increase in cooperativity, that could lead to selective degradation. Shown above are two homologous protein targets of an inhibitor (represented by
the red triangle), but only the protein of interest is selectively degraded by the PROTAC. For clarity, the binary complex of E3 ligase and PROTAC
is not shown.

Figure 3. (A) Structure of BSJ-03-123, a CDK6 targeting PROTAC
with a CRBN E3 ligase binding ligand. (B) Structure of SGK3-
PROTAC1, a SGK3 targeting PROTAC with a VHL E3 ligase
binding ligand. (C) Structure of MZ1, a BRD4 selective PROTAC
with a VHL binding ligand.
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inhibitor, palbociclib. Despite the comparable binary affinity of
BSJ-03-123 for CDK4 and CDK6, only selective stabilization
of CDK6 ternary complex occurred. Further, BSJ-03-123 was
able to selectively disrupt proliferation of CDK6-dependent
AML cells while sparing CDK4-dependent cancer cell lines,
supporting their hypothesis that structural differences in
ternary complex formation could be exploited to achieve
selective degradation of highly homologous protein kinases.8

Gray’s conclusion that the selectivity arises from differential
ternary complex formation can be further supported by
previous work conducted by the Ciulli lab, specifically the
development of an SGK3 selective degrader, SGK3-PROTAC1
(Figure 3B), and the accompanying biophysical and kinetic
studies.10 SGK3 is a downstream component of the class 1
phosphatidylinositol 3-kinase (PI3K) pathway and is critical to
moderating breast cancer cell resistance to class 1 PI3K or Akt
inhibitors. Current inhibitors are unable to discriminate
between SGK3 and S6K1, but the PROTAC developed had
isoform specificity for SGK3 degradation over SGK1 and
SGK2, and further specificity for SGK3 against S6K1.
Additionally, by altering the length and hydrophobicity of
the linker, they were able to amplify the degradation of SGK3
while decreasing the inhibitor potency against S6K1. To
investigate the implications of linker properties and how
differential ternary complex formation or cooperativity can
impact selectivity, focus was directed to biophysical and kinetic
studies. The first crystal structure of a PROTAC ternary
complex was determined by Ciulli’s lab in 2017 and showed
PROTAC MZ1 (Figure 3C) bound to von Hippel−Lindau
(VHL) ligase and BRD4BD2 in a bowl-shaped interface created
by PPIs between VHL and BRD4.9 They also observed
interactions between the PEG linker and the BC loop of
BRD4. The de novo protein−protein and PROTAC−protein
interactions that occurred contributed to the isoform
selectivity of MZ1 to induce the preferential degradation of
BRD4 over BRD2 or BRD3. This was easily observable
through the experimental data on dissociation kinetics, half-life,
and cooperativity. SPR experiments showed that the ternary
complex of VHL:MZ1:BRD4BD2 had the slowest dissociation
kinetics with a koff of 0.006 s−1, the longest half-life of 130 s,
and a positive cooperativity of 22. Meanwhile, ternary
complexes containing BRD2BD2 or BRD3BD2 were more
transient in nature with much faster dissociation kinetics and
shorter half-lives, which in turn led to less potent
degradation.11 In fact, it was discovered that a single amino
acid residue was able to influence ternary complex formation
by inducing steric clash between MZ1 and VHL. Mutagenesis
was conducted on the BRD4BD2 protein to swap the native
Gly386 for Glu386 to mimic BRD3BD2. This single amino acid
mutation resulted in a substantial decrease in ternary complex
cooperativity to 3.5 and a dramatic reduction in ternary
complex half-life from 130 to 4 s.11 Ciulli’s research findings
demonstrate how subtle differences in protein composition can
be exploited by PROTACs and lead to differential ternary
complex formation and subsequent selectivity.
The X-ray crystallography studies coupled with kinetic

analyses via SPR experiments greatly contributed to the
understanding of the structural and biophysical basis for
achieving target selectivity of a heterobifunctional protein
degrader. It also led to the important recognition that the
linker is not a bystander but participates in protein−protein
interactions to enhance or destabilize ternary complex stability.
Those appreciations are critical in guiding the design of protein

degraders that are efficient and selective against desired targets
as demonstrated in the degradation of protein kinases as
described above.12 Importantly, the principals should also be
applicable to other classes of proteins that are of significant
therapeutic interest.
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