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ABSTRACT: Ternary complexes, consisting of two proteins connected by small molecules like PROTACSs or molecular glues pose
new challenges for the analysis of molecular interactions, because they depend not only on binary affinities, but are orchestrated by
cooperativity and avidity effects. Here, we introduce a proximity binding assay for the simultaneous measurement of binary and
ternary interaction kinetics on a biosensor surface. Target proteins and ubiquitin E3 ligase substrate receptors are tethered to mobile
swivel arms of a Y-shaped DNA scaffold, which presents them in close proximity to PROTAC analytes flown across the sensor.
PROTAC-induced ternary complex formation is measured by fluorescence energy transfer (FRET), while binary interactions are
detected by fluorescence quenching. The assay is applied to cereblon (CRBN) and von Hippel-Lindau (VHL) as E3 ligase substrate
receptors, a range of compounds including AT1, MZ1, dBETs, and ARV-825 as PROTACs, and the two bromodomains of Brd2,
Brd3, Brd4, and BrdT proteins as targets. Automated workflows enable the measurement of 384 real-time sensorgrams in a single
run using picomolar sample quantities. Ternary and binary binding kinetics and proximity-mediated binding enhancements are ana-
lyzed. Ternary complex stability is shown to arise from a dynamic interplay of associations and dissociations, suggesting that prox-
imity assays can be utilized to identify weak interactions. The insights into proximity-mediated binding kinetics can enable the de-

velopment of PROTACSs and molecular glues with improved properties for targeted protein degradation.

Introduction. Initially described in 2001%?, PROTACs
(PROteolysis TArgeting Chimeras) have emerged as a pow-
erful therapeutic strategy to selectively degrade proteins
via the ubiquitin-proteasome system (UPS). PROTACs are
bifunctional small molecules consisting of two protein-
binding moieties joined by a linker: one moiety targets a
protein of interest (POI), while the other recruits an E3
ubiquitin ligase. By simultaneously engaging both the E3
ligase and the PO], a ternary complex is formed, which ena-
bles ubiquitination and subsequent degradation of the POL.
Besides PROTACs, molecular glues also induce ternary com-
plex formation, albeit via a distinct molecular mechanism.
PROTACs and molecular glues are promising as new drugs
and bear advantages compared to other therapeutics, as
they can potentially be administered orally and effectively
engage intracellular targets®. Targeted protein degradation
has recently been applied successfully also to receptors on
cell surfaces using bispecific antibodies (PROTABs)* The
first generation of PROTACs was designed by employing
bulky peptide-based E3 ligands, limiting their clinical appli-
cation®. Significant advancements were made in the last
decade, leading to the development of PROTACs with

improved physical-chemical properties: the most common
being recruiters of von Hippel-Lindau (VHL)®’ and cereblon
(CRBN)?®°. These substrate receptors are components of the
Cullin-RING E3 ligase (CRL) complexes CRL2VHL and
CRLA4CREN, In particular, CRBN was identified as the molecu-
lar target of the immunomodulatory imide (IMiDs) drugs,
thalidomide and derivatives, that are indicated for multiple
myeloma?®, and many PROTACs in clinical trials recruit
CRBN as the E3 ligase. One of the most studied PROTAC tar-
gets is Brd4, belonging to the BET family of proteins. Brd4
contains two bromodomains, BD1 and BD2, known to be in-
volved in the transcriptional regulation of gene expres-
sion.,

The formation of a ternary complex between the target
protein, the PROTAC, and the ligase, is key to the PROTAC’s
mechanism of action and efficient target protein degrada-
tion®!271%, Thus, a detailed understanding of how to induce
and maintain ternary interactions is essential. In vitro bio-
physical assays are attractive compared to cellular assays
and in-vivo methods for their well-defined experimental
conditions and ease-of-use. The analysis of binding

https://doi.org/10.26434/chemrxiv-2024-8w4zb ORCID: https://orcid.org/0000-0002-6100-828X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-8w4zb
https://orcid.org/0000-0002-6100-828X
https://creativecommons.org/licenses/by-nc-nd/4.0/

parameters such as affinity, avidity, and cooperativity can
reveal useful details about complex formation and stability,
and hence guide drug design. The measurement of associa-
tion and dissociation kinetics can be especially insightful as
it addresses two important questions: how quickly does a
PROTAC engage its cognate POI and E3 ligase, and how long
does it hold the POI and ligase together to enable enzymatic
activity?

Scheme 1 illustrates that the ternary complex forms and
decays via intermediate binary complexes. The population
of binary and ternary states adjusts according to a dynamic
interplay of associations, transient dissociations, and re-as-
sociations, until eventually complete dissociation ensues.
The observable kinetics and the dynamic equilibria of these
processes are governed by the molecular reaction rate con-
stants of association and dissociation, kox and ko, the disso-
ciation constant Ks=kof/kon, as well as the concentrations of
free reactants and binary complexes. A more detailed reac-
tion scheme, which takes different binary complexes into
account, is shown in Scheme S1 in the Supporting Infor-
mation.

Scheme 1. Simplified reaction scheme for binary and ter-
nary complex formation and decay between a E3 ligase (A),
a PROTAC (B), and a protein-of-interest (C).
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The Y-structure proximity assay measures the formation and de-
cay of the binary complexes via fluorescence quenching (FPS
mode), and the formation and decay of ternary complexes via fluo-
rescence energy transfer (FRET mode).

To drive a reaction pathway that effectuates maximal pro-
tein degradation, suitable PROTACs or molecular glues with
ideal on- and off-rates need to be selected from a (poten-
tially large) pool of candidates. For this purpose, ternary
binding must be discriminated from binary binding in a
straightforward way?t. Moreover, the development of high-
throughput compatible workflows will facilitate the screen-
ing of many compounds. To this end, we devised a chip-
based biosensor assay for the investigation of proximity-in-
duced ternary binding, Figure 1A. A Y-shaped DNA
nanostructure was developed, which tethers two different
proteins (a target protein and an E3 ligase substrate recep-
tor) to a sensor at 1:1 stoichiometry and well-defined prox-
imity, see Figure 1B and Scheme 2. The Y-structure ena-
bles the two proteins to swivel freely at the ends of two
arms connected at a pivot point and allows them to interact
with each other as well as with a third molecule, the bifunc-
tional PROTAC analyte. Binary interactions between the
PROTAC and the target or the ligase are followed in real-
time by two-color fluorescence detection (quenching), and
fluorescence resonance energy transfer (FRET) is used to
identify ternary complex formation. The FRET readout

directly measures transitions between enzymatically inac-
tive (unary and binary) and potentially active (ternary)
states, cf. Scheme 1, reaction [2-3]. The observable kinetics
do not only depend on molecule-specific rate constants but
also reflect the proximity induced between A and C, and
hence are structure-specific. The Y-structure creates an en-
vironment for avidity, where a bifunctional binder B en-
gages two connected reactants A and C. This assay architec-
ture resembles a situation in which a bifunctional molecule
binds to two targets on a cell surface (like an antibody or
PROTAB); however, it diverges from a scenario where a
PROTAC engages free, unconnected reactants inside a cell.
In the latter case, we may compare the proximity induced
by the Y-structure in terms of an effective concentration to
the solution concentrations of A and C in the cell. The ma-
jority (>60%) of proteins in human cells are expressed at
copy numbers of 500 to 100,000 molecules per cell'?, which
corresponds to nano- to micro-molar concentrations. It will
be shown that the proximity induced by the Y-structure is
within this physiological range.
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Figure 1. Y-shaped DNA structure for proximity-in-
duced binding assays. (A) Binding kinetics are measured
on two gold spots within the microfluidic channel of a heliX®
biochip (left scale bar 1 cm; right scale bar 100 pm). Pro-
teins are immobilized on each spot via DNA encoded ad-
dressing, utilizing unique anchor strands on the detection
spots. (B) The Y-structure is made up of a stem and two
swivel arms connected by flexible linkers and consists of
four DNA strands. Green and red fluorophores are attached
to the distal ends of the swivel arms to detect binary binding
via fluorescence quenching (FPS mode) and ternary binding
via fluorescence energy transfer (FRET mode). A FRET sig-
nal is generated when the arms are closed.

To highlight the advantages of proximity sensing, we
compare the Y-structure with conventional assays below
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and briefly revisit the meaning of biophysical parameters
attainable by different assays. Conventionally, surface plas-
mon resonance, SPR, has been used as a biophysical tech-
nology in PROTAC binding studies (isothermal titration cal-
orimetry and microscale thermophoresis have also been
used, but since these methods do not provide kinetic rate
constants and calorimetry requires large amounts of sam-
ple, they are not discussed further here)48-23 SPR is a real-
time biosensor, where one binding partner is immobilized
on a sensor surface, and refractive index changes at the in-
terface are measured upon the accumulation of analyte on
the sensor. To measure ternary complex formation induced
by bifunctional analytes, sandwich-type assays have been
performed, which involve preincubation steps before meas-
uring binding kinetics on the sensor, as shown in Scheme 2.
First, protein A is immobilized on the surface. Second, the
bispecific PROTAC B and protein C are pre-incubated and
allowed to form the binary complex BC. Third, the associa-
tion of A + BC is measured by flowing BC across A on the
sensor surface. Fourth, the dissociation of ABC is measured
by flowing buffer across the sensor. This procedure has two
potential limitations: During the preincubation step, the
PROTAC (B) and one of the proteins (C) need to be incu-
bated at concentrations much higher than their dissociation
constant. Otherwise, free B, free C, and BC co-exist in the
mixture at ill-defined ratios, which impedes an interpreta-
tion of the following association and dissociation experi-
ments. In practice, it is often impossible to use concentra-
tions that are high enough when dealing with limited
amounts of protein or low-affinity compounds, as solubility
issues or increased non-specific interactions with the SPR
biosensor matrix may occur. Another difficulty inherent to
the sandwich assay is that during the dissociation phase
three different types of unbinding events with different ki-
netics may occur, i.e., ABC - A+ BCand ABC - AB +C —
A+ B+C, cf. Scheme 2 bottom. These three types of

dissociations cannot be discriminated by an SPR signal per-
se, which complicates an interpretation of the observed ki-
netics. In the Y-structure assay, because both proteins are
tethered on the sensor side-by-side, only the PROTAC ana-
lyte B needs to be injected during the kinetic experiment,
which makes the workflow and data interpretation more
straightforward. Furthermore, a refractive index (SPR)
measurement does not discriminate between binary or ter-
nary complexes, while the fluorescence readout of the Y-
structure assay enables the identification of ternary com-
plexes via FRET.

Different types of binding information are obtained from
sandwich and proximity assays. While for both assays, bi-
nary and ternary binding parameters may be compared by
ratios of their binding constants KZ'N /KTER (or kTER /| BIN,
k3{¥ /k3F), the enhancement factors must be interpreted
differently, depending on which reactions are probed by the
assay. Equations 1-3 in Scheme 3 denote the cooperativity
factor «, avidity enhancement factor §, and proximity-me-
diated ternary enhancement factor y, respectively.

Cooperativity compares the binding constants of a binary
interaction in the presence or absence of a third interactant
(e.g., for the interaction between A and B: A+ B = AB vs.
A + BC = ABC). The cooperativity factor «, Eq. 1, is ob-
tained from assays where interactants are brought into con-
tact sequentially, i.e., the formation of the ternary complex
is measured after a binary complex has been pre-formed,
like in sandwich assays?*2. If the first interaction increases
the affinity of the second interaction by inducing a higher
on-rate and/or a lower off-rate, then @ > 1 and the cooper-
ativity is positive (conversely, the cooperativity is negative
ifa <1).

Scheme 2. Y-structure two-color fluorescence assay for ternary interaction analysis (top) versus a conventional SPR-like

sandwich assay (bottom).
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Avidity is a measure of multivalency, which can be de-
fined as the dissociation constant of a multivalent interac-
tion when all interaction sites are associated relative to the
completely dissociated form?*, cf. Eq. 2. This definition dis-
regards intermediate binary states involved in the assembly
and disassembly of the ternary complex. The avidity en-
hancement factor f compares affinity K,;'s of binary inter-
actions to the avidity K;, which are usually measured in sep-
arate experiments.

The proximity-mediated ternary enhancement factor y is
introduced here in the context of the Y-structure assay to
describe the increased binding strength of the ternary com-
plex compared to binary complexes. To rationalize it, we
need to consider how the binding parameters measured by
the Y-structure assay relate to the reaction pathways de-
picted in Scheme 1 & S1. First, we note that the Y-structure
creates an avidity effect, as it establishes a linkage between
the E3 ligase and POI through its arms. Because proximity
promotes avidity, it is expected that binding parameters
measured with a particular Y-structure depend on the prox-
imity effect conferred by its geometry and flexibility. The y
factor is structure-specific, and Y-designs with stronger
proximity will stimulate stronger avidity. Second, we must
examine which reactions are probed by the two measured
fluorescence signals (quenching and FRET), which is de-
picted in the reaction scheme in Eq. 3. Binary interactions
are measured by fluorescence quenching and individual
sets of binding constants are obtained for A + B = AB and
B+ C = BC.

Scheme 3. Types of binding information obtained from
sandwich and proximity assays.
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Horizontal brackets in the reactions of Eq. 2 and Eq. 3 indicate
that A and C are connected in avidity and proximity assays. Factors
are given for K; enhancements, but can also be defined for on- and
off-rates, €.9., vi_on = kon /KGN Vi ors = kafy [kogf . All three
factors can be calculated with respect to any of the two possible
binary complexes leading to a ternary complex, which is reflected
by the index i = AB or BC.

Ternary interactions are measured by the FRET signal,
which does not discriminate whether binary complexes AB
or BC are involved in the assembly or disassembly of the
ternary complex, as indicated by the single reaction arrow
and curly bracket for the ternary interaction in Eq. 3. Being

indiscriminate about binary complexes bears the advantage
that FRET directly signals if an enzymatically inactive or po-
tentially active state is present. Hence, ternary kinetics ob-
served with the assay can be interpreted within the simple
Scheme 1 rather than considering more complex reaction
pathways like Scheme S1, which simplifies data analysis.

Using the Y-structure proximity assay, bifunctional ana-
lytes can be tested directly with respect to ternary binding.
The assay may be applied in the discovery of various candi-
dates for proximity inducing therapeutic modalities?>, such
as PROTACs, molecular glues?é, Regulated Induced Proxim-
ity Targeting Chimeras (RIPTACs)??, or transcriptional
chemical inducers of proximity (TCIPs)?8. Here, we demon-
strate ternary screens of PROTACs recruiting two different
E3 ligase substrate receptors, VHL and CRBN, and different
BET proteins as targets.

Results and discussion. A fluorescence biosensor instru-
ment with two-color detection and chips with integrated
microfluidic channels, which had been applied previously to
investigate various molecular interactions, and in particular
multivalent binding®-3, were used in this study (heliX* in-
strument and chip, see Figure 1A). The chip was used off-
the-shelf and featured covalently attached single stranded
48 nucleotides DNA molecules, which serve as “anchors” for
further functionalization with DNA-protein conjugates.
Four signals, i.e,, red and green fluorescence from two sen-
sor spots, were measured simultaneously. The kinetics of
association and dissociation of PROTAC analytes to and
from ligase and target proteins on the sensor surface were
monitored in real-time as changes in the observed fluores-
cence intensities. Different excitation/emission configura-
tions were used to probe different binding modes:
green/green to detect interactions involving the POl immo-
bilized on the ‘green arm’, red/red to detect interactions in-
volving the E3 ligase immobilized on the ‘red arm’, and
green/red (FRET) to detect the closing of the Y-structure’s
arms, i.e,, ternary complex formation.

The Y-structure for proximity-induced binding. A simple Y-
shaped structure was constructed from oligodeoxynucleo-
tides to induce well-defined proximity between target and
ligase proteins on the sensor, see Figure 1B. The Y-struc-
ture is made up of a stem that branches into two swivel
arms. The 96 bp stem connects the Y-structure to the sur-
face via a sequence that is complementary to 48 nt anchor-
strands, which are fixed on the chip. The sensor is function-
alized with fresh Y-structure by DNA hybridization, while
used Y-structures are removed from the sensor by denatur-
ing the stem in a high-pH wash, both steps being performed
in the instrument automatically.

The swivel arms are 48 bp long and attached to the stem
via a flexible hinge region, which enables the arms to rotate
by diffusion. The distal ends of the arms may touch or move
away from each other, reaching distances up to 40 nm. The
arms are each labeled with a red and a green fluorophore,
respectively, at their distal ends. The heliX* instrument ex-
cites and detects red or green fluorescence separately;
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alternatively, it excites the green fluorophore and detects
red fluorescence to measure FRET. No significant FRET sig-
nal is observed in an open configuration, as the fluoro-
phores are too far apart, but when the arms are closed, a
FRET signal is detected. This FRET signal is used to measure
the formation of a ternary complex between two proteins
attached to the end of the arms, and a third molecule, the
PROTAC, see Figure 1B and Figure S1. Before using the Y-
structure for PROTAC measurements, we used interactants
with known affinities to characterize its proximity effect. To
this end, we extended the arms with overhangs of comple-
mentary oligodeoxynucleotides from 4 bp to 15 bp and
tested how long (strong) the oligodeoxynucleotides need to
become to close the swivel arms by “zipping” them up at
their tips. The zipper dissociation constants were character-
ized in a separate experiment, also using the heliX* biosen-
sor, and span more than nine orders of magnitude from pM
tomM K;'s (Figure 2, Figure S1). With the obtained affini-
ties, we can plot the open/closed arm configurations versus
the zipper K, in Figure 2. For short and weak zippers with
less than 6 bp and K;'s > 10 uM, the arms remain always
open, while for long and strong zippers with more than 12
bp and K;'s < 1 nM, the arms are always closed. When us-
ing zippers of intermediate lengths (7 to 11 bp), the arms
are partly open and partly closed. This range of affinities
with 1 nM < K; < 10 uM can be considered the Y-struc-
ture’s dynamic range, as arm configurations dynamically
switch between open and closed states. The mid-point, at
which 50% of the arms are closed when averaged over time,
is observed for a zipper K; = 150 nM. We may interpret
this affinity calibration experiment in terms of an effective
concentration: the Y-structure induces a proximity equiva-
lent to an effective concentration of ¢, = 150 nM, because
if interactants with a K; = 150 nM are attached to the Y-
structure’s arms, a fraction of 50% is bound. However, we
note that the term effective concentration used here is not
the same as a solution concentration of molecules diffusing
freely in three dimensions, because interactants on a Y-
structure are constrained by their attachment to the arms,
and the arms’ swivel motions. Consequently, different Y-
structure designs are expected to feature different effective
concentrations, and in fact we observed a hundred-fold dif-
ference in effective concentration for an alternative design.
To summarize its properties, the Y-structure presented
here is suitable to detect ternary interactions with K; <
10 uM by FRET, while weaker interactions are undetecta-
ble. For interactions with 1nM < K; < 10 uM, the FRET
signal intensity scales with the affinity of the interaction
and, in principle, the interaction’s K; may be estimated from
the calibration curve in Figure 2. Interactions with K; <
1 nM will generate a maximal FRET intensity that does not
depend on the interaction’s K.

Working principle of the Y-structure assay for PROTAC
analysis. To demonstrate the working principle of the Y-
structure for PROTAC analysis, we used a well-character-
ized system composed of VHL-EloB-EloC (VCB) as the E3
ligase substrate receptor and adaptor proteins, the BET bro-
modomain protein Brd48P2 as the target, and the bifunc-
tional compounds AT1 and MZ1 as PROTACs'*%*, PROTAC
structures are shown in Scheme S2 in the Supporting

Information. To functionalize the Y-structure with ligase
and target proteins, proteins were conjugated through NHS
ester coupling to DNA strands that were complementary to
the sequences of the red and green arms of the Y-structure,
using off-the-shelf conjugation kits, and purified by ion ex-
change chromatography (see Material & Methods in the
Supporting Information). The Y-structure was assembled
before the sensing experiment by incubating DNA-protein
conjugate strands with stem strands and subsequently im-
mobilized on the sensor surface (workflow for sensor re-
generation is shown in Figure S2).

15 bp
100% —

50% —

% Arms Closed

0% —

10™ 10" 10° 107 10° 10° 10" 10
Zipper Ky (M)

Figure 2. Affinity calibration curve to gauge the Y-structure’s
proximity effect. Sequence-complementary single stranded oli-
godeoxynucleotides of variable lengths, ranging from 4 nt to 15 nt,
are protruding from the swivel arms (‘DNA zippers’, shown in
blue). The fraction of closed arms inferred from the FRET signal
(detection of red dye’s fluorescence upon optical excitation of
green dye) is plotted versus DNA zipper affinities, which were
measured separately (Figure S1). The half-closed midpoint is at
150 nM.

Binary interactions between PROTAC and target, and
PROTAC and ligase, were analyzed by functionalizing only
one arm with a protein, while the other arm was double
stranded but remained unmodified. Binding kinetics were
followed in one of two colors: green fluorescence was ex-
cited and detected for Brd4BP? target, and alternatively red
fluorescence was excited and detected for VCB ligase. In
both cases, the Fluorescence Proximity Sensing (FPS) mode
was used for detection of PROTAC binding (Figures 3A and
3C). In the FPS detection mode, the fluorescence intensity of
a dye attached near a protein is monitored during the asso-
ciation and dissociation of analyte. In the presence of bound
analyte, the dye fluorescence is quenched by molecular col-
lisions. This results in a fluorescence decrease during the
association phase and a fluorescence increase during the
dissociation phase, which is directly proportional to the
fraction bound. The kinetics of AT1 binding to Brd48P2, and
AT1 binding to VCB, can both be described well by a 1:1
binding model. Data were fitted globally for all concentra-
tions without the need for mass-transport correction fac-
tors using mono-exponential functions « exp{—(ckon +
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koff)t} and o« exp{—kofft} for the association and dissocia-
tion phases, respectively. Kinetic rate constants and disso-
ciation constants are depicted in Figure 3D and listed in Ta-
ble 1. AT1 has a 10x higher affinity for Brd4BPb2
(KLI;IN|AT1'BTd4BD2 =12 nM) than for VCB (K51N|AT1'VCB —
126 nM). Notably, this affinity difference is mainly caused
by the 20x higher association rate for Brd48P2, while the du-
rability (half-life) of the interaction is in fact 2x higher for
VCB. The K,'s measured here are comparable to literature
SPR values (9 nM and 110 nM)?, although this might be co-
incidental as SPR values were measured at lower tempera-
tures (12°C vs. 25°C here) and lower flow rates, and, not un-
expectedly, feature lower association as well as dissociation
rates.

To measure PROTAC-mediated ternary complex for-
mation, both arms of the Y-structure were functionalized

with proteins, see Figure 3B. Brd48P? target-conjugate was
hybridized to the arm modified with the green dye, and VCB
ligase-conjugate was hybridized to the red arm. Fluores-
cence was excited selectively in green only, while emission
was measured in green and red simultaneously. Upon injec-
tion of PROTAC analyte, a mirror-like decrease in green flu-
orescence and a concomitant increase in red fluorescence
are detected. The increase in red fluorescence is different
from the red signal observed in the binary binding experi-
ments, because neither can red fluorescence be excited di-
rectly by the green illumination (cf. the flat line in Figure
3A), nor does it exhibit the quenching signature of an FPS-
like signal (cf. Figure 3C). Therefore, we attribute the red
emission to indirect excitation via green-to-red FRET,
which results from a closing of the Y-structure as PROTACs
interlink target and ligase proteins.
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Figure 3. Proximity induced binding assay with a DNA Y-nanostructure for the measurement of binary and ternary binding kinetics of
bifunctional small molecules. (A) Binary binding of the PROTAC AT1 to the POI Brd48D2 results in a quenching of green fluorescence
(FPS detection). AT1 was injected at concentrations 4 nM, 20 nM, 100 nM, and 500 nM. (B) Ternary binding of AT1 to Brd4802 and
the E3 ligase VCB results in a quenching of green (FPS and FRET) and a simultaneous increase of red fluorescence (FRET). AT1 was
injected at concentrations of 0.16 nM, 0.8 nM, 4 nM, 20 nM. (C) Binary binding of AT1 to VCB results in the quenching of red fluores-
cence (FPS). AT1 was injected at concentrations of 4 nM, 20 nM, 100 nM, 500 nM. (D) Rate scale plot depicting association and
dissociation rates (kon, korr), and the dissociation constant (Ky). Binary interactions of AT1 with Brd48P2 and AT1 with VHL are
shown on the left and on the right, respectively, while ternary interaction constants are shown in the middle (corresponding to data

from A-C)
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Table 1. Binding constants of AT1 and MZ1 PROTACs interacting with Brd48°? and VCB ligase substrate receptor on a Y-

structure.
PROTAC | Interaction POI Ligase (1E 61‘1;’,;‘_15_1) ( 1El_‘§“s_1) (rlfl\‘jl) t1/2 (s)
Binary Brd4802 - 13.5£2.5 173 + 35.4 12.8+13 4.0
AT1 Binary - VCB 0.69 £0.12 87.5 % 26.7 126 + 20 7.9
Ternary Brd4802 VCB 18.7 £3.00 247 £0.19 0.13 £0.02 280
Binary Brd4802 - 11407 112+ 16.3 9.78 £ 0.9 6.2
MZ1 Binary - VCB 3.61%0.75 66.1%17.1 18.3+0.9 10.5
Ternary Brd4802 VCB 28.8+6.9 0.80£0.52 | 0.028+0.017 863

Values shown represent the mean + SD of at least three independent experiments. ti2 = In2/Koff is the dissociation half-life.

We cannot quantify molecular distances accurately, but we
estimate from the emission intensities that the green and
red dyes reside within 1 to 2 Forster radii of each other
when the arms are closed. This corresponds to a distance of
roughly 5 to 10 nm, which is reasonable considering the di-
mensions and the spatial arrangement of the involved mol-
ecules. While the red fluorescence increase results from
FRET, the green fluorescence decrease is caused by a con-
volution of two effects, namely, the FPS-like direct quench-
ing by the presence of AT1 and the loss of green emission
intensity due to FRET. Hence, the green signal reports bi-
nary and ternary binding, whereas the red, FRET-only sig-
nal selectively reports the formation and decay of the ter-
nary complex. Ternary binding kinetics in Figure 3B can be
analyzed by mono-exponential functions as above and the
results are summarized in the rate-scale plot in Figure 3D
and in Table 1. Additional analyte concentrations, a com-
parison of mono- vs. bi-exponential fit models, and dupli-
cates are shown in Figures S3-S4 in the Supporting Infor-
mation. The K, of the ternary complex (KJ5® = 0.13 nM) is
much lower than the binary K;’s of the PROTAC for the tar-
get (KZMNATVEN44ED2 — 19 np, YichVErd4Bb2 = 92) or for the
ligase (Kj """ =126 nM, yT*V® = 969). The ob-
served kinetics allow us to rationalize the processes in-
volved in the formation and decay of the ternary complex:
the rate at which the ternary complex forms is practically
identical to the association rate of the fast-binding target
Brd458P2, This suggests that the PROTAC is captured by the
target first and passed on without significant delay to the

ligase. We can estimate the hand-off time from the slower

binary on-rate kflelATl'VCB and the Y-structure’s effective

concentration, T = 1/ck,, = 10 s; however, this estimate
does not take cooperativity into account and thus the actual
hand-off time may be shorter or longer. It is important to
note that the experiments depicted in Figure 3B were car-
ried out with PROTAC concentrations < 20 nM, which is
low compared to the Y-structure’s effective concentration of
150 nM. For higher PROTAC concentrations approaching or
exceeding the Y-structure’s effective concentration, free
PROTAC molecules in solution are expected to compete
with target-bound PROTACs on the Y-structure for associa-
tion to the ligase. This kind of auto-inhibition is frequently
encountered during the formation of ternary complexes and
commonly referred to as the “hook effect”, as it shows a

hook-like intensity drop in analyte concentration plots®®. In
fact, we observe the onset of an intensity hook effect and the
emergence of biphasic kinetics with increasing PROTAC
concentrations (Supporting Figure S5), indicating that at
high concentrations two molecules of PROTACs may bind to
the same Y-structure, one to the target and one to the ligase.
Consequently, ternary complex formation is blocked, and
the arms remain open.

The dissociation behavior of the PROTAC from the ter-
nary complex is strongly influenced by proximity-mediated
avidity. In contrast to the association, where one (the faster)
binding partner dominates the behavior, avidity signifi-
cantly slows the PROTAC’s dissociation from both, the tar-
get as  well as the ligase (yifft %=
kf;?MTl-BrdzL/k:]If;?|B‘rd4-AT1-VCB = 70, y:}z"fl.ycg = 35), cf. Fig-
ure 3D. The slowed off-rates can be rationalized by consid-
ering the dynamic nature of ternary stability as expressed
in Equation (5). A PROTAC may transiently dissociate from
one of its partners, but if it re-binds before dissociating
completely, the ternary complex forms again and stability is
maintained.

To further test this, we assessed another PROTAC binding
the same target and ligase, MZ1 (Supporting Figure S6-S7).
MZ1 features very similar kinetic rate constants like AT1,
except for its significantly faster ligase association rate
(kMZ1VCB = 5 x |AT1VCE) Indeed, proximity-mediated ef-
fects measured for MZ1 off-rates are significantly higher
than for AT1 off-rates. Off-rate enhancement factors are

Yors BT = 140 versus y 7P = 70 for the target, and
Yors <" =83 versus ygis " = 35 for the ligase, respec-

tively. This suggests that rebinding by fast on-rates is an im-
portant factor for ternary complex stability.-In other words,
the PROTAC’s association propensity impacts the dissocia-
tion of the ternary complex, which is an important aspect to
be considered in PROTAC design.

Ternary and binary screening of PROTACs binding to
Brd4BDZ2 and CRBN. Next, we performed a screen that sim-
ultaneously measures ternary and binary interactions,
which is shown in Figure 4. The target was Brd48P?, and the
ligase was cereblon-DDB1 (CRBN), because CRBN is of great
interestin ongoing drug discovery projects but has been dif-
ficult to handle in conventional biophysical assays, exhibit-
ing poor stability and non-specific interactions on SPR
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surfaces. A 96 well plate was filled with nineteen com-
pounds (Scheme S2) at fixed concentrations of 20 nM: 6 bi-
functional molecules known to engage both Brd48P2? and
CRBN simultaneously, 9 compounds (bifunctional mole-
cules or monovalent ligands) known to engage either
Brd48P2 or CRBN individually, and 2 negative control com-
pounds, which are listed in Table 2. Four replicates were
performed within the same assay to test for repeatability.
384 real-time binding signals were recorded simultane-
ously in two colors from two spots during 96 injections.
Spot 1 was functionalized with a Y-structure featuring
Brd4BPZ on the green arm and CRBN on the red arm, and 192
sensorgrams are shown in Figure 4 (96 red and 96 green
signals). Spot 2 was functionalized with a Y-structure with
Brd4BP2 target only and 2x96 sensorgrams are shown in
Supporting Figure S8. This configuration enables the sim-
ultaneous measurement of ternary complex formation on
spot 1 as well as binary kinetics on spot 2 within the same
experiment. The biosensor chip was regenerated and
freshly functionalized at the end of each row, i.e., every 12
analyte injections. Over the course of 8 regenerations dur-
ing the measurement of one well plate, 15 pmol of CRBN and
30 pmol of Brd48P2 were consumed. PROTACs that induce
the formation of a ternary complex between Brd4BP2 and
CRBN, i.e,, ARV-825 and compounds of the dBET family, can
easily be identified in Figure 4A by a mirror-like signal re-
sponse, that is, an increase in the red FRET signal and a con-
comitant decrease of the green signal. Compounds that only
interact with Brd48P2 but not with CRBN, for example MZ1
or MZ2, exhibit a decrease in green fluorescence, but no sig-
nal change in red fluorescence. Negative controls do not
show any signal change, neither in green nor in red. Simul-
taneous measurements on spot 2, which is only functional-
ized with Brd48P?, validate binary interactions with the tar-
get protein and serve as a real-time reference (Figure S8).

The screening of the selected compounds yielded six ter-
nary hits: ARV-825, ARV-825(2), dBET1, dBET6, dBET6(2),
and dBET260 were identified as PROTACs, which interlink
target and ligase. Of note, PROTACs marked with the suffix
“(2)” had been obtained from different manufacturers and
were exchanged between the authors of this study in a
blinded manner. They were consistently identified as hits
and their kinetics agree with the compounds without a

suffix (see below), too, which corroborates a good repro-
ducibility of the assay. The red signal changes are reproduc-
ible from the first to the last row, suggesting a satisfying sta-
bility of the functionalized Y-structure over the measure-
ment time of 22h. Binary binding to Brd4BP2? was observed
for nine small molecules: MZ1, MZ2, MZ4, AT1, and cisMZ1
feature a (+)-JQ1 moiety, which binds to BET proteins, in-
cluding Brd48P2, They are PROTACs which recruit VHL, but
they do not bind CRBN. The BET bromodomain inhibitor
(+)-JQ1 shows a detectable signal in green, demonstrating
the high sensitivity of the assay to analyze protein-small
molecule binding. Binary binding signals to Brd48P2are also
observed for OTX015, ARV-771, and ZXH-3-26. Pomalido-
mide (Pom) targets CRBN, but does not generate a signal, as
binary binding to the E3 ligase substrate receptor is not
read-out in the used assay setup. To confirm that the inter-
action of Pom with CRBN is detectable, it was measured in a
separate assay and a K; of 499 nM was obtained (Figure
$9). As expected, VH032 did not give a signal, as it is a mon-
ovalent compound that targets VHL alone, and indeed VHL
was not present in the assay.

Hit maps, which show ternary versus binary binding sig-
nals, are presented in Figure 41 and Figure 4]. Ternary
binding is inferred from the red FRET signal amplitude on
spot 1, while binary binding to the target is inferred from
the green fluorescence amplitude on spot 2, where only
Brd48P2 had been immobilized. Ternary hits (ARV-825 and
dBET family) can immediately be identified and discrimi-
nated from binary interactions from the relative fluores-
cence changes plotted in Figure 41. To assess the statistical
significance of the identified ternary and binary hits, fluo-
rescence data were analyzed by a two-sample t-test with
Welch correction, in which the mean values and standard
deviations of red and green signals of each compound (n =
4) were compared with blank injections (n = 16). The result-
ing p-values are plotted in a hit confidence map in Figure
4]. The confidence map is divided into four hit quadrants,
namely, ternary and binary, ternary, binary, and no hit, by
selecting cut-off values of p < 0.01. It shows that ternary
and binary binders are correctly identified in the screen and
can be discriminated from binary binders and negative con-
trols with satisfying statistical significance.
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Figure 4. PROTAC screen of 96 samples, measured in two colors on two detection spots. (A-H) Fluorescence sensorgrams of PROTACS
interacting with CRBN (red signal) and Brd4BP2 (green signal): ARV-825, ARV-825(2), dBET1, dBET6, dBET6(2), and dBET260
PROTACs form ternary complexes between CRBN, PROTAC, and Brd48P?2, identifiable by the red FRET signal increase and concomitant
quenching of the green signal. Shown are signals from spot 1 with a Y-structure functionalized with Brd48°2 and CRBN. Data from spot 2,
functionalized with Brd48P? only, are shown in Supporting Figure S 7. (1) Ternary vs. binary hit map by fluorescence: percent increase in
red fluorescence on spot 1 vs. percent decrease in green fluorescence on spot 2 for all 96 samples. (J) Ternary vs. binary hit map by p-value:
p-values of red FRET signals are plotted vs. p-values of green signals (two-sample t-test with Welch correction, n = 4 for each compound,
referenced to n = 16 blank traces). (K) Kinetics rate map: mean kon rates versus mean Kot rates (n = 4), dashed iso-affinity lines are plotted
for Kg=0.1, 1, 10, and 100 nM. PROTACs forming ternary complexes are depicted as full symbols, binary binders are half full symbols,
and negative controls are empty symbols.
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Table 2. Kinetic parameters of compounds binding to CRBN and/or Brd48P2 obtained from the screen shown in Figure 3.

. kon koff Ka t1/2
PROTAC Interaction Target (1E6 M-151) (1E-3 s1) (nM) ( s/)
ARV-825 Ternary CRBN & Brd4Bb2 530+1.1 18.6 £ 0.6 3610 37.3
ARV-825(2) Ternary CRBN & Brd4Bb2 5.70+ 0.4 20.0+1.0 3.5+03 34.7
dBET1 Ternary CRBN & Brd4BD2 8.90+ 0.7 26.0+0.6 3.0+0.3 26.7
dBET6 Ternary CRBN & Brd4BD2 9.90 + 0.5 32.6+1.3 3.3%0.2 21.3
dBET6(2) Ternary CRBN & Brd4BD2 9.50 0.7 28216 3.0+0.1 24.6
dBET260 Ternary CRBN & Brd4BD2 2.10%0.1 9.8+ 0.2 4.6+0.1 70.7
0TX015 Binary Brd4Bbz 30.5+2.6 23471 7.6%2 2.97
MZ1 Binary Brd4Bb2 329=+3.7 159+ 12 49+04 4.36
MZ2 Binary Brd4Bb2 204 2.6 194 +£17 9.7+15 3.57
MZ4 Binary Brd4Bb2 17.1+£2.7 207 + 44 13+5.2 3.35
cisMZ1 Binary Brd4Bb2 359+3.7 20016 56+09 3.46
AT1 Binary Brd4Bb2 22.8+3.2 193+ 14 87+15 3.59
ZXH-3-26 Binary Brd4Bb2 13.6+1.9 37.6+2.0 2804 18.4
ARV771 Binary Brd4Bbz 19.1+1.9 141 +£5.0 7.5%0.7 4.92
JQ1 Binary Brd4Bbz 64.0 + 22 308 +4.8 52+13 2.25
VHO032 N.C. Brd4B8bz - - - -
Pom N.C. Brd4Bbz - - - -
Binary CRBNRed 0.50 +0.02 252+9.5 499 + 0.01 2.8

Values are means of n = 4 replicates measured at fixed compound concentrations of 20 nM; errors are standard deviations of replicate
measurements. The binary interaction of Pom with CRBN was measured separately; t1/2 = In(2)/koff is the dissociation half-life.

Kinetic hit characterization and validation. Kinetic rate
constants k,,, k,fr and K, values can be analyzed directly
from the real-time sensorgrams obtained from the screen.
The kinetics of ternary and binary hits can be fitted well
with mono-exponential functions, as shown in Figures S10-
S$24. Mean values and standard deviations from four repli-
cates are summarized in Table 2 and k,,, and k, rates are
plotted in the rate map shown in Figure 4K. Relative stand-
ard deviations are 6% on average (maximal 21%) for ter-
nary rate constants, and 13% on average (maximal 34%) for
binary rate constants, which indicates good repeatability. Of
note, the rates of compounds ARV-825 and ARV-825(2) as
well as dBET6 and dBET6(2), which were obtained from dif-
ferent manufacturers, superimpose well in the rate map.

The rate map illustrates why it is insightful to measure ki-
netic binding data instead of inferring steady state K,; values
from a titration assay. While most compounds feature very
similar K; values and approximately align along an iso-af-
finity line in the single-digit nanomolar K, range, their k,,
and k,f rates are very different. For instance, dBET260 fea-
tures much slower on- and off-rates than dBET6, yet both
have comparable K;’s. Dissimilar binding kinetics may re-
sult in different pharmacodynamics, and thus the selection
of hits according to their binding kinetics can be valuable for
drug development.

For hit validation, we characterized the ternary binders
ARV-825 and dBET6, which were designed by the Crews?
and Bradner?® laboratories, respectively. The PROTACs are
interesting for comparison, as they bind CBRN via the same
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ligase-binding-moiety, pomalidomide, yet feature different
target-binding-moieties, namely 0TX015 in the case of ARV-
825, and (+)-JQ1 in the case of dBET6. Long linkers connect
the moieties for both PROTACs; ARV-825 has a hydrophilic
ethylene glycol EG4 linker, while dBET6 has an alkane Cs
linker.

Sensorgrams with multiple analyte injections are shown
in Figure 5 (ARV-825) and Supporting Figure $25 (dBET®6).
Rate constants were analyzed by globally fitting all concen-
trations using mono-exponential functions and are listed in
Table 3. Ternary rate constants obtained from the concen-
tration series agree well with screening data that were rec-
orded at a single compound concentration (cf. Table 2 and
Table 3), which substantiates the validity of kinetic anal-
yses from screening data.

Binary interactions. For the binary interaction of ARV-825
with Brd48P? (Figure 5A), we obtain a K; value of 13 nM,
which is in the same range as the 28 nM reported from a
BROMOscan®. Very similar kinetics and K, values are ob-
served for ARV-825 and dBET6 interacting with Brd48P2,
which seems coincidental, as the PROTACS consist of differ-
ent target-binding-moieties and linkers. Kinetics of the bi-
nary interaction of ARV-825 and CRBN are reported in Fig-
ure 5C. ARV-825 and dBET6 feature almost identical on-
rates (0.5E6 M-1s1) and similar off-rates (79E-3 st and 49E-
3 s1), which is not surprising as both PROTACs bind to
CRBN via the pomalidomide moiety.
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Figure 5. Kinetic characterization of binary vs ternary binding of ARV-825 to Brd48°2 and CRBN. (A) Binary binding of ARV-825 to
Brd48P2 measured with green excitation. ARV-825 was injected at concentrations of 4 nM, 20 nM, and 100 nM. (B) Ternary binding of
ARV-825 to CRBN and Brd48P?, measured with green excitation. ARV-825 was injected at concentrations of 0.8 nM, 4 nM, and 20 nM.
(C) Binary binding of ARV-825 to CRBN measured with red excitation. ARV-825 was injected at concentrations of 4 nM, 20 nM, and 100
nM. (D) Rate scale plot depicting association and dissociation rate constants (kon and koff), and dissociation constants (Kad) of binary (left and
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Table 3. Kinetic rates and dissociation constants of ARV-825 and dBET6 binding to CRBN and Brd4®P2, analyzed from global

fit analyses of kinetic measurements at multiple concentrations (Figure 4, Figure S24).

PROTAC Interaction POI Ligase Kon (1E6 M-1s-1) Koff (1E-3 s°1) Ka (nM) t1/2(s)
Binary Brd4BD2 - 710+ 2.2 83.0+21 12.7 £3.7 8.3
ARV-825 Binary - CRBN 0.59+0.17 79.0 + 19 138 + 36 8.8
Ternary Brd4BD2 CRBN 720+ 2.0 178+ 2.7 247 +1.10 38.9
Binary Brd4BD2 - 7.25 + 3.04 91.2 + 33 12.6+4.9 7.6
dBET6 Binary - CRBN 0.47 £ 0.35 48.7 £ 9.7 104 + 126 14.2
Ternary Brd4BD2 CRBN 11.3+£0.39 31.3+1.2 2.77 +1.42 22.1

Values shown represent the mean + SD of at least three independent experiments. ARV-825: OTX015-EGs-Pom, dBET6: JQ1-Cs-Pom
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Enhancement factors a* may be defined to quantify the
positive (a¢* > 1) or negative (a* < 1) effect of non-cognate
moieties on the binding behavior of a cognate moieties. For
the example of ARV-825, its target-binding-moiety OTX-
015, and its target Brd48P2, a*’s are calculated as the follow-
ing ratios: oo = kARVE25 /] OTX015 Cofr =
kIFFOS [kGRYB2, g = KO /K £RV8%5 (the ratios resem-
ble cooperativity factors, but the term is not used here to
avoid confusion with protein cooperativities as considered
in Eq. 1). Analogous expressions can be formulated for other
combinations, and the corresponding cooperativity factors
are listed in Table 4.

The non-cognate parts of ARV-825 as well as dBET6 are
found to stabilize binary binding to CRBN. While dissocia-
tions are markedly slower (ag,¢r > 3), no significant effect
on the association behavior is observed (ay,, = 1), how-
ever. K; enhancements are dominated by slower dissocia-
tions and are positive, too. On the target binding side, the
situation is more heterogenous. While ARV-825 and dBET6
dissociate slower than their bare target-binding-moieties
(@rofr = 2.8), they also associate much slower (ay,, < 0.2),
which overall weakens affinities (ay, = 0.5). The results
show that it is worthwhile to consider not only the steady
state enhancement a4, but also the kinetic factors ay,,,, and
@rosf, because influences of non-cognate on cognate moie-
ties are multifaceted. Effects in a PROTAC’s association and
dissociation behavior may amplify or counteract each other.
It is also interesting to compare dBET6 and AT1, which had
been discussed in Figure 3, with respect to their target
binding properties, because both PROTACs engage Brd48P?2
via the same moiety (+)-JQ1. dBET6 and AT1 feature almost
identical K; values of 13 nM, but AT1’s on- and off- rates are
2x higher than dBET6’s (a statistically significant, yet small
difference), which further demonstrates that the behavior
of the cognate binding moiety can be influenced by the
PROTAC’s other domains. The enhancement observed for
AT1’s (+)-JQ1 target-binding moiety is consistent with the

target-binding moieties of dBET6 (also (+)-JQ1) and ARV-
825 (0OTX-015): A strongly negative ay,, dominates a posi-
tive aj,rr, which results in an overall negative ag, .

The stability enhancements, which are observed for the
ligase as well as the target, might contribute to favorable
pharmacodynamics. A positive a, s means thata PROTAC,
which has bound to any protein, ligase, or target, is less
likely to dissociate than the individual bare moieties it com-
prises. Thus, compared to its bare moieties, the PROTAC has
more time to engage the second protein and form a func-
tional ternary complex for protein degradation.
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Table 4. Binary binding enhancement factors for PROTACSs
ARV-825 and dBET6 relative to their constituting moieties
OTXO015, (+)-JQ1, and Pomalidomide.

Cognate . x * x
PROTAC Mgiety Protein | ap,, | Qrofs | Aka
BD2
ARV-825 0TX015 | Brd4 0.2 2.8 0.6
Pom CRBN 1.2 3.2 3.6
- BD2
ABET6 (H)-JQ1 Brd4 0.1 3.4 0.4
Pom CRBN 0.9 5.2 4.8

Ternary interactions. In Figure 5B, we report for the first
time the kinetic parameters of ternary complex formation
between CRBN, ARV-825 and Brd4BP2, The formation of the
ternary complex by ARV-825 corresponds to the binary on-
rate of the faster association of the two proteins, i.e.,
Brd458P2, This agrees with the observations for dBET6 (Sup-
porting Figure S25) as well as AT1 and MZ1 binding to the
Brd4/VCB system above. It further supports the interpreta-
tion that the PROTAC gets captured by the protein with the
higher on-rate first; subsequently, it is handed-off to the
protein with the lower association propensity, which is the
CRBN ligase. The dissociation kinetics are markedly avid

with off-rate proximity-mediated ternary enhancement fac-

tors of yfyf?sBrasBb2 & y ARVS2SCREN ~ 5. However, the

proximity factors are significantly lower than for MZ1,
which could be due to MZ1’s pronounced cooperativity (22
for Ka and 8 for kon)*?or because high binary on-rates drive
strong avidity, as the on-rate of MZ1 (3.6E6 M-!s'1) is higher
than the on-rates of ARV-825/dBET6 for CRBN (~0.6E6 M-
1s1),

Analysis of ternary binding to different BET proteins. An
important aspect to be considered for the clinical exploita-
tion of PROTAC s is their selectivity for BET proteins of dif-
ferent families, and potentially also for different bromo-
domains on the same BET protein. Because the bromo-
domains of different BET proteins are highly similar within
the ligand binding sites, many BET inhibitors (and also BET
PROTACs constructed from them) have been found to be
pan-BET binders and do not substantially discriminate be-
tween the different BET proteins®*-#2. On the other hand, it
has been found in numerous studies that the mechanism of
action of the PROTAC via the ternary complex adds an extra
layer of selectivity for degradation activity over the selectiv-
ity of binary binding!2193543.44, To demonstrate the applica-
bility of the introduced method for assessing the binding se-
lectivity of PROTACs for different target proteins, we inves-
tigated the ternary binding of ARV-825 to CRBN and to the
two different bromodomains BD1 and BD2 of four different
BET proteins: Brd2, Brd3, Brd4, and BrdT.
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Figure 6. Ternary complex formation sensorgrams of ARV-825 binding to CRBN and bromodomains BD1 and BD2 of different BET
proteins: Brd2, Brd3, Brd4 and BrdT. Individual bromodomains (BD1 or BD2) of each BET protein (Brd2, Brd3, Brd4 and BrdT) were
immobilized on the Y-structure’s green arm and CRBN was immobilized on the red arm. ARV-825 analyte was injected at concentra-
tions of 0.8 nM, 4.0 nM, 20 nM, 100 nM. Fluorescence was excited in green and detected in green (FPS and FRET) and red (FRET).

Table 5. Ternary interaction of ARV-825 with CRBN and different BET proteins.

BET protein (1E 6kl‘\”;l-ls-1) ( lElf;ffs_l) Kqa (nM) t1/z (s)
Brd2BD1 8.11 + 2.50 3.32+0.02 452 +141 20.9
Brd2BD2 4.45+1.01 2.59 +£0.21 5.82 +0.89 26.7
Brd3BD1 6.80 £ 1.62 2.78+0.18 4.08 £ 0.75 249
Brd3BD2 5.58 £ 0.92 2.49 +0.43 446 + 1.55 27.8
Brd4Bb1 8.09+0.12 2.83+0.19 3.50 £ 0.29 24.5
Brd4BD2 5.99 £ 0.26 2.52 +£0.29 4.20 £ 0.67 27.5
BrdTBD1 4.91+1.03 2.87 £0.31 5.84 + 1.38 24.1
BrdTBD2 n.d. n.d. n.d. n.d.

Bromodomains BD1 and BD2 of the BET proteins Brd2, Brd3, Brd4 and BrdT were tested. Kinetic rate constants were analyzed from red
FRET signals, which indicate ternary binding. n.d. - not detected. Values shown represent the mean + SD of at least three independent

experiments.

Sensorgrams are shown in Figure 6 and ternary and bi-
nary interactions are observed across the Brd family of pro-
teins, except for BD2 of BrdT. Again, red signals denote ter-
nary binding via FRET, while green signals are a convolu-
tion of binary and ternary interactions via FPS and FRET.
Differences in signal amplitudes between different bromo-
domains and Brd’s may be caused by different spatial dis-
tances between donor and acceptor dyes for different ter-
nary complexes (different FRET efficiencies), and different
dye quenching by different bromodomains (FPS).

Very similar ternary interactions are observed for Brd2,
Brd3, and Brd4 for the tested ARV-825 concentration range
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from 0.8 nM to 100 nM. In fact, the analyzed binding rate
constants (cf. Table 5) are virtually indistinguishable
within the margin of error, indicating that ARV-825 does
not discriminate between any of these BET proteins. Slight
differences for the two bromodomains can be identified at
close inspection: In the presence of CRBN, ARV-825 associ-
ates slightly faster to BD1, while it dissociates slightly
slower from BD2. This minor tendency is not observed in
the absence of CRBN, though (binary interactions of ARV-
825 and Brd without CRBN were measured simultaneously
on the sensor’s second detection spot as before and results
are shown in Supporting Figure $26 and Table S4). Our
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results agree with other observations in that ARV-825 is a
promiscuous, pan-BET binder*, which does not discrimi-
nate between Brd2, Brd3, and Brd4. Yet notably, it does not
interact with BD2 of BrdT up to the highest tested concen-
tration of 100 nM.

Conclusions. The Y-nanostructure is an efficient and sim-
ple means to enable the analysis of ternary interactions by
induced proximity. It keeps two of three interactants teth-
ered to the surface, so that kinetic assays may be run
straightforwardly by flowing a single analyte across the sur-
face. This resolves the issue of indistinguishable multi-step
reactions in the measurement of kinetics using conven-
tional sandwich-type approaches, and it dramatically re-
duces sample consumption when screening many com-
pounds. The structural simplicity of the Y-structure allows
for simple self-assembly in a one-pot reaction and efficient
immobilization on a DNA-modified biosensor surface. The
parallel measurement of fluorescence quenching and FRET
in two colors on two sensor spots enables the simultaneous
analysis and dissection of binary and ternary binding
modes. The FRET signal, which arises from a closing of the
Y-structure’s arms, provides a robust readout, and unequiv-
ocally indicates the formation of a ternary complex. It does
not discriminate which binary complex is involved in the
formation or decay of the ternary complex (AB or BC, cf. Eq.
3) and hence purely reports if the system is broken apart
(any binary or unary complex) or bound altogether (ternary
complex).

Ternary complex formation is a prerequisite for the mode
of action of protein degraders, and the introduced chip-
based method can be useful in the discovery of PROTACs
and molecular glues to identify and rank ternary binders
from a compound pool. It has been shown that ternary com-
plex stability, not just binary affinity, can be important for
achieving efficient degradation'®3>4°> and that ternary com-
plex half-life can correlate with degradation efficiency and
initial rate!>**, With the proximity assay, PROTACs with dif-
ferent half-lives could be readily discriminated in a screen,
although they featured almost identical K;-values. Moreo-
ver, non-cognate moieties were found to generally enhance
the binding stability, but not the association propensity, of
cognate moieties (parental warheads) in the investigated
PROTACsS.

The prediction of degradation efficiencies for in-vitro cell-
based assays or even drug efficacy in-vivo from binding data
is desirable but not straightforward. The assays described
here probe ternary binding, which is a necessary, but not
sufficient condition for enzymatic activity. For example,
dBET6 is reported to be a better degrader than dBET1374¢,
because of better intracellular permeability and stability37,
yet the binding parameters analyzed here are similar. More-
over, degradation concentrations from in-vitro cellular as-
says must be compared carefully, because DCso values de-
pend on the type of cell, type of functional assay, target ver-
sion, and the incubation time®®*’. Nonetheless, the literature
agrees for degradation of Brd4 via CRBN that ARV-825 is
more potent than dBET6, and for degradation via VCB that
MZ1 is more potent (yet less Brd4-selective) than AT1, al-
beit reported DCso values vary (ARV-825: <1 nM for
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Burkitt's lymphoma cells®, 0.6 nM for 22RV14, 1 nM for
NAMALWA#, 1 nM for CA46%°, 5 nM for Jurkat> and Molt™°,
26 nM for 6 T-CEM>%; dBET6: app. 50 nM for HEK293T*,
app. 100 nM for 661W>%, <500 nM for glioblastoma®?; MZ1:
app. 3 nM for HeLa*?, 23 nM (Ku) for Flp293T*’; AT1: 10 -
100 nM for HeLa*). The same trend is observed for the ter-
nary complex half-life, but not the affinity, in the proximity
assay. For both ligases, the PROTACs with the longer half-

lives are also the better degraders (tf/y/ =% = 2 x t{*"®,
ty5t = 3 x t{f!), while almost identical K,;'s were meas-

ured for ARV-825 and dBET6, which corroborates previous
findings'? that binding kinetics are better than affinity val-
ues in suggesting degradation success.

The Y-structure acts as a flexible linker between the POI
and the E3 ligase and hence creates a configuration for avid-
ity, where a solute bispecific analyte encounters two bind-
ing sites tethered to a surface. The proximity generated be-
tween POI and ligase is a crucial parameter, which may be
interpreted in terms of an effective concentration c.ff (ef-
fective molarity). It reflects the ability of the two proteins to
collide and interact with each other and the PROTAC. The
effective concentration is influenced by the conformation
and flexibility of the Y-structure, and how the proteins are
attached to it, which defines the range of motion accessible
to the proteins. To gauge the Y-structure’s effective concen-
tration, we used affinity-calibrated DNA zippers and ob-
tained a value of 150 nM. This value differs drastically from
oversimplified geometrical estimates; for instance, if one as-
sumes that reactants are confined to a volume whose di-
mensions are given by the lengths of the Y-structure’s arms,
Cerr is estimated to be roughly 100 uM, i.e., three-orders-of-
magnitude higher. Obviously, the restrictedness of the
swivel motion and probably also electrostatic self-repulsion
of the DNA arms affect ternary complex formation, and the
term effective concentration underlines that the mobility of
reactants tethered to the Y-structure deviates from three-
dimensional diffusion in free solution. Its value depends on
the Y-structure design and the characteristics (and cou-
pling) of the attached proteins, and while it may be difficult
to quantify c,sf for a given set of proteins under investiga-
tion, its utility lies more in its conceptual value when com-
pared to the in-vivo environment: If the proximity effect me-
diated by the Y-structure mimics the abundance of proteins
within a cell, the binding rates and constants measured with
a Y-structure assay are expected to resemble the binding
parameters encountered in-vivo. In this condition of
‘matched proximity’, c.fs is comparable to the concentra-
tions of target proteins in the lumen of a cell, or comparable
to the surface concentrations of target proteins on the cell
membrane. If c.ff is considerably greater than in-vivo target
protein concentrations, we refer to ‘hyper proximity’, and
the binding parameters measured with the Y-structure are
expected to deviate from the cellular situation. Hyper prox-
imity induces pronounced rebinding (X c.¢f - koy), which
delays the dissociation process and lowers the apparent Kj;.
For the two ligases investigated here, the proximity effect is
more pronounced for the smaller VCB ligase (41 kDa), for
which DCs, values (e.g. 3 nM for MZ1) differ 100-fold from
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apparent ternary K;'s (0.03 nM). By contrast, in case of the
larger CRBN ligase (180 kDa) DCs, values and ternary K,;’s
are similar (e.g. DCsy = K; = 3 nM for ARV-825). We as-
sume that the motion of the smaller VCB ligase on the Y-
structure is less restricted, which promotes a hyper proxim-
ity effect, while for CRBN the proximity effect is better
matched to the cellular situation, and hence the similar
magnitude of DCy, and K, values.

While hyper proximity may be considered an artefact in
the analysis of high-affinity PROTACs like MZ1, it can be de-
sirable and open new strategies for the discovery of low-af-
finity compounds. Compounds from a fragment library or
molecular glues, which interact only weakly with target
proteins, often cannot be identified with conventional
screening methods, as at least two of three ternary interact-
ants would need to be incubated at impractically high con-
centrations. A strong proximity effect can induce ternary
complex formation already for weak interactants and ena-
ble the identification of otherwise undetectable drug candi-
dates.

We anticipate that the multivariate information on ter-
nary and binary complex provided by the Y-structure assay,
in conjunction with the ability to screen many compounds
at low sample consumption, will aid the characterization
and optimization of future PROTACs, molecular glues, and
other bispecific proximity-inducing matchmakers.
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