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ABSTRACT: The engineered formation of ternary complexes, in
which two proteins are bridged by small molecules such as PROTACs
or molecular glues, is a prerequisite for the targeted enzymatic degrada-
tion of pathogenic proteins; however, the combined analysis of these ter-
nary interactions during the drug discovery process remains challenging.
Here, we introduce a proximity binding assay for the simultaneous mea-
surement of binary and ternary interaction kinetics on a biosensor sur-
face. Target proteins and the substrate binding subunit of ubiquitin E3
ligase are tethered to mobile swivel arms of a Y-shaped DNA scaffold.
The Y-structure induces spatial proximity between the proteins and pre-
sents them to PROTAC analytes flown across the sensor. PROTAC-
induced ternary complex formation is measured by fluorescence energy
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KINETICS
~
N
_Q:%—-
Time —»

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-82S as
PROTAC S, 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 picomole sample quantities. The insights into proximity-mediated
binding kinetics can enable the development of PROTACs and molecular glues with improved properties for targeted protein

degradation.
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nitially described in 2001, PROTACs (PROteolysis

TArgeting Chimeras) have emerged as a powerful therapeu-
tic compounds 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 enables ubiquitination and subsequent degrada-
tion of the POL Similarly, molecular glues also induce ternary
complex formation, albeit via distinct molecular structures and
mechanism. PROTACs and molecular glues are promising ther-
apeutic modalities because they enable catalytic and event-
driven pharmacology that can extend drug discovery to proteins
that are difficult to inhibit by conventional small molecules.®
Targeted protein degradation has recently been applied success-
tully also to receptors on cell surfaces using bispecific antibodies
(PROTABs).** Most common PROTAC:s are recruiters of von
Hippel-Lindau (VHL)®’” and cereblon (CRBN-DDBI).%°
These substrate receptors are components of the Cullin-RING
E3 ligase (CRL) complexes CRL2VH" and CRLA*®N, In par-
ticular, CRBN was identified as the molecular target of the
immunomodulatory imide (IMiDs) drugs, thalidomide and
derivatives, that are indicated for multiple myeloma,'® and many
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PROTAC: in clinical trials recruit CRBN as the E3 ligase. One
of the most studied PROTAC targets is BRD4, belonging to the
BET family of proteins. BRD4 contains two bromodomains,
BD1 and BD2, known to be involved in the transcriptional reg-
ulation of gene expression.'’

The formation of a ternary complex between the target pro-
tein, the PROTAC, and the E3 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 biophysi-
cal 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 parameters such as affinity,
avidity, and cooperativity can reveal useful details about com-
plex formation and stability, and hence guide drug design.
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The measurement of association 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 ubiquitination?

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 inter-
play of associations, transient dissociations, and re-associations,
until eventually complete dissociation ensues. The observable
kinetics and the dynamic equilibria of these processes are gov-
erned by the molecular reaction rate constants of association
and dissociation, k, and kg the dissociation constant K; =
k,g/k,,, as well as the concentrations of free reactants and
binary complexes.

To drive a reaction pathway that effectuates maximal protein
degradation, suitable PROTACs or molecular glues with ideal
association and dissociation kinetics need to be selected from
a (potentially large) pool of candidates. For this purpose, ter-
nary binding must be discriminated from binary binding in a
straightforward way.'® Moreover, the development of high-
throughput compatible workflows will facilitate the screening
of many compounds. To this end, we developed a chip-based
biosensor method—the Y-structure proximity binding assay
(PBA)—for investigating ternary complex formation with a
fluorescence readout. The Y-structure immobilizes two proteins
in spatial proximity on a sensor surface, with two differently col-
ored fluorophores positioned nearby to probe binding. This
approach enables the direct testing of bifunctional analytes with
respect to their ability to form ternary complexes. The term
proximity binding assay (PBA) was chosen by analogy to the
established proximity ligation assay (PLA), which similarly trans-
lates the spatial proximity of two biomolecules into a detectable
signal (albeit through DNA ligation and subsequent rolling cir-
cle amplification). Here, we demonstrate a screening assay for
PROTAC: recruiting two different E3 ligase substrate recep-
tors, VHL and CRBN, and different BET proteins as targets.

B RESULTS
Y-Shaped Scaffold for Probing Ternary Complex Formation

A Y-shaped DNA nanostructure was developed, which tethers
two different proteins—a target protein and the substrate bind-
ing subunit of E3 ligase—to a sensor at 1:1 stoichiometry, see
Figure 1A. The Y-structure enables 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 bifunctional PROTAC analyte. The arms are each
labeled with a red and a green fluorophore, respectively, at their
distal ends for the detection of binding kinetics. Real-time fluo-
rescence intensity changes in two spectral channels were mea-
sured with a commercially available biosensor instrument
previously used to analyze molecular interactions and multiva-
lent binding.'”~**

Ternary complex formation was monitored by fluorescence
resonance energy transfer (FRET, Figure 1B left). Green fluo-
rophores attached to the POI swivel-arm (“green arm”) were
excited while emission from red fluorophores attached to the
E3 ligase swivel-arm (“red arm”) was recorded. Formation of
the POI-PROTAC-ligase ternary complex brings the two pro-
teins into close proximity, enabling energy transfer from the

Scheme 1. Simplified Reaction Scheme for Binary and
Ternary Complex Formation and Decay between an E3
Ligase (A), a PROTAC (B), and a Protein-of-Interest (C)“

FREE kg

BINARY kGn"  TERNARY
interactants ‘—_\ complexes ‘ﬁ complex
A B,C LI AB, BC LTER ABC

off off

“See Scheme S1 in the Supplementary Information for more details.

green donor to the red acceptor and resulting in a measurable
FRET signal. This FRET readout directly measures transitions
between binary and ternary states, cf. Schemes 1 and 2.

Binary interactions (PROTAC-POI or PROTAC-ligase)
were monitored by fluorescence quenching in either the green
or the red spectral channel (Figure 1B, right). In this detection
mode, the fluorophore probes the local chemical environment
within the reach of its linker. Fluorescence is quenched through
dynamic or static interactions with nearby regions of the protein
or with bound small molecules or proteins (unquenching can
occur but is not observed here). Possible mechanisms include
collisional quenching, hydrophobic stacking of aromatic moie-
ties, perturbation of the dye conformation, or intersystem cross-
ing to non-fluorescent triplet states.”® As a result, fluorescence
intensity decreases during association and increases during dis-
sociation, reflecting the fraction of bound molecules.

The Y-structure is made up of a stem that branches into two
swivel arms. The 96 bp stem connects the Y-structure to the
surface via a sequence that is complementary to 48 nt anchor-
strands, which are fixed on a chip with two sensor spots in an
integrated microfluidic channel (Figure 1C). The chip was used
off-the-shelf, featuring different anchor sequences on each spot
for the DNA-encoded functionalization with DNA-protein con-
jugates. The sensor is functionalized with fresh Y-structures by
DNA hybridization, and used Y-structures are removed from
the sensor by denaturing 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 flex-
ible hinge region, which enables the arms to rotate by diftusion.
The distal ends of the arms may touch or move away from each
other, reaching distances up to 40 nm.

Before applying the Y-structure to PROTAC measurements,
we used interactants with known binding affinities to characterize
induced proximity. To this end, we extended the arms with over-
hangs of complementary oligodeoxynucleotides from 4 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 characterized in a
separate experiment, using the same biosensor, and span more
than nine orders of magnitude from pM to mM Kg-values
(Figures 2A and S1B—E). With the obtained affinities, we can
plot the open/closed arm configurations versus the zipper K
in Figure 2A. For short and weak zippers with less than 6 bp
and K;""*>10 pM, the arms remain always open, while for long

and strong zippers with more than 12 bp and K;"™"'<1 nM, the
arms are always closed. When using zippers of intermediate
lengths (7—11 bp), the arms are partly open and partly closed.
This range of affinities with 1 nM<K;**" <10 uM can be consid-
ered the Y-structure’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
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Figure 1. Y-shaped DNA structure for proximity binding assays.
(A) Y-structure is made up of a stem and two swivel arms connected
by flexible linkers and consists of four DNA strands. The protein-of-
interest (POI) and E3 ligase substrate receptor (E3 ligase) are attached
to the distal arm ends. Arrows indicate six rotational degrees of free-
dom for arms’ motions relative to the stem and proteins’ motions rel-
ative to the arms. (B) Detection principles: Green and red
fluorophores are attached to the distal ends of the swivel arms to detect
ternary binding via fluorescence energy transfer (FRET, left). A FRET
signal is generated when the arms are closed. Binary binding is detected
via fluorescence quenching that occurs when the local chemical envi-
ronment around the fluorophore is altered by molecules binding to
the adjacent proteins (right). (C) Binding kinetics are measured on
two gold spots within the microfluidic channel of a biochip (left scale
bar 1 cm; right scale bar 100 pm). Proteins are immobilized on each
spot via DNA encoded addressing, utilizing unique anchor strands on
the detection spots.

time, is observed for a zipper K" = 150 nM. We may interpret
this affinity calibration experiment in terms of an effective con-
centration: the Y-structure induces a proximity equivalent to an
effective concentration of ¢, = 150 nM, because if interactants
with a K4 = 150 nM are attached to the Y-structure’s arms, a frac-
tion of 50% is bound. However, we note that the term effective
concentration used here is not the same as a solution

Scheme 2. Ternary Complex Formation and Decay as
Monitored with the Y-Structure FRET Proximity Binding
Assay (PBA) and Commonly by SPR*

Y-structure Proximity Binding Assay
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“A is the target, B is the PROTAC, and C is the E3 ligase. Bold arrows
indicate reactions involving ternary complex formation or decay, which
are observable by PBA and SPR, respectively, while dashed lines indi-
cate non-observable reactions.

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.

To further investigate the flexibility of the Y-structure—
particularly the constraints on the movement of its arms—we
performed molecular dynamics simulations using the coarse-
grained oxDNA2 model,*® attaching the stem at one end to a
surface. Snapshots of the molecular configurations reveal that
the single-stranded hinge region is highly flexible, allowing the
arms to undergo swivel-like motions (Figures 2B and S1F).
The 16 nm arms exhibit minimal bending, consistent with their
length being significantly shorter than the mechanical persis-
tence length of double-stranded DNA (~50 nm). In contrast,
the 32 nm stem displays more noticeable bending fluctuations,
although it remains relatively straight overall. Analysis of the
end-to-end distance between the arm tips shows a broad distri-
bution. Notably, in about 10% of the configurations, the arms come
close enough, that any proteins attached at the tips—assuming
typical dimensions—would be able to interact with each other.

Working Principle of the Proximity Binding Assay for
PROTAC Analysis

To demonstrate the working principle of the Y-structure for
PROTAC analysis, we used a well-characterized system

https://doi.org/10.1021/acssensors.5c04944
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Figure 2. Characterization of Y-structure induced proximity.
(A) Affinity calibration using DNA zippers with pre-determined binary
K,-values (Figure S1B—E). Sequence-complementary single stranded
oligodeoxynucleotides (DNA-zippers), of variable lengths, ranging
from 0 nt (right of axis break) to 15 nt (leftmost), are protruding from
the swivel arms (shown in blue). The fraction of closed arms inferred
from the FRET signal is plotted versus DNA-zipper affinities, which
were measured separately (Figure S1). The half-closed midpoint is at
150 nM. (B,C) Results from oxDNA2 MD simulations. (B) Snapshot
of a Y-structure configuration with arrows marking the end-to-end dis-
tance between 48 bp swivel arms (16 nm each). (C) Top: three repre-
sentative time series of end-to-end distances extracted from 30 ns
simulation runs. Bottom: End-to-end distance histogram, compiled
from twelve 30 ns simulation runs. Additional snapshots and time
traces are shown in Figure SI.

composed of VHL-EloB-EloC (VCB) as the E3 ligase substrate
receptor and adaptor proteins, the BET bromodomain protein
BRD4"P? as the target, and the bifunctional compounds AT1
and MZ1 as PROTACs.'*** MZ1 and AT1 are based on the
same BRD4- and VHL-binding moieties (JQl and VHO032)
but feature a different linker and connection point on the
VHL binder, PROTAC structures are shown in Scheme S2.
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 conjuga-
tion kits, and purified by ion exchange chromatography. The
Y-structure was assembled before the sensing experiment by
incubating DNA-protein conjugate strands with stem strands
and subsequently immobilized on the sensor surface (the work-
flow for sensor regeneration is shown in Figure S2).

Binary interactions between PROTAC and target, and
PROTAC and E3 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 excited
and detected for BRD4®P? target, and alternatively red fluores-
cence was excited and detected for VCB ligase. In both cases,
the quenching mode was used for detection of PROTAC bind-
ing (Figure 3A,C).

To measure PROTAC-mediated ternary complex formation,
both arms of the Y-structure were functionalized with proteins,
see Figure 3B. BRD4""? target-conjugate was hybridized to the
arm modified with the green dye, and VCB ligase-conjugate was
hybridized to the red arm. Fluorescence was excited selectively
in green only, while emission was measured in green and red
simultaneously. Upon injection of PROTAC analyte, a mirror-
like decrease in green fluorescence and a concomitant increase
in red fluorescence are detected. The increase in red fluores-
cence in the ternary binding experiment (middle panel in
Figure 3A) differs from the red signal observed in the binary
binding experiments, because red fluorescence cannot be
excited directly by the green illumination (cf. the flat line in left
panel of Figure 3A), and it does not exhibit a quenching signa-
ture (right panel in 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 PROTAC: interlink
target and ligase proteins.

We cannot quantify molecular distances accurately, but we
estimate from the emission intensities that the green and red
dyes reside within 1—2 Forster radii of each other when the
arms are closed. This corresponds to a distance of roughly
5—10 nm, which is reasonable considering the dimensions and
the spatial arrangement of the molecules involved.

While the red fluorescence-increase results from FRET, the
green fluorescence-decrease is caused by a convolution of two
effects, namely, the direct quenching by the presence of MZ1
and the loss of green emission intensity due to FRET. Hence,
the green signal reports binary and ternary binding, whereas
the red, FRET-only signal selectively reports the formation
and decay of the ternary complex.

Analysis of Binding Kinetics Determined with the
Proximity Binding Assay and Comparison with SPR Values

The formation and decay of binary and ternary complexes
involving MZ1 (Figure 3) and ATl (Figure S3) can be
described well by a Langmuir-like binding model (eq S1).
Data were fitted globally for all concentrations without the need
for mass-transport correction factors using mono-exponential
functions o exp { —(ck,, + k. g)t} and o exp {—k gt} for the
association and dissociation phases, respectively. To interpret
the data, it is useful to consider the association and dissociation
pathways underlying ternary complex formation and decay in
the Y-structure proximity assay and SPR assay (see Scheme 2).
The ternary rate constants, which are apparent when measured
with a specific assay, are to be interpreted with respect to the
transitions highlighted by the bold arrows in Scheme 2.

During the association phase in the Y-structure assay, the
PROTAC (B) is injected over pre-immobilized target (A) and
ligase (C). The ternary complex (ABC) can form via either of
two intermediate binary complexes, AB or BC. However, these
binary intermediates are not detected by the FRET readout,
which is indicated by dashed lines in Scheme 2, as the
Y-structure remains open in their presence. A high FRET signal
is only observed upon formation of the ternary complex, which
induces closure of the Y-structure arms (bold arrows in Scheme 2).
The same principle applies during the dissociation phase: the
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Figure 3. Proximity binding assay (PBA) with a DNA Y-nanostructure for the measurement of binary and ternary binding kinetics of bifunctional
small molecules. (A) Binary binding of the PROTAC MZ1 to the POI BRD4P? results in a quenching of green fluorescence (FPS detection). MZ1
was injected at concentrations 4, 20, 100, and 500 nM at T = 12 °C. (B) Ternary complex formation involving MZ1 to BRD4""” and the E3 ligase
VCB results in a quenching of green (FPS and FRET) and a simultaneous increase of red fluorescence (FRET). MZ1 was injected at concentrations
of 0.16, 0.8, 4, 20 nM at T = 25 °C. (C) Binary binding of MZ1 to VCB results in the quenching of red fluorescence (FPS). MZ1 was injected at
concentrations of 4, 20, 100, S00 nM at T = 12 °C. All measurements were performed in 1% DMSO. (D) Rate scale plot depicting association and

dissociation rate constants (k,_,

on the right, respectively, while ternary interaction constants (cf. Scheme 2,

Ato C).

k.q), and the dissociation constant (K}). Binary interactions with BRD4""? and with VCB are shown on the left and

kienPBA and k:)eé’PBA) are shown in the middle (corresponding to data from

ternary complex can decay via either binary intermediate. Once the
ternary complex dissociates, the FRET signal drops immediately,
but the assay does not distinguish which binary complex is involved
in the dissociation, nor whether the PROTAC has completely dis-
sociated from the Y-structure. Accordingly, the apparent on- and
off-rate constants extracted from the FRET signal reflect ternary
complex dynamics, while remaining agnostic to which binary inter-
mediate is involved.

In a typical SPR assay,'” only one protein—commonly the
ligase (C)—is immobilized on the sensor surface (Scheme 2,
bottom). The target protein (A) is pre-incubated with the
PROTAC (B) at a concentration high enough to ensure that
nearly all PROTAC molecules are bound to the target (ie.,
cA>>KdAB , for example, 2 pM BRD4'?). During the association
phase, the AB complex is injected over the immobilized ligase
C, allowing it to form the ternary complex (ABC). In the disso-
ciation phase, two possible pathways may contribute to the sig-
nal decay: (1) direct dissociation of AB from C, or
(2) dissociation of A from the BC complex, followed by disso-
ciation of B from C. The SPR signal does not distinguish
between these pathways, as both result in a decrease in
response.

According to Scheme 2, the ternary on-rate constants deter-
mined with the PBA and SPR assays are expected to differ
between the assays, whereas the ternary off-rate constants
should be similar. In SPR, the specific association pathway being

measured depends on which protein is immobilized, and which
complex is preincubated, thereby isolating a single route to ter-
nary complex formation. In the SPR format, pre-saturation
ensures that ternary complex formation proceeds predomi-
nantly via the AB + C — ABC transition, whereas in the
Y-structure assay, both AB and BC intermediates are accessible,
leading to an apparent ternary association rate constant that
reflects the combination of both accessible pathways. The term
‘apparent’ is used here to indicate that the observed rate con-
stants reflect the transitions that are experimentally accessible
in each assay geometry, not intrinsic microscopic rates. We
emphasize that this difference in apparent rate constants does
not indicate that one method outperforms the other. Instead,
the two assays report on different kinetic observables: SPR iso-
lates a defined association pathway by pre-saturating one bind-
ing interface, while the Y-structure assay measures the effective
rate of ternary complex formation under induced-proximity
conditions where both pathways are accessible. Viewed in this
way, the two techniques are complementary, providing distinct
and non-redundant mechanistic information about ternary
complex assembly.

Ternary off-rate constants, by comparison, are expected to be
similar for the two assays, as both are agnostic to the specific
binary intermediates involved in ternary complex dissociation.
As such, the measured off-rate constants reflect a convolution
of multiple pathways: KABC™AB+C and (ABC=A+EC 15 GPR)
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kff?_’]HC may also contribute, though to a lesser extent, due to
the lower molecular weight of B.

Consistent with this, both assays yield comparable ternary
off-rate constants for MZ1 and AT1 (Table 1), with MZ1
(5% 1073 s7") conferring greater ternary complex stability than
AT1 (25 X 1073 s7'). The ternary on-rate constants obtained
with the Y-structure are substantially higher than those mea-
sured by SPR, likely due to the two available association path-
ways in the Y-structure compared to only one in SPR. The
relative differences in on-rate and off-rate constants between
PROTACs measured using the Y-structure and SPR are compa-
rable across both methods, resulting in the same ranking of
compounds.

In their binary interactions with BRD48P2, both PROTACs
exhibit similar kinetics and affinities. In contrast, their affinities
for VCB are weaker and differ markedly between MZ1 and
AT1, with MZ1 displaying a faster association rate. These
trends are consistent with SPR data; however, the rates mea-
sured by fluorescence are generally 2—3 times higher (except
for AT1-VCB). These discrepancies may arise from differences
in experimental protocols. Although we adopted conditions
similar to those used in a previous SPR study,'” the immobiliza-
tion methods differed. In that SPR work, VCB was immobilized
via a site-specific method involving C-terminal biotin capture on
a streptavidin-modified dextran matrix, while BRD4 was labeled
non-specifically using NHS-biotin. In the present study, we
employed stoichiometrically purified protein-DNA conjugates
(Figures S27—S29) linked via non-specific NHS chemistry
and hybridized to DNA molecules tethered to gold surfaces.
Further, protein immobilization densities varied: less than
10° molecules/mm? in Y-structure experiments (equivalent to
app. 100 RUs) compared to 2000—3000 RUs in SPR experi-
ments. Lower immobilization densities can lead to the observa-
tion of faster kinetics and different immobilization methods
(site-specific capture vs. non-specific coupling through lysines)
can also influence the quantification of rate constants.

To better understand factors affecting the stability and kinet-
ics of the MZ1 interaction, we investigated the influence of both
solvent conditions and temperature. DMSO, commonly used at
low concentrations to solubilize small-molecule compounds,
was present at 1% in previous SPR studies and was therefore
included at the same concentration in the experiments shown
in Figures 3 and S7. As bromodomains have been reported to
be sensitive to inhibition by DMSO,***” we conducted compar-
ative experiments in the absence of DMSO (Figures S5—S7,
and Tables S1—S3). These revealed that 1% DMSO signifi-
cantly interferes with the MZ1—BRD4"P? interaction, reducing
the association rate by approximately three-fold. The dissocia-
tion rate constant was only slightly elevated, indicating a minor
destabilizing effect. In contrast, the interaction between MZ1
and VCB remained unaffected by the presence of DMSO. We
further  examined the effect of temperature on
MZ1-BRD4""* binding in the range of 12-25 °C
(Figure S6). While the on-rate exhibited minimal change across
this temperature span, we observed a pronounced destabiliza-
tion of the complex, manifested as a four-fold increase in the
off-rate constant at elevated temperatures. Similar temperature
effects have been reported for other small molecule—protein
interactions in SPR studies.”®

At high PROTAC concentrations, the onset of auto-
inhibition of ternary complex formation is observed
(Figure S4)—a phenomenon commonly known as the “hook

effect”. This effect, frequently seen in ternary complex forma-
tion, is characterized by a hook-shaped decrease in signal inten-
sity with increasing analyte concentration.”” At elevated
concentrations, two PROTAC molecules can simultaneously
bind to the same Y-structure, preventing proper ternary com-
plex formation and keeping the structure in an open
conformation.

SPR measurements revealed a decrease in the dissociation
constant K, for ternary complexes compared to their binary
counterparts, a phenomenon known as positive cooperativity.
This effect is quantified by the cooperativity factor, o, defined
as a=K4" /K™, Cooperativity values for MZ1 and AT1
were determined using the SPR workflow outlined in Scheme 2,
yielding 06y, = 48 and o, = 9 by selecting Ko™ of the
PROTAC-VCB interaction as the binary reference (o values are
mean values from sensorgrams in the Supporting Information of
the SPR study)'*.

Similarly, a decrease in K; was observed for ternary com-
plexes analyzed using the Y-structure proximity binding assay.
To capture this effect, we introduce the factor P, defined as
B =K /KSPPA, where K™ represents the ternary complex
dissociation constant measured via the proximity binding assay
with the Y-structure. This yielded f,,,, = 88 and B, = 33,
notably higher than corresponding a-values. The discrepancy
between o and P can be attributed to differences in immobiliza-
tion configurations between the two assays. In the SPR format,
where only one protein is immobilized, analytes dissociate irre-
versibly upon unbinding. In contrast, the Y-structure positions
both binding partners in close proximity on the same surface,
enabling a rebinding effect that mimics avidity. Upon partial dis-
sociation of the ternary complex, an intermediate binary com-
plex may transiently form and quickly re-engage, effectively
reducing the ternary Ky, This avidity-driven rebinding
depends on the spatial and dynamic properties of the
Y-structure, including its flexibility, the collision frequency of
its arms, and the nature of the linkages connecting the proteins
to the Y-structure. Thus, the B-value reflects not only molecular
cooperativity but also the contribution of structural proximity
effects inherent to the Y-structure assay.

Screening of Ternary and Binary Interactions of PROTACs
Binding to BRD42°2 and CRBN

Next, we performed a screen that simultaneously measures ter-
nary and binary interactions, which is shown in Figure 4. The
target was BRD4"P2, and the ligase was cereblon-DDB1
(CRBN), because CRBN is of great interest in ongoing drug
discovery projects but has been difficult to handle in conven-
tional biophysical assays, exhibiting poor stability and non-
specific interactions on SPR surfaces. A 96 well plate was filled
with nineteen compounds (Scheme S2) at fixed concentrations
of 20 nM: 6 bifunctional molecules known to engage both
BRD4"°? and CRBN simultaneously, 9 compounds (bifunc-
tional molecules or monovalent ligands) known to engage
either BRD4®P? or CRBN individually, and 2 negative control
compounds, which are listed in Table S19. Four replicates were
performed within the same assay to test for repeatability. 384
real-time binding signals were recorded simultaneously in two
colors from two spots during 96 injections. Spot 1 was function-
alized with a Y-structure featuring BRD4"P* 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
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Table 1. Binding Constants of MZ1 and AT1 PROTACs”

solute analyte immobilized protein method
Binary interactions (T = 12 °C)
MZ1 BRD4""* this work”
SPR'
VCB this work”
SPR"
ATI1 BRD4""* this work”
SPR"
VCB this work”
SPR"
solute analyte(s) immobilized protein(s) method

k., (1IE6 M~ " s7) kg (1E-3s7") K, (nM)
49 + 1.5 61 +£2 13+£3
2.6 20 7.5
2.0+ 09 35+1 21 +8
0.7 £ 0.1 19+ 4 29+3
S0+1.1 S8 £ 17 11+1
2.1 19 9
03 +0.1 41+3 140 + 12
0.6 + 0.1 60 + 20 110 + 40
ktoeI:,PBA/SPR (1E6 M—1 s—l) k:e&.PBA/SPR (lE-3 s_1) K;er,PBA/SPR (nM)

Ternary interactions (T = 25 °C); rate constants are labelled PBA or SPR, corresponding to the transitions indicated by the bold arrows in Scheme 2

BD2

MZ1 VCB, BRD4 PBA, this work”

MZ]1, preincub. w. 2 pM BRD4 VCB SPR'**

AT1 VCB, BRD4""? PBA, this work”

AT1, preincub. w. 2 pM BRD4 VCB SPR'**
“Interacting with BRD4"">*

22.1+0.1 5S4 +0.1 0.24 + 0.03
81+0.1 49 + 0.1 0.61 + 0.02
59 +£0.1 253 + 0.6 43+ 0.1
1.7 £02 20 £2 12+3

and VCB ligase substrate receptor on a Y-structure determined by the proximity binding assay (PBA). Binary on- and off-

rate constants are analyzed by FPS (quenching, cf. A and C in Figures 3 and S3), ternary on- and off-rate constants are analyzed via FRET
(B in Figures 3 and S3). Literature SPR values are listed for comparison. See Scheme 2 for the interpretation of rate constants determined by the
PBA and SPR assays. "For comparison, experiments were performed at the same temperatures, flow rates, association/dissociation times, and
DMSO concentration of 1%, which were used in a previous SPR study': AT1-BRD4®P% T = 12 °C, flow rate = 100 pL/min, 200 s/300 s;
AT1-VCB: 12 °C, 50 pL/min, 120 s/300 s; AT1-BRD4 *PZVCB: 25 °C, 100 pL/min, 100 s/80 s; MZ1-BRD4 ®P% 12 °C, 100 pL/min, 200 s/
300 s; MZ1-VCB: 12 °C, 50 pL/min, 60 s/300 s; MZ1-BRD4 BD2 yCB: 25 °C, 100 PL/min, 60 s/80 s. Immobilization conditions differed between
the SPR and Y-structure assays, see text. The values shown represent the mean + SD of at least three independent experiments. “Mean values were cal-
culated from original sensorgrams in the Supporting Information of ref '* (Figures S3 and S8 in ref '%).

functionalized with a Y-structure with BRD4P? target only and
2x96 sensorgrams are shown in Supporting Figure S8. This con-
figuration enables the simultaneous measurement of ternary
complex formation on spot 1 as well as binary kinetics on spot
2 within the same experiment. The biosensor chip was regener-
ated and freshly functionalized at the end of each row, i.e., every
12 analyte injections. Over the course of 8 regenerations during
the measurement of one well plate, 15 pmol of CRBN and
30 pmol of BRD4PP? were consumed. PROTACs that induce
the formation of a ternary complex between BRD4®P* and
CRBN, ie, ARV-825 and compounds of the dBET family,
can easily be identified in Figure 4A by a mirror-like signal
response, that is, an increase in the red FRET signal and a con-
comitant decrease of the green signal. Compounds that only
interact with BRD4®P? but not with CRBN, for example MZ1
or MZ2, exhibit a decrease in green fluorescence, but no signal
change in red fluorescence. Negative controls do not show any
signal change, in either the green or the red channels.
Simultaneous measurements on spot 2, which is only function-
alized with BRD4PP?, 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 ternary
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 man-
ner. They were consistently identified as hits and their kinetics
agree with the compounds without a suffix (see below), which
corroborates a good reproducibility of the assay. The red signal
changes are reproducible from the first to the last row, suggest-
ing a satisfying stability of the functionalized Y-structure over
the measurement time of 22 h. Binary binding to BRD4"P>

was observed for nine small molecules: MZ1, MZ2, MZ4,
AT1, and cisMZ1 feature a (+)-JQ1 moiety, which binds to
BET proteins, including BRD4®P2. They are PROTACs which
recruit VHL, but they do not bind CRBN. The BET bromodo-
main inhibitor (+)-JQl shows a detectable signal in green,
demonstrating the high sensitivity of the assay to analyze
protein-small molecule binding. Binary binding signals to
BRD4®P? are also observed for OTX015, ARV-771, and
ZXH-3-26. Pomalidomide (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 interaction of Pom with CRBN is detectable, it was mea-
sured in a separate assay and a Kj of 577 nM was obtained
(Figure S9). As expected, VHO032 did not give a signal, as it is
a monovalent compound that targets VHL alone, and indeed
VHL was not present in the assay.

Hit maps, which show ternary versus binary binding signals,
are presented in Figure 41,]. Ternary binding activity is inferred
from the red FRET signal amplitude on spot 1, while binary
binding activity to the target is inferred from the green fluores-
cence amplitude on spot 2, where only BRD4*P? had been
immobilized. PROTACs with ternary binding capability
(ARV-825 and dBET family) can immediately be identified
and discriminated from compounds featuring only binary inter-
actions from the relative fluorescence changes plotted in
Figure 41. To assess the statistical significance of the identified
hits with ternary and binary binding activity, fluorescence 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 resulting 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,
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Figure 4. PROTAC screen of 96 samples, measured in two colors on two detection spots. PROTACs forming ternary complexes are depicted as full
symbols, binary binders are half full sgmbols, and negative controls are empty symbols. (A—H) Fluorescence sensorgrams of PROTACsS interacting
with CRBN (red signal) and BRD4®P? (green signal): ARV-825, ARV-825(2), dBET1, dBET6, dBET6(2), and dBET260 PROTACs form ternary
complexes between CRBN, PROTAC, and BRD4?, 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 BRD4°"* and CRBN. Data from spot 2, functionalized with BRD4""? only, are
shown in Supporting Figure S8. (I) 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
k., rates versus mean kg rates (n = 4), as analyzed before from single exponential functions (cf. text and SI eq 1), dashed iso-affinity lines are plotted
for K;=0.1, 1, 10, and 100 nM. Ternary rate constants (cf. Scheme 2, k"PP4 and k;eé'PBA) are full symbols, binary rate constants are half full symbols.
Measurements were performed at 25 °C in the absence of DMSO.

ternary, binary, and no hit, by selecting cut-off values of Kinetic Hit Characterization and Validation
P < 0.01. It shows that ternary and binary binders are correctly L
identified in the screen and can be discriminated from binary Kinetic 'rate constants ko, and, kop and K, values can be ana-
binders and negative controls with satisfying statistical lyzed directly from the real-time sensorgrams obtained from
significance. the screening assay. The kinetics of ternary and binary hits
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can be fitted well with mono-exponential functions, as shown in
Figures S10—S24 (Tables S4—S18). Mean values and standard
deviations from four replicates are summarized in Table S19
and k,, and kg rate constants are plotted in the rate map
shown in Figure 4K. Relative standard deviations are 6% on
average (maximal 21%) for ternary 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 different manufacturers, superimpose
well in the rate map.

The rate map illustrates why it is insightful to measure kinetic
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-affinity line in the
single-digit nanomolar K, range, their k,, and k_g values are
very different. For instance, dBET260 features much slower ter-
nary on- and off-rate constants than dBET6, yet both have com-
parable K, values. Also, the ternary binding rate constants of
PROTACs (full symbols) are lower than the rate constants of
binary binding of their individual POI binding moieties (half-
full symbols), although their K,-values are similar (compare,
e.g, ARV-825 to OTXO01S or dBET6 to (+)-JQ1). Dissimilar
binding kinetics may result 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 inter-
esting for comparison, as they bind CRBN via the same
ligase-binding-moiety, pomalidomide, yet feature different tar-
get-binding-moieties, namely OTXO015 in the case of ARV-
825, and (+)-JQI in the case of dBET6. Long linkers connect
the moieties of both PROTACs: ARV-825 has a hydrophilic
ethylene glycol EG, linker, while dBET6 has an alkane Cg
linker.

A detailed analysis of ternary and binary interactions of ARV-
825 and dBET6 with BRD4""? and CRBN—including addi-
tional sensorgrams and enhancement factor calculations—is
provided in the Supporting Information (Figures S25 and
$26, Tables S19—S21). Ternary rate constants obtained from
sensorgrams with multiple analyte injections agree with screen-
ing data that were recorded using a single compound concentra-
tion (cf. Tables S19 and S20), which substantiates the validity of
kinetic analyses from screening data. Sensorgrams of ternary
complex formation (Figures S25 and S26) suggest a sequential
binding mechanism in which the PROTAC first engages
BRD4"P? and subsequently recruits CRBN, with ternary com-
plexes exhibiting longer lifetimes than the corresponding binary
complexes, particularly for ARV-825.

For binary interactions, enhancement factors o were calcu-
lated to quantify how non-cognate PROTAC moieties influence
the binding of the cognate binding motifs (Table S21). Non-
cognate moieties are found to stabilize the binding of both
PROTACs to CRBN and BRD4®P?, but the association rate
constants for BRD4"? binding are reduced.

Selectivity among BET family members and their bromodo-
mains is an important consideration for the clinical exploitation
of PROTACs. Because BET bromodomains are highly con-
served, many BET inhibitors and derived PROTACs act as
pan-BET binders with limited discrimination.** > However,
ternary complex formation can introduce an additional layer

of selectivity beyond binary binding.'>****~*® To demonstrate

the applicability of the presented method for probing such
selectivity, we analyzed ternary complex formation of ARV-
825 with CRBN and the BD1 and BD2 bromodomains of
BRD2, BRD3, BRD4, and BRDT (Figure $27).

For BRD2, BRD3, and BRD4, ternary complex formation
shows nearly identical kinetics over the tested ARV-825 concen-
tration range (0.8—100 nM), with binding rate constants indis-
tinguishable within experimental error (Table S22). Minor
differences between bromodomains are observed only in the
presence of CRBN, with slightly faster association to BD1 and
slower dissociation from BD2, whereas the corresponding
binary interactions show no such trend (Figure $28,
Table S23). These results confirm that ARV-825 acts as a pro-
miscuous pan-BET binder without discrimination among
BRD2, BRD3, and BRD4. Notably, however, no interaction is
detected with BD2 of BRDT up to 100 nM.

H DISCUSSION AND CONCLUSIONS

The Y-structure assay positions two proteins at defined relative
stoichiometry and spatial proximity, which allows ternary com-
plex formation to be monitored directly via a FRET signal. This
configuration inherently increases the probability of encounter
between the binding partners and therefore can introduce
proximity-driven avidity. As a consequence, the apparent ter-
nary affinity in this assay reflects not only intrinsic molecular
cooperativity but also structure-dependent rebinding effects.
The degree to which this avidity contributes depends on linker
flexibility, arm dynamics, and the effective local concentration
created by the Y-structure geometry.

It is therefore important that the kinetic constants measured
here are interpreted as assay-specific apparent rate constants,
rather than absolute microscopic rate constants. In contrast to
SPR, where pre-saturation of one binary interaction isolates a
single association pathway, the Y-structure assay allows both
AB — ABC and BC — ABC pathways to contribute to the
observed association rate. These two assay formats are thus
complementary: SPR reports kinetics along a defined pathway,
whereas the Y-structure reports effective rates under conditions
where both pathways are accessible.

The induced-proximity configuration also differs from the sit-
uation in cells. In degradation pathways, ternary complex forma-
tion is influenced by additional factors including protein
localization, conformational states, ubiquitination machinery
accessibility, and cellular concentration regimes. For these rea-
sons, the Y-structure assay is not intended as a direct predictor
of degradation efficacy, but rather as a readout of the kinetic
competence of ternary complex assembly.

It has been shown that ternary complex stability, not just
binary affinity, can be important for achieving eflicient degrada-
tion'®?*3940 and that ternary complex half-life correlates with
degradation efficiency and initial rate of degradation,'>'**°
but cellular degradation additionally depends on downstream
events beyond ternary complex lifetime.

The assay described here probes ternary complex formation,
which is a necessary, but not sufficient condition for ubiquitina-
tion. For example, dBET6 has been reported to be a better
degrader than dBET1,°>*' because of better intracellular per-
meability and stability,”* yet the binding parameters analyzed
here are similar. Moreover, degradation concentrations from
in vitro cellular assays must be compared carefully, because
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DCj, values (half-maximal degradation concentration) depend
on the type of cell, type of functional assay, target version,
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 ATI, albeit
reported DC, values vary (ARV-825: <1 nM for Burkitt’s lym-
phoma cells,® 0.6 nM for 22RV1,** 1 nM for NAMALWA,**
1 nM for CA46,** § nM for Jurkat* and Molt,” 26 nM for
6 T-CEM*; dBET6: app. SO nM for HEK293T,*® app. 100
nM for 661W*, <500 nM for glioblastoma®’; MZ1: app. 3 nM
for HeLa*, 23 nM (K,,) for FIp293T** AT1: 10—~100 nM for
HeLa®). The same trend is observed for the ternary complex
half-life, but not the affinity, in the proximity binding assay. For
both ligases, the PROTACs with the longer half-lives are also

- d
the better degraders (t‘?/lév 825 =2 x tl?;:Té, ti\%l =3X 1/T21 ),

while almost identical K;er’PBA values were measured for ARV-
825 and dBET6, which corroborates previous findings'” that
binding kinetics might be useful indicators for predicting degra-
dation success. With the proximity binding assay, PROTACs
with different ternary complex half-lives could be readily distin-
guished in a screening context, despite exhibiting nearly identical
dissociation constants.

While a strong proximity effect may alter the apparent kinet-
ics, it can be desirable and open new strategies for the discovery
of low-affinity compounds. Compounds from a fragment library
or molecular glues, which interact only weakly with target pro-
teins, often cannot be identified with conventional screening
methods, as at least two of three ternary interactants would
need to be incubated at impractically high concentrations. A
strong proximity effect can induce ternary complex formation
already for weak interactants and enable the identification of
otherwise undetectable drug candidates.

Taken together, the Y-structure assay is most useful for
(i) comparing ternary complex kinetics across structurally
related PROTAC:S, (ii) identifying compounds capable of form-
ing kinetically stable ternary complexes, and (iii) high-
throughput screening of ternary engagement. It should,
however, be interpreted in conjunction with complementary
methods such as SPR and cellular degradation assays to obtain
a full understanding of PROTAC performance.

The assay may be applied in the discovery of various candi-
dates for proximity inducing therapeutic modalities,*’ such as
PROTACs, molecular glues,” regulated induced proximity tar-
geting chimeras (RIPTACs),*" or transcriptional chemical
inducers of proximity (TCIPs).>* We anticipate that the multi-
variate information on ternary and binary complex formation
provided by the proximity binding assay, in conjunction with
the ability to screen many compounds at low sample consump-
tion, will aid the characterization and optimization of future
PROTACs, molecular glues, and other bispecific proximity-
inducing matchmakers.
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