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Abstract

Ternary complexes formed by two proteins and a bivalent small molecule or proximity-inducing 
compound present specific challenges for interaction analysis. Their formation depends not only 
on binary binding affinities but also on cooperativity and avidity effects. Quantitative analysis 
of ternary complex formation therefore remains methodologically demanding, as conventional 
sandwich assays offer limited resolution and require relatively high protein consumption.
The Y-structure proximity binding assay provides a robust method for monitoring the kinetics 
of ternary complexes induced by dimeric small molecules. This is particularly relevant because 
ternary complex stability is a critical determinant of downstream catalytic processes such as 
target protein degradation.
Here, an optimized Y-structure design (version 2.0) with a simplified architecture and shortened 
arms is introduced and compared with the original design (version 1.0). The new design retains 
the key properties of the original structure, including arm flexibility and suitability for ternary 
complex analysis, while providing enhanced FRET signal, improved sensitivity, higher product 
purity, and increased conjugate yield. These improvements establish design 2.0 as an efficient 
platform for quantitative analysis of ternary complex kinetics.
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Introduction

The characterization of molecular interactions on biosensor surfaces has become increasingly accessible. Compared 
with solution-based methods, surface-based approaches provide the additional advantage of enabling determination of 
kinetic rate constants as well as equilibrium binding affinities. For binary interactions, one binding partner is typically 
immobilized on the sensor surface as the ligand or target, while the second partner is introduced in solution as the 
analyte. However, many biological processes involve more complex interaction networks in which multiple components 
interact simultaneously to form ternary complexes.
Conventional surface-based techniques often use a sandwich assay format (Figure 1, top), in which one binding 
partner is immobilized and the other two components are pre-incubated before measurement. This approach has 
several limitations, including higher reagent consumption and the risk of inaccurate dissociation rates if the pre-formed 
complex binds more weakly than the immobilized ligand. The Y-structure proximity binding assay (Figure 1, bottom) 
provides an alternative approach for studying ternary interactions. As described by Ponzo et al.[1], two interacting 
partners are tethered to the flexible arms of a Y-shaped scaffold, while the third partner is injected in solution as the 
analyte. In this configuration, only analyte binding kinetics are measured, eliminating the need for pre-incubation. 
Upon ternary complex formation, the arms of the Y-structure move into proximity, generating a FRET signal that 
directly reports complex formation (see Figure 5 in the Supplementary Information for the association and dissociation 
pathways of ternary complex formation and decay).
This approach is particularly relevant for PROTAC-mediated ternary complexes, in which a bifunctional small molecule 
bridges a protein of interest (POI) and an E3 ligase. Because the formation and stability of this ternary complex are 
critical for efficient target protein degradation, quantitative biophysical assays that measure affinity, cooperativity, and 
kinetic stability provide valuable insight into PROTAC mechanisms and support drug design [2].

The previously reported Y-structure design [1], referred to here as Y-structure 1.0, contains arms of 48 base pairs, 
corresponding to approximately 16 nm. This configuration provides substantial flexibility and allows the arms to swivel, 
thereby facilitating interactions between the two tethered proteins under conditions that resemble those in solution. 
In the present work, a new design, Y-structure 2.0, is introduced. This updated architecture contains shorter arms of 24 
base pairs (approximately 8 nm), resulting in a more compact structure than the original design (Figure 2). The modified 
design provides several advantages, including improved sensitivity, increased assay efficiency, and higher yields of 
protein–DNA conjugates relative to the 48 bp arm configuration. To assess Y-structure flexibility, particularly constraints 
on arm movement, molecular dynamics simulations using oxDNA were performed for both structures. In addition, the 
effect of the modified Y-structure geometry was evaluated by analysing the kinetics of ternary complex formation in a 
model system consisting of DDB1:CRBN as the E3 ligase and BRD4BD2 as the protein of interest, with ternary complex 
formation induced by the PROTAC ARV825.

Figure 1. Comparison of assay formats for ternary interaction analysis. Top: Conventional sandwich assay, in which one binding partner is 
immobilized on the surface and the other two components are pre-incubated before injection. This format can increase reagent consumption and 
complicate interpretation of kinetic rate constants. Bottom: Y-structure proximity assay, in which two interacting partners are immobilized on the 
flexible arms of a Y-shaped scaffold while the analyte is injected in solution. This configuration eliminates the need for pre-incubation and enables direct 
monitoring of ternary complex formation.



Results and Discussion

Molecular Dynamics Simulations

Coarse-grained molecular dynamics simulations with oxDNA were 
used to characterize the flexibility and mobility of the Y-structure 
arms in designs 1.0 and 2.0 (Figure 3). For design 1.0 (orange), the 
probability distribution of the distance between the arm tips showed 
a broad peak spanning approximately 15–35 nm, consistent with 
a predominantly open configuration. Because the FRET-sensitive 
distance is typically within 0–10 nm, this result indicates that the 
arms of design 1.0 most often adopt a low-FRET conformation.
For design 2.0 (blue), the distribution was also broad but shifted to a 
narrower range of 5–20 nm. This indicates that, despite the shorter 
arm length, design 2.0 retains substantial flexibility and the arms 
remain capable of swivelling. Importantly, the shorter distance range 
places the arms closer together and increases the probability that 
they fall within the FRET detection range.
These simulations provide predictive insight into Y-structure 
behaviour. However, arm mobility in the experimental system may 
differ after protein conjugation. Factors such as protein size, charge, 
and basal affinity between the binding partners may influence the 
conformational dynamics of the structure.

PROTAC FRET Kinetics

The kinetics of ternary complex formation were measured using the Y-structure assay as previously described [1]. 
DDB1:CRBN was immobilized on the red arm and BRD4BD2 was immobilized on the green arm of the Y-structure. 
Upon PROTAC binding, ternary complex formation was monitored through generation of a red FRET signal. The 
green fluorescence signal is not shown because it reflects two processes: direct binary binding of the PROTAC to 
the immobilized partner and energy transfer upon ternary complex formation.

Figure 2. Y-structure designs. The design 1.0 (HK-YS-1) features 48 bp arms (16 nm) and design 2.0 (HK-NYS-1) features 24 bp arms (8 nm).

Figure 3. Molecular Dynamic Simulations. Probability 
distributions of the distance between the arm tips of 
Y-structure design 1.0 (48 bp arms, orange) and design 2.0 
(24 bp arms, blue), calculated from oxDNA simulations.



In contrast, the red FRET signal reports specifically on ternary complex formation and therefore provides a more 
selective readout of complex assembly. 
Figure 4 shows the red FRET signals corresponding to PROTAC-induced ternary complex formation during titration 
with increasing concentrations of ARV825 for the two Y-structure designs (design 1.0, top; design 2.0, bottom).

The kinetic profiles obtained for the two Y-structure designs were highly similar. The association rate measured 
for design 2.0 was 5.2 × 106 M-¹s-¹, only slightly lower than that measured for design 1.0 (7.2 × 106 M-¹s-¹). The 
dissociation rate was also slightly lower for design 2.0 (11.6 × 10-³ s-¹) than for design 1.0 (17.8 × 10-³ s-¹), consistent 
with the approximately 1.5-fold difference observed in the association rate.
Accordingly, the complex half-lives were similar, with values of approximately 60 s for the optimized design and
40s for the standard design. The equilibrium dissociation constants were also nearly identical, at 2.3 nM and  
2.5 nM, respectively.
The rate scale plot (Figure 4, right) further illustrates the similarity of association and dissociation kinetics between 
the two designs. These results indicate that, despite differences in nanostructure size and arm length, ternary 
complex kinetics are largely preserved and agree with the trends predicted by structural characterization and 
molecular dynamics simulations.
For small molecules that form tightly bound ternary complexes, with affinities in the picomolar range, indications of 
rebinding were occasionally observed. This likely results from the increased local concentration of the two proteins 
maintained in proximity and led to a modest decrease in the dissociation rate for design 2.0 relative to design 
1.0. These properties suggest that the new design may be advantageous for analysing weaker or more transient 
interactions, which are commonly encountered in drug discovery.

Y-structure 2.0

Y-structure 1.0

0.8 nM
4 nM
20 nM

0.8 nM
4 nM
20 nM

k o
ff

 (s
-1

)
k o

n 
(M

-1
s-1

)
t1/2 (s)=

Kd=

v1.0            v2.0

Figure 4. PROTAC-induced ternary complex kinetics measured with Y-structure assays. Left: FRET kinetic traces reporting ARV825-induced 
ternary complex formation for Y-structure 1.0 (orange) and Y-structure 2.0 (blue), carrying DDB1:CRBN in red and BRD4BD2 in green. ARV825 was injected 
at concentrations of 0.8 nM, 4 nM, and 20 nM at 25°C. Right: Rate scale plot showing the association rates (kon), dissociation rates (koff), and derived 
equilibrium dissociation constants (Kd).



Materials and Methods

PROTAC ARV825 and E3 ligase DDB1:CRBN were provided by AstraZeneca. The target protein BRD4BD2 was provided 
by the Ciulli Lab (University of Dundee). ARV825 was diluted in HE140 (BU-HE-140-10) running buffer (10 mM Tris pH 7.4, 
140 mM NaCl, 0.05% Tween20, 50 µM EDTA, 50 µM EGTA) to the indicated concentrations.
DDB1:CRBN was covalently coupled via primary amines to the 5' end of ssDNA Ligand strand 1-Red using coupling 
kits HK-NHS-1 (design 1.0) and HK-NYS-NHS-1 (design 2.0). BRD4BD2 was coupled to the 3' end of ssDNA Ligand strand 
2-Green using coupling kits HK-NHS-4 (design 1.0) and HK-NYS-NHS-2 (design 2.0). Protein conjugates were purified by 
anion exchange chromatography using the proFIRE® system, buffer-exchanged into HE40 (10 mM Tris pH 7.4, 40 mM 
NaCl, 0.05% Tween20, 50 µM EDTA, 50 µM EGTA), and stored at −80°C.

Experiments were performed on a heliX+ biosensor using a standard heliX adapter chip (ADP-48-2-0). The biochip 
surface was functionalized with DNA adapters from the Y-structure kits HK-YS-1 (design 1.0) and HK-NYS-1 (design 
2.0). Specifically, spot 1 was functionalized with a pre-incubated mixture of Y-structure red and green adapter strands 
carrying the conjugated proteins (Red-DDB1:CRBN and Green-BRD4BD2), and spot 2 was functionalized with cAnchor 2. 
Y-structure DNA ligands and protein conjugates were mixed according to the instructions in the HK-YS-1 and
HK-NYS-1 user manuals. FRET kinetics experiments were configured and analysed using heliOS software with the 
method “Y-structure FRET kinetics – auto LED”, with green LED excitation set to auto and red LED excitation set to 0. 
Association and dissociation times were 60 s and 80 s, respectively, at a flow rate of 200 µL/min. All measurements 
were carried out at 25°C. The biochip was regenerated and freshly functionalized before each concentration within a 
measurement series. For regeneration, a high-pH regeneration solution (SOL-REG-1-5) was injected.

Association and dissociation rates (kon and koff), as well as dissociation constants (Kd) were derived by global fitting to a 
single-exponential model after blank-reference correction. Rate scale plots were generated with Origin v9 (OriginLab 
Corporation).

Coarse-grained molecular dynamics simulations were performed with oxDNA [3–6] using the exact nucleotide 
sequences of the Y-structure designs. Simulations were carried out at 298 K and a salt concentration of 140 mM using 
the oxDNA2 model on the oxDNA server [7]. Each simulation was run for 1 × 1010 steps with a timestep of               
3.03 x 10-16 s. The “john” thermostat was used with a diffusion coefficient of 2.5 and 103 Newtonian steps per 
thermostat update. System conformations were recorded every 500,000 steps. Distances between the distal ends 
of the Y-structure arms were extracted from the trajectories and binned into 0.5 nm intervals to generate distance 
probability distribution histograms.

Supplementary Information

The association and dissociation pathways underlying ternary complex formation and decay in the Y-structure 
proximity assay should be distinguished clearly (see Figure 1). The system examines interactions among a target 
protein (A), a PROTAC (B), and a ligase (C). In contrast to the classical SPR sandwich assay, the Y-structure format 
differs in the way the ternary complex (ABC) forms and dissociates, resulting in distinct apparent rate constants, as 
shown in Figure 5. The reported ternary rate constants correspond to the transitions indicated by the bold arrows.
In the Y-structure assay, both A and C are immobilized, while B is introduced without pre-saturation. This allows two 
formation pathways: B can first bind A to form AB or bind C to form BC before assembly of the ternary complex.

Conclusion

The optimized Y-structure 2.0 assay provides an efficient platform for quantitative analysis of PROTAC-induced 
ternary complex kinetics. The more compact design improves FRET sensitivity, conjugate yield, and assay 
efficiency while preserving the key functional properties of the original structure. Kinetic analysis showed that 
ternary complex formation and stability are captured with half-lives and equilibrium constants comparable to 
those obtained with the original design, including for weaker or more transient interactions.

Overall, Y-structure 2.0 enables quantitative evaluation of ternary complex formation, cooperativity, and 
kinetic stability, which are important parameters for understanding PROTAC mechanisms and supporting the 
development of proximity-inducing therapeutics.
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FRET detection reports only the fully formed ABC complex, whereas the intermediate binary species remain 
unobserved. As a result, the measured association rate reflects the combined contribution of both pathways. During 
dissociation, ABC can decay through either intermediate, but only loss of the ternary complex is detected, not the 
specific route. The observed off-rate therefore represents a composite of multiple processes.
In the SPR sandwich format, pre-incubation isolates a single association pathway, whereas the Y-structure assay 
permits two intermediate pathways to occur simultaneously. The apparent association rate in the Y-structure 
assay therefore reflects their combined contribution. In both methods, however, the measured dissociation rates 
represent a mixture of underlying processes, namely koff (ABC→AB + C) and koff (ABC→A + BC).

Figure 5. Ternary complex formation and decay monitored with the Y-structure FRET proximity binding assay (PBA). A is the target, B is the 
PROTAC, C is the E3 ligase. Bold arrows indicate reactions involving ternary complex formation or decay that are observable by PBA, whereas dashed 
lines indicate non-observable reactions. Adapted from Ponzo et al. [1].


