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A B S T R A C T

Targeted protein degradation via bifunctional molecules represents a promising therapeutic strategy, where 
successful degradation requires efficient ternary complex formation. This study establishes an integrated 
framework for reliable kinetic characterization of ternary complexes by combining theoretical modeling with 
experimental validation. We demonstrate that binary binding parameters can effectively guide experimental 
design, while proper component immobilization and the use of calibrated concentrations of pre-formed binary 
complexes ensure measurement accuracy. Application to the CRBN/ARV-825/BRD4 system reveals strong pos
itive cooperativity (α = 175), which correlates with exceptional degradation potency. Our approach provides a 
systematic methodology for quantifying ternary complex kinetics and offers a robust platform for rational 
degrader optimization through kinetic-guided design.

1. Introduction

Target protein degradation (TPD) is an emerging therapeutic strat
egy that uses small molecules to hijack endogenous cellular degradation 
pathways for inducing protein degradation. Unlike conventional in
hibitors that merely block component activity, TPD directly eliminates 
target proteins of interest (POIs), offering a promising approach for 
treating cancer, neurodegenerative diseases, and other pathologies 
[1–7].

TPD operates through multiple mechanisms, among which bifunc
tional molecules represent a promising modality. These molecules, such 
as proteolysis-targeting chimeras (PROTACs), consist of two ligands 
connected by a linker, with one ligand binds to a POI and another that 
recruits an E3 ubiquitin ligase, thereby facilitating polyubiquitination 
and subsequent proteasomal degradation of the POI [4,5]. Similarly, 
autophagy-tethering compounds (ATTECs) have been developed to bind 
both the autophagy-related protein LC3 and a pathogenic protein like 
mutant huntingtin (mHTT), leveraging lysosomal degradation pathways 

[6].
A hallmark of bifunctional degraders is the characteristic “hook ef

fect” in their concentration-response profiles, where maximal degrada
tion of the target protein is achieved at intermediate concentrations and 
declines at higher doses. This phenomenon arises because excessive 
degrader concentrations lead to the saturation of either the target pro
tein or the recruited effector protein, forming non-productive binary 
complexes and thus preventing the formation of the productive ternary 
complex necessary for degradation. Notably, the “hook effect” varies in 
intensity across different degrader systems. These concentration- 
dependent behaviors directly influence the therapeutic window and 
dosing regimen, making their understanding critical for developing 
clinically viable degraders [8,9].

Recent studies have established that the degradation profile of 
bifunctional degraders is governed by the binary Kbinary

d and ternary 
Kternary

d equilibrium dissociation constants, along with their ratio defined 

as the cooperativity factor α = Kbinary
d /Kternary

d Here, α > 1 denotes 
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positive cooperativity, which stabilizes the ternary complex, while α < 1 
denotes negative cooperativity, which destabilized it [8–17]. Addition
ally, the ternary complex dissociation rate constant kternary

off has been 
shown to influence the initial degradation rate, thereby affecting the 
time required for degraders to exert their effects [11]. Therefore, a 
comprehensive characterization of both equilibrium and kinetic pa
rameters is indispensable for the rational degrader design and for 
elucidating their mechanism of action.

While characterization of binary binding is relatively straightfor
ward, methods for determining ternary Kternary

d and kternary
off remain 

technically challenging [13]. Several solution-based techniques, such as 
time-resolved fluorescence energy transfer (TR-FRET), fluorescence 
polarization (FP) and isothermal titration calorimetry (ITC), have been 
employed to measure ternary complex equilibrium dissociation con
stants Kternary

d [9,10,12,17]. In addition, surface-based analytical 
methods including biolayer interferometry (BLI) and surface plasmon 
resonance (SPR) enable direct measurement of kinetic rate constants 
while also providing equilibrium constant information through kinetic 
analysis with immobilized target proteins [10,11,15,17]. However, ac
curate characterization of Kternary

d and kternary
off remains challenging due to 

the intricate concentration dependence inherent to ternary complex 
formation, where the system exhibits a non-monotonic response to 
concentration variations across all three components, combined with 
the complicating effects of the hook phenomenon. Consequently, the 
reliance on simply using higher concentration often leads to suboptimal 
conditions, making the systematic identification of optimal concentra
tions a central methodological difficulty.

To address this challenge, we developed a theoretical and experi
mental framework based on readily measurable binary equilibrium 
dissociation constants Kbinary

d to provide optimal conditions for ternary 
complex formation. This framework establishes a direct correlation be
tween Kbinary

d values and optimal concentrations for maximal ternary 
complex yield, while also defining the specific conditions under which 
the 1:1 Langmuir model remains applicable to ternary interactions. Our 
results identify three essential elements for accurate kinetic character

ization: implementation of pre-incubation protocols, strategic selection 
of the immobilized protein component, and verification that the system 
satisfies the fundamental cooperativity condition. Experimental vali
dation using the Cereblon (CRBN)/ARV-825/BRD4 model system with 
an oblique-incidence reflectivity difference (OI-RD) biosensor 
confirmed these theoretically derived principles.

2. Materials and methods

2.1. Kinetic and equilibrium parameters in bifunctional degrader-induced 
ternary systems

Fig. 1 illustrates a ternary interaction system induced by a bifunc
tional degrader (molecule B). The system comprises binary interactions 
between molecule A and B, and between molecule B and C. The asso
ciation rate constant for forming the binary complex AB is denoted as 
kbinary

on,AB , while its dissociation rate constant is represented by kbinary
off,AB . The 

corresponding equilibrium dissociation constant between molecule A 
and B is defined as Kbinary

d,AB . These kinetic and equilibrium parameters 

follow the same nomenclature for the BC interaction, with kbinary
on,BC , kbinary

off,BC , 

and Kbinary
d,BC describing the formation, dissociation, and equilibrium 

properties of the BC complex, respectively.
The system also features interactions involving the pre-formed bi

nary complex. These include the association between binary complex BC 
and molecule A, as well as between binary complex AB and molecule C. 
The formation of ternary complex ABC from binary complex BC and 
molecule A is characterized by the associate rate constant kternary

on,A− BC and 
the corresponding dissociation rate constant kternary

off,A− BC. The equilibrium 

dissociation constant for this ternary interaction is denoted as Kternary
d,A− BC. 

Similarly, the parameters kternary
on,AB− C, kternary

off,AB− C, and Kternary
d,AB− C describe the 

ternary interaction between complex AB and molecule C. With the bi
nary and ternary dissociation constants, the cooperativity factor can be 
calculated as a fundamental relationship expressed as α =

Fig. 1. Schematic of the ternary interaction system and its associated kinetic and equilibrium parameters.
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Kbinary
d,AB /Kternary

d,A− BC and α = Kbinary
d,BC /Kternary

d,AB− C, respectively [8,9].

2.2. Reagents and materials

Cereblon (CRBN) was purchased from Abmart (Shanghai, China). 
ARV-825 was purchased from Selleck (Shanghai, China). Bovine Serum 
Albumin (BSA) was purchased from Sigma-Aldrich Co. (Shanghai, 
China). Isocyanate-functionalized slides were prepared following the 
established protocol described by Zhu et al. [18] Epoxy functionalized 
slides were purchased from Capital Bio Technology Co., Ltd (Beijing, 
China). Dimethyl Sulfoxide (DMSO) was purchased from Sinopharm 
Chemical Reagent Company (Shanghai, China).

The human BRD4 (BRD4 bromodomain 1, residues 44–168 based on 
UniProt O60885) was cloned into a pRSFDuet-1–based vector contain
ing an N-terminal His10-SUMO tag and expressed in E. coli BL21 (DE3). 
Cells were cultured in LB medium and induced at 18 ◦C overnight with 
0.2 mM IPTG. Cells were harvested by centrifugation and resuspended in 
NiA buffer (50 mM Tris-HCl, 150 mM NaCl, 20 mM imidazole, 5% 
glycerol, pH 7.5), lysed by sonication, and clarified by centrifugation. 
The BRD4 protein was purified via Ni-NTA, followed by His10-SUMO tag 
cleavage using ULP1 protease, then concentrated and subjected to size- 
exclusion chromatography on a Superdex 200 Increase column in gel- 
filtration buffer (20 mM HEPES, 150 mM NaCl, pH 7.5).

2.3. Microarray fabrication

A small molecule microarray was prepared by dispensing ARV-825 
(10 mM in DMSO) onto isocyanate-functionalized slides using a Smar
tArrayer 136 microarray spotter (CapitalBio Corporation, Beijing). Each 
array comprised 12 spots with diameters of 100-150 μm and center-to- 
center spacing of 300 μm. After printing, these slides were dried at 
45 ◦C for 24 h and stored at − 20 ◦C until further use.

For protein microarray preparation, CRBN was diluted to 0.5 mg/mL 
in HEPES buffer (pH 7.5) and printed onto epoxy-functionalized slides 
using a Super Marathon printer (Arrayjet, UK) under controlled condi
tions (20 ◦C, 50% relative humidity). Each array consisted of 8 spots, 
with each spot formed by depositing two 100 pL per droplets. The 
resulting spots measured approximately 130 μm in diameter, with a 
center-to-center spacing of 300 μm. The printed slides were stored at 
4 ◦C until use.

2.4. Binary and ternary kinetics characterization with OI-RD biosensor

The binding kinetics of binary and ternary complexes formed by 
CRBN, ARV-825, and BRD4 were characterized using the OI-RD 
biosensor [19–24], a label-free detection technology that monitors 
biomolecular interactions in real time via changes in optical film 
thickness. All assays were performed in a surface-based configuration 
with one interaction partner immobilized on the slide.

Prior to detection, the biochip was placed in a fluid chamber and 
equilibrated with HEPES buffer until no molecular desorption was 
observed. Residual reactive sites on the chip were subsequently blocked 
by treating the surface with 7.5 μM BSA in HEPES for 30 min. Real time 
binding measurements began with a 10 min HEPES buffer flow at 
0.004 mL/min to establish a stable baseline. Sample injection was per
formed in two stages, beginning with a rapid introduction at 1.176 mL/ 
min for 20 s, followed by a 30 min association phase at 0.004 mL/min. 
Dissociation was initiated by switching back to HEPES buffer at 
1.18 mL/min for 20 s, after which the dissociation process was moni
tored for 30 min under continuous HEPES buffer flow at 0.004 mL/min. 
All measurements included image acquisition before and after the 
detection cycle.

For ternary binding assays, BRD4 and ARV-825 were pre-incubated 
for 1–1.5 h to ensure formation of the binary complex prior to injec
tion over the immobilized CRBN surface. All other experimental 

conditions, including flow rates, buffer composition, and detection pa
rameters, remained consistent with the binary binding assays.

3. Results

3.1. Equilibrium analysis of ternary complex formation

We first investigated how the equilibrium concentration of the 
ternary complex is influenced by the concentrations of component B and 
C, as well as the cooperativity factor α, in a surface-based assay 
configuration with immobilized component A. This configuration results 
in a very low effective concentration of component A due to the limited 
binding sites available on the substrate.

Fig. 2(a) shows the normalized [ABC]/[A]t as a function of [B]t and 
[C]t, obtained by numerically solving the equilibrium equations (Text 
S1). Here, [A]t, [B]t, and [C]t represent total concentrations, while 
[ABC] denotes the equilibrium concentration of ternary complex. Sim
ulations were performed using [A]t = 1 nM, Kbinary

d,AB = 1000 nM, 

Kbinary
d,BC = 100 nM, and α = 1. The results exhibit characteristic hook 

behavior where at fixed [C]t, the ratio [ABC]/[A]t initially increases and 
then deceases with increasing [B]t. Moreover, increasing [C]t raises both 
the maximum ternary complex concentration ([ABC]max) and the 
required [B]t required to achieve it ([B]t, ABC-max), as marked by the red 
stars, indicating that higher C concentration enhance ternary complex 
formation but also demand more B for optimal yield.

Based on simulations performed at a fixed [C]t of 1000 nM, we 
further investigated the effect of α on ternary complex formation. As 
shown in Fig. 2(b), increasing α not only enhances the yield of the 
ternary complex but also broadens the range of [B]t that supports sub
stantial complex formation. When α is sufficiently high, the ratio [ABC]/ 
[A]t approaches unity, indicating nearly complete recruitment of 
component A into the ternary complex. Notably, [B]t, ABC-max remains 
invariant with α, as illustrated by the vertical dashed line in Fig. 2(b). 
This key finding demonstrates that the concentration of B required for 
maximum ternary complex formation can be predicted using only the 
Kbinary

d values, independent of α or the Kternary
d .

Maximizing ternary complex formation serves as an effective strat
egy to enhance signal, thereby facilitating the measurement of ternary 
binding interactions. When this strategy is employed, it necessitates the 
precise determination of both [ABC]max and the corresponding [B]t, ABC- 

max. By analyzing the equilibrium equations under the extremum con
dition d[ABC]/d[B]t = 0, we derived analytical solutions for these two 
key parameters (Text S1), as given in Eq. (1)and Eq. (2). 

[ABC]max

[A]t
≈

α[C]t

α[C]t +
( ̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,AB

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Kternary
d,BC

√ )2 (1) 

[B]t,ABC− max

[C]t
≈

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,AB Kbinary

d,BC

√

[C]t
+

̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,AB

√

̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,AB

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,BC

√ (2) 

Eq. (1) provides an analytical expression for [ABC]max/[A]t, showing 
that the ternary complex yield is governed by the product of α[C]t. This 
relationship is corroborated by SPR data [15] and Fig. 2(c), where larger 
values of this product correspond to higher ternary complex yields. 
Since α is an intrinsic system property, increasing [C]t is the primary 
experimental lever for enhancing yield. This strategy is 
system-dependent that highly cooperative systems with large α achieve 
significant yield at modest [C]t, whereas weakly cooperative ones 
require higher [C]t. Consequently, when the cooperativity factorα is 
unknow, systematically increasing [C]t, provides the most reliable and 
generally applicable strategy for signal enhancement.

Eq. (2) provides an analytical expression for the ratio [B]t, ABC-max/ 
[C]t, demonstrating its dependence on the binary equilibrium 
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dissociation constants Kbinary
d,AB and Kbinary

d,BC , as well as the concentration 
[C]t, but not on α. This result aligns with the form derived by Douglass 
et al. [8] under the specified approximations under low [A]t approxi
mations. Fig. 2(d) illustrates how the ratio varies with [C]t, revealing a 
characteristic transition across concentration regimes. When [C]t is 

much smaller than 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,AB Kbinary

d,BC

√

, the ratio is much greater than 1, 
indicating that B must be in significant excess. As [C]t increases, this 
ratio decreases monotonically. When [C]t substantially exceeds 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,AB Kbinary

d,BC

√

, the ratio plateaus at a constant value of 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,AB

√

/
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,AB

√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Kbinary
d,BC

√ )
. This limiting value is always less than 1, indi

cating that the optimal concentration B is lower than that of C under 
high-concentration conditions.

3.2. Optimizing kinetic measurement of ternary complex binding

To quantitatively determine the cooperativity factor α, we employed 
the experimental configuration shown in Fig. 1, where protein A is 
immobilized on the sensor surface and the pre-formed BC complex is 
introduced as the flowing analyte. Applying the 1:1 Langmuir binding 
model to this ternary system requires treating BC complex as a single 
analyte, which necessitates maintaining a nearly constant concentration 
of BC complex throughout the measurement to obtain reliable kinetic 
parameters [25].

We systematically evaluated this requirement by simulating the 
ternary system using kinetic equations (Text S2). As shown in Fig. 3(a), 
simulations performed at B and C concentrations that maximize the 
ternary complex formation confirm that pre-incubation of B and C 
before injection (black curve) maintains a constant [BC] level, whereas 
simultaneous introduction of B and C (blue curve) leads to progressive 
accumulation of [BC]. These results establish that pre-incubation is 

Fig. 2. Numerical fitting based on equilibrium equations. (a) Dependence of normalized ternary complex formation on degrader concentration at different [C]t level. 
Red stars indicate [ABC]max. (b) Influence of α on normalized ternary complex formation. The dashed line highlights the constant [B]t required for [ABC]max across all 
α values. (c) Correlation between the maximum ternary complex yield and the product α[C]t. (d) Evolution of the ratio [B]t, ABC-max/[C]t ratio with increasing [C]t. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. (a) Temporal profile of [BC] in the flow phase over immobilized A under pre-incubation and simultaneous injection conditions. (b) Dependence of the [B]/ 
[BC] ratio on the choice of immobilized component.
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essential to meet the constant analyte concentration requirement for 
valid 1:1 kinetic analysis.

Furthermore, Fig. 3(a) also shows that under optimal conditions with 
comparable concentrations of B and C, the equilibrium [BC] is sub
stantially lower than [C]t. This finding invalidates the common practice 
of substituting the limiting component's concentration for [BC], an 
approximation only valid when one component is in large excess. Ac
curate determination of the ternary equilibrium dissociation constant 
Kternary

d,A− BC therefore requires using the actual [BC] values. This calibration 
reconciles data from experiments with similar component concentra
tions with those using component excess, resolving inconsistencies in 
Roy et al. [11]

A second prerequisite for valid 1:1 Langmuir analysis is that the re
action follows a single dominant pathway, where immobilized A bind 
predominantly to the pre-formed BC complex rather than to free B. This 
condition is reasonably satisfied when the equilibrium [AB] is negligible 
compared to the ternary complex ([AB] ≪ [ABC]), which can be 
simplified to the inequality in Eq. (3) (Text S3): 

[B]
[BC]

≪α (3) 

here, [BC] denotes the equilibrium concentration of the BC complex in 
the pre-incubated mixture, calculated as (Text S3): 

[BC] =
[B]t + [C]t + Kbinary

d,BC −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
[B]t + [C]t + Kbinary

d,BC

)2
− 4[B]t[C]t

√

2
(4) 

and [B] is the corresponding equilibrium concentration of unbound 
B.

Fig. 3(b) shows how the ratio [B]/[BC], derived from Eq. (4), varies 
with the concentration of B and the choice of immobilized component. 
The larger and smaller Kbinary

d equal to 1000 nM and 100 nM, respec
tively. The results show that immobilizing the weaker-binding compo
nent (with larger Kbinary

d,AB ) yields a lower [AB]/[ABC] ratio, reducing the 
demand for high cooperativity factor α by facilitating satisfaction of Eq. 
(3). In previous PROTAC ternary studies, the choice of immobilization 
target has often been arbitrary, driven by practical convenience [13]. 
Notably, Roy et al. [11] found that successful kinetic fitting was only 
achievable when the weaker-binding component was immobilized. Our 
work now provides the kinetic rationale for this observation that the 
weaker-binding component should be immobilized to ensure clean 1:1 
Langmuir kinetics.

Fig. 3(b) further shows that reducing the concentration of compo
nent B lowers the [B]/[BC] ratios, thereby reducing the minimum α 
required to satisfy Eq. (3). This explains the widespread use of C in 
excess, though such conditions often yield weaker signals. At optimal 
concentration for maximum ternary formation, the required α threshold 
is substantially higher. Therefore, after experimentally determining α, it 
is essential to verify that the system satisfies the cooperativity condition 
by comparing the measured α value with the theoretically threshold 
derived from [B]/[BC]. A measured α that exceeds the threshold vali
dates the simplified model, whereas failure indicates substantial direct 
binding between the immobilized A and free B, compromising result 
reliability.

Under the optimized experimental conditions established above, 
kinetic fitting using 1:1 Langmuir model was applied to determine the 
apparent ternary equilibrium dissociation constant Kternary

d,A− BC. The coop

erativity factor was then calculated as α = Kbinary
d,AB /Kternary

d,A− BC,where Kbinary
d,AB 

was obtained from independent binary binding measurements.

3.3. Kinetic characterization of ternary complex in biologically relevant 
system

Guided by our theoretical framework for ternary complex formation, 

we performed kinetic characterization of the CRBN/ARV-825/BRD4 
model system using an OI-RD biosensor. The bifunctional degrader 
ARV-825 contains pomalidomide (targeting CRBN) linked to OTX015 
(target BRD4) through a flexible spacer, enabling simultaneous 
engagement of E3 ubiquitin ligase CRBN and target protein BRD4 [26]. 
In accordance with the theoretical predictions, we employed optimized 
component concentrations and immobilization strategies for real-time 
kinetic measurements of the ternary interaction.

We first characterized the binary kinetics between ARV-825 and its 
binding partners. With ARV-825 immobilized on the sensor surface, we 
measured its interaction with concentration gradients of CRBN (240, 
500, and 600 nM) and BRD4 (200, 1500 and 2000 nM), with upper 
concentration limits determined by nonspecific binding observed in 
preliminary tests. The binding curves, as shown in Fig. 4(a) and (b), 
yield Kbinary

d = 118 ± 10 nM for the BRD4/ARV-825 and 

Kbinary
d = 2810 ± 295 nM for the CRBN/ARV-825 (Table S1), consistent 

with literature values [26].
Following our theoretical finding that immobilizing the weaker- 

binding component suppresses competing binary interaction, we 
immobilized CRBN for ternary complex characterization. Binding ex
periments were conducted at BRD4 concentrations of 100, 200, and 
600 nM, paired with optimal ARV-825 concentrations of 660, 740, and 
1080 nM, respectively. ARV-825 and BRD4 were pre-incubated for 1.5 h 
before injection to maintain constant binary complex concentration, as 
required for valid 1:1 Langmuir analysis.

The binding responses for ternary complex formation are presented 
in Fig. 4(c). Fitting these curves with the 1:1 Langmuir model using the 
calibrated concentration of the pre-formed ARV-825/BRD4 complex 
yielded a ternary equilibrium dissociation constant (Kternary

d ) of 
16.1 ± 2.3 nM, corresponding to a cooperativity factor α of 175. This 
value substantially exceeds the maximum theoretical α threshold of 69 
calculated from [B]/[BC] ratio across all tested concentration, con
firming the validity of the kinetic measurement.

This large α value reflects strong positive cooperativity, indicating 
highly favored formation of the CRBN/ARV-825/BRD4 ternary com
plex. The pronounced cooperativity provides a plausible explanation for 
the exceptionally high degradation potency observed in cellular assays 
(DC50 < 1 nM). The substantial enhancement in ternary complex sta
bility compared to binary interactions likely facilitates the ubiquitina
tion process, consistent with the potent and rapid target degradation 
reported in the literature [26].

4. Discussion

This study establishes an integrated theoretical and experimental 
framework for characterizing ternary complex kinetics in targeted pro
tein degradation systems. Our analysis demonstrates that optimal 
ternary complex formation can be predicted using binary dissociation 
constants, while pre-incubation is essential for maintaining constant 
complex concentrations required for reliable kinetic measurements.

Experimental validation in the CRBN/ARV-825/BRD4 model system 
revealed strong positive cooperativity (α = 175). By immobilizing the 
weaker-binding component CRBN and verifying satisfaction of condi
tion [B]/[BC]≪ α, we minimized binary pathway interference. Com
bined with calibrated [BC] under optimal conditions, this approach 
provides accurate kinetic measurements for ternary formation.

The framework developed here is applicable to ternary complexes 
across a wide range of cooperativity. Its optimization strategies, 
including the concentration guidelines, the calibrated use of pre-formed 
binary complexes, and the immobilization of the weaker-binding 
component, rest on kinetic principles that are independent of the 
magnitude of α. Experimental application to the high-α CRBN/ARV- 
825/BRD4 system verified the accuracy of the approach for quanti
fying stable ternary complexes. Consequently, the same principles can 
be directly applied to PROTACs exhibiting negative or neutral 
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cooperativity, where the underlying dependences of complex yield and 
kinetics on component concentrations remain unchanged.

A fundamental consideration in our approach concerns the inter
pretation of kinetic parameters. The measured dissociation rate repre
sents a composite of both possible dissociation pathways (BRD4 release 
and CRBN release), meaning the calculated cooperativity factor 
(α = 175) should be considered a conservative estimate. This limitation 
is universal to current ternary complex kinetic analysis techniques, as no 
existing method can unambiguously distinguish individual dissociation 
pathways without introducing significant perturbations. Despite this 
constraint, our methodology provides a robust platform for comparative 
analysis of ternary complex stability across different degrader systems.

This work provides a methodological foundation for rational 
degrader design by quantifying how structural factors affect ternary 
kinetics. The measured α value directly predicts degradation efficacy by 
reflecting ternary complex stability, offering a practical mechanism- 
based criterion for candidate prioritization. Although future methods 
may elucidate individual dissociation pathways, our approach enables 
effective degrader optimization through kinetic characterization.

5. Conclusion

This study establishes an integrated theoretical and experimental 
framework for analyzing ternary complex kinetics in targeted protein 
degradation. We demonstrate that binary binding parameters alone can 
guide the optimization of ternary complex formation. Through appro
priate experimental design including the use of calibrated concentra
tions of pre-formed binary complexes and strategic immobilization of 
the weaker-binding component, measurement validity is ensured. Vali
dation in the CRBN/ARV-825/BRD4 system revealed strong positive 
cooperativity (α = 175) that significantly exceeded the theoretical 
threshold, providing a mechanistic explanation for the observed high 
degradation potency. Although the measured dissociation rate repre
sents a combined output of multiple pathways, our approach establishes 
a reliable basis for comparing degrader efficiency and supports rational 

degrader optimization using kinetic insights.
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Fig. 4. (a) Binary binding kinetics between immobilized ARV-825 and CRBN at indicated concentrations. (b) Binary binding kinetics between immobilized ARV-825 
and BRD4 at indicated concentrations. (c) Ternary binding kinetics between immobilized CRBN and pre-formed ARV-825/BRD4 complex at indicated concentrations. 
(d) Schematic illustration of the ternary complex detection strategy.
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