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Estimating the cooperativity of PROTAC-induced ternary 
complexes using 19F NMR displacement assay 
Guilherme Vieira de Castro a,b and Alessio Ciulli a,† 

Cooperativity is an important parameter to understand the ternary 
complexes formed by protein degraders. We developed fluorine 
NMR competition binding experiments to determine cooperativity 
of PROTACs. We show applicability to estimate both positive and 
negative cooperativity, also with homo-dimerizers, and highlight 
key features and considerations for optimal assay development. 

In recent years, advances in the development of chemical 
inducers of protein degradation have gained much attention, 
especially regarding their applications as novel chemical probes 
and therapeutics.1–3 Small molecules capable of inducing the 
degradation of a disease-relevant protein can present several 
advantages over inhibitors more routinely used in drug 
discovery campaigns. Due to the catalytic mode-of-action of 
degraders, the desired effects can be achieved at lower drug 
concentration and less frequent dosages, potentially reducing 
toxicity and off-targets.2,4 

The most common strategy for the development of 
degraders consists in chemically linking an E3 ligase ligand with 
a binder of the target protein. These bifunctional molecules are 
commonly referred as proteolysis targeted chimeras 
(PROTACs).5 Currently, several PROTACs are in clinical trials for 
the treatment of various cancers, highlighting the therapeutic 
potential of this class of molecules.6 

Bifunctional PROTAC molecules can engage their protein 
binding partners individually as binary complexes, but their 
functional activity is dependent on simultaneous engagement 
of both partners as a ternary complex. Biophysical and 
structural studies have revealed that new interactions between 
the E3 ligase and the target protein can be formed within the 
ternary complex.7 This finding demonstrated that PROTACs are 
capable of inducing de novo protein-protein interactions in a 

similar fashion as molecular glue degraders (e.g. thalidomide 
and indisulam).8,9 A metric for the propensity of ternary 
complex formation is the cooperativity (α) factor, which 
represents the fold-change in affinity between the binary and 
ternary complexes.7,10 

A notable example of PROTACs inducing protein-protein 
interactions is MZ1, designed to promote the ubiquitination of 
members of the bromodomain and extraterminal domain (BET) 
protein family by bringing them in close proximity to the von 
Hippel-Lindau (VHL) E3 ligase. In spite of being designed from a 
pan-selective BET inhibitor, MZ1 preferentially induced the 
degradation of Brd4 (bromodomain-containing protein 4).11 
Further studies revealed that a major contributor for this 
selective degradation profile is the high α of the ternary 
complex formed with the second bromodomain of Brd4(2).7 The 
crystal structure of this complex revealed extensive contacts 
between VHL and Brd4(2), leading to a greater stability and 
longer half-life of the ternary complex with Brd4(2) when 
compared to those formed with other BET bromodomains, that 
correlated with greater ubiquitination and faster initial rates of 
degradation of Brd4.7,12 

This correlation between biophysical ternary complex 
formation and cellular activity motivates the development of 
methods for monitoring and measuring the α of ternary 
complexes, aiding the rational design of effective degraders.13 
In our initial study, α was derived from binding affinities 
measured by isothermal titration calorimetry (ITC),7 an 
approach rich in thermodynamic information but time-
consuming and sample-demanding. Other biophysical methods 
used to study PROTAC-ternary complexes include fluorescence 
polarisation (FP),12–14 TR-FRET,13,15 surface plasmon resonance 
(SPR)12,16,17 and native mass spectrometry.18–20 However, no 
nuclear magnetic resonance (NMR) based methods have been 
reported so far to monitor cooperativity of PROTAC-ternary 
complexes. NMR experiments are well established methods to 
detect both weak- and high-affinity binders in drug discovery 
campaigns.21 Expanding the range of applications of NMR to 
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study PROTAC-induced complexes could therefore be a 
beneficial addition to the PROTAC assays toolkit. 

In this work we evaluated the application of competitive 
ligand-observed 19F NMR experiments to estimate α of PROTAC 
induced ternary complexes (Figure 1). Pioneered by Dalvit et 
al.,22,23 competitive NMR experiments using fluorinated ligands 
is well regarded as a powerful biophysical technique, possessing 
higher sensitivity and simpler data analysis when compared to 
equivalent 1H NMR experiments.24 A highly sensitive 
competitive 19F NMR assay based on spy molecule 19 (Scheme 
1) was recently developed by us25 to detect small-molecules 
binding to the VHL E3 ligase. Given the multiple examples of 
VHL-recruiting PROTACs that form complexes with positive (α > 
1), negative (α < 1) or no (α = 1) cooperativity, we decided to 
explore the main advantages and limitations of an NMR-based 
method to investigate these systems. All compounds shown are 
referred with the acronyms and numbers shown in their original 
citations to facilitate comparisons with reported data. 

 
Figure 1. General setup of the competitive 19F NMR assay to determine cooperativity. 
(a) The 19F CPMG spectra of the fluorinated spy molecule free in solution (blue sharp 
peak) and in the presence of protein (green broadened peak) are recorded as controls. 
(b) Titration of increasing concentration of a competitor causes the displacement of the 
spy molecule, affecting the shape and intensity of its 19F NMR peak. (c) An IC50 value can 
be fitted from the correlation between an NMR observable (e.g. peak intensity) and the 
concentration of competitor. If the affinity between the spy molecule and the protein is 
known, the fitted IC50 can be converted to the Ki of the competitor. (d) Titrations of a 
PROTAC (cyan) in the absence (upper left scheme) or in the presence (lower left scheme) 
of the protein targeted for degradation (yellow) can be used to obtain, respectively, the 
Ki of the binary and ternary complexes. The cooperativity (α) of the ternary complex can 
then be obtained from the Ki values (centre right equation). 

Initially, a group of four VHL-binding PROTACs were chosen 
to benchmark the assay (Scheme 1). These compounds were 
previously shown to form ternary complexes with positive 
cooperativity (MZ1)7,11 or negative cooperativity (MZP-54, MZP-
55 and MZP-61)26 with BET proteins. As with previous 
biophysical studies, a simplified version of the VHL E3 ligase 
(hereon referred as VBC) was employed in the assays, consisting 
of the VHL protein and adaptor subunits Elongin B and Elongin 
C. The 19F CPMG spectra of spy molecule 19 (Scheme 1)25 in the 
absence or presence of the VBC were recorded, acting as 

controls for 100% and 0% displacement, respectively. Titrations 
of different concentrations of each PROTAC were performed to 
determine the concentrations at which 50% of the spy-protein 
complex was dissociated (IC50). These IC50 values were then 
converted to the respective inhibition constants (Ki). The same 
titrations were repeated in the presence of each bromodomain 
of the BET proteins Brd2, Brd3 and Brd4. Representative 
displacement curves are shown in Figure 2 (complete set shown 
in ESI Figure S1). 

 

 
Scheme 1. Structures of 19F NMR VHL spy molecule 1925 and PROTACs MZ111, 
MZP-54, MZP-55 and MZP-61.26 

  

 
Figure 2. 19F NMR displacement curves in the presence of BET-targeting PROTACs. 
Displacement curves of spy molecule 19 by increasing concentrations of PROTACs MZ1 
(a), MZP-54 (b), MZP-55 (c) and MZP-61 (d) in absence (blue) and in presence (green) of 
10 µM of Brd4(2). In all measurements the concentrations of spy molecule 19 and VBC 
were 50 µM and 1 µM, respectively. Fitting statistics of all curves can be found in the ESI 
Table S1. 

The α values obtained by 19F NMR correlated well with those 
previously obtained by other biophysical methods (Table 1). For 
PROTACs with negative cooperativity (Figure 2b-d, rightward 
shift in the presence of bromodomain) all α were below 1 and 
the same trend was observed, with MZP-55 possessing the 
highest α of the set and MZP-61 forming the least cooperative 
complex. Regarding the MZ1-induced complexes the results 
followed a similar trend previously reported SPR and FP 
measurements.7,12 The lowest α were obtained with Brd2(1) 
and Brd4(1), while the most cooperative complexes were those 
with Brd2(2) and Brd4(2). 
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However, for the most cooperative complexes, α were 
remarkably lower than expected based on the reported values, 
especially for Brd4(2). This discrepancy was mainly attributed to 
the relatively high protein concentrations used in competitive 
19F NMR experiments. While FP competition experiments can 
be performed at 15 nM of VBC, the 19F NMR titrations were 
performed at 1 µM. Therefore, for the most stable ternary 
complexes, the tight binding limit of the 19F NMR assay was 
reached. Namely, potent competitors with IC50 below half of the 
total protein concentration cannot be accurately assessed, 
which leads to an overestimation of their Ki values. To overcome 
these issues, the titrations of MZ1 in absence and in presence 
of Brd4(2) were performed again at lower concentrations of 
VBC. Unfortunately, the lower signal-to-noise ratio and poor 
assay window introduced high deviations in the IC50 values, 
resulting in α values still not comparable to those previously 
reported. 

Table 1. IC50, Ki and α values derived from the displacement curves measured by 
competitive 19F NMR. The respective α values previously reported by ITC, SPR and FP 
were added for comparison. 

PROTAC Target a 
19F NMR ITC7 SPR12 FP12 

IC50 (nM) Ki (nM) α α α α 

MZ1 – 882 282 – – – – 

 Brd2(1) 798 220 1.3 2.9 1.3 2.2 

 Brd2(2) 639 102 2.8 2.3 32 29 

 Brd3(1) 660 118 2.4 3.5 2.4 4.0 

 Brd3(2) 708 153 1.8 11 3.6 9.0 

 Brd4(1) 722 164 1.7 2.3 0.9 5.5 

 Brd4(2) 623 91 3.1 18 22 55 

MZP-54 – 1036 397 – – – – 

 Brd4(2) 1293 587 0.7 0.5 b b 

MZP-55 – 1136 471 – – – – 

 Brd4(2) 1306 597 0.8 0.6 0.4 b 

MZP-61 – 1214 529 – – – – 

 Brd4(2) 2108 1191 0.4 0.1 0.2 b 
a Values in parentheses specify either the first (1) or second (2) 

bromodomain used.  b Not determined. 

 
 We reasoned that another strategy for overcoming this tight 
binding limit would involve employing spy molecules with 
higher binding affinity to VBC. In this way higher IC50 values 
would be expected from the PROTAC, allowing the titrations to 
be performed at VBC concentrations suitable with a good assay 
performance. Based on our previous work exploring different 
spy molecules probing VBC, spy molecules 7 (KdVBC = 67 ± 14 µM) 
and 18 (KdVBC = 25 ± 3 µM) were selected with this goal in mind 
(Scheme 3), because they are both tighter VBC binders than 19 
(KdVBC = 145 ± 29 µM).25 However, fast transverse relaxation 
times (T2) were observed for both compounds solely in 
presence of Brd4(2), especially spy molecule 7 (Figure 3, cyan 
bars). This observation indicates that spy molecules 7 and 18 
can adventitiously weakly bind to Brd4(2), making them 
unsuitable for measuring α of BET targeting PROTACs. 
 These results highlight a crucial step of assessing that the 
spy molecule solely binds to one of the two proteins that the 

PROTAC recruits. 19F NMR competition experiments rely on fast-
exchanging binders with weak to intermediate affinity to act as 
effective spy molecules.24,25 To enable these features, suitable 
spy molecules are typically not as heavily functionalised as, for 
example, high-affinity tracers used in FP assays.27 Consequently, 
there is a higher probability that these fluorinated compounds 
might unexpectedly interact with undesired proteins. It should 
be noted that the effect of Brd4(2) in the 19F transverse 
relaxation of spy molecule 19 was still negligible (Figure 3, cyan 
bar), indicating that no meaningful interaction between the 
bromodomain and this particular spy molecule was observed in 
the conditions at which the data shown in Table 1 were 
measured. 
 

 
Scheme 3. Structures of 19F NMR VHL spy molecules 7 and 18. 

 
Figure 3. F19 transverse relaxation times of spy molecules. Values derived from the F19 
transverse relaxation rates (R2) measured for each spy molecule at 100 µM free in 
solution (blue) and in the presence of Brd4(2) 20 µM (cyan) or VBC 0.5 µM (green). 
Graphs and fitting statistics can be found in the ESI (Figure S2 and Table S2). 

Our findings that 19F NMR underestimated the true 
cooperativities of MZ1-induced ternary complexes suggested 
that similar issue would be faced when attempting to study 
hetero-bifunctional PROTACs with binary Kd at VHL that are 
significantly lower than the concentration of VHL required for 
performing the experiment. We hypothesized that the assay 
could offer much more accurate estimates of α in cases where 
the PROTAC has weaker VHL binding. We therefore performed 
measurements with a fluorinated analogue of MZ1 (15b, Figure 
4a)28 and spy molecule 19. PROTAC 15b, like MZ1, is a Brd4-
selective degrader that forms a highly cooperative ternary 
complex in the presence of Brd4(2) (α = 15).28 However, 15b 
exhibited ~10-fold weaker binary VHL binding affinity compared 
to MZ1 (KdVBC = 600nM;28 c.f. 66nM for MZ17) due to 
unfavourable effects of the added fluorine atom in this 
particular stereochemistry.28 As 15b possesses a weaker affinity 
to VBC, the IC50 obtained in the 19F NMR titration experiments 
were farther from the tight binding limit met with MZ1. 
Consequently, a clear distinction upon the addition of Brd4(2) 
could be observed (Figure 4b) and the α value correlated more 
closely with that previously obtained by ITC (Table 2). 
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Figure 4. Evaluation of a weaker VHL-targeting PROTAC. (a) Structure of PROTAC 15b. 
(b) Displacement curves of spy molecule 19 in absence (blue) and in presence (green) of 
10 µM of Brd4(2) by increasing concentrations of 15b. The concentrations of spy 
molecule 19 and VBC were 50 µM and 1 µM, respectively. 

Table 2. IC50, Ki and α values derived from the displacement curves measured by 
competitive 19F NMR for compound 15b and VHL homo-PROTACs. The respective α 
values previously reported by ITC were added for comparison. 

PROTAC Target 
19F NMR ITC 

IC50 (nM) Ki (nM) α α 

15b – 3022 2058 – – 

 Brd4(2) 346 71 29 15 

CMP99 – 888 287 – – 

CM11 – 277 39 7 13 

 
While the vast majority of PROTACs are hetero-bifunctional, 

i.e. the two binding ligands recruit different proteins, we have 
shown proof-of-concept for homo-bifunctional PROTACs that 
dimerize the VHL E3 ligase as a strategy to induce E3 ligase self-
degradation, i.e. homo-PROTACs.29 The same homo-PROTAC 
concept was later applied with the E3 ligase CRBN.30 In the same 
manner as hetero-bifunctional PROTACs, homo-PROTACs can 
form cooperative 2:1 complexes if the binding affinity to form 
the 2:1 complex is greater than that of the single warhead ligand 
to form a 1:1 complex.31 We therefore asked how our 19F NMR 
assay would perform with such systems in which the homo-
PROTAC molecule dimerizes a monomeric E3 ligase (Figure 5a). 
To address this, we performed measurements with spy 
molecule 19 and CM11, a VHL homo-PROTAC bearing two 
instances of VHL ligand, that induces the self-degradation of 
VHL by simultaneously binding to two molecules of the E3 ligase 
(Figure 5a,b).29 To provide suitable negative controls for VHL 
binding, we included compounds (Figure 5b) whereby the trans-
hydroxyproline of the VHL ligand is replaced with the cis-epimer 
that instead abrogates VHL binding: CMP98 (trans-cis) which 
can only engage one VHL complex at a time, and the non-
binding control CMP99 (cis-cis).29 

Pleasingly, the expected binding mechanisms for each of 
CM11 and its negative control compounds were reflected in the 
displacement profiles of spy molecule 19 (Figure 5c). CM11 was 
found to fully displace the spy molecule at low concentrations 
due to its 2-to-1 binding mode and high cooperativity, exhibiting 

 
Figure 5. Evaluation of VHL homo-PROTACs. (a) Representation of the spy molecule 
displacement by a bivalent homo-PROTAC resulting in dimerisation of the E3 ligase. (b) 
Structures of CM11, CMP98 and CMP99.  (c) Displacement curves (left) of spy molecule 
19 in the presence of CMP98 (blue), CMP99 (green) or CM11 (cyan). The concentrations 
of spy molecule 19 and VBC were 50 µM and 1 µM, respectively. Right-hand side charts 
represent the competition equilibria formed by each compound in the presence of VBC 
(green protein) and spy molecule 19 (blue circle). Homo-PROTAC warheads are shown as 
light blue (binding) or red (non-binding) circles. 

a significant left-ward shift compared to CMP99 which can only 
undergo a 1-to-1 mode. The cooperativity value measured by 
19F NMR showed good correlation with the ITC values previously 
reported (Table 2).29 As expected, the non-binding control 
CMP98 did not displace the spy molecule (Figure 5c). Together 
these results highlight the applicability of 19F NMR competition 
experiments to measure cooperativity of both hetero-
bifunctional PROTACs with weak binding affinity for one of the 
partner proteins, as well as for homo-PROTAC dimerizers. 
 In summary, we describe the application of a displacement 
NMR assay to interrogate the PROTAC:protein binding to form 
binary and ternary complexes. The advantage of the assay is 
that it leverages the power, sensitivity and speed of 19F ligand-
observed NMR spectroscopy to enable rapid monitoring of the 
cooperativity of PROTAC ternary complexes. Our study 
highlights both the potential and limitations of the assay for 
accurately estimating cooperativity. The assay robustly 
differentiated between positively and negatively cooperative 
PROTACs for a given target. While negative cooperativities were 
accurately estimated, the large positive cooperativity of MZ1 
were underestimated, due to the tight binding regime found 
under the assay conditions. More accurate estimations were 
obtained when studying a cooperative PROTAC with weaker 
binary binding affinity to start from, and homo-PROTAC CM11 
that cooperatively dimerizes its E3 ligase. The relatively high 
protein concentrations required for ligand-observed NMR and 
the presence of off-target interactions were identified as factors 
that can hinder assay development. Particular attention should 
be given to potential off-target interactions between the spy 
molecule and its non-cognate partner, guaranteeing that they 
are minimal enough to not interfere in the measurements. Due 
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to the high sensitivity of ligand-observed 19F NMR to 
intermediate and weak binding affinities, this evaluation can be 
quickly performed during assay development with different 
targets. Despite these caveats, the described assay rapidly 
allowed at least semi-quantitative estimates of PROTAC 
cooperativities. We anticipate that this assay would prove 
beneficial to aid screening and characterization of PROTACs in 
medicinal chemistry discovery and optimization campaigns. 
Further work will be directed at extending the breadth of 
applicability to additional E3 ligases e.g. CRBN, and to 
monitoring cooperativity at the target protein end. 
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