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A cooperativity framework to describe and interpret small-molecule stabilization of protein—protein
interactions (PPI) is presented. The stabilization of PPIs is a versatile and emerging therapeutic strategy to
target specific combinations of protein partners within the protein interactome. Currently, the potency
of PPI stabilizers is typically expressed by their apparent affinity or ECsq. Here, we propose that the effect
of a PPI stabilizer be best described involving the cooperativity factor, «, between the stabilizer and
binding partners in addition to the intrinsic affinity, Kp", of the stabilizer for one of the apo-proteins. By
way of illustration, we combine fluorescence polarization measurements with thermodynamic modeling
to determine the a and Kp" for the PPI stabilization of 14-3-3 and TASK3 by fusicoccin-A (FC-A) and

Received 25th November 2018 validate our approach by studying other PPI-partners of 14-3-3 proteins. Finally, we characterize a library
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of different stabilizer compounds, and perform structure—activity relationship studies in which molecular

DOI: 10.1035/cBsc05242e changes could be attributed to either changes in cooperativity or intrinsic affinity. Such insights should

rsc.li/chemical-science aid in the development of more effective protein—protein stabilizer drugs.

complex of partner proteins and stabilizer molecule (Fig. 1B).
The ECso-values depend for example on the relative concentra-
tions of proteins and stabilizer compound. This would tend to

Introduction

The stabilization of protein-protein interactions (PPI) using
small molecules is an emerging and versatile strategy in drug
development.' PPI stabilizers target a specific combination of
protein partners within the interactome, thereby increasing the
stability of the resulting protein complex (molecular glues)
(Fig. 1A).* The direct stabilization of PPIs with small-molecules
is conceptually challenging since it requires the simultaneous
targeting of more than one protein within the complex.> While
several promising examples of PPI stabilizers have been re-
ported, including Tafamidis, Rapamycin and Fusicoccin A,*
their discovery typically relied on serendipity.*® Therefore,
rational approaches are urgently needed to assist in the devel-
opment of PPI stabilizers.

The potency of a PPI stabilizer is typically expressed as
a change in apparent affinity between the protein partners,
either in the presence of a fixed concentration of stabilizer
compound or as an ECj, of a dose-response similar to PPI
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protein interactions. (pdb: 1JFF*° 1FAP* 2098 (B) Cooperativity
scheme for PPI stabilization involving the sequential addition of PPI
partner and stabilizer or vice versa.
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complicate medchem optimization of stabilizer drugs. An
objective framework is needed to quantify the activity of PPI
stabilizers and enable subsequent structure-activity relation-
ship studies for drug development. Here, we propose the use of
cooperativity as a fundamental, objective metric to enable such
comparisons of PPI stabilizers.

Cooperativity, commonly expressed through a cooperativity
factor «, is a widespread phenomenon which strengthens
binding within biological multicomponent systems.'>' In
GPCR research, cooperativity is used to characterize the activity
of allosteric modulators'>*® and it has as well been used to
describe the activity of chimeric compounds.'” To the best of
our knowledge, cooperativity has yet to be established for PPI-
stabilization, likely, in part, because it is more labour inten-
sive to measure compared to direct binding measurements such
as ECs, by FP and Kp, by ITC for example. Also, the typical low
intrinsic affinity of small molecule stabilizers for either one of
the individual protein partners limits facile detection or
running of simple screening assays. The correlated intrinsic
affinities and the cooperativity factor in PPI-stabilization
require to be determined with the support of a thermody-
namic model.

PPIs involving the 14-3-3 hub proteins are widely studied. 14-
3-3 are intrinsic dimers that interact with several hundred
protein partners, typically through short phosphorylated
motifs.’® Since many of these interactions are involved in
human disease, 14-3-3 proteins have been extensively studied as
drug targets,' making 14-3-3 a useful platform to explore new
types of PPI modulation, for example by natural products,
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stapled peptides, or supramolecular ligands and for more
fundamental studies.**** Examples of 14-3-3 PPI partners of
fundamental importance or susceptible for small molecule
modulation include the cystic fibrosis transmembrane
conductance regulator CFTR,” the regulatory-associated
protein of mTOR Raptor controlling cell growth,* the bacte-
rial ADP-ribosyltransferase toxin of Pseudomonas aeruginosa
ExoS,** and the cancer relevant targets C-Raf, ERa and p53.>
Here we report a theoretical framework in which the activity of
PPI stabilizers for such 14-3-3 mediated PPIs can be quantified
and objectively compared in a straightforward manner using
two parameters, viz. the cooperativity between the stabilizer and
binding partner, «, and the intrinsic affinity of the stabilizer for
the apo-protein, Kp'". As a proof of principle, we applied this
concept to revise PPI stabilization of the neuropathology rele-
vant TWIK-related acid sensitive K'-channel 3 (TASK3) and hub
protein 14-3-3, by the natural product fusicoccin A (FC-A).”®
Subsequently, we broaden the scope of our approach by per-
forming binding studies of 14-3-3 proteins and other binding
partners. Finally, we perform a structure-activity relationship
study on a small library of FC-A analogues in terms of their
intrinsic affinity and cooperativity.

Results and discussion

First, the affinity of TASK3 toward 14-3-3 was measured by 2D-
fluorescence polarization titrations, varying the concentration
of both 14-3-3 protein and stabilizer compound, FC-A (Fig. 2). In
the first experiment, 14-3-3c was titrated to 10 nM FITC-labelled
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Fig. 2 Concentration dependence of fusicoccin-A (FC-A) stabilization of the TASK3/14-3-3c PPI interaction measured by 2D fluorescence
polarization. (A) Titration of 14-3-3 protein to FITC-labelled TASK3 peptide (10 nM, dashed line) against varying fixed concentrations of FC-A,
between 0 and 200 uM (left panel). The ECsp's of 14-3-3 to TASK3, for each FC-A concentration is compared to the ECsq values as calculated by
the model (red line, right panel). (B) Titration of FC-A to FITC-labelled TASK3 peptide (10 nM, dashed line) against varying fixed concentrations of
14-3-3 between 0 and 164 uM (left panel). The ECsq of the FC-A titration depends on the 14-3-3 concentration in the assay (right panel). Here,
the measured ECsq values were not compared to a calculated model fit, as the titration data at both low and high 14-3-3 concentrations prohibit
clear determination of the ECsg values.
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TASK3 peptide at varying (0 to 200 pM) constant concentrations
of FC-A (Fig. 2A). In the absence of FC-A, 14-3-3 binds to the
labelled TASK3 epitope with an ECs, of 4 uM, in agreement with
prior studies.”® Upon addition of increasing constant concen-
trations of FC-A, this ECs, gradually decreased over two orders
of magnitude to 0.014 puM. Similarly, when titrating FC-A to
10 nM of labelled TASK3 (Fig. 2B), the ECs, value is also strongly
dependent on the concentration of 14-3-3 protein. Here, the
dynamic range of the S-curve was observed to decrease at higher
14-3-3 protein concentrations, due to the intrinsic binding
affinity of the labelled peptide to the 14-3-3 protein. The data
from these two experiments highlight the dependency of ECs,
values on our assay conditions and the need, therefore, for
additional metrics, independent of the relative concentrations,
to enable the activities of analogue stabilizers to be objectively
compared.

To quantify the degree of stabilization, the titration data was
analysed using a cooperativity model (Fig. 3A) based on the
sequential binding of protein (or representative peptide) partners
(R and P in blue and green) and stabilizer molecule (S in orange).
The binding partner binds to the target protein with Kp' and in
the presence of a stabilizer this affinity is altered to Kp'/ev. Simi-
larly, the stabilizer binds with an intrinsic affinity Kp" and an
enhanced affinity Kp"/oe when the partner is already bound to the
target protein. To provide analytical solutions for such a ternary
equilibrium system, a semi-numerical thermodynamic model
based on mass-action laws and mass-balance equations was
established (Fig. 3B). These expressions can be rewritten into
three interdependent master equations, which can be solved in
a straightforward numerical manner (see ESIt for derivation).*=*
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Fig. 3 (A) Cooperativity scheme of PPl stabilization involving

sequential binding of protein (or representative peptide) partners (blue
and green) and stabilizer molecule (orange). The binding partner binds
to the target protein with Kp' and in the presence of a stabilizer this
affinity is altered to Kp'/a. Similarly, the stabilizer binds with an intrinsic
affinity Kp"' and an enhanced affinity Kp''/a when the partner is already
bound to the target protein. (B) Mass action laws and mass balance
equations.
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Analysis of the experimental data depicted in Fig. 2 with the
cooperativity model resulted in an intrinsic affinity (Kp") of
0.3 mM for FC-A to the apo 14-3-3c protein and an a-factor of 1
x 10. The intrinsic affinity (Kp") is in the same range as
previously reported using indirect measurements.*” The result-
ing cooperativity factor, in contrast, is significantly larger than
previously determined via classical 2D-plot analysis of the
change in EC;, value at different relative concentrations of
stabilizer.”® This observation highlights the importance of
objective metrics for the characterization of PPI stabilizers.
Fig. 2A (right bottom panel), for example, depicts the relation-
ship between ECs, and the stabilizer (FC-A) concentration: the
ECso gradually decreases with increasing concentration of
stabilizer. The ECso values, as predicted by the cooperativity
model (in red), highly correlate with the experimental data.

To evaluate the broader applicability of our cooperativity
model, we applied it to several other 14-3-3-binding partners,
each with different affinities and FC-A sensitivities.'®** 14-3-3¢
was titrated to each binding partner at five different concen-
trations of FC-A to obtain the stabilization landscape and
extract the corresponding a-factors (a selection is depicted in
Fig. 4, see ESI Fig. 1} for a complete view). For some of the PPIs,
the apparent affinity increased upon increasing concentrations
of FC-A. For example, in the case of the CFTR-sequence the ECs,
decreased from 174 pM to 2 uM in the presence of 500 pM FC-A
(Fig. 4A). Fitting of the various PPIs resulted in a range of a-
factors. The obtained intrinsic affinity (Kp") of FC-A for the 14-3-
3 protein is, as expected, similar for all measured PPIs (around
0.3 mM). A Kp" of 0.3 mM was also measured in the case where
FC-A functioned as a PPI inhibitor of 14-3-3/ExoS and the
cooperativity of the system is in effect negative (« = 1) (Fig. 4D).
In the absence of, or in case of very low cooperativity (« ~ 1) the
K" could not be determined based on that individual data set
alone (ESI Fig. 1t). The cooperativity of stabilizer and partner
binding to 14-3-3 results in differentiated dose responses for
different PPI pairs. For example, at least 100 puM FC-A is
required to stabilize the 14-3-3 binding of CFTR-peptide
(Fig. 4A, yellow line) while at a dose of 1 pM FC-A, the binding
of the TASK3 peptide to 14-3-3 is already stabilized 20-fold
(Fig. 4C, blue line). Even though the intrinsic affinity of FC-A for
the apo 14-3-3 protein is of course the same and independent of
the partner, stabilization of the TASK3/14-3-3 interaction occurs
at a much lower stabilizer concentration due to the higher
cooperativity factor in comparison to the other partners. This
data makes an important point with respect to PPI stabilization,
and demonstrates the value of characterizing PPI stabilizers
using cooperativity. This difference in cooperativity provides
a basis for selectivity in PPI stabilization. Especially for PPIs
with high a-factor values, the small molecule stabilizers can act
at much lower concentrations than their intrinsic affinity for
one of the binding partners alone due to the mutual enhance-
ment of stabilizer and peptide binding. The variation in coop-
erativity factors between the different 14-3-3 PPIs stabilized by
FC-A can be explained by studying previously published
crystal structure data (See ESI Fig. 2). For example, the TASK3
protein binds such that the terminal valine residue makes a van
der Waals contact with the stabilizer molecule. By contrast, the

Chem. Sci,, 2019, 10, 2869-2874 | 2871
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Fig. 4 Fluorescence polarization assays of 14-3-3c interacting with
multiple FITC-labelled binding partners (10 nM, indicated by the
dashed vertical line) at various concentration of FC-A between 0 and
500 puM. The cooperativity factor «, is obtained though data-fitting
according to the model depicted in Fig. 3. (A) CFTR-sequence (B)
RAPTOR-sequence. (C) TASK3-sequence. (D) ExoS-sequence.

binding mode of the ExoS peptide overlaps with the FC-A-
pocket, which prevents simultaneous binding of stabilizer and
peptide, and thus explains the absence of stabilization (and
function as inhibitor).
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With the methodology to determine the intrinsic affinity and
cooperativity factor established, we used our approach to
perform a structure-acitivity relationship study of FC-A deriva-
tives for the stabilization of the 14-3-3/TASK3 PPI. To this end,
we compiled a library of eleven fusicoccin analogues, among
them FC-A and FC-] and semi-synthetic derivatives (Fig. 5 &
iESIT).253%3° We observed that the different FC analogues each
stabilized the 14-3-3/TASK3 interaction differently (Fig. 5). The
a-factor and K" of each FC analogue was determined by fitting
our numerical model to the corresponding 2D-FP titration of 14-
3-35 to the labelled TASK3 (summarized in Fig. 5B). With the
use of our model, a simple structure-activity relationship of PPI
stabilization can thus be obtained. As previously, FC-A binds to
the apo form of 14-3-3¢ with a Kp"" of 0.3 mM. Installation of
a tetrahydrofuran ring at the terpene scaffold (i.e. FC-THF),
achieved through a previous semi-synthesis,® reduced the
cooperativity factor to 0.1 x 10°, potentially via a steric clash
with the TASK3 peptide. Small modifications to the glycone (e.g.
FC-A’3 deAc and FC-A ('3,19) dideAc) seem to have either a very
modest or no effect on the a-factor and Kp" of FC-A, whereas
complete removal of the glycone unit from FC-A substantially
lowers the Kp" value towards the mM regime, with a concomi-
tant modest reduction in a-factor. The FC-aglycone derivatives
(FC-A aglycone, FC-]J aglycone), and FC-THF all measured
a similar moderate a-factor. This finding is interesting because
in classical 2D dose-response assays, the two aglycones are
detectable only at high concentrations compared to FC-A (ESI

10 derivatives in total
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Fig. 5

(A) Structure—activity relationship of fusicoccin (FC) analogues as stabilizers for the 14-3-3/TASK3 interaction determined through 2D

titrations (Fig. 5B). Variations in overall potency can now be expressed in terms of differences in either the cooperativity factor « or the intrinsic
affinity Kp" or both. (B) 2D-FP titrations with all fusicoccin analogs from this study and their corresponding cooperativity factor a and intrinsic

affinity Kp" for the 14-3-3/TASK3 PPI.
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Fig. 6 Expected ECso-enhancement, defined as the ratio of non-
stabilized and stabilized ECsg, for protein titrations with different
stabilizers concentration. The ECsg's are determined via simulated
protein titrations depending on « and Kp'" at 10 pM, 100 uM and 1 mM
stabilizer. The corresponding position of FC-derivatives are annotated
as circles.

Fig. 31), whereas FC-THF produces a robust response. This
difference here can be explained by the different K" values.
The previously published FC-NAc stabilizer* has an a-factor
identical to FC-A but an increased intrinsic affinity towards 14-
3-3, making FC-NAc a 30-fold more potent stabilizer, thus
revealing a structural entry for further potency enhancement or
hit identification.

To guide future development of PPI stabilizers, we used our
model to determine the boundaries at which stabilization could
be observed in terms of both cooperativity factor « and intrinsic
affinity (Kp'""). We simulated protein titration at three different
constant stabilizer concentrations (i.e. 10 uM, 100 uM, and 1
mM) for different o's and Kp" and mapped the expected
enhancement in ECs, value (Fig. 6). The corresponding position
of four FC analogues are annotated as well. At a 10 uM dose of
stabilizer, larger portions of the simulated space gave a less
than two-fold enhancement in ECs, value (area indicated in
purple), and are therefore close to limit of detection. In this
case, higher doses of stabilizer would be required to observe an
effect. Indeed, an effect is observed for FC-A aglycone at 1 mM.
The cooperativity paradigm thus provides an additional benefit
in that it avoids false negatives; i.e. it allows the detection of
weak binding stabilizers, which would otherwise be missed in
conventional dose-response assays.

Conclusions

This study provides a systematic framework to interpret PPI
stabilization using a cooperativity model. The model describes
stabilizer efficacy in terms of its cooperativity factor («) as well
as its intrinsic affinity towards one of the proteins (Kp™). Both
parameters are obtained in a straightforward manner through
2D-FP titrations, by varying stabilizer compound and receptor
protein, in combination with a numerical model. Since absolute
Kp's and cooperativity factors are fundamental thermodynamic
parameters, they allow for an objective comparison of different
stabilizers and the establishment of structure-activity rela-
tionships between analogue stabilizer compounds. In our

This journal is © The Royal Society of Chemistry 2019
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examples, the affinities of the stabilizers for the 14-3-3 binding
partners are negligibly low, but for PPI systems where such
interactions are relevant this could be added to the model.
Here, for the first time, we performed an objective structure—
activity analysis for stabilizers of PPIs, tracing variation in
potency back to differences in cooperativity or intrinsic affinity.
Traditional dose-response assays of (such) ternary stabilizer-
protein systems are biased towards stabilizers with both high
affinity and large a-factors. However, in our experience these
assays tend to miss stabilizers with weaker binding affinity
(false negatives), even when their cooperativity factor is high,
such is the case for the FC-aglycone in this present study. It is
notable that the intrinsic affinities for the apo-form of 14-3-3
toward the analogue fusicoccin stabilizers are relativity weak (in
the high micromolar range). These compounds only act as
stabilizers when both partners are present, which prevents the
occurrence of bell-shaped curves or the so-called “hook-effect”
at increased stabilizer dosages."”*® The cooperativity factor also
provides an attractive entry to address the challenge of
achieving selectivity in PPI stabilization.

The cooperativity framework presented here allows to
understand PPI stabilization on a fundamental level and is not
only important for the screening of 14-3-3 PPI stabilizers, but
should also be of similarly high value for other PPIs, as well as
for PPI complexes based on other cooperativity mechanisms."
We are currently working on dedicated methods for more effi-
cient screening of such PPI stabilizing molecules for diverse
PPIs.
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