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ABSTRACT: Protein regions that are involved in protein−
protein interactions (PPIs) very often display a high degree of
intrinsic disorder, which is reduced during the recognition
process. A prime example is binding of the rigid 14-3-3 adapter
proteins to their numerous partner proteins, whose recog-
nition motifs undergo an extensive disorder-to-order tran-
sition. In this context, it is highly desirable to control this
entropy-costly process using tailored stabilizing agents. This
study reveals how the molecular tweezer CLR01 tunes the 14-
3-3/Cdc25CpS216 protein−protein interaction. Protein crys-
tallography, biophysical affinity determination and biomolec-
ular simulations unanimously deliver a remarkable finding: a
supramolecular “Janus” ligand can bind simultaneously to a flexible peptidic PPI recognition motif and to a well-structured
adapter protein. This binding fills a gap in the protein−protein interface, “freezes” one of the conformational states of the
intrinsically disordered Cdc25C protein partner and enhances the apparent affinity of the interaction. This is the first structural
and functional proof of a supramolecular ligand targeting a PPI interface and stabilizing the binding of an intrinsically disordered
recognition motif to a rigid partner protein.

■ INTRODUCTION

Intrinsically disordered proteins (IDPs) play a major role in
almost every aspect of biology, ranging from signal transduction
over cell cycle control, translation and transcription to a variety
of different diseases.1,2 About 30% of eukaryotic proteomes are
proposed to be disordered.3 In principle, IDPs can be described
as complex molecules that populate ensembles of diverse,
interconverting conformations.4,5 One functional advantage of
this behavior for protein−protein interactions (PPIs) is the
ability of a specific motif to bind multiple partner proteins, each
employing a different conformation of the recognition motif.2

Therefore, the role of conformational changes on protein−
protein binding is a topic of great interest, from both the
computational and the experimental points of view.6−9 14-3-3
adapter proteins are an especially interesting case for the
regulation of IDPs. 90% of their more than 250 partner
proteins contain disordered regions with phosphorylation-
dependent 14-3-3 recognition motifs.10 Examples of such
partner proteins are the tumor suppressor p53,11,12 the
Alzheimer’s and Parkinson’s disease-related proteins Tau,13,14

and α-Synuclein,15 the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR),16−18 and the cell-cycle

phosphatase cell-division-cycle 25 C (Cdc25C).19,20 Upon
binding to the rigid 14-3-3 protein, the recognition motifs
undergo a disorder-to-order transition which might impose a
specific functional fold of the IDP.21,22

Modulation of PPIs with small-molecules is one of the most
promising new approaches in chemical biology and drug
discovery. It provides unprecedented opportunities for the
analysis of biological pathways and phenomena as well as novel
approaches for therapeutic intervention in nearly every human
disease. Whereas inhibition of PPIs is meanwhile a well-
accepted strategy with a number of convincing success stories,23

the opposite approach to stabilize regulatory protein complexes
is considerably less explored. However, some natural products
and a growing number of synthetic molecules mediate their
physiological activity by stabilizing PPIs.24−28 Recently we
demonstrated how the molecular tweezer CLR0129,30 can
inhibit 14-3-3 protein−protein interactions with partner
proteins like C-Raf and Exoenzyme S.31 CLR01 is a
supramolecular ligand tailored for lysine and arginine complex-
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ation32 through a unique binding mode: the basic amino acid
threads its side chain through the tweezer cavity and locks its
side chain cation into a salt bridge with the tweezer hydrogen
phosphate anion.33 No other amino acid residue is accom-
modated nor any cofactor is bound inside the well-defined
cavity. In unfolded peptides, each lysine and arginine residue
appears to be accessible, whereas on protein surfaces only the
best accessible R/K residues are reached.34−36 In the crystal
structure an exposed lysine at position 214 on the upper rim of
the 14-3-3 binding channel was thus complexed by a tweezer
molecule, which prevented access of the partner protein.31

In principle, the convex aromatic sidewalls of the lysine
binder represent another recognition face, suitable to target
nonpolar flanks or grooves within the protein. Thus, nonpolar
residues in the immediate vicinity of the complexed Lys214
could be engaged in hydrophobic contacts with these external
tweezer sidewalls and most likely further stabilize the complex.
Conceptually this is called a “Janus” molecule, a term
introduced in supramolecular chemistry by Lehn et al, originally
describing a Roman god with two faces (Figure 1).37,38 If the

tweezers would, however, form a complex with a basic residue
of the partner protein and simultaneously dock onto a nonpolar
patch of the central 14-3-3 binding channel, the Janus binding
mode would strengthen the protein−protein interaction. To
analyze a potential PPI stabilizing activity we tested our
molecular tweezers CLR01 in a biochemical assay in which a
synthetic, labeled partner protein peptide binds to 14-3-3
leading to an increase in fluorescence polarization. Binding of
peptides derived for example from C-Raf and Exoenzyme S was
inhibited in the presence of CLR01.31 In contrast to this, we
found a stabilizing effect toward the binding of the recognition
motif from Cdc25CpS216 to 14-3-3. Cdc25C is a dual
specificity phosphatase which in the nucleus dephosphorylates
and thereby activates cyclin-dependent kinases (Cdks), thus
promoting cell cycle progression and proliferation.39 14-3-3
proteins have been reported to bind to a recognition motif
surrounding the phosphorylated serine 216 in Cdc25C
(Cdc25CpS216) and act as negative regulators of Cdc25C
nuclear import.20 14-3-3 proteins are therefore functional
inhibitors of this protein phosphatase which has been found to
be overly active in many cancers.40 In the aforementioned
biochemical assay, addition of CLR01 increased the apparent

affinity of the Cdc25CpS216 peptide toward 14-3-3ζ around
20-fold. The crystal structure of the ternary complex between
14-3-3ζ, the Cdc25CpS216 peptide and CLR01 revealed that
the molecular tweezer is bound to R208 of the Cdc25C peptide
(R208Cdc25C). Importantly, not only are Cdc25CpS216 and
CLR01 simultaneously bound to the amphipathic groove of 14-
3-3ζ, but also the number of residues of the peptide that can be
identified in the electron density is more than doubled in the
presence of CLR01. Finally, in silico studies allowed ration-
alizing the binding of CLR01 to the 14-3-3ζ/Cdc25CpS216
complex in solution with general implications for the targeted
stabilization of PPI interfaces.

■ RESULTS AND DISCUSSION

Stabilization of the 14-3-3ζ /Cdc25CpS216 Protein−
Protein Interaction. There are some intriguing features of
small-molecule PPI stabilizers that qualify them as valuable
complements of today’s focus on inhibitors of PPIs or enzyme
active sites, for example their uncompetitive nature and
potential for higher specificity. They are furthermore valuable
tools for structural biology studies of their in many cases
transient target protein complexes. Natural product PPI
stabilizers enabled the first crystallographic structure determi-
nation of their target protein complexes, e.g., forskolin
stabilizing an adenylyl cyclase complex,41 brefeldin arresting
the interaction of the small G protein Arf with its guanine
exchange factor Arf-GEF42 or fusicoccin acting on a 14-3-3
complex with the regulatory domain of the proton pump
PMA2.43,44 On the basis of our previous structural finding how
CLR01 inhibits the interaction of C-Raf and ExoS to 14-3-3,31

we aimed at elucidating if CLR01 could also show a stabilizing
activity toward a 14-3-3 PPI. Hence we tested the effect of
CLR01 in a biochemical assay toward a number of 14-3-3ζ
PPIs, for example, with p53,12 Cdc25C,19,20 Mlf1,45 PAD6,46

TASK3,47 and Tau.14 Binding of fluorescein-labeled peptides
derived from the aforementioned recognition motifs was tested
in a fluorescence polarization (FP) assay to 14-3-3ζ in the
absence and presence of CLR01. Only in the case of the
Cdc25C peptide (Cdc25CpS216) an increase in apparent
affinity was detected, from an initial Kd of 30.4 μM in the
DMSO control to 1.4 μM in the presence of 250 μM CLR01
(Figure 2). Thus, CLR01 was able to stabilize the peptide−
protein complex by a factor of around 20. As a control, NMR
and ITC titrations showed no direct interaction between
CLR01 and the fluorescein label (see SI, Figure S5).
Biological precedence demonstrates that a 20-fold affinity

increase can be highly relevant: e.g., brefeldin A stabilizes its

Figure 1. (A) Structure of the molecular tweezer CLR01. (B) The
Janus-type molecular tweezer CLR01 offers two separate recognition
sites for proteins: the aromatic cavity with flanking hydrogen
phosphate anions accommodates a lysine or argine chain, whereas
the convex exterior presents an apolar aromatic surface able to dock
onto hydrophobic clefts on the target protein.

Figure 2. Binding of FAM-labeled Cdc25CpS216 to 14-3-3ζ. Titration
of 14-3-3ζ to FAM-Cdc25CpS216 resulted in the determination of a
Kd of 30.4 μM, the same measurement in the presence of 250 μM
CLR01 produced an approximately 20-fold lower apparent Kd of 1.4
μM.
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target protein complex Arf1/Arf1GAP by a factor of 10 which is
strong enough to entirely shut-down golgi-dependent transport
in cells.48,49 Likewise, forskolin A stabilizes the interaction of
the subunits of adenylyl cyclase with an EC50 of 10 μM. This is
sufficient to significantly stimulate AC activity which leads to a
strong increase in the concentration of cyclic AMP
(cAMP).50,51 We have shown previously that the semisynthetic
diterpene glycoside FC-THF stabilizes the interaction of 14-3-3
proteins with the potassium channel TASK3 around 19-fold
which results in a 50% increase in plasma membrane
localization.47 Similarly, the related natural products cotylenin
A and fusicoccin stabilize 14-3-3 binding with the protein
kinase C-Raf48 and the chloride channel CFTR18 by factors of
17 and 9, respectively.
To further analyze this PPI stabilizing effect with another

biophysical method we employed isothermal titration calorim-
etry (ITC) and titrated the nonlabeled Cdc25CpS216 peptide
into 14-3-3ζ in the presence and absence of CLR01 (Figure 3).

In the absence of CLR01 the resulting binding isotherm could
be fitted in a 1:1 model and furnished an apparent Kd of 5.16
μM (Figure 3A). This value dropped to 2.75 μM and finally to
2.06 μM in the presence of 250 μM or 1.5 mM CLR01,
testifying a moderate 2−3-fold reinforcement of the 14-3-3ζ/
Cdc25CpS216 interaction. However, the detailed thermody-
namic analysis of this interaction reveals a highly interesting
trend: increasing amounts of the molecular tweezer render the
recognition event more enthalpically favorable and entropy-
costly, indicating a specific interaction and formation of a well-
ordered state (Figure 3B). As presented in the next section, this
results agrees well with our protein crystallography data.

Crystal Structure of the 14-3-3/Cdc25CpS216/CLR01
Complex. We have previously shown how CLR01 inhibited
the interaction of 14-3-3 with the partner proteins C-Raf and
Exoenzyme S by introducing a steric conflict in the protein−
protein interface.31 The resulting crystal structure showed the
complex of 14-3-3 with CLR01 but without a partner protein
peptide. To elucidate the structural basis of the stabilizing
activity toward the 14-3-3/Cdc25CpS216 interaction we
performed soaking experiments with crystals of the binary
complex. Thus, we first solved the crystal structure of 14-3-3ζ
in complex with Cdc25CpS216, a synthetic phosphopeptide
derived from the 14-3-3 recognition motif surrounding Ser216
of Cdc25C. This phosphopeptide was also used for the
aforementioned FP assays. The crystals of this complex
displayed a 14-3-3ζ dimer in the asymmetric unit and the
electron density allowed building of seven residues of the
Cdc25CpS216 peptide (R213Cdc25C to E219Cdc25C). When these
crystals were soaked with CLR01, additional electron density
unambiguously accountable for CLR01 was found. Surprisingly,
this density was not localized near or at a surface-exposed lysine
of 14-3-3ζ but directly in the amphipathic binding channel of
14-3-3ζ. This binding site is about 15 Å away from pS216Cdc25C.
CLR01’s electron density covered the entire molecule and
allowed determining the position of both phosphate groups.
More interestingly, we detected a significant amount of
additional electron density that could easily be assigned to
residues of the Cdc25CpS216 peptide that are not seen in the
density of the binary complex (Figure 4A,B). In total, 11

additional residues of the Cdc25CpS216 peptide could be
newly built (Figure 4C,A) thereby more than doubling the
number of structurally defined residues of the interaction motif.
In fact, the Cdc25CpS216 peptide could be tracked N-

terminally to R208Cdc25C and C-terminally to R225Cdc25C. At the
N-terminus, CLR01 establishes a direct contact with
Cdc25CpS216. The guanidinium cation of R208Cdc25C forms
a salt bridge with the tweezer hydrogen phosphate group. It is

Figure 3. Binding of the Cdc25CpS216 peptide to 14-3-3ζ measured
by ITC. (A) Binding isotherms of titrating Cdc25CpS216 into 14-3-3ζ
in the absence and presence of CLR01. (B) Thermodynamic
parameters of the ITC titrations shown in A.

Figure 4. Binding of CLR01 to the 14-3-3ζ/Cdc25CpS216 interface.
(A) Electron density (2Fo−Fc, blue mesh) of the Cdc25CpS216
peptide bound to 14-3-3ζ (white solid surface). (B) Electron density
as in (A) after soaking the crystals with CLR01. (C) Overlay of the
Cdc25CpS216 peptide bound to 14-3-3ζ (white surface) in the
absence (magenta sticks) and the presence (green sticks) of CLR01
(yellow sticks).
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simultaneously hidden inside the electron-rich cavity so that it
undergoes extensive π-cation interactions with all five arenes
(Figure 4B,C). This is also the first crystal structure of a
complexed arginine side chain inside CLR01 confirming earlier
computational predictions.35 In addition, the main chain of
S209Cdc25C and the side chain of Y212Cdc25C are contributing a
hydrophobic contact surface toward the apolar norbornadiene
and benzene ring scaffold of the tweezer molecule. Simulta-
neously, CLR01 binds via its outer aromatic surface to a
semicircular, mostly hydrophobic part of the 14-3-3ζ binding
canyon contributed by S6314‑3‑3ζ and S6414‑3‑3ζ, the side-chains
of W5914‑3‑3ζ and Y17914‑3‑3ζ as well as the hydrocarbon parts of
the side-chains of R6014‑3‑3ζ and E18014‑3‑3ζ (Figure 5C). While

it is plausible that binding of CLR01 to the N-terminus of the
peptide would stabilize this region and allow identification of
the positions of additional residues, it was quite surprising that
six more amino acids at the C-terminus of the Cdc25CpS216
peptide also became visible in the electron density. This can be
rationalized by the number of additional contacts that are
established between 14-3-3ζ and Cdc25CpS216 in the presence
of CLR01 (Figure 4C, 5A). This way, CLR01 is able to stabilize
the binding of the entire recognition motif and not just the
region that is directly part of the tweezer’s binding site. To
provide structural corroboration of this observation and to
analyze a possible influence of the peptide length, we

synthesized a truncated version of the Cdc25C peptide,
which contained only the fragment R207−R226Cdc25C that
underwent the disorder-to-order transition on 14-3-3ζ in the
presence of CLR01.
We obtained crystals of the binary 14-3-3ζ/Cdc25CpS216

(20mer) in the same space group and the same crystallographic
cell as with the 14-3-3ζ/Cdc25CpS216 (38mer). After soaking
these crystals for 24 h in a solution containing CLR01 and
collecting a data set, the structure was solved to a resolution of
2.35 Å. The electron density allowed building of 17 residues
(R208−P224) of the Cdc25CpS216 peptide with R208 being
accommodated by CLR01 in the same way as in the structure
with the 38mer peptide of Cdc25C (Figure S1). However,
when comparing the binding of Cdc25CpS216 of the 20mer
with the 38mer peptide, some differences were observed in the
C-terminal part (Figure S2): P224 is occupying another
position and R225 is not visible in the electron density of the
20mer structure. Nevertheless, the two structures are
comparable with a rmsd (root-mean-square deviation) of
1.828 Å (all atoms included). The distribution of the
temperature factors (B factors) also illustrates the similarities
between the 20- and the 38mer of Cdc25CpS216 (Figure S3).
Moreover, we were able to identify an additional CLR01
molecule binding to K74 of 14-3-3ζ in the 20mer crystal
structure (Figure 6). This lysine is located at the beginning of

helix 4 in one 14-3-3 monomer of the 14-3-3ζ dimer and
conveys a contact to helix 1 of the second 14-3-3 monomer
(Figure 6A,D). Stabilization of CLR01 binding to K74 by a
symmetry-related 14-3-3 unit (Figure 6E) is probably the
reason why CLR01K74 is visible in the electron density.

Figure 5. Crystal structure of Cdc25CpS216 bound to 14-3-3ζ and
CLR01. (A) Details of the interface of Cdc25CpS216 (green sticks)
and 14-3-3ζ (white cartoon), stabilized by CLR01 (yellow sticks).
Residues of 14-3-3ζ that are important for direct contacts with the
Cdc25CpS216 peptide are shown as sticks, residues that contribute
van-der-Waals contacts are shown as transparent spheres. Dotted lines
indicate hydrogen bonds, water molecules are shown as red spheres.
(B) Composite omit map (contoured at 1σ) electron density of
CLR01 (yellow sticks) bound to 14-3-3ζ (white cartoon and
semitransparent surface) and Cdc25CpS216 (green sticks). (C)
Details of the binding surface of the molecular tweezer accommodated
in the amphipathic groove of 14-3-3ζ.

Figure 6. Binding of CLR01 to K74 of 14-3-3. (A) 14-3-3ζ dimer
(white cartoon) in complex with Cdc25CpS216 (20mer, green sticks)
and three molecules of CLR01 (yellow spheres). (B) Unbiased Fo−Fc
electron density map (green mesh, contoured at 2.5σ) previous to
include CLR01 in the model. (C) Final 2Fo−Fc electron density map
(blue mesh, contoured at 1σ). (D) Environment of CLR01 binding to
K74 of one monomer of the 14-3-3ζ dimer. (E) Stabilization of
CLR01 binding to K74 by contacts established with a symmetry-
related 14-3-3 molecule (cyan cartoon and sticks).
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In Silico Studies of Potential Binding Sites for CLR01.
As shown by X-ray crystallography and FP measurements, in
the context of the 14-3-3ζ/Cdc25CpS216 complex, CLR01
preferentially binds to R208Cdc25C and furthermore stabilizes
the protein-peptide complex by simultaneously establishing
contacts to 14-3-3ζ. To further investigate these processes in
solution, we studied the preferred binding sites of CLR01
among all lysine and arginine residues found in both,
Cdc25CpS216 and the 14-3-3ζ protein. Subsequently, we
calculated the effect of CLR01 binding on the overall stability of
the protein-peptide complex. To this end, molecular dynamics
simulations (MD) in explicit solvent, quantum mechanics/
molecular mechanics (QM/MM) and free energy calculations
(free energy perturbation and umbrella sampling) were
performed.
MDs of the ternary complexes (1:1:1 ratio) were carried out

with CLR01 on each lysine or arginine residue, resulting in 35
simulation setups. QM/MM optimizations in explicit solvent
were performed for snapshots from those MD trajectories with
conserved inclusion complexes (Figures S8 and S9 and
Supporting Information for additional details). These calcu-
lations indeed indicated R208Cdc25C as the most favorable
arginine binding site for CLR01 in the peptide and confirmed
the dual “Janus effect” of the tweezer in solution (Figure 7A,

Table 1), in agreement with the crystal structure reported here.
We also calculated free energy changes to compare the
potential binding of CLR01 to residues R208Cdc25C,
R225Cdc25C, R6014‑3‑3ζ, R12714‑3‑3ζ, K18714‑3‑3ζ, K3114‑3‑3ζ and
K7414‑3‑3ζ. The resulting values (Table S2) show that
R208Cdc25C is indeed superior to the best lysines regarding
CLR01 binding. R208 combines guanidinium inclusion and an
extra CO···HOP hydrogen bond with the additional
stabilization inside the 14-3-3 channel. Such hydrogen bond
stabilization is possible, because the second pKa value of the
hydrogen phosphate group lies at 7.4 as determined potentio-

metrically (see Figure S6). At physiological pH, the tweezer
phosphates thus carry one OH group, most likely engaged in
hydrogen bonds. NMR and fluorescence titrations between
CLR01 and the C-terminal part of the Cdc25 peptide
(S207Cdc25C − Y212Cdc25C) additionally confirmed that
R208Cdc25C accommodation inside the tweezer cavity is
energetically favorable (30 μM Kd) (Figure S4). The
crystallization experiments with the 20mer version of
Cdc25CpS216 also supported our prediction of K74 as another
favored binding site (see crystal structure section and Table
S2).
To complement the experimental studies in solution, we

investigated the stabilizing effect of CLR01 on the protein-
peptide complex (umbrella sampling calculations details in the
SI). For this purpose, we probed two different stoichiometries:
(a) the binding of CLR01 to R208Cdc25C at the 14-3-3ζ
/Cdc25CpS216 interface as observed in the crystal structure
(1:1:1 complex) and (b) the binding of CLR01 in molar excess
(1:1:9 complex), a situation that is typical for a titration
experiment studying protein−ligand interactions. The calcu-
lated free energy change for the binding of Cdc25CpS216 to
14-3-3ζ without the tweezers (1:1 complex) is 20.2 kcal/mol
(Figure S10). In the presence of one CLR01 molecule bound
to R208Cdc25C, the free energy remains virtually unchanged
(19.3 kcal/mol), but is increased to 22.4 kcal/mol when CLR01
is in excess. Another factor worth mentioning is that, during the
molecular dynamics simulations, a hydrophobic collapse is
observed when CLR01 is bound to R208Cdc25C (Figure 7B,
Supplementary Figure S11 and Supporting Information for
details). This effect involves neighboring hydrophobic residues
of the 14-3-3ζ protein (L168, L172, L216, L220 and I217) that
come in contact with the hydrophobic cluster formed by M217,
P218, and L221 of Cdc25CpS216 (Figure 7B). The hydro-
phobic collapsetogether with the increased number of inter-
and intramolecular interactionscan contribute in solution to
the disorder-to-order transition initiated by tweezer complex-
ation on R208. It has to be taken into consideration that
saturation of the critical R208 binding site of the tweezers
competes with tweezer binding to a significant number of other
lysines and arginines on the protein surface. Thus, the
molecular glue effect cannot be expected to occur at a strict
1:1 ratio seen in the crystal structure, but requires a
considerable tweezer excess. This is in line with the
experimental results and our calculations.

Stabilization of Protein−Protein Interactions by
Supramolecular Ligands. Here, we show for the first time

Figure 7. Binding of CLR01 to R208Cdc25C in solution. (A) CLR01
acts as a molecular “glue” between Cdc25C and 14-3-3ζ. (B) The
addition of CLR01 results in additional hydrophobic contacts between
Cdc25C and 14-3-3ζ (left, beginning of the simulation; right,
hydrophobic collapse as the simulation progresses).

Table 1. Relative QM Energies for the Snapshots Optimized
at the QM/MM Level of Theory (QM(B3LYP- D3/def2-
SVP)/CHARMM)a

residue relative QM energy (kcal/mol) ΔGbind (kcal/mol)

K18714‑3‑3ζ 0 ± 3.6 1.3 ± 0.6

K314‑3‑3ζ 0.9 ± 8.7 −3.0 ± 0.4

K7414‑3‑3ζ 11.9 ± 3.2 −3.9 ± 0.5

R208Cdc25C 0 ± 2.1 −4.5 ± 0.3

R6014‑3‑3ζ 8.8 ± 10.9 −4.8 ± 0.4

R12714‑3‑3ζ 21.0 ± 1.0 −2.8 ± 0.6

R225Cdc25C 26.2 ± 9.6 −1.7 ± 0.4
aThe free energy values (kcal/mol) for the binding of CLR01 to
selected lysine and arginine residues in the 14-3-3ζ protein and
Cdc25CpS216 were determined via alchemical transformation path-
way. All calculations were performed on the ternary complex.
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how a supramolecular ligand can stabilize a 14-3-3 PPI.
However, the underlying principles behind this stabilization
have already been the subject of several previous studies. For
example, systematic studies and databank mining by the
Diederich group provided ample evidence for the extensive
use of aromatic interactions to stabilize complexes between
proteins and their binding partners.52,53 Quite often aromatic
faces undergo dispersive and hydrophobic interactions with
exposed residues on a protein surface.
One example is the complexation of thrombine’s active site

by a designed inhibitor, involved in numerous edge-to-face and
CH/π contacts.54,55 Another striking example is the 5-fold
arene and arginine stacking exploited by the human growth
hormone receptor.56 More recently, the structure of an
aminothiazole inhibitor bound to β-ketoacyl−acyl carrier
protein synthase (KAS) revealed parallel-displaced stacking
interactions which rigidified the side chain of an involved
phenylalanine.57 Klebe et al. investigated aromatic aldol
reductase inhibitors and discovered enthalpically favorable
π−π stacking interactions with a tryptophane.58 Our group very
recently showed how the supramolecular ligand cucurbit[8]uril
(Q8) can be used for a binary assembly platform using 14-3-3
and an ERα-derived peptide N-terminally labeled with a FGG
motif.59

In crystal structures between tetrasulfonatocalix[4]arene, a
small supramolecular protein binder, and cytochrome c,
Crowley et al. recently found a similar stabilization of
hydrophobic (albeit rigid) protein−protein interfaces by
docking of the nonpolar aromatic calixarene flanks.60 These
“molecular glue” interactions were also discussed as facilitating
protein crystallization. In our case, however, the PPI
stabilization initiated by the tweezers, leads to remote
conformational control inside the Cdc25CpS216 ligand across
18 residues, resulting in a “frozen” peptide geometry with
numerous contacts toward the spacious rigid 14-3-3 channel.
The RSMD values calculated for the peptide during the
molecular dynamics simulations corroborate this assessment:
Cdc25CpS216 is more rigid when CLR01 is interacting with
R208Cdc25C with respect to other simulations without tweezer or
with one CLR01 molecule in another position (Figure S12).
With its arginine side chain locked inside the tweezer’s cavity,
the entire peptide suffers from a substantial loss of degrees of
freedom, which results in decreased on/off rates. Our
computational studies probing CLR01’s binding to all available
lysines and arginines within the peptide/protein complex also
suggest that R208Cdc25C is an optimal coordination site: it offers
full steric accessibility for efficient arginine inclusion combined
with perfect shape complementarity between the concave
hydrophobic protein surface and the tweezer’s lower aromatic
region. These findings together with multivalent binding may
explain why only the 14-3-3ζ/Cdc25CpS216 pair is stabilized
by CLR01. If and how this PPI stabilization can be translated
into a biological effect modulating the subcellular localization
and physiological activity of Cdc25C is subject of future
collaborative research. In any case, the PPI-stabilizing activity of
CLR01 adds to the impressive repertoire of supramolecular
chemistry acting on proteins in general61 and 14-3-3 proteins in
particular.62

■ CONCLUSION

This study reveals in structural detail how the molecular
tweezer CLR01 acts on the 14-3-3/Cdc25CpS216 protein−
protein interaction. Our investigation has delivered two key

findings: (i) a supramolecular “Janus” ligand can bind
simultaneously to a flexible peptidic PPI recognition motif
and a well-structured adapter protein, and (ii) this binding fills
a gap in the protein−protein interface, “freezes” one of the
conformational states of the intrinsically disordered protein
partner and enhances the apparent affinity of the interaction. It
should be emphasized that the conformational restraint exerted
on the Cdc25CpS216 peptide by the tweezer complexation
significantly lowers the overall complex entropy. This value will
be subtracted from the final free energy gain inside the ternary
complex, which suggests that the stabilizing molecular glue
effect is much larger than the measured kcal/mol from the FP
experiment. This important consideration also explains why
there is no calculated total free energy gain for a single
complexed CLR01 molecule.
Since many regulatory PPIs are characterized by such

“disorder-to-order” transitions, the implications of this work
go beyond the important class of the hub protein 14-3-3. They
rather exemplify how supramolecular chemistry can in principle
be employed to modulate the interaction of disordered proteins
or intrinsically disordered protein regions with their partner
proteins. We will in the future use libraries of modified tweezers
to identify further peptide/protein pairs for efficient PPI
stabilization.34 Small peptidic or artificial recognition elements
attached to one of the phosphate esters on CLR01 may further
noncovalently link the partner proteins and strengthen selected
protein−protein interactions.

■ METHODS

Crystallization. For complex formation, the 14-3-3ζ protein (22
mg/mL) was mixed with the Cdc25C peptide (207SRSGLYRSP-pS-
MPENLNRPRLKQVEKFKDNTIPDKVKKK244) in a molar ratio of
1:1.5 and incubated overnight at 4 °C. Initial screens were performed
by using NeXtal Screens (Qiagen). Three dimensional rod-like crystals
grew within 4 weeks in the following conditions: 0.17 M Ammonium
acetate; 0.085 M Sodium citrate pH 5.6; 25.5% (w/v) PEG 4000; 15%
(v/v) Glycerol. The crystals could directly be flash-cooled in liquid
nitrogen. For soaking experiments, the Na-tweezer salt was added to
crystal-containing drops and incubated for 24 h.

Data Collection and Structure Determination. Data was
collected at the Paul Scherrer Institut (PSI) in Villigen, Switzerland
at the PXII-X10SA beamline for protein crystallography. Diffraction
data was analyzed using the XDS14 software.63 Molecular replacement
and refinement steps were carried out with the CCP4 package. Model
building was performed with COOT.64 Crystal structures were
deposited in the Protein Data Bank.

Fluorescence Polarization (FP) Measurements. Fluorescence
anisotropy based affinity measurements were performed using a filter-
based microplate reader (Tecan Infinite F500) with a fluorescein filter
set (λλex: 485 nm (20 nm), λem: 535 nm (25 nm) and an integration
time of 50 μs in black, nonbinding surface, round-bottom 384
microwell plates (Corning #3676). All measurements were performed
using 100 nM fluorescein amidite-labeled Cdc25pS216 peptide
SRSGLYRSP(pS)MPENLNRPRLKQVEKFKDNTIPDK-VKKK-FAM
in a buffer containing 10 mM HEPES, pH 7.4, 150 mM NaCl, 0.1%
(v/v) Tween20, and 0.1% (w/v) BSA. First, the peptides were titrated
with His-14-3-3ζ in order to determine the (control) Kd-value and
select an appropriate concentration for the subsequent modulation
experiments. For the determination of apparent Kd-values a solution
comprising 100 nM of the Cdc25CpS216 and 250 μM of the tweezer
molecule was titrated with the 14-3-3ζ protein. The measured
anisotropy values were normalized using the maximum of the signal
as 100% and plotted against the logarithmic protein concentration. To
obtain Kd-values the resulting curve was fitted to the “One-Site total
binding” model using GraphPad Prism ∼5.03 for Windows (GraphPad
Software Inc., CA, USA).
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Isothermal Titration Calorimetry (ITC). The ITC measurements
were performed on a Malvern MicroCal iTC200. The cell contained
0.1 mM 14-3-3ζ and the syringe contained a peptide solution at 1.26
mM, both in ITC buffer [25 mM Hepes, pH 7.4, 100 mM NaCl, 10
mM MgCl2, 0.5 mM Tris(2-carboxyethyl)-phosphin]. For the PPI
stabilization experiments, the cell contained 0.1 mM 14-3-3ζ and
either 0.25 mM or 1.50 mM CLR01. The experiments were performed
in triplicates and consisted of a series of 18 2-μL titrations performed
at 25 °C (reference power, 5 μCal/s; initial delay, 180 s; stirring speed,
750 rpm; spacing, 200 s).
Computational Details. The initial coordinates used for the

computational studies (MD simulations, QM/MM calculations, free
energy calculations) were taken from the crystal structure reported
here of the complex formed by 14-3-3ζ, Cdc25CpS216 and CLR01.
All MD simulations were performed using the NAMD 2.9 program.65

The CHARMM27 force field with CMAP corrections was used for all
atoms.66,67 The parameters of CLR01 were obtained with the
SwissParam server68 and previously tested by us.31,35,69 For the
QM/MM optimizations, Turbomole 6.470 was used for the QM region
and DL_POLY71 as driver of the CHARMM27 force field (MM
region). The geometry optimizations were performed at the B3LYP-
D3/def2-SVP//CHARMM27 level of theory using the hybrid
delocalized internal coordinates (HDLC) optimizer as implemented
in ChemShell v3.5.72 The entire tweezer molecule and part of the
lysine or arginine side chain were chosen as the QM region. The free
energies of binding of CLR01 to the most favored lysine and arginine
residues (as determined by QM/MM calculations) were computed via
the alchemical transformation pathway.73 Additionally, umbrella
sampling simulations74 were performed to investigate the effect of
the tweezers on the binding of Cdc25CpS216 to 14-3-3ζ. The final
PMF profiles were obtained using WHAM.75 See Supporting
Information for more details of the calculations.
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