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Using supramolecules for protein function regulation is an effective strategy in chemical
biology and drug discovery. However, due to the presence of multiple binding sites on
protein surfaces, protein function regulation via selective binding of supramolecules is
challenging. Recently, the functions of 14-3-3 proteins, which play an important role in
regulating intracellular signaling pathways via protein–protein interactions, have been
modulated using a supramolecular tweezer, CLR01. However, the binding
mechanisms of the tweezer molecule to 14-3-3 proteins are still unclear, which has
hindered the development of novel supramolecules targeting the 14-3-3 proteins. Herein,
the binding mechanisms of the tweezer to the lysine residues on 14-3-3σ (an isoform in 14-
3-3 protein family) were explored by well-tempered metadynamics. The results indicated
that the inclusion complex formed between the protein and supramolecule is affected by
both kinetic and thermodynamic factors. In particular, simulations confirmed that K214
could form a strong binding complex with the tweezer; the binding free energy was
calculated to be −10.5 kcal·mol−1 with an association barrier height of 3.7 kcal·mol−1. In
addition, several other lysine residues on 14-3-3σwere identified as being well-recognized
by the tweezer, which agrees with experimental results, although only K214/tweezer was
co-crystallized. Additionally, the binding mechanisms of the tweezer to all lysine residues
were analyzed by exploring the representative conformations during the formation of the
inclusion complex. This could be helpful for the development of new inhibitors based on
tweezers with more functions against 14-3-3 proteins viamodifications of CLR01. We also
believe that the proposed computational strategies can be extended to understand the
binding mechanism of multi-binding sites proteins with supramolecules and will, thus, be
useful toward drug design.
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INTRODUCTION

Supramolecular chemistry is a rapidly growing field that has
shown broad application prospects in various fields such as
sensing, materials science, extraction, and drug delivery
(Kolesnichenko and Anslyn, 2017; Williams et al., 2021).
Recently, supramolecules have been extensively used to
regulate protein functions and demonstrated significant
potential for application in drug discovery (Martos et al., 2009;
Dang et al., 2013; Yang et al., 2014; van Dun et al., 2017; Finbloom
and Francis, 2018; Jagusiak, 2019; Cao et al., 2021). However,
improving the binding affinity and selectivity of supramolecules
to proteins, which may effectively reduce the dosage and side
effects of drugs, is still a challenging task (Reddy and Zhang, 2013;
Milroy et al., 2014). The key challenge is that supramolecules can
recognize more than one site on the target protein with different
binding affinities (Lee et al., 2014; McGovern et al., 2015; Mallon
et al., 2016; van Dun et al., 2017; Pan et al., 2018). Moreover, the
inhibitors selectively targeting different binding sites may change
the signaling pathways of the target protein, thus changing its
different function (Milroy et al., 2014; Supuran, 2020). Therefore,
it is highly desirable to explore the binding mechanism of
supramolecules to multi-sites, which should facilitate the
development of new inhibitors with higher binding
specificities. Herein, 14-3-3σ, a sub-member belonging to the
14-3-3 proteins, was used as a model protein because there are 17
lysine residues distributed on the protein surface. The
protein–protein interactions between 14-3-3σ and its partner
proteins have been shown to be regulated by a supramolecular
tweezer (CLR01) via the formation of inclusion complexes with
surface lysine residues (Bier et al., 2013). We, in this work, will try
to systematically investigate the association between a tweezer
and all surface lysine residues, which may provide theoretical
insights into future inhibitor design with high binding specificity.

Tweezer CLR01 (CAS number: 1338489-62-5) comprises a
belt-shaped open cavity with two rotatable phosphonate groups
(Figure 1A) (Talbiersky et al., 2008). It can specifically formmore
stable inclusion complex with lysine rather than arginine
(Fokkens et al., 2005; Talbiersky et al., 2008; Schrader et al.,
2016). It has been widely applied to modulate protein functions
(Bier et al., 2013; Schrader et al., 2016; Trusch et al., 2016; Vopel
et al., 2017; Wilch et al., 2017; Mittal et al., 2018; Li et al., 2019;
Bengoa-Vergniory et al., 2020; Weil et al., 2020; Brenner et al.,
2021). Additionally, the optimization of CLR01 has gained
considerable attention (Dutt et al., 2013a; Dutt et al., 2013b;
Klarner and Schrader, 2013; Heid et al., 2018; Herrera-Vaquero
et al., 2019; Guillory et al., 2021; Li et al., 2021; Meiners et al.,
2021). The 14-3-3 proteins are composed of nine antiparallel α-
helices (Yang et al., 2006) and are target proteins for the tweezer
(Figure 1B). The 14-3-3 proteins, which include seven human
14-3-3 families (α/β, ε, η, γ, τ/θ, σ, and ζ), can form homodimers
and heterodimers; however, the sigma isoform can only form a
homodimer (Wilker et al., 2005; Li et al., 2013). The 14-3-3σ play
an important role in biological function in many cancers (Huang
et al., 2020; Eum et al., 2021; Winter et al., 2021). The 14-3-3
proteins have hundreds of partner proteins (Yang et al., 2006;
Molzan et al., 2010; Schumacher et al., 2010; Herzog et al., 2015;

Jia et al., 2019; Park et al., 2019; Falcicchio et al., 2020). For
example, 14-3-3 proteins have been employed to locate the
partner protein salt-inducible kinase (SIK) in the cytoplasm to
regulate the SIK downstream gene (Sonntag et al., 2018).
Considering that the protein–protein interactions between the
14-3-3 proteins and their partners can be regulated, these 14-3-3
proteins are potential targets for disease treatment (Aghazadeh
and Papadopoulos, 2016; Stevers et al., 2018; Aljabal and Yap,
2020; Winter et al., 2021; Navarrete and Zhou, 2022).

The binding of tweezers to 14-3-3 proteins is a representative
example of supramolecules regulating protein functions. Several
experimental and theoretical studies have investigated the
binding events between tweezers and 14-3-3 proteins (Bier
et al., 2013; Bier et al., 2017; Shi and Xu, 2019; Guillory et al.,
2021). Via isothermal titration calorimetry (ITC), Bier et al.
found that tweezers exhibited at least two binding events with
different affinities to 14-3-3σ (Bier et al., 2013). However, they
discovered a unique binding event for tweezer/K214 (14-3-3σ) via
crystallization (Supplementary Figure S1) (Bier et al., 2013).
Subsequently, the crystal structure of tweezer/K74 (14-3-3ζ) was
also determined (Supplementary Figure S1C) (Bier et al., 2017).
K74 on 14-3-3ζ has a similar structural environment to K77 on
14-3-3σ (Supplementary Figure S2). Based on these studies, it

FIGURE 1 | Structure of tweezer (CLR01) and 14-3-3σ. (A) shows the
structure of the tweezer (CLR01), and (B) shows the dimeric structure of 14-3-
3σ (Protein Database Bank (PDB) ID: 1YZ5). The α-helix of the 14-3-3σ
monomer is labeled in red. The 17 lysine residues on the 14-3-3σ
monomer are represented by green sticks, and the detailed location of each
lysine residue is depicted in Supplementary Figure S2.
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can be concluded that tweezers can recognize more than one
lysine residue of 14-3-3 proteins. Theoretical studies have also
confirmed this finding (Bier et al., 2013; Shi and Xu, 2019). The
relative quantum mechanical (QM) energies have been evaluated
via combined quantum mechanical and molecular mechanical
(QM/MM) calculations, which indicated that in addition to K214,
some other lysine residues (K87, K141, K160, and K195) could
also be recognized by the tweezer (Bier et al., 2013). Furthermore,
10 of the 17 lysine residues of 14-3-3σ were identified by the
tweezer via molecular dynamics (MD) simulations and binding
free energy calculations using molecular mechanics/generalized
Born surface areas (MM/GBSA) (Shi and Xu, 2019). Recently,
based on the tweezer/K214 (14-3-3σ) structure, Guillory et al.
fused a tweezer with the partial Exoenzyme S (ExoS) peptide to
obtain a highly selective inhibitor (MT-ExoS), which only
targeted K214 on 14-3-3σ (Guillory et al., 2021). The highly
selective MT-ExoS demonstrated significantly stronger inhibitory
affinity than the unmodified tweezer. Nevertheless, the detailed
formation process of the inclusion complexes remains elusive,
which hinders the development of supramolecules that target the
14-3-3 proteins.

Numerous enhanced sampling methods, such as
metadynamics (Laio and Parrinello, 2002), umbrella sampling
(Torrie and Valleau, 1977), steered MD (Izrailev et al., 1999),
accelerated MD (Hamelberg et al., 2004), and others (Sugita and
Okamoto, 1999; Bolhuis et al., 2002; Jorgensen and Thomas,
2008), have been extensively applied to elucidate details of the
kinetic effects during substrate binding. Metadynamics is one of
the most powerful methods to explore the binding process,
including the transition state, pathway of binding/unbinding,
conformational rearrangement of the binding site, and the free
energy profile of ligand-protein systems (Gervasio et al., 2005;
Barducci et al., 2008; Laio and Gervasio, 2008; Dama et al., 2014;
Cavalli et al., 2015; Tiwary et al., 2015; Wang et al., 2018; Dodda
et al., 2019; Ghosh et al., 2019).

This study employed the well-tempered metadynamics
method to understand the recognition mechanism of the
surface lysine residues of 14-3-3σ by CLR01. The free energy
landscapes for the different binding sites were then evaluated.
Finally, the binding mechanisms of the tweezer to the 17 lysine
sites on 14-3-3σ were clarified from the kinetic and
thermodynamic perspectives. This study can reveal the binding
mechanism of the tweezer to the lysine residues of 14-3-3 proteins
and provide useful information on the design of novel inhibitors
for targeting proteins.

COMPUTATIONAL DETAILS

System Preparation
The crystal structure of dimeric apo 14-3-3σ [Protein Database
Bank (PDB) ID: 1YZ5 (Benzinger et al., 2005)] was obtained from
the Protein Database Bank (Berman et al., 2000). Missing residues
were constructed using the SWISS-MODEL online service
(Waterhouse et al., 2018). The 14-3-3σ protein exists as a
homodimer in its active state (Wilker et al., 2005; Verdoodt
et al., 2006; Li et al., 2013; Neves et al., 2021). There are 17 lysine

residues in human 14-3-3σ [UniProt ID: P31947 (Bateman et al.,
2021)]. Among them, five lysine residues (K9, K11, K27, K68, and
K87) are located at the interface between the two monomer
chains, which may contribute to the formation of the
homodimer conformation of 14-3-3σ (Supplementary Figure
S3). Therefore, homodimeric 14-3-3σ was selected to create
tweezer/14-3-3σ complexes for these five lysine residues.
Moreover, monomeric 14-3-3σ was used to construct the
initial tweezer/14-3-3σ complexes for the other lysine residues.
For these initial tweezer/14-3-3σ complexes, the tweezer was
manually moved out of the site from a distance of more than
12 Å to the selected lysine residue (Supplementary Figure S4
shows the initial structures of these complexes).

The force field parameters of CLR01 were generated using the
standard general amber force field (Wang et al., 2004) generation
procedure. Initially, the geometric structure of the CLR01
molecule was optimized at the B3LYP/6-31Gp level using
Gaussian 09 (Frisch et al., 2009), and the partial atomic
charges were determined by the restrained electrostatic
potential protocol (Bayly et al., 1993). Then, based on the
antechamber program (Wang et al., 2006) implemented in the
AMBER18 program, the force field parameters for the tweezer
molecules were developed. The Amber ff14SB force field was
employed to describe 14-3-3σ (Maier et al., 2015).

The tweezer/14-3-3σ complexes were solvated in rectangular
boxes of TIP3P water (Jorgensen et al., 1983) with a margin of
12 Å from the solute in each dimension. Sodium ions were
added to these boxes to neutralize the entire system. The sizes of
the boxes were approximately 76 Å × 84 Å × 87 Å and 87 Å ×
96 Å × 103 Å for monomeric and dimeric 14-3-3σ systems,
respectively. Periodic boundary conditions and a nonbonding
interaction cut-off of 12 Å were applied. Long-range
electrostatic interactions were described by the particle-mesh
Ewald algorithm (Darden et al., 1993). The positions of the
water molecules were initially relaxed by the steepest descent
minimization of 9,000 steps and conjugate gradient
minimization of 1,000 steps, wherein all solute molecules
were fixed at their original positions. Thereafter, 10,000 steps
of conjugate gradient minimization were used to optimize the
entire system. Subsequently, the optimized system was gradually
heated to 300 K in 100 ps in a constant atom number, volume,
and temperature ensemble. Finally, a 500 ps constant atom
number, pressure, and temperature equilibrium simulation
was conducted at 1 atm and 300 K. All MD simulations were
performed using AMBER18 (Case et al., 2018). Thereafter; the
last structure was selected as the starting point for
metadynamics.

Well-Tempered Metadynamics
To understand the binding mechanism of the tweezer to these
lysine sites on 14-3-3σ, well-tempered metadynamics was
performed. Well-tempered metadynamics is an efficient
enhanced sampling method to study the binding mechanism
of ligands to proteins (Ghosh et al., 2019; Brandt et al., 2021;
Wakchaure and Ganguly, 2022). Based on the selected collective
variables (CVs), the well-tempered metadynamics method
progressively builds up a history-dependent Gaussian-shaped
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biasing potential (Barducci et al., 2008). The deposited bias
potential of well-tempered metadynamics is expressed as

V(s, t) � ∑ t

t′�τ, 2τ,...ωe
−V(s,t′)/ΔTexp〈 − (s − s(t′))2

2σ2
〉 (1)

where V(s, t) is the total bias potential added to the system; t is
the simulation time; s is the CV; t′ represents the deposition time
of Gaussian; τ is the deposition time interval for each Gaussian
potential; σ is the width of the Gaussian; ω represents the initial
height of the Gaussian; and ωe−V(s,t′)/ΔT denotes the height of the
Gaussian deposited at time t’. With the increase in V(s, t),
ωe−V(s,t′)/ΔT decays at virtual temperature ΔT. By rescaling the
height of the Gaussians, the convergence of the binding free
energy can be achieved at the end of sampling. The free energy
surface F(s, t) can be acquired from V(s, t) according to the
following equation:

F(s, t) � − T + ΔT
ΔT V(s, t) (2)

where T is the system temperature.
Two CVs (namely, CV1 and CV2) were selected to improve

sampling accuracy. CV1 represents the distance between the
center of mass (COM) of the lysine side chain and the COM
of the tweezer ring, excluding the two phosphate groups
(Supplementary Figure S5). CV2 is the coordination number,
defined as the total contact number between the heavy atom in
the side chain of lysine and the carbon atom in the tweezer ring.
CV2 is modeled as a switching function (CN ):

CN � ∑ i∈A∑ i∈B

1 − (rijr0)
n

1 − (rijr0)
m (3)

where A is the set of heavy atoms of the selected lysine residue on
14-3-3σ; B denotes the set of carbon atoms in the tweezer ring
within 0.6 nm of any atoms in A; rij is the distance between the
atoms i and j; r0 represents the contact distance within which a
pair of atoms are considered to be in contact with each other and
is set to 0.6 nm. The other parameters use default values.

The widths of the Gaussians for CV1 and CV2 were fixed at
0.05 nm and 2, respectively. Additionally, the initial height of the
Gaussian was set to 0.4 kJ mol−1, and the deposition time interval
for each bias potential was fixed at 0.4 ps with a bias factor of 5.
The entire procedure of well-tempered metadynamics was
conducted using AMBER18 with PLUMED 2.3.1. (Bonomi
et al., 2009). A total of 410 ns metadynamics were performed
for tweezer/14-3-3σ models for all 13 systems (See
Supplementary Table S1 for details).

RESULTS AND DISCUSSION

Analysis of Binding Affinity
Well-tempered metadynamics has been widely used to explore
the pathways for the binding or unbinding of ligands to receptors
(Dodda et al., 2019; Ghosh et al., 2019; Brandt et al., 2021; Pang
et al., 2022). Well-tempered metadynamics was used to calculate
the two-dimensional free energy landscapes for the binding of the

tweezer to all surface lysine residues (Supplementary Figure S6).
To further elucidate the binding process along the two CVs, we
plotted the one-dimensional free energy curves using CV1 and
CV2as the binding coordinates, respectively (Figure 2). The
convergence of the binding free energies calculations for
different models was examined, and all systems were found to
have converged (Supplementary Figure S7). The free energies of
the bound states were scaled to zero for the tweezer/14-3-3σ
complexes. Thus, a negative value of the binding free energy
indicates the formation of a stable host–guest inclusion complex.
Combining the computed free energies with the simulation
trajectories, the tweezer/lysine bound state was found to occur
when CV1 was less than 2.5 Å and CV2 was approximately 125.0.

According to the evolution of CV1 and CV2 with respect to
the simulation time (Supplementary Figure S8), only 8 of the 17
lysine residues can form stable inclusion complexes with the
tweezer in the simulation time. These eight lysine residues had
different binding affinities to the tweezer, and the binding
affinities of K77, K141, K160, and K214 to the tweezer were
significantly higher than those of K32, K68, K87, and K159
(Figure 2; Supplementary Table S2). Therefore, based on the
binding states and affinities of these 17 lysine sites to the tweezer,
these sites were divided into three types: strong binding sites,
moderate binding sites, and unbinding sites. The strong binding
sites (K77, K141, K160, and K214) were bound to the tweezer and
had strong binding free energies. The tweezer recognized the
moderate binding sites (K32, K68, K87, and K159) with weaker
binding affinity than the strong binding sites. The remaining nine
sites (K9, K11, K27, K49, K109, K121, K122, K140, and K195)
were classified as unbinding sites, which could not be stably
bound with the tweezer during the simulation time. Thus, we will
focus on those lysine residues belonging to strong and moderate
binding sites in this section.

From the binding free energy profiles, the tweezer/K214
complex has the lowest binding free energy of −10.5 kcal
mol−1. The binding of the tweezer with K77, K141, and K160
results in relatively stable inclusion complexes with slightly lower
binding free energies of −10.1, −10.3, and −9.3 kcal mol−1,
respectively. Previous QM/MM calculations have also
indicated that K214, K141, and K160 are strong binding sites
(Bier et al., 2013). Furthermore, K74 on 14-3-3ζ has been reported
to form an inclusion complex with the tweezer from the crystal
structure (PDB ID: 5M37) (Bier et al., 2017). As 14-3-3 proteins
are a highly conserved family of proteins (Benzinger et al., 2005;
Babula and Liu, 2015), the environment of K77 on 14-3-3σ is
quite similar to that of K74 on 14-3-3ζ (Supplementary Figure
S2 for details). Therefore, K77 on 14-3-3σ has substantial
potential to be recognized by the tweezer. Moreover, the
energy barriers for tweezer binding to K214, K77, K141, and
K160 were 3.7, 1.3, 2.6, and 3.2 kcal mol−1, respectively (Figure 2;
Supplementary Table S2). The low energy barriers for these
strong binding sites indicated that the association of the tweezer
and 14-3-3σ would be rapid, which was consistent with the
binding kinetics acquired from the surface plasmon resonance
analysis of the tweezer binding to immobilized 14-3-3σ (Bier
et al., 2013). Considering the relatively small difference between
the calculated binding free energies by metadynamics, it is
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difficult to identify which lysine residue (K77, K141, K160, or
K214) was bound with the tweezer. Therefore, we may simply
classify these four sites as belonging to a single class.

In addition to the strong binding sites, the moderate binding
sites are also important. The binding free energies of K32, K68,
K87, and K159 are −5.7, −7.0, −7.5, and −5.5 kcal mol−1,
respectively (Figure 2). The results indicate that the moderate
binding site can still be well-bound to the tweezer, albeit with a
weaker binding affinity than K77, K141, K160, and K214.
Furthermore, the energy barriers for K32, K68, K87, and K159
are 3.3, 3.8, 1.8, and 2.1 kcal mol−1, respectively. The low energy
barriers for these sites also indicate that their association with the
tweezer is rapid, consistent with the finding obtained for the
strong binding sites. Similar to the strong binding sites, the small
differences in the binding free energies and association barrier
heights make it hard to distinguish between these four sites. More
importantly, we have the calculated binding affinity range for the
CLR01 to all surface lysine residues on 14-3-3σ to be between −5.5
and −10.5 kcal mol−1, which is in good agreement with the
experimental measurements of −6.2 ± 0.5 and −8.9 ± 0.1 kcal
mol−1 (Bier et al., 2013). Moreover, according to Bier et al. (2013),
there are most likely two binding events for the CLR01 to 14-3-3σ
based on ITC measurements of the binding free energies. It
should be pointed out that ITC cannot identify which sites are
specifically bound. Two putative binding events based on the
binding free energy calculation can be partially established in our
simulation. Our simulations are thus consistent with
experimental observation. Of course, we must emphasize that
the binding process in real samples might simultaneously involve
multiple lysine residues.

The relative QM energy for each tweezer/lysine inclusion
complex only considered the bound states in the previous
QM/MM calculations. It cannot offer the enough information
for the thermodynamic and kinetic properties of tweezer binding
to lysine sites. It is interesting to compare the binding free

energies obtained by metadynamics and the MM/GBSA
approach. Previously, the MM/GBSA method was employed to
calculate the binding free energies for the binding of the tweezer
to the lysine sites on 14-3-3σ based on the classical MD
simulation. The corresponding results were included in
Table 1 for comparison (Shi and Xu, 2019). First of all, both
methods suggested that more than one lysine residue could be
well-recognized by the supramolecular CLR01, which is
consistent with experimental observation. However, the
quantitative differences in these binding free energies between
the two methods were significant. For example, the binding free
energy was calculated to be approximately −2.5 kcal mol−1 for the
K214 site by MM/GBSA, while a value of −10.5 kcal mol−1 was
obtained bymetadynamics. The result obtained bymetadynamics
may be more reasonable as the crystal structure was obtained
from the tweezer co-crystallized with K214. According to Table 1,
opposite recognition results were observed for the binding of K27,
K87, K109, and K195 to the tweezer. Because K87 is located at the
interface between the two monomer chains, it was simply
neglected in the previous classical MD simulations (Shi and
Xu, 2019). In contrast, metadynamics revealed that the cavity
formed by the two monomer chains provided accessible space for
the binding of the tweezer to K87.

Of course, in some cases, the MM/GBSA method performs
well, e.g., the interactions of oligosaccharides to carbohydrate-
binding module families (Li et al., 2018; Wang and Xu, 2019).
However, it has been well understood that the MM/GBSA
method overestimates the charge interactions (Zhu et al., 2007;
Guimaraes and Mathiowetz, 2010; Ravindranathan et al., 2011;
Mikulskis et al., 2012). For the tweezer/lysine complex system, the
tweezer has two phosphate groups with a negative charge, and the
lysine residue has a positive charge. This implies that the MM/
GBSA method may overestimate the charge-charge interactions
and thus cause a large deviation between the calculated and
experimental binding free energies. Additionally, the binding of

FIGURE 2 | One-dimensional free energy profiles extracted from the two-dimensional free energy surfaces with respect to the distance (CV1) and coordination
number (CV2) for the tweezer binding to the eight putative binding sites (K32, K68, K77, K87, K141, K159, K160, and K214). The free energy of the bound state was
defined as zero for the tweezer binding to lysine sites. CV1 is the distance between the center of mass (COM) of the lysine side chain and the COM of the tweezer ring,
excluding the two phosphate groups. CV2 represents the coordination number between the heavy atom in the side chain of lysine and the carbon atom in the
tweezer ring.
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any substrate to proteins should consider two aspects,
i.e., thermodynamic and kinetic factors (Camilloni and
Pietrucci, 2018; c; 2020; Lyu et al., 2020; Zhang et al., 2020; Fu
et al., 2022). The MM/GBSA method can only reflect the effects
from the thermodynamic perspective, which might also result in
some deviations in describing the substrate binding. The
difference between the results obtained by classical MD
simulations and metadynamics indicates that both
thermodynamic and kinetic processes must be considered to
rationally calculate the binding free energies and explore the
binding mechanisms for ligands to receptors, at least for the
tweezer/14-3-3σ system investigated in this work.

Conformational Analysis of Binding
According to the binding free energy calculations presented
above, CLR01 can form inclusion complexes with multiple
lysine residues on 14-3-3σ without specificity. To improve the
recognition selectivity of CLR01 with lysine residues distributed
in different surface positions on 14-3-3σ protein, the
conformational change information along the binding
coordinates needs to be further analyzed. The free energy
landscapes for the tweezer binding with different lysine sites
offer a general overview of the kinetic processes of the binding
events. To reveal the details of the binding process and the
influence of the environments of the lysine sites on protein
surfaces, representative conformations of the unbound state,
transition state, and bound state were utilized to explore the
kinetic process of tweezer binding to these 17 lysine sites.

K214, K77, K141, and K160 are located at different sites in
the active pocket of 14-3-3σ. Structurally, K214, K77, and K141
are primarily situated at the edge of the protein active cavity,
whereas K160 is located at the back of the active cavity

(Figure 1B, Supplementary Figure S3). Additionally, K214,
K77, K141, and K160 are located in the terminal regions of the
helix (α9, α4, α6, and α6, respectively), which is near the loop
region. Moreover, the number of residues close to (less than 4 Å
away) K214, K77, K141, and K160 are 6, 6, 8, and 7, respectively.
In brief, these strong binding sites are situated in the terminal
region of the α-helix, and there are few other residues around
these lysine residues.

For apo-14-3-3σ, Y213, situated in the terminal region α9
around K214, can form a stable hydrogen bond with K214
(Figure 3A). In the transition state, the interaction between
K214 and Y213 is disrupted. Furthermore, the down
phosphate group (P2) of the tweezer develops a new
electrostatic interaction with the side chain of K214.
Subsequently, the tweezer forms an inclusion complex with
K214 via the rotation of its ring. The phosphate group (P1) of
the tweezer produces a stable electrostatic interaction with the
ammonium ion of lysine (DN-P = 4.21 ± 0.77 Å). Additionally, a
hydrophobic interaction develops between the nonpolar regions
of Y213, L218, and T217 and the hydrophobic ring of CLR01,
which is a key factor in stabilizing the bound state. The binding
model for tweezer/K214 is also consistent with the corresponding
crystal structures (PDB IDs: 5OEH and 5OEG) (Bier et al., 2013).

The side chain of K77 remains fully exposed to the solvate
environment in apo 14-3-3σ. Moreover, G73 and G78 around
K77 have short side chains that cannot affect K77 (Figure 3B,
Supplementary Figure S10). Therefore, the side chain of K77 can
be expected to be highly flexible. These environmental residues
around K77 provide spatially accessible sites for tweezer binding,
which results in a small energy barrier to tweezer binding
(1.3 kcal mol−1). The phosphate group of the tweezer interacts
electrostatically with the ammonium ion of K77 without

TABLE 1 | Comparison between the binding free energies calculated by metadynamics and molecular mechanics/generalized Born surface area (MM/GBSA) method.
Values are given as the absolute values for all binding free energies. Units are in kcal·mol−1.

Type Lysine site Binding energy barrier ΔG

Metad.a MM/GBSAb QM/MMc

Strong binding sites K214 3.7 −10.5 −2.5 24.3
K77 1.3 −10.1 −12.8 —

K141 2.6 −10.3 −12.8 0
K160 3.2 −9.3 −3.8 22.6

Moderate binding sites K32 3.3 −5.7 −9.3 —

K68 3.8 −7.0 −4.7 54.4
K87 1.8 −7.5 — 22.0
K159 2.1 −5.5 −9.3 39.3

Unbinding sites K9 — — — 70.8
K11 — — — 47.7
K27 — — −12.8 45.9
K49 — — — 56.2
K109 — — −6.6 40.3
K122 — — — —

K124 — — — 75.1
K140 — — — 57.0
K195 — — −14.3 26.9

aMetad. denotes an abbreviation for metadynamics.
bBinding free energy calculated from MM/GBSA method (Shi and Xu, 2019).
cThe relative quantum mechanical (QM) energy was calculated from QM/MM method as respect to the top binding site (K141) (Bier et al., 2013).
*Experimental binding free energies for tweezer binding with 14-3-3σ was −6.2 ± 0.5 and −8.9 ± 0.1 kcal·mol−1 (Bier et al., 2013).
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disrupting the extra nonbonding interactions (Figure 3B). In the
bound state, the hydroxyl groups in the phosphate group form
electrostatic interactions with P79. Furthermore, the alkyl groups
of E76, E80, and V81 establish additional hydrophobic
interactions with the aliphatic ring of the tweezer, which
stabilize the tweezer/K77 inclusion complex.

In the unbound state, K141 can interact with D145 and
D138 via electrostatic interactions. Additionally, K141 lies
adjacent to positive residues such as R142 and K140, which
are staggered and do not interfere with each other in apo 14-

3-3σ. These interacting residues have long side chains, which
can be rearranged to generate inclusion complexes between
the tweezer and K141 (Supplementary Figure S9). In the
transition state, the tweezer rotates such that its phosphate
group destroys the electrostatic interaction between K141
and D138. In the bound state (tweezer/K141), the phosphate
group produces an additional strong salt bridge with the
ammonium ion of K140 via the rotation of the tweezer.
This leads to a more stable inclusion complex and a lower
binding free energy.

FIGURE 3 | Two-dimensional free energy landscapes and representative structures for the binding of the tweezer to (A) K214, (B) K77, (C) K141, and (D) K160 on
14-3-3σ. The symbols “U,” “T,” and “B” in the free energy landscapes indicate the unbound, transition, and bound states, respectively. The representative structures of
the unbound states, transition states, and bound states of these lysine residues to the tweezer are shown on the right side of the free energy landscapes. The
superimposed structures of the three states for each binding site are depicted in Supplementary Figure S9.
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K160 can form electrostatic interactions with E161 and D156
in apo 14-3-3σ (Figure 3D, Supplementary Figure S11). In the
transition state, the side chains of D156 and E161 with negative
charges can generate electrostatic repulsion with a negative
charge of a phosphate group, which causes the transition of
the tweezer far away from E161. Furthermore, the phosphate
group can interact with K159 and K160. To avoid repulsion
between the phosphate group and E161 in the bound state, the
tweezer sharply flipped to promote the movement of the
phosphate group toward the solvent. Additionally, no
interaction was observed between the amino group of K159
and the phosphate group, which was ascribed to the mismatch

between the accessible space and the molecular size of the
tweezer (Supplementary Figure S11). Thus, during the
formation of the bound state (Figure 4D), sufficient stable
geometric space must be available to accommodate the
tweezer. An extra hydrophobic interaction can form between
I157 and K159 with the tweezer ring.

Strong binding sites have three common features. First, the
sites located at the end of the helix and close to the loop region
afford enough space to accommodate the phosphate group of the
tweezer. Second, no negatively charged residues, including acidic
residues, exist around the phosphate group of the tweezer. Third,
the hydrophobic residues around these lysine sites can contribute

FIGURE 4 | Two-dimensional free energy landscapes and representative structures for the binding of the tweezer to (A) K32, (B) K68, (C) K87, and (D) K159. The
symbols “U”, “T”, “S”, and “B” in the free energy landscapes represent the unbound, transition, semi-bound, and bound states, respectively. Additionally, the
representative structures of the unbound state, transition state, and bound state for the tweezer to these lysine residues are shown on the right side of the free energy
landscapes. The superimposed structures of these states for each binding site are depicted in Supplementary Figure S12.
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to the binding affinities of these sites to the tweezer by forming
hydrophobic interactions with the tweezer ring.

The moderate binding sites (K32, K68, and K159) are located
at the ends of α2, α3, and α6, respectively. Simultaneously, K87 is
situated in the middle of α4 and points to the interface between
the two monomer chains. This arrangement is similar to that of
the strong binding sites, which are also located at the terminals of
the helix other than K87. The numbers of residues around the
moderate binding sites (10, 6, 10, and 10 for K32, K68, K87, and
K159, respectively) are higher than those around the strong
binding sites (6, 6, 8, and 7 for K214, K77, K141, and K160,
respectively). This indicates that the moderate binding sites have
more crowded spatial environments than those of the strong
binding sites.

K32, located close to the N-terminus of the α1 helix, can form a
weak electrostatic interaction with E31 in the apo 14-3-3σ
(Figure 4A). The tweezer has to overcome not only the
electrostatic interactions between K32 and E31 but also the
attraction between the ammonium ion of M1 and the tweezer
from the unbound model to the bound model. In the transition
state, the phosphate group establishes an electrostatic interaction
with M1 and K32. In the bound state, M1 contributes to the
stability of the tweezer/K32 inclusion complex by forming
electrostatic interactions with other phosphate groups of the
tweezer. Moreover, no additional factor stabilizes the tweezer/
K32 inclusion complex, resulting in weaker binding free energy
than the strong binding sites. K68 can form electrostatic
interaction with S64 in the unbound state (Figure 4B).
Furthermore, several hydrophobic residues, such as V60, L61,
and I65, were noticed around K68 and composed a hydrophobic
region in 14-3-3σ. In the transition state, in addition to the
electrostatic interaction between the phosphate group and K68,
the hydrophobic region near K68 interacts with the tweezer ring
to increase the difficulty of tweezer binding. Therefore, it suggests
a higher energy barrier for this lysine site. Phosphate group P2
pointed to the solvent in the bound state, and phosphate group P1
formed electrostatic interaction with K68. In addition, no other
significant interaction is present to stabilize the tweezer/K68
inclusion complex.

Initially, an electrostatic interaction formed between E91 and
K87 can be observed in the apo 14-3-3σ (Figure 4C). However,
the phosphate group P2 replaced the E91 to form an electrostatic
interaction with K87 at the transition state. The hydrophobic
environment, centered on K87 (F256, Y84, E86, and T90),
attracted the tweezer to form a semi-bound state for K87
(Supplementary Figure S13). The distance between tweezer
and K87 is 3.45 ± 0.67 Å for this semi-bound state
(Supplementary Figure S14). The side chain of K87 entered
the cavity of the tweezer from the twisting conformation and
formed a tightly bound state, which can be found from the smaller
CV1 value of 2.09 ± 0.43 Å. Phosphate group P2 can be orientated
toward the cavity at the interface between the two monomer
chains of 14-3-3σ in the bound state. In addition, T90, F256, and
Y84 can stabilize the tweezer/K87 complex through the
hydrophobic interactions with the tweezer. Although the
rearrangement of the side chain of K87 can be observed in the
simulations, the space around K87 is sufficient to accommodate

the tweezer. Meanwhile, the hydrophobic environment
contributes to stabilizing the final tweezer/K87 complex.

K159 is sandwiched between the basic amino acid K160 and
R169 in the unbound state (Figure 4D). Thus, the roles of K160
and R169 cannot be ignored when the tweezer binds with this site.
The phosphate group of CLR01 can establish an electrostatic
interaction with K159. The tweezer tends to stay between K159
and K160 with little hydrophobic interaction between the
aliphatic ring of the tweezer and the nonpolar parts of K159
or K160 in the transition state. In the semi-bound state, the
phosphate group of CLR01 forms an electrostatic interaction with
R169 (Supplementary Figure S12). Meanwhile, the interaction
between the tweezer and K159 is weaker than the bound state
according to the values of CV1, i.e., 3.61 ± 0.64 vs. 2.46 ± 0.97 Å
for semi-bound and bound states, respectively (Figure 4D,
Supplementary Figure S14). When the tweezer forms the
bound state with K159, phosphate group P2 is pointed toward
the solvent environment, and phosphate group P1 mainly forms
an electrostatic interaction with the side chain of K159.

The moderate binding sites can form an inclusion complex
with tweezers from the accessible spatial environments. However,
the residues around the lysine sites can interfere with the binding
of tweezer to lysines through conformation rearrangement. In
fact, such kind of binding competition could result in decreasing
the binding affinity or increasing the binding energy barrier, e.g.,
the E31 competed with phosphate group of CLR01 for K32 site;
the R169 competed with K159 for K159 site; the hydrophobic
environment (V60, L61, and I65) competed with aromatic ring of
CLR01 for K68 site; the E91 competed with phosphate group of
CLR01 for K87 site. This indicates that moderate binding affinity
can be obtained for those binding sites in relation to that for the
strong binding sites, which agrees with binding free energy
calculations.

Some lysine residues (K9, K11, K27, K49, K109, K122, K124,
K140, and K195) are not easily bound by the tweezer due to their
particular topological environments on the 14-3-3σ. Obvious
steric hindrances can be observed around K9, K122, K124,
and K140 (Supplementary Figure S15). K9 and K124, having
similar orientations, are located in the middle of α1 and α5,
respectively, which are deeply trapped in their adjacent α-helices
to hinder tweezer binding. K122 is in the bottom of the active
cavity, which is composed of α5 and is adjacent to α3 and α7, and
cannot be appropriately enclosed by the tweezer. Furthermore,
K140, situated at the terminal of the α6 helix and pointing to the
α5 helix, has a significant steric hindrance, preventing the binding
of the tweezer to it. Therefore, their associations with the tweezer
were not considered in this study. Moreover, the bindings of K11,
K27, K49, K109, and K195 to the tweezer are unfavorable and
different from other sites (Supplementary Figure S16). This also
can be found from simulations in this work with the evolutions of
CV1 and CV2 along the simulation time for these lysine sites
(Supplementary Figure S8).

The active cavity of 14-3-3 protein is used to recognize partner
proteins. Some small inhibitors and stabilizers modulate the 14-3-
3 protein function by targeting this active cavity (Zhao et al., 2011;
Iralde-Lorente et al., 2019; Gigante et al., 2020). Theoretically,
K11 and K49, which are deeply located in the active pocket, can be
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bound to inhibit the activity of 14-3-3 σ. Nevertheless, K11 and
K49 cannot be bound by tweezers due to steric hindrance. For
example, K11 is situated in the middle of the α1 helix and is close
to the α2 helix. Although the tweezer entered the amphiphilic
active cavity of 14-3-3σ, the binding of the tweezer to K11 did not
occur in our simulations (Supplementary Figure S16). This
further proves that if there is insufficient space to
accommodate the phosphate group of the tweezer, the lysine
site in the middle of the helix on the protein cannot be recognized
by the tweezer. The simulations implied that in the case of K49,
the tweezer generally stayed in the active cavity and had a very
short time to make contact with K49 (Supplementary Figure
S16). Thus, the tweezer probably interacts with amphiphilic
cavities rather than with the lysine sites in the active cavity.

E31, T98, L102, and H106, located on the α2 and α3 helices,
are close to K27 to hinder the tweezer binding. Additionally, the
electrostatic interaction between E31 and K27 means that the side
chain of K27 cannot be recognized by the tweezer
(Supplementary Figure S16). The number of residues
(distance less than 4 Å from K27) also was calculated as 12. It
indicates that the steric hindrance around K27 is the main reason
it remains unbound by the tweezer.

K109 is located at the back of the active cavity and is near the
loop region. During the simulation, the tweezer/K109 inclusion
complex could not be stably formed mainly owing to the
repulsion between E110 and the phosphate group of the
tweezer (Figure 5). The tweezer is consistently attracted to the
circular hydrophobic cavity: its aromatic ring establishes
hydrophobic interactions with the nonpolar parts of L121,
R117, K109, and I108; its phosphate groups form electrostatic
interactions with K124, R117 or R117, and K109 (Supplementary
Figure S17). Therefore, it can be speculated that if there is a
suitable hydrophobic environment and electrostatic attraction
near the lysine site, the tweezer will prefer to remain in this
hydrophobic environment and produce electrostatic interactions
with the positively charged amino acids rather than forming an
inclusion complex with the lysine residue.

K195 is situated in the middle of α8, and the tweezer only
forms a transient semi-inclusion complex with it at 2.6 ns

(Figure 5B). The following aspects can explain this
observation. First, there is not enough space to accommodate
the phosphate group of CLR01 due to the presence of L227, R224,
and F198 on the one side of the α8. Second, located on the other
side of α8, S192, T196, and D200 hinder the phosphate group
through electrostatic repulsion. Third, D199 and I191 also
prevent CLR01 binding with K195 by steric hindrance
(Supplementary Figure S18). Thus, both steric hindrance and
electrostatic repulsion result in non-binding between CLR01
and K195.

For the unbinding sites, one general feature is that the large
steric hindrances prevent the tweezer binding with lysine residues
and further block the formation of inclusion complexes with
lysine residues. As we described above, for those lysine sites
located in the middle of the helix or pointing toward the inside of
14-3-3σ, the lysine sites show large steric hindrances and
insufficient space to accommodate the tweezer. Therefore, the
steric hindrance determines tweezer binding or non-binding
inclusion complexes with lysine residues on 14-3-3σ.

Binding Mechanism of CRL01 to Lysine
Sites
In this work, based on the detailed characterization of the
recognition processes of tweezer binding with lysine sites
from the metadynamics calculations, the detailed
mechanistic proposals between lysine residues on 14-3-3σ
and tweezer can be derived. The formation of an inclusion
complex between CLR01 and lysine is mainly determined by
the effect of steric hindrance. If we carefully examine the
residues distributed around the lysine residues, we can find
the sources of the spatial hindrance. As we can see, when the
residue around the binding site features a long and flexible
side chain, which is located at the interface between two
secondary structure domains or toward the inside of the
protein, no stable inclusion complex could be formed.
Indeed, due to significant steric hindrance, the tweezer
cannot bind with the K9, K11, K27, K49, K122, K124,
K195, and K140 (Supplementary Figure S19).

FIGURE 5 | Evolutions of the distance (CV1) of the binding of the tweezer to (A) K109 and (B) K195 with respect to the simulation time.
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On the other hand, negatively charged residues around the
lysine residues will compete with the phosphate groups of the
tweezer and thus increase the binding energy barrier. For
example, the electrostatic interaction between K160 and E161
is unfavorable for CLR01 binding with K160 and increases the
energy barrier to 3.2 kcal mol−1 (Supplementary Figure S11).
Electrostatic interactions for K141 (K141-D145, K141-D138),
K160 (K160-E161, K160-D156), K32 (K32-E31), K68 (E68-S64)
also result in increasing the energy barrier heights to 2.6, 3.2, 3.3,
3.8 kcal mol−1, respectively. Those interactions found in the apo
14-3-3σ can increase the energy barrier for CLR01 binding with
lysine on the 14-3-3σ surface. In a word, due to recognition
competition provided by the protein itself, negatively charged
residues around the lysine may have the chance to form
electrostatic interaction with the side chain of lysine to
compete with the tweezer, thus increasing the association
energy barrier. Of course, we should emphasize that such
structural features might not affect the final formation of the
inclusion complex. In addition, the supramolecules prefer
recognizing side chains, peptide motifs, and a specific protein
context of the target proteins (Urbach and Ramalingam, 2011;
McGovern et al., 2012; McGovern et al., 2015; van Dun et al.,
2017). For the case of 14-3-3σ, the inclusion complex of CLR01/
lysine is mainly stabilized by the hydrophobic interactions
between the cavity of the tweezer and the aliphatic
hydrocarbon chains of lysine residues (Figure 6). Additional
stabilization factors can be attributed to the electrostatic
interactions between the phosphate groups and the positively
charged ammonium group of lysine at the binding sites. For
example, the phosphonate group of CLR01 can form a hydrogen
bond with P79 in K77/tweezer complex (Supplementary
Figure S20).

Our calculations and previous experimental characterization
show that a non-specific recognition style can be fully established
to bind the supramolecule CLR01 to target lysine residues on 14-
3-3σ. Our simulations can observe two binding events consistent
with experimental measurements. Hence, we can develop new
inhibitors with special functions using just those lysine residues as
anchor points. In this way, the relative position of the active
regions of 14-3-3σ to positions of strong and moderate binding
sites might be the most important issue in the development of the
ditopic ligands via the supramolecular inclusion complex
(Supplementary Figure S21). Therefore, correctly identifying
the preferred binding sites would still be a necessary step. In the
current work, the free energy landscapes for the association of the
tweezer with different lysine residues provide such an
opportunity. According to our simulations, the main
contribution to the stability of the CLR01/14-3-3σ inclusion
complexes came from the hydrophobic interactions between
the cavity of the tweezer and the aliphatic hydrocarbon chains
of lysine residues. It indicates that the benzene and
norbornadiene rings of the CLR01 are ideally situated for
stabilizing the side chain of lysine and should be retained for
inhibitor optimization in the future. Meanwhile, additional
stabilization is provided by the interaction between one
phosphate group of CLR01 with the ammonium group of
lysine (Figure 6). Some researchers have suggested that the
other phosphate group can be modified to achieve some
special functions, such as regulating the protein–protein
interaction. For example, recent work by Guillory et al. (2021)
indicates that linking the ExoS peptide to the phosphate group of
CLR01 (labeled as MT-ExoS and shown in Figure 6) results in a
site-selective binding with K214 on 14-3-3σ. More importantly,
the MT-ExoS is a ditopic ligand that can regulate the PPI against

FIGURE 6 | Binding mechanism of tweezer CLR01 binding to lysine site on 14-3-3σ and the optimization strategies of tweezer.
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the ExoS peptide-binding into the active site of 14-3-3σ. The
K214 stays at the edge of the active site; one of the phosphate
groups points toward the active space, which leaves the position
available for future inhibitor design to obtain better effects against
possible PPIs. Interestingly, the ExoS peptide and CLR01 units
can find their unique binding sites on the 14-3-3 protein surface
(Supplementary Figure S22). Meanwhile, the binding affinity of
MT-ExoS (KD = 0.41 µM) to 14-3-3σ was improved in relation to
CLR01 (KD = 8.39 µM) and ExoS (KD = 45.60 µM) as determined
by ITC. Therefore, we may expect that new ditopic molecules can
be designed to have some special functions with higher binding.
Indeed, trials in this direction have been reported. Very recently,
the fluorescent groups 5-carboxytetramethylrhodamine (CLR16)
and 6-fluorescein amidite (CLR18) were added to the phosphate
group of the CLR01 to increase the intrinsic fluorescence for
exploring its cell penetrance and intracellular distribution
(Figure 6) (Li et al., 2021). NMR and fluorescence titrations
with Ac-Lys-OMe were performed to find that CLR16 (KD =
1.3 nM) and CLR18 (KD = 3.7 nM) bind lysine in a similar
manner to CLR01 and with stronger affinity than CLR01 (KD

= 20 µM) (Talbiersky et al., 2008).

CONCLUSION

In this study, the binding mechanism of a supramolecular tweezer
CLR01 to the lysine sites on 14-3-3σ was revealed via
metadynamics. Among the 17 lysine sites on 14-3-3σ, 8 sites
with different affinities to the tweezer can form inclusion
complexes with the tweezer. Through the analysis of the
representative conformations during the tweezer binding to
the lysine sites, the differences between the thermodynamic
and kinetic results were revealed, and the characteristics of the
recognized lysine sites were summarized. The spatial hindrance
around the lysine sites was the dominant factor in determining
whether or not the tweezer/lysine inclusion complex formed. This
is reasonable considering the belt-shaped topology of the tweezer
molecule.

In addition, according to binding free energies, we can classify
these eight sites into two classes—the strong and moderate
binding sites. Free energy profiles of the formation of putative
inclusion complexes imply that these sites have accessible binding
energy barriers ranging from 1.3 to 3.8 kcal mol−1. K214, with the
strongest binding free energy and reasonable binding energy
barrier, indicates that it is a stable binding site easily accessible
to the tweezer for binding, which may partially explain the co-
crystallization of the tweezer at the K214 position. Moreover, the
average binding free energy calculated for the strong binding sites
(K77, K141, K160, and K214) is −10.0 ± 0.5 kcal mol−1, while it is
−6.4 ± 1.0 kcal mol−1 for the moderate binding sites (K32, K68,
K87, and K159). Our simulations are in good agreement with
experimental ITC measurements that identify two binding

events, in which the binding free energies were estimated at
−6.2 ± 0.5 kcal mol−1 and −8.9 ± 0.1 kcal mol−1. It should be
emphasized that current simulations confirmed that the tweezer
binds to the surface lysine residues of 14-3-3σ in a non-specific
way. More importantly, due to the similar binding affinities in the
two classes of binding sites, it is difficult to distinguish these lysine
sites from each other when the binding event occurs. Such kind of
binding characteristics then defines the possible direction of
developing new inhibitors to regulate the function of 14-3-3σ
based on the tweezer framework or other supramolecules. In
summary, these lysine residues that favor the recognition should
be considered as anchor points, while major modifications should
be made to the phosphate group of the tweezer molecule. This
would result in ditopic ligands to inhibit different functions of 14-
3-3σ. Finally, we believe that the computational strategy to
identify the binding sites should be particularly useful for
those proteins containing multiple binding sites and is, thus,
helpful for future inhibitor design.
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