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Supramolecular Chemistry Targeting Proteins
Sam van Dun, Christian Ottmann, Lech-Gustav Milroy, and Luc Brunsveld*

Laboratory of Chemical Biology and Institute for Complex Molecular Systems, Department of Biomedical Engineering, Eindhoven
University of Technology, Den Dolech 2, 5612 AZ Eindhoven, The Netherlands

ABSTRACT: The specific recognition of protein surface
elements is a fundamental challenge in the life sciences.
New developments in this field will form the basis of
advanced therapeutic approaches and lead to applications
such as sensors, affinity tags, immobilization techniques,
and protein-based materials. Synthetic supramolecular
molecules and materials are creating new opportunities
for protein recognition that are orthogonal to classical
small molecule and protein-based approaches. As outlined
here, their unique molecular features enable the recog-
nition of amino acids, peptides, and even whole protein
surfaces, which can be applied to the modulation and
assembly of proteins. We believe that structural insights
into these processes are of great value for the further
development of this field and have therefore focused this
Perspective on contributions that provide such structural
data.

■ INTRODUCTION

Proteins are the key regulators in the cell, involved in cell
signaling processes, catalysis, and communication.1 Most
proteins function as homo- or hetero-oligomeric assemblies.2

Concomitantly, interest in protein−protein interactions (PPIs)
has grown in the drug development and chemical biology
fields3 because PPIs act orthogonally to conventional drug
targets such as enzymes and transcription factors.4 In contrast
to these conventional drug targets, the modulation of PPIs
often requires the targeting of larger protein elements or
multiple hotspots on the surface of the proteins,5 rendering
them challenging targets for small molecules.6 Hydrophobic
and electrostatic interactions play a significant role in PPIs,
where shape complementarity and organization of chemical
components implement selectivity.1,7,8

Supramolecular host−guest chemistry in water greatly
resembles the hotspot-driven interaction between proteins.4,9

Several synthetic host molecules have been reported in the
literature that recognize either short peptides or molecular
elements at protein interfaces through supramolecular host−
guest interactions: crown ethers,10 pillararenes,11 porphyrins,12

cucurbiturils,13,14 cyclodextrins,15 calixarenes,16 and molecular
tweezers.17 Similar to PPIs, the binding energetics of these
supramolecular host−guest systems in water is largely driven by
the hydrophobic effect, with other non-covalent interactions,
electrostatics and hydrogen bonding, playing a secondary,
modulatory role. These thermodynamic constraints therefore
demand a different design strategy compared with the well-
studied interactions of supramolecular systems in organic
solvents. An optimal balance between hydrophilic and hydro-

phobic interactions needs to be reached18 in order to ensure
sufficient solubility in water while repelling water from the
protein recognition elements to enable additional secondary
interactions such as electrostatics and hydrogen bonding.19

Such water-based systems add to the complexity, diversity, and
robustness of supramolecular systems and create opportunities
for their application to proteins.19 Over the past decade,
structural data acquired from X-ray crystallography and NMR
spectroscopy have dramatically increased our understanding of
the complexation of synthetic supramolecular elements with
amino acids, peptides, and, more recently, protein interfaces.13

Now we are at the stage where the structure-guided design of
these synthetic hosts can not only enhance our knowledge of
the supramolecular recognition of proteins but also greatly
advance their applicability as PPI modulators.
This Perspective will focus on the use of synthetic

supramolecular systems for the recognition of proteins and
their subsequent effect on the modulation of PPIs and protein
assembly (Figure 1). Small-molecule approaches for the
inhibition20−22 or stabilization4,23,24 of proteins and their
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Figure 1. Synthetic host molecules can selectively complex with amino
acids and peptides and modulate protein function. A selection of the
most studied supramolecular hosts, representative peptide sequence
recognition, and protein modulation mechanisms are schematically
depicted.
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assemblies will not be covered. Different host−guest inter-
actions will be discussed on the levels of single amino acids and
peptides but above all on their effect on whole proteins.
Primarily because of their instructive quality, priority will be
given to examples from the literature that provide structural
information. For the assembly of proteins, several supra-
molecular approaches to induce protein dimerization, oligome-
rization, or polymerization will be put into perspective.

■ AMINO ACID AND PEPTIDE RECOGNITION
The recognition properties of synthetic host molecules are
deployable for many applications, including catalysis,25 drug
delivery,26 surface immobilization,27,28 and sensing.29 Here we
discuss a small selection of cavitands, namely, calixarenes,
cucurbiturils, and molecular tweezers, that display specific, well-
characterized recognition properties toward both amino acids
and peptides. Despite their structural differences, the complex-
ation of these cavitands with amino acids and peptides is based
on a number of common features: (1) a highly preorganized
structure, (2) a hydrophobic cavity, and (3) accessibility for
chemical modifications. Structural data will be used to clarify
the influence of factors that provide a differentiated recognition
of amino acid elements, such as portal size, cavity volume,
peripheral groups, and flexibility upon complexation. These
binding preferences also translate at the protein level, which
sets the stage for the future development of even more specific
and high-affinity binding hosts.
Calixarenes are cyclic oligomeric host molecules formed

through a condensation reaction between phenol and form-
aldehyde. They can exist in different ring sizes, each bearing a
hydrophobic interior, though most studies have been
performed on the four-monomer ring system calix[4]arene
(Figure 1). The upper and lower rims of this cavitand can be
modified with small functional groups, including sulfonate and
guanidinium, with more complex peptides and nucleotides, and
with bridging linkers to control the rigidity of the cavitand. This
combination of modifications allows a wide range of bio-
logically relevant targets to be addressed via often multivalent
supramolecular interactions with the modified calixarene rims.30

The modification of the rims with polar moieties allows for
additional electrostatic interactions or hydrogen bonds that
synergistically work with the hydrophobic effect via the
aromatic core. Naphthylidine conjugates of calixarenes can
recognize cysteine, histidine, aspartic acid, and glutamic acid
dependent on an additionally bound metal ion.31,32 Sulfonate
conjugates of calixarenes such as p-sulfonatocalix[4]arene
(sclx4) (Figure 2a) bind aromatic and cationic amino acid
residues,33 resulting in a millimolar binding affinity toward
methylated arginine and a micromolar affinity toward

methylated lysine present in certain short peptide sequences
with neighboring polar side chains.9,34 A 70-fold selectivity for
trimethyllysine (LysMe3) over every other natural amino acid
was reported to be mainly driven by a large favorable enthalpic
component and a smaller entropic component, as determined
by isothermal titration calorimetry (ITC). Via upfield chemical
shift trends in N-methyl groups and molecular modeling, the
side chains of LysMe3 were shown to bind deep within the
hydrophobic cavity of sclx4.9 Methylated arginine (Arg)
derivatives also showed a significant upfield shift for the N-
methyl groups but did not bind as deep within the cavity
according to energy-minimized structures. A recent crystal
structure of sclx4 complexed with lysozyme-Kme2 endorses the
in silico and NMR data. In this example, the central positioning
of the Lys116-Kme2 residue inside sclx4 maximizes cation−π
interactions.5 By contrast, a side-on binding mode to the same
calixarene was reported for unmodified Lys35 and Arg5 in
solved X-ray cocrystal structures (Figure 2a). This mode of
binding facilitates the formation of a salt bridge between the
amino acids’ positively charged side chains and the sulfonate
substituents on sclx4 and displaces water from the hydrophobic
calixarene core. Additionally, these calixarenes were found in a
more pinched cone formation to increase van der Waals
interactions between the carbons of the residue. The pivotal
role of methylated cationic amino acid residues is not limited to
calixarenes but is also observed for other cavitands.36

Schrader and co-workers designed a molecular tweezer
(MT), which consists of a hydrophobic cavity composed of
alternating norbornadiene and benzene rings. To a central
hydroquinone ring, different functionalities can be introduced
(Figure 1). This MT can bind biologically relevant cationic
peptides with binding affinities in the micromolar range.37−39

The cationic amino acid residues thread through the cavity of
the MT, which stabilizes the host−guest complex via CH−π,
van der Waals, electrostatic, and hydrogen-bonding interactions
(Figure 2b).38,39 The effect of different functionalities has been
extensively studied by NMR, ITC, fluorescence titration,
crystallography, and molecular simulation studies. Long alkyl
tethers were found to induce host−host self-inclusion, while
linkers including esters or caboxylates outperformed ethers and
alcohols by keeping the cavity open.37 The strong contribution
of hydrophobic interactions was demonstrated through the
monitoring of shifts in characteristic 1H NMR peaks in
methanol. In this case, host−guest complexation was
dominated by electrostatic interactions with anionic linkers
rather than the hydrophobic effect, leading to peripheral
complexation with the tweezer.38 The phosphate-functionalized
tweezer CLR01 in particular has been shown to bind cationic

Figure 2. (a) Crystal structure of sclx4 complexed with Lys (CCDC no. 140210). (b) Monte Carlo simulation of CLR01 complexed with Ac-Lys-
OMe. Adapted from ref 38. Copyright 2013 American Chemical Society. (c) Crystal structure of CB[7] complexed with the N-terminal Phe of
insulin (PDB entry 3Q6E). (d) Crystal structure of CB[8] complexed with one WGG peptide (left) and two FGG peptides (right) (CCDC nos.
628234 and 628235).
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amino acid residues with a slight (2-fold) preference for Lys
residues over Arg residues due to the entropy-driven over-
compensation of the rigid delocalized guanidinium ion.38

Cucurbiturils (CBs) are relatively rigid macrocycles made
from glycoluril monomers connected via methylene bridges
(Figure 1). CBs with six to eight monomers have been mainly
used as synthetic receptors for the recognition of protein
elements because of the high shape complementary between
the amino acid residues and the cavities of these CBs.40 The
double-sided carbonyl rims, together with the hydrophobic
interior, dictate the preference of CB to bind cationic and
hydrophobic elements. CB[6], consisting of six glycoluril
monomers, has a relatively small cavity (Vol = 164 Å3) that
binds moderately strongly to Lys residues (104 M−1) and more
weakly to other amino acid residues (103 M−1) in water as a
result of the formation of inclusion complexes.13,41 The size of
the CB[7] cavity (Vol = 279 Å3) is sufficient to accommodate
larger single amino acid residues, which maximizes the
energetic contribution from the release of high-energy water
according to molecular dynamics (MD) simulations.42 Similar
to sclx4, CB[7] can very selectively recognize methylated lysine
and arginine. Interestingly, ion−dipole interactions and the
hydrophobic effect are the main contributors instead of
cation−π interactions, as shown by the decrease in association
upon systematic replacement of the methyl groups with
hydrogen atoms at the terminal ammonium group (KLysMe3 =

106 M−1, KLysMe2 = 104 M−1, KLysMe = 103 M−1, KLys = 102

M−1).43 Also, the aromatic amino acids (phenylalanine (Phe),
tyrosine (Tyr), and tryptophan (Trp)) form strong complexes
with CB[7] with association constants in the 105 M−1

range.13,44 The free ammonium group of these single amino
acids contributes to the high binding affinity and selectivity of
CB[7] for aromatic dipeptides. This was shown by ITC
experiments performed by Rekharsky et al.41 where a 2000−
23000-fold increase in affinity was measured for N-terminal
aromatic amino acids compared with their C-terminal counter-
parts. These observations are supported by work performed by
Urbach and co-workers, who obtained structural information
on the binding of CB[7] with the N-terminal Phe of insulin via
X-ray cocrystallography (Figure 2c).45 In the crystal structure,
CB[7] binds this solvent-exposed N-terminal aromatic residue
of insulin with a high selectivity over proteins that lack an N-
terminal Phe. The phenyl ring and peptide backbone are clearly
observed in the hydrophobic cavity, while the N-terminal
ammonium group stabilizes the Phe−CB[7] complex by
interacting with the carbonyl oxygens at the rim of CB[7].
CB[7] buries 200 Å2 of the solvent-exposed surface of insulin,
resulting in a substantial displacement of the N-terminal Phe
from its native position. The high selectivity and structural
information for this native protein sequence can facilitate the
development of CB[7] as an interesting orthogonal protein
tag46 and the exploration for new chemical receptors as well as
noncanonical amino acid guests with improved binding
affinities.47

CB[8] (Vol = 479 Å3) can host even larger hydrophobic
residues or multiple amino acid side chains through the
formation of homo- or heteroternary complexes.40 CB[8]
recognizes single amino acid residues through the binding of
auxiliary guests like methyl viologen (MV) with Phe-, Tyr-, and
Trp-containing peptides.48 Alternatively, CB[8] can also form
homoternary complexes directly with Trp and Phe in a
noncooperative and cooperative manner, respectively (Kter =

109−1011 M−2).49 Complexation of the small WGG tripeptide
with CB[8] (Figure 2d) is stabilized by multiple interactions
with the carbonyl oxygens at the CB[8] rim. These interactions
include (1) ion−dipole interactions and hydrogen bonds with
the N-terminal ammonium cation, (2) bifurcated dipole−dipole
interactions with the indolic NH of the tryptophan side chain,
and (3) a hydrogen bond and bifurcated dipole−dipole
interactions with the peptidic backbone. In this manner, six
of the eight available carbonyl groups are occupied at one
portal, thus explaining the increase in affinity of the tripeptide
compared with monomeric Trp.49 The crystal structure of
CB[8] with FGG shows the homoternary complex with the two
phenyl groups in a parallel orientation at the center of the
CB[8] cavity, engaging in π−π stacking and extensive van der
Waals contact (Figure 2d). Also, all of the ordered water
molecules have been expelled, and similar to WGG, an ion−
dipole interaction between the ammonium groups and carbonyl
oxygens and additional polar interactions between the back-
bone and carbonyl oxygens are observed. Combined, these
observations account for the positive cooperativity observed for
this system and clarify the selectivity of CB[8] for binding to N-
terminal hydrophobic residues.49,50 Recently, Urbach and
colleagues convincingly showed the very strong binding of
the Tyr-Leu-Ala tripeptide via CB[8]-induced folding and
inclusion of neighboring side chains.51 This result provides an
entry toward antibody-like specificity for supramolecular host
recognition. The recognition of internal peptide motifs with a
preformed MV−CB[8] complex using a phage-display-based
approach52 led to the discovery of a three amino acid motif that
bound with micromolar affinity to MV−CB[8]. Impressively,
this host−guest binding persisted when incorporated into the
immunoglobulin-like Tn3 protein, creating further opportuni-
ties for selective protein recognition against this target and
others.

■ PROTEIN RECOGNITION

The fact that protein assembly is typically governed by
hydrophobic and electrostatic interactions1,7,8 presents the
opportunity to modulate these processes using synthetic
supramolecular systems.53 The design of supramolecular
systems for protein surface recognition is, however, compli-
cated by the need to account for the topology and chemistry of
neighboring amino acids. Analysis of the mode of action of
supramolecular protein recognition events is therefore of
importance for subsequent attempts at the rational design of
selective host ligands.
Hamilton and co-workers were the first to make use of

calix[4]arenes to target proteins and functionally inhibit PPIs
by covering a large protein surface (>600 Å2).54 Inspired by the
structure of antibodies, these authors linked several peptide
loops to the upper rim of calix[4]arene. This generated
scaffolds that presented multiple binding groups over a large
surface to induce high-affinity binding via cooperative supra-
molecular interactions. The cone-shaped geometry and charge-
complementary peptides were designed to cap the positively
charged belt close to the heme edge of cytochrome c (cyt-c). As
a result, the binding of cyt-c to its natural protein partner,
cytochrome c peroxidase (CCP), was blocked.55 By tuning of
the peptide loops, several different proteins and their
functionalities could be targeted by calixarenes. Prominent
examples include the inhibition of the proteolytic activity of α-
chymotrypsin56 and binders to vascular endothelial growth
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factor and platelet-derived growth factor that blocked the
binding to their correspondent receptors.57−59

Metal complexes are another current supramolecular host for
the recognition of protein surface elements.60 The recent work
of Wilson and co-workers on ruthenium complexes is of
particular interest because of the detailed thermodynamic and
structural analysis of the mode of action for protein−surface
recognition.61 Carboxylate-functionalized tris(bipyridine)-
ruthenium(II) (RuII(bpy)3) complexes were employed for the
recognition of cyt-c and inhibition of the cyt-c−CCP
interaction. Via a luminescence quenching assay and sub-
sequently van’t Hoff analyses, the Kd and thermodynamic
parameters for complexation of cyt-c with different carboxylate-
functionalized RuII(bpy)3 complexes were determined. The
binding event was shown to be driven by electrostatic
interactions and entropically favorable. Increasing the number
of carboxylate groups in RuII(bpy)3 resulted in a higher affinity
for cyt-c through an increased enthalpic contribution. Structural
solution-based data were obtained via 1H−15N HSQC NMR
spectroscopy, revealing a similar binding site for cyt-c by the
metal complexes as observed for CCP, indicating an orthosteric
mode of inhibition.
The binding of CB to peptides or proteins can be used to

modulate the activity of biomolecules. Data from tandem MS
analysis suggest that the binding of CB[6] to several Lys
residues on the surface of ubiquitin leads to changes in the
conformation of this protein.62 CB[7]’s high binding affinity for
aromatic residues formed the basis of the inhibition of
aminopeptidase N,63,64 type-II endonuclease,65 and amyloid
fibrillation.66 Host molecules are particularly well suited as
inhibitors for amyloid fibrillation. Besides CB[7],66 cyclo-
dextrins,67 calixarenes,68 and especially molecular tweezers17

have been reported to inhibit amyloid fibrillation. The tweezer
CLR01 was shown to efficiently inhibit the self-assembly and/
or toxicity of multiple amyloids by disrupting electrostatic and
hydrophobic interactions that are important contributors to the
formation of amyloids.69−73 By targeting the whole amyloid
formation process rather than a specific protein, CLR01 has
potential therapeutic benefit for multiple amyloidosis-related
diseases.74 CLR01 was also effective in animal models of
Alzheimer’s75 and Parkinson’s76 disease, making it a promising

lead for clinical trials.17,77 However, the exact mechanisms
behind these inhibitory effects frequently remain unknown.
More structural data will certainly help to bridge this
knowledge gap and boost the applicability of host molecules
for protein inhibition.
In 2013, the cocrystal structure of CLR01 with a 14-3-3

protein dimer was reported.78 In accordance with MD
simulations, the binding mechanism of CLR01 with 14-3-3
was resolved. Remarkably, only a single host−guest complex
was formed at a single surface-exposed Lys214 residue (Figure
3a). In the crystal structure, the CLR01 host almost completely
embraces this Lys214. One of the two phosphate groups of
CLR01 interacts with the Lys residue, while the second
phosphate moiety remains solvated. CLR01’s preferential
binding of Lys214 can be explained by the unique environment
surrounding the amino acid residues. The protein shields
CLR01 from bulk water via three neighboring apolar residues,
and Lys214 is without neighboring Lys or Arg residues, thereby
providing an optimal molecular fit. Lys214 is positioned close
to the binding region of many 14-3-3 binding partners. The
binding of CLR01 to Lys214 inhibits the subsequent binding of
14-3-3 with its interaction partners such as the proteins C-
RafpS259 and ExoS. The interaction with CLR01 provides a
steric blockade for the interaction partners, as revealed by
superposition of 14-3-3 with C-RafpS259 (Figure 3a, green
peptide). Information on the specific requirements for
supramolecular complex formation with proteins, garnered
from similar crystallographic studies, will aid in the design of
stronger and more specific protein modulators, for example
through redesign of the phosphate groups in the case of
CLR01.
In 2012, the first crystal structure of a calixarene-bound

protein, specifically sclx4 bound to cyt-c, was reported.79 By the
combination of crystallography data with binding data obtained
in solution from NMR titration experiments, the dynamic
peripheral superficial binding of sclx4 with cyt-c was explored.
The crystal structure implicates the presence of three different
binding sites, all involving a Lys side chain (Figure 3b). All
three Lys side chains adopt a bent conformation, thereby
enabling the formation of salt bridges with the sulfonate
substituents and displacement of water from the hydrophobic

Figure 3. (a) Crystal structure of CLR01 (yellow) bound to 14-3-3σ (gray) (PDB entry 4HQW) and superimposition with C-RafpS259 (green),
revealing the steric clash with a zoom in on the CLR01 binding site with Lys214. (b) Crystal structure of sclx4 bound at three positions to an
asymmetric cyt-c dimer with a zoom in on the calixarene binding site with Lys89 (PDB entry 3TYI). (c) Crystal structure of the asymmetric
dimethyllysine lysozyme dimer bound to sclx4 with a zoom in on the calixarene binding site with Lys116-Me2 (PDB 4N0J).
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calixarene interior. Dependent upon the position of the Lys,
additional polar contacts were made by sclx4 with neighboring
polar residues or the backbone amides. For example, two of the
sulfonates form a salt bridge with Lys89 while a third salt bridge
interacts with the neighboring Lys5 residue (Figure 3b, zoom).
The sulfonate-bearing rim also induces the formation of
hydrogen bonds with Asn92 and the amide backbone of
Lys89. Furthermore, cation−π interactions with the Cε of
Lys89 are present. The multiple binding sites observed by X-ray
crystallography, along with NMR mapping studies, inspired the
authors to construct a model in which sclx4 explores the surface
of cyt-c, thereby camouflaging the charge-rich, solvent-exposed
surface of cyt-c. Recently, this transient alteration of the protein
surface has been shown on human ubiquitin for supramolecular
anions like sclx4 and CLR01.80 The gained structural
information casts light on the interactions that are important
for the development of (small) supramolecular host molecules
for protein−surface recognition. Unsymmetrical sclx4 calixar-
ene analogues, larger cavities,81 or functionalized peripheries
promise to increase the specificity of these host molecules.
Sclx4 binds selectively to methylated lysines over regular Lys,

as was recently shown by Crowley and co-workers.82 A
dimethyllysine lysozyme variant was studied for specific
calixarene recognition using crystallography and NMR spec-
troscopy. Of the six available LysMe2 residues present on the

lysozyme surface, only Lys116Me2 was buried in the calixarene
cavity as a result of its steric accessibility and an advantageous
local charge environment. In contrast to Lys−sclx4 complex-
ation, LysMe2 binds with one of its methyl groups in the center
of the calixarene to maximize cation−π bonds (Figure 3c).
Besides the binding of Lys116Me2, sclx4 was also found by X-ray
crystallography to bind to Arg14 despite the 50-fold greater
affinity for LysMe2 amino acids in comparison with free Arg.9

This work perfectly highlights how both protein surface
topology and the molecular structure of the host molecule

can influence the supramolecular protein binding. Structural
data can therefore be useful to further elucidate the role of
neighboring moieties on the recognition by supramolecular
systems in order to assist in the design of supramolecular PPI
modulators.

■ PROTEIN ASSEMBLY AND MODULATION

Many proteins form assemblies to execute various functions in
the cell. Different supramolecular approaches to control
assembly of proteins and modulate their correlated function
are under development. In this context, structural insights
acquired through the structural elucidation of interactions
between cellular components will help with the design of more
complex assembly systems.
Mendoza and co-workers were one of the first to use

designed supramolecular elements to modulate protein
assembly and elucidate the role of the supramolecular host
molecules in the assembly process. Two calix[4]arenes, each
with four cationic guanidiniomethyl groups on their upper rim
and loops on their lower rim, rescued the tetramer formation of
p53 from the tetramer-destabilizing R337H mutation.83 The
hydrophobic surface of the calix[4]arene fits cooperatively in
the hydrophobic slit between two monomers while the
guanidine moieties on the upper rim enhance the tetrameriza-
tion via ion pairing and hydrogen bonding with glutamate
residues on the surface of the protein. The tetramerization
could be further improved by exchanging the loops on the
lower rim for the more flexible propyl side chain, demonstrating
the importance of side-chain flexibility for the proper molecular
recognition of motifs.84 Kamada et al. showed that a
calix[6]arene modified with imidazoles on the upper rim
could stabilize the tetramerization of the p53 mutant under
physiological conditions, thereby enhancing the in vivo
transcriptional activity of the protein.85

The capacity of CB[8] to simultaneously bind two N-
terminal Phe’s laid the foundations for its use as a supra-

Figure 4. Supramolecular-mediated assembly of proteins. (a) Crystal structure of the 14-3-3/FGG-ERα/CB[8] complex (PDB entry 5N10). (b)
Crystal structure of the linear assembly of lysozyme tetramers by sclx4 (PDB entry 4PRQ). (c) Crystal structure of foldamer-induced dimerization of
HCA (PDB entry 4LP6). (d) Dynamic supramolecular platform for protein assembly and interactions. (e) Self-assembly of heme-functionalized
hemoproteins into protein nanowires.
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molecular inducer of protein dimerization. Introduction of
genetically encoded N-terminal FGG motifs into fluorescent
proteins enabled their reversible assembly into 1:2 ternary
complexes with CB[8].86 Subsequently, the addition of CB[8]
resulted in energy transfer between two proteins, of either the
homo-FRET or hetero-FRET type, in line with homo- or
heterodimerization of the different fluorescent proteins. Via
additional engineering of the protein surface, bivalent interplay
between an intrinsic affinity for the protein to dimerize and
supramolecular dimerization was possible, resulting in the
formation of well-defined protein tetramers.87 Eventually, the
functionality of the CB[8]-induced protein dimerization could
be brought into play to control the activity of enzymes. By
equipping inactive monomeric caspase-9 with an N-terminal
FGG motif, its assembly into an active dimer could be
controlled by CB[8].88 Addition of CB[8] to a solution of
caspase-9 led to 50-fold enhanced enzymatic activity.
Alternatively, CB[8] was also used as a supramolecular platform
to induce cooperative heterodimerization of a split luciferase.
The two inactive halves of the split luciferase were assembled
into a functionally reinstated enzyme upon addition of CB[8]
with the capability of iterative on and off switching as well.89

Supramolecular platforms such as CB[8] thus show great
potential for stabilization of PPIs.
De Vink et al. further explored CB[8]-mediated stabilization,

this time targeting the dimeric 14-3-3 adapter protein.90 By
fusion of the FGG motif to 14-3-3 binding epitopes of estrogen
receptor α (ERα), a binary and bivalent protein assembly
platform was constructed. The two FGG-functionalized 14-3-3
binding epitopes were shown to govern the formation of this
platform, which was synergistically directed by the CB[8] host
and 14-3-3 protein dimer, as shown by fluorescence spectros-
copy assays. Additionally, a cocrystal structure of the 14-3-3/
FGG-ERα/CB[8] complex was solved, showing the binding of
FGG-ERα to one 14-3-3 dimer and CB[8] via the FGG motif
(Figure 4a). A second FGG motif, from a symmetry related 14-
3-3 dimer, also bound to CB[8] in a similar mode. Interestingly,
additional polar and hydrophobic contacts between CB[8] and
FGG-ERα were observed, as well as a water network
established by amino acid residues from the 14-3-3, which
lock CB[8] into place in the crystal.
Foldamers are another interesting class of synthetic supra-

molecular systems, inspired by natural folding biomole-
cules.91,92 While they are heavily used to mimic folded
peptides, their exploration for use as orthogonal supramolecular
inducers of protein assembly has just been ignited. Huc and co-
workers made use of an aromatic foldamer to induce the
dimerization of human carbonic anhydrase II (HCA).93 A
nanomolar HCA ligand was tethered to the helical aromatic
oligoamide foldamers to allow for the screening and visual-
ization of foldamer−protein interactions and acquire key
features for protein−foldamer recognition. After a small
screening campaign, a crystal structure was solved showing a
substantial number of interactions between the foldamers and
proteins themselves as well as between the protein and
foldamer (Figure 4c). The foldamers protrude from the HCA
to establish interactions with the opposite HCA protein and
induce a clipped conformation between the first quinoline units
of the foldamers. Additionally, protein−protein interactions
occur through the formation of hydrogen bonds, bridged by
water molecules, and the coordination of Zn2+, which induce
the formation of the quaternary complex.

Recently, structural solution studies using NMR spectrosco-
py revealed an interesting buffer-dependent formation of
HCA−foldamer dimers.94 Additionally, there is a strong
foldamer sequence dependence of the assembly behavior.95

Novel protein−foldamer stoichiometries were observed with, as
an exceptional highlight, the structural elucidation of a protein−
foldamer complex consisting of two proteins and three
foldamers. Two of the foldamers are bound to the HCA via a
ligand, and the third foldamer is sandwiched between these two
foldamers as a kind of molecular glue.
Besides the formation of well-defined protein oligomers,

many proteins assemble to form larger oligomers, for example
by interacting with cofactors, substrates, inhibitors, or protein
partners. As a result, interprotein interactions have been widely
explored for the development of supramolecular protein
polymers.94,96 Alternatively, as considered in this next section
of the Perspective, the protein assembly process can be induced
or steered by synthetic supramolecular systems, providing an
orthogonal entry to and control over novel types of
architectures. The sulfonated calix[4]arene sclx4 can induce
the linear assembly of lysozyme tetramers under appropriate
conditions, as clarified by a crystal structure (Figure 4b).97

Sclx4 binds to the highly exposed C-terminal Arg128 in a side-
on binding mode, as previously seen for Lys.35 The side-on
conformation allows for the formation of salt bridges between
the solvent-exposed guanidinium group and two of the upper-
rim sulfonate groups. The partially cationic Cδ sits in proximity
to the phenyl rings of sclx4, suggesting additional cation−π
interactions. A second sclx4 forms a complex with a Mg2+

cation and a poly(ethylene glycol) fragment. Two sclx4−
Mg2+−PEG complexes from neighboring tetramers are within
range for van der Waals contact, thereby possibly connecting
two tetramers. Recent work by Crowley and co-workers81 also
shows the ability of p-phosphonatocalix[6]arene (pclx6) to
mediate protein dimerization as a result of the dimeric packing
of two pclx6. The assemblies of pclx6 with cyt-c were
structurally (i.e. X-ray crystallography) as well as dynamically
characterized and shown to bind more specifically than sclx4 by
nestling at only a single site on the protein surface.
Liu et al. used the ternary complexation of FGG with CB[8]

to construct supramolecular protein materials.98 Nanowires
were obtained by combining the CB[8]-based assembly with
glutathione S-transferase (GST) recognition. A GST homo-
dimer protein was provided with N-terminal FGG tags.
Addition of CB[8] resulted in supramolecular polymerization
into the nanowires, as was shown for example by atomic force
microscopy (AFM). The GST scaffold could be functionalized
with an additionally incorporated glutathione peroxidase mimic
to generate nanowires with antioxidant properties. A similar
design strategy was used to develop a self-assembling protein
nanospring.99 By generation of a fusion protein of GST with
Ca2+-sensitive recoverin and the FGG tag, a fully reversible
supramolecular protein nanospring was generated that extends
or contracts depending on the binding or release of Ca2+. To
circumvent the spatial limitation of the FGG tag on proteins,
Liu and co-workers100 designed a maleimide-functionalized
FGG tag. This tag could site-selectively introduce FGG
moieties over the protein surface, thereby expanding the
number of possible configurations of host−guest-driven protein
assemblies. Different morphologies ranging from nanorings to
superwires could be obtained by controlling the concentration
of FGG-modified GST and the stoichiometry between the
protein and CB[8].
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Synthetic supramolecular systems can also be covalently
attached to proteins to steer interactions between the proteins
by creating a dynamic assembly platform (Figure 4d). Flat disc-
shaped molecules were conjugated to proteins, resulting in the
formation of self-assembled columnar structures with proteins
at their periphery. In this manner, different fluorescently labeled
streptavidin constructs could be brought into proximity, as
evidenced by efficient energy transfer.101 The reversible
supramolecular platform allowed for reorganization of the
assembled protein upon the addition of additional supra-
molecular components. Via this approach the distance between
a cyan fluorescent protein and yellow fluorescent protein could
be tuned with resulting changes in the energy transfer
efficiency.102

The natural supramolecular elements of proteins can also be
manipulated to generate supramolecular protein materials.
Hayashi and co-workers used the interactions between a heme
protein and its heme cofactor to design different supra-
molecular polymeric protein networks (Figure 4e).103 Fibrous,
one-dimensional self-assembled protein polymers were gen-
erated by covalently attaching a heme to a heme protein,
resulting in a head-to-tail self-assembly motif, as confirmed by
AFM. The structure could be controlled thermodynamically or
via the addition of native heme and could be regulated by
varying the pH, thus rendering them promising stimuli-
responsive functional nanobiomaterials.103,104 Intermixing of
heme protein with a heme triad induced the formation of two-
dimensional networks. The branching pattern of the network
could be controlled by alternating the stoichiometry between
the protein and heme triad building blocks.105 Also, linear
heterotrophic protein assemblies of alternating dimeric
myoglobin and tetrameric streptavidin were realized with a
heme−biotin conjugate designed as the artificial cofactor.106

These examples show that, especially at the interface of
synthetic supramolecular systems and protein engineering,
many opportunities exist to control protein assembly and make
new protein materials by taking the best of both worlds.

■ CONCLUSIONS
Synthetic supramolecular host molecules have already shown
applications in the life sciences, notably as drug delivery107−109

and scavenger reagents (e.g., sugammadex).110 As highlighted
in this Perspective, supramolecular host molecules are now also
becoming of interest as drug concepts themselves. Synthetic
host molecules show particular promise as an approach to
modulating PPIs. This is illustrated by encouraging results
obtained using the CLR01 molecular tweezer in amyloid
fibrillation studies, which are currently progressing toward
clinical trials.75,76

To develop this field and its application further, an exact
understanding of the molecular interplay of supramolecular
systems with proteins is required. Structural data obtained from
techniques like NMR and crystallography have provided first
insights into the supramolecular forces at play. Especially the
crystal structures of host−protein complexes have been of great
value for understanding the roles of topology and the chemistry
of neighboring amino acids. This has opened the way for the
development of supramolecular binders with high affinities and
specificities. Tuning of the molecular structure of the host
molecule or generation of multimeric hosts are open avenues
for supramolecular chemists to follow in order to address the
plethora of proteins and their PPIs. Alternatively, the
combination of the fields of supramolecular chemistry and

protein engineering has resulted in novel modes of control over
protein assembly and the formation of protein materials. These
systems provide novel tools to study the effects of protein
assembly in a controlled and reversible manner and to generate
responsive protein materials for advanced applications in signal
amplification and sensing. Supramolecular chemistry targeting
proteins has a bright future ahead.
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Mendoza, J.; Giralt, E. Chem. - Asian J. 2011, 6 (6), 1463.
(85) Kamada, R.; Yoshino, W.; Nomura, T.; Chuman, Y.; Imagawa,
T.; Suzuki, T.; Sakaguchi, K. Bioorg. Med. Chem. Lett. 2010, 20 (15),
4412.
(86) Ramaekers, M.; Wijnands, S. P. W.; van Dongen, J. L. J.;
Brunsveld, L.; Dankers, P. Y. W. Chem. Commun. 2015, 51 (15), 3147.
(87) Dang, D. T.; Schill, J.; Brunsveld, L. Chem. Sci. 2012, 3 (9),
2679.
(88) Dang, D. T.; Nguyen, H. D.; Merkx, M.; Brunsveld, L. Angew.
Chem., Int. Ed. 2013, 52 (10), 2915.
(89) Bosmans, R. P. G.; Briels, J. M.; Milroy, L.-G.; de Greef, T. F. A.;
Merkx, M.; Brunsveld, L. Angew. Chem., Int. Ed. 2016, 55 (31), 8899.
(90) de Vink, P. J.; Briels, J. M.; Schrader, T.; Milroy, L.-G.;
Brunsveld, L.; Ottmann, C. Angew. Chem., Int. Ed. 2017, 56 (31), 8998.
(91) Goodman, C. M.; Choi, S.; Shandler, S.; DeGrado, W. F. Nat.
Chem. Biol. 2007, 3 (5), 252.
(92) Gellman, S. H. Acc. Chem. Res. 1998, 31 (4), 173.
(93) Buratto, J.; Colombo, C.; Stupfel, M.; Dawson, S. J.; Dolain, C.;
Langlois d’Estaintot, B.; Fischer, L.; Granier, T.; Laguerre, M.; Gallois,
B.; Huc, I. Angew. Chem., Int. Ed. 2014, 53 (3), 883.
(94) Jewginski, M.; Fischer, L.; Colombo, C.; Huc, I.; Mackereth, C.
D. ChemBioChem 2016, 17 (8), 727.
(95) Jewginski, M.; Granier, T.; Langlois d’Estaintot, B.; Fischer, L.;
Mackereth, C. D.; Huc, I. J. Am. Chem. Soc. 2017, 139 (8), 2928.
(96) Luo, Q.; Hou, C.; Bai, Y.; Wang, R.; Liu, J. Chem. Rev. 2016, 116
(22), 13571.
(97) McGovern, R. E.; McCarthy, A. A.; Crowley, P. B. Chem.
Commun. 2014, 50 (72), 10412.
(98) Hou, C.; Li, J.; Zhao, L.; Zhang, W.; Luo, Q.; Dong, Z.; Xu, J.;
Liu, J. Angew. Chem., Int. Ed. 2013, 52 (21), 5590.
(99) Si, C.; Li, J.; Luo, Q.; Hou, C.; Pan, T.; Li, H.; Liu, J. Chem.
Commun. 2016, 52 (14), 2924.
(100) Li, X.; Bai, Y.; Huang, Z.; Si, C.; Dong, Z.; Luo, Q.; Liu, J.
Nanoscale 2017, 9 (23), 7991.
(101) Müller, M. K.; Petkau, K.; Brunsveld, L. Chem. Commun. 2011,
47 (1), 310.
(102) Petkau-Milroy, K.; Uhlenheuer, D. A.; Spiering, A. J. H.;
Vekemans, J. A. J. M.; Brunsveld, L. Chem. Sci. 2013, 4 (7), 2886.
(103) Oohora, K.; Onoda, A.; Hayashi, T. Chem. Commun. 2012, 48
(96), 11714.
(104) Kitagishi, H.; Oohora, K.; Yamaguchi, H.; Sato, H.; Matsuo, T.;
Harada, A.; Hayashi, T. J. Am. Chem. Soc. 2007, 129 (34), 10326.
(105) Kitagishi, H.; Kakikura, Y.; Yamaguchi, H.; Oohora, K.;
Harada, A.; Hayashi, T. Angew. Chem., Int. Ed. 2009, 48 (7), 1271.
(106) Oohora, K.; Burazerovic, S.; Onoda, A.; Wilson, Y. M.; Ward,
T. R.; Hayashi, T. Angew. Chem., Int. Ed. 2012, 51 (16), 3818.
(107) Davis, M. E.; Brewster, M. E. Nat. Rev. Drug Discovery 2004, 3
(12), 1023.
(108) Supramolecular Systems in Biomedical Fields; Schneider, H.-J.,
Ed.; Monographs in Supramolecular Chemistry; RSC Publishing:
Cambridge, U.K., 2013.
(109) Webber, M. J.; Langer, R. Chem. Soc. Rev. 2017, DOI: 10.1039/
C7CS00391A.
(110) Bom, A.; Bradley, M.; Cameron, K.; Clark, J. K.; Van Egmond,
J.; Feilden, H.; MacLean, E. J.; Muir, A. W.; Palin, R.; Rees, D. C.;
Zhang, M.-Q. Angew. Chem., Int. Ed. 2002, 41 (2), 265.

Journal of the American Chemical Society Perspective

DOI: 10.1021/jacs.7b01979
J. Am. Chem. Soc. 2017, 139, 13960−13968

13968

http://dx.doi.org/10.1039/C7CS00391A
http://dx.doi.org/10.1039/C7CS00391A
http://dx.doi.org/10.1021/jacs.7b01979

