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1. Introduction

Molecular recognition of peptides and proteins by
cucurbit[n]urils: systems and applications
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Lauren B. Kimberly,® Keturah Odoi-Adams, {2° Paolo Suating, 2@
Hailey F. Taylor, 2° Sara A. Trauth (¢ and Adam R. Urbach (=) *®

The development of methodology for attaching ligand binding sites to proteins of interest has
accelerated biomedical science. Such protein tags have widespread applications as well as properties
that significantly limit their utility. This review describes the mechanisms and applications of
supramolecular systems comprising the synthetic receptors cucurbit[7]uril (Q7) or cucurbit[8]uril (Q8)
and their polypeptide ligands. Molecular recognition of peptides and proteins occurs at sites of 1-3
amino acids with high selectivity and affinity via several distinct mechanisms, which are supported by
extensive thermodynamic and structural studies in aqueous media. The commercial availability, low cost,
high stability, and biocompatibility of these synthetic receptors has led to the development of myriad
applications. This comprehensive review compiles the molecular recognition studies and the resulting
applications with the goals of providing a valuable resource to the community and inspiring the next
generation of innovation.

proteins and their isolation from complex mixtures, the addi-
tion of new functionality, and both the enhancement of solu-

Protein affinity tags are an essential tool of modern chemical bility and the promotion of crystallization."™ Affinity tags can
biology with many established uses, including the detection of be added to proteins via several different approaches, most
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commonly with genetic engineering but also via posttransla-
tional and chemical modification. Compared to the size of the
target protein, a tag may be relatively small (e.g,, peptide
epitopes Hiss, FLAG, or Myc) or large (e.g., glutathione-S-
transferase or maltose-binding protein) and often alters the
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structure and/or function of the protein in undesirable ways,
necessitating removal of the tag.*”” The binding partners for an
affinity tag (e.g., monoclonal antibodies) can be costly to obtain
or develop. His tags are an important exception to these general
limitations because they are small and can be bound with
commercially available and chemically modifiable metal com-
plexes. Some major disadvantages of His tags are the need for
low pH or high concentrations of imidazole to dissociate the
complex, the limited binding affinity, and the incompatibility
with reducing conditions, EDTA, and certain detergents.®® The
proven utility, future potential, and general limitations of
affinity tags justify their further development. This review
focuses on protein tags composed of 1-3 amino acid residues,
ie.,, “minimal” protein tags, which are bound tightly and
selectively by small, stable, inexpensive, and biocompatible
synthetic receptors (Fig. 1). A 1-3 residue site cannot form a
predictably folded structure, and when installed at the termi-
nus of a protein, the site is even more likely to be structurally
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disordered and fully solvent-exposed, thus facilitating encapsu-
lation by a synthetic receptor.

The complex between an affinity tag and its binding partner
requires a substantial interfacial surface area.’ In contrast to a
folded protein, which can create a large binding interface by
including a small molecule ligand within a well-defined bind-
ing cavity (Fig. 2a), the solvent-accessible surface of a minimal
affinity tag is convex in shape and requires its binding partner
to have a cavity (Fig. 2b). Natural protein/peptide receptors and
enzymes, such as antibodies, N-recognins, proteases, and
kinases have defined target binding sites within cavities."’

Small peptides are conformationally disordered and highly
solvent-accessible. Therefore, they are good models for intrin-
sically disordered regions (IDRs) of proteins, while being less
expensive to make and modify and easier to characterize by
chemical methods. We hypothesize that receptors for small
peptides should, in general, translate to intrinsically disordered
regions of proteins such as termini and disordered loops."?
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Extensive work on developing synthetic receptors for peptides
in aqueous solution was pioneered by Breslow, Hamilton, Kelly,
Nowick, Schneider, Schmuck, Still, and others and has led to
various strategies for targeting the ionic, polar, aromatic, and
aliphatic functional groups of peptides.'*'*> Having a target site
limited to 1-3 amino acid residues dictates that binding must
be highly efficient on a per-residue basis. Although binding
affinity and selectivity in the early systems was modest when
compared with what is possible in biology, the highest affinity
noncovalent complexes between synthetic receptors and pep-
tides in aqueous solution have involved the inclusion of aro-
matic residues,'®™"° which are extraordinarily efficient on a per-
residue basis, as discussed further below.

Targeting small sites, however, has the inherent problem of
selectivity in a proteomic context. As an illustration of this
problem, the crystal structure of cytochrome ¢ bound to p-
sulfonatocalix[4]calixarene shows multiple receptors bound to
the surface of this relatively small protein (Fig. 1b)."> In this
review, we describe in detail how the properties of the
cucurbit[z]uril (Qn) family of synthetic receptors have allowed
them to target peptides and proteins in aqueous solution with
sequence-selectively and with high affinity, and how these
applications have enabled the development of myriad applica-
tions as affinity tags for peptides and proteins.

Cucurbit[n]urils (Qn’s) are a family of synthetic macrocyclic
receptors composed of bis(methylene)-linked glycoluril units
(Fig. 3).°7” The cavities of Qn’s are hydrophobic, which drives
the inclusion of nonpolar groups via the exothermic release of
water molecules upon guest binding.® The two identical and
constricted entrances to a Qn cavity are lined with C=0 groups
that bind cations such as organic ammonium groups and metal
cations.”* The smaller cavity of cucurbit{6]uril (Q6) can accom-
modate alkyl groups, whereas the larger cavity of Q7 can
accommodate larger guests, with optimal size complementarity
for adamantane and ferrocene.?>?® The cavity of Q8 can
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accommodate even larger guests and, importantly, two guests
simultaneously.””*® Qn’s bind to a wide range of guests in
aqueous solution with equilibrium association constant (K,)
values up to 10" M '?° which has led to applications in
sensing, separations, remediation, catalysis, drug delivery,
polymerization, and gelation, among many others.>> Here, we
focus on the basic science and applications of the molecular
recognition of peptides and proteins by Qn receptors.

The vast majority of the work on peptide recognition by Qn
receptors has involved Q7 and Q8, which have an inner cavity
volume sufficient to accommodate the side chain(s) of one or
two amino acid residue(s). Our first studies in this area fol-
lowed the pioneering work of Kimoon Kim and coworkers, who
reported the formation of ternary complexes in which Q8 binds
either two of the same guest (ie., homoternary)*’ or two
different guests (i.e., heteroternary).”® They showed that Q8
binds methyl viologen (MV) but not 2,6-dihydroxynaphthalene
(HN), and that the Q8-MV complex binds HN as a second guest
to form the heteroternary Q8-MV-HN complex (Fig. 4). A crystal
structure shows HN and a viologen stacking face-to-face in the
cavity of Q8 in the solid state, and NMR data show that both MV
and HN are included simultaneously within the Q8 cavity in the
solution state. The binding of HN to Q8-MV results in the
growth and red-shifting of a visible charge-transfer absorbance
and a quenching of naphthalene fluorescence, which corrobo-
rates the simultaneous inclusion of both aromatic guests in the
Q8 cavity.”®

In parallel with their report on hetero-guest pairs, Kim and
coworkers filed a patent claiming that Q8-MV can also bind to
aromatic second guests including tryptophan, tyrosine, and
dopamine.®" This finding inspired us to further explore the
binding of amino acids by Q8-MV.*° We measured the solubility
of Q8 in our standard buffer, 10 mM sodium phosphate, pH 7.0
(100 uM), and the K, value (8.5 x 10> M~ ") for the formation of
the Q8-MV complex. Isothermal titration calorimetry (ITC)
experiments showed that the Q8-MV complex binds to trypto-
phan with a K, value of 4.3 x 10 M™" and with 8-fold selectivity
over phenylalanine and 20-fold selectivity over tyrosine.** No
binding was observed for the other 17 amino acids by ITC or by
NMR spectroscopy.””*> Based on the driving forces for cucur-
bituril binding, we would expect hydrophobic and basic (i.e.,
cationic) amino acids to be preferred, but only tryptophan,
phenylalanine, and tyrosine bind measurably. A comparative
analysis of the side chains of the 20 genetically encoded amino
acids, in terms of their solvent-exposed surface areas and their
transfer energies from water to cyclohexane solution (Fig. 5),* " is
consistent with a combination of size and hydrophobicity driving the
binding of tryptophan, phenylalanine, and tyrosine. Leucine and
isoleucine are more hydrophobic but smaller than tryptophan and
thus would not displace as many water molecules upon binding.
Arginine and lysine are large but too hydrophilic to bind stably
within the Q8 cavity.

Synthetic receptors need efficient ligands, and aromatic
residues are particularly efficient. Aromatic residues are espe-
cially versatile for intermolecular interactions, with binding
driven significantly by electrostatic, van der Waals, and
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Fig. 1 Overview of the systems of sequence-predictive molecular recognition by cucurbit[n]urils and the applications they have enabled.

hydrophobic interactions.*>® Aromatic groups bind electrostati-
cally to cations, hydrogen bond donors, and other aromatic
groups via their quadrupole moments. The large, nonpolar
surface areas of aromatic groups allow extensive van der Waals
interactions and the release of many water molecules upon
binding. The high structural rigidity minimizes the loss of
conformational entropy upon binding. The aromatic residues
tryptophan (Trp), phenylalanine (Phe), and tyrosine (Tyr) have a
unique combination of characteristics, being the largest and
most hydrophobic residues. Mutational studies of protein-
protein interactions have found that on a per-residue basis,
aromatic residues contribute significantly more than non-
aromatic residues to the stability of protein-protein
interactions.’”° It is perhaps not surprising, therefore, that
aromatic residues can be bound with high affinity by synthetic
receptors.

Chem. Soc. Rev.

2. Mechanisms of peptide and protein
recognition by cucurbit[n]urils

2.1.
cucurbit[8]uril

Discovery of sequence-selective peptide recognition by

In the Q8MV-Trp aqueous complex at pH 7.0,>° there is
unusually high electrostatic charge density, including the dica-
tionic MV, the zwitterionic tryptophan, and the concentrated
negative electrostatic potential of the C=O groups of Q8. To
probe the influence of charge on binding, we studied the
binding of Q8-MV with a series of tryptophan derivatives that
vary in the type, number, and location of charge (Fig. 6).
Compared to tryptophan, tryptamine (TrpA) and tryptophan
methyl ester (Trp-OMe) lack a negative charge, and indole
propionic acid (IPA) and N-acetyl tryptophan (N-AcTrp) lack a
positive charge. ITC studies showed that Q8-MV binds TrpA,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Binding of a ligand within a protein cavity. Crystal structure of
atorvastatin (blue sticks) bound within the active site cavity of HMG CoA
reductase, shown as a grey solvent-accessible surface (PDB ID: 1 HWK).**
(b) Binding of a synthetic receptor on the surface of a protein. Crystal
structure of three sulfonatocalix[4]arene hosts (blue sticks) bound to lysine
residues on the surface of cytochrome c, shown as a grey solvent-
accessible surface (PDB ID: 3TYI).*? Reproduced from ref. 10 with permis-
sion from the Royal Society of Chemistry.

Trp-OMe, and tryptophan with similar affinity and with
approximately 20-fold selectivity over IPA and N-AcTrp. It was
particularly interesting to learn that the binding affinity of
tryptophan correlates more with the cationic derivatives than
with the anionic derivatives. These results suggested that
binding selectivity is driven by electrostatic stabilization of
the cationic ammonium group, most likely via its interaction
with the C=0 groups on Q8.

We reasoned that the singly charged tryptophan derivatives,
especially N-AcTrp and Trp-OMe, are structurally analogous to a
Trp residue positioned at the N- or C-terminal position of a
peptide chain (Fig. 6).>° N-AcTrp retains its carboxylate group,
akin to a C-terminal Trp, and Trp-OMe retains its ammonium
group, akin to an N-terminal Trp. Therefore, we hypothesized
that Q8-MV should bind selectively to an N-terminal Trp
residue versus a C-terminal Trp residue due to stabilization
by the proximal ammonium group. ITC studies showed that

This journal is © The Royal Society of Chemistry 2024
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Q6

(top left) Structural formula of cucurbit[n]uril; (top right) Electro-

Q8
Fig. 3
static potential mapped onto the solvent accessible surface of
cucurbit[8]uril; (bottom) Space-filling models of cucurbit[n]urils showing
the variation in size based on the number of glycoluril units.

Q8:MV binds to the peptide H-Trp-Gly-Gly-OH (Gly = glycine;
H- indicates unprotected N-terminal amine; -OH indicates
unprotected C-terminal carboxylic acid), which contains an N-
terminal Trp residue, with a K, value of 1.3 x 10> M~ " and with
6-fold selectivity over H-Gly-Trp-Gly-OH and 40-fold selectivity
over H-Gly-Gly-Trp-OH (Table 1).*° Both peptides containing a
non-terminal Trp residue, H-Gly-Trp-Gly-OH and H-Gly-Gly-Trp-
Gly-Gly-OH, bound Q8-MV with similar affinities. NMR data
showed that in each complex, both the indole side chain and
the viologen group are bound simultaneously within the Q8
cavity, as revealed by upfield chemical shift perturbation of the
aromatic signals of both compounds in the presence of Q8.
These results demonstrated that Q8-MV can recognize N-
terminal Trp in a sequence-selective manner, and that the
N-terminal residue, comprising the indole sidechain and the
N-terminal ammonium group, comprises a unique epitope for
site-selective binding.

Methyl viologen has intrinsic optical and electronic proper-
ties that have enabled several applications in the sensing of
peptides and proteins, as discussed in detail in Section 3.1. The
binding of Trp-containing peptides to Q8-MV induces the
growth of a charge-transfer absorbance and the quenching of
indole fluorescence.>® Both of these effects are likely due to
electron-transfer from indole to viologen in the excited electro-
nic state and do not contribute significantly to the stability
of the complexes in the ground state.’® The viologen
therefore provides the means for a convenient, built-in optical
sensor for peptide binding via absorbance and fluorescence
spectroscopy.

Chem. Soc. Rev.
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10° 10°
Q8 + MV + HN —~— Q8:MV + HN —— Q8-MV-HN

400 500 600 700 800 900

Alnm — >

Fig. 4 (top) Two-step formation of the heteroternary Q8:-MV-HN
complex with equilibrium association constant (K,) values (M™) shown
over the arrows (10 mM sodium phosphate, pH 7.0, 300 K).*° (bottom left)
UV-visible absorption and emission (inset) spectra of HN (dashed line), a
1:1 mixture of HN and MV (dotted line), and a 1:1:1 mixture of Q8, HN,
and MV (solid line). (bottom right) Structure of the Q8-MV-HN complex
modeled from the crystal structure of an analogue. CCDC ID 154114.28
Adapted with permission from ref. 28. © 2001 Wiley-VCH Verlag GmbH,
Weinheim, Fed. Rep. of Germany.

With the indole side chain of the Trp residue bound within
the Q8 cavity, the neighboring residue would be forced into
proximity to Q8-MV. For example, a basic residue could possi-
bly bind to the Q8 portal or be repelled by MV. Therefore, we
hypothesized that the identity of the second residue could
influence binding. We synthesized a library comprising 104
peptides, each containing a Trp binding site positioned either
at the N-terminus of a tripeptide (H-Trp-X-Ala-NH, and H-Trp-
Ala-X-NH,) or at the center of a pentapeptide (H-X-Ala-Trp-Ala-

Ala-NH,, H-Ala-X-Trp-Ala-Ala-NH,, H-Ala-Ala-Trp-X-Ala-NH,,
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and H-Ala-Ala-Trp-Ala-X-NH,), with a single variable position
(X varied to all 20 amino acids except Trp and Cys) and with Ala
residues at the other positions.*® We used the sensing proper-
ties of Trp binding to Q8-MV to facilitate the parallel screening
of peptide binding by measuring the relative quenching of Trp
fluorescence as a surrogate for relative binding affinity. There
were insignificant differences observed among the peptides in
each of the two series, with the exception of H-Lys-Ala-Trp-Ala-
Ala-NH, versus H-Ala-Lys-Trp-Ala-Ala-NH,. These two peptides
were tested by ITC (Table 1) and shown to have only 2-fold
difference in affinity. Therefore, the screening assay was sensi-
tive to changes in binding affinity, but in this particular motif
(i.e., Q8-MV binding to a peptide with a Trp residue), the
sequence context of the target Trp residue does not signifi-
cantly influence the binding affinity.

2.2. Multivalent peptide binding by self-assembled receptors

In an effort to expand the peptide binding properties of this
system, we considered linking Q8 molecules to form multi-
valent receptors. Although the MV and Q8 work together as co-
hosts, the viologen is more synthetically modifiable than the
macrocycle. Therefore, we linked viologens together and
recruited Q8 molecules to each viologen site to form multi-
valent receptors (Fig. 7).*” One, two, and three viologen groups
were conjugated to flexible, peptide-based scaffolds and used to
recruit the same numbers of Q8 groups to form self-assembled
monovalent, divalent, and trivalent receptors, which bound to
peptides containing the same numbers of Trp residues in
monovalent, divalent, and trivalent fashion. The extent of
valency in each complex was quantified directly via the additive
charge-transfer absorptivities of the Q8-viologen-Trp complexes
(Fig. 7). Isothermal titration calorimetry studies showed that

—~~
O
~

N

-

AG (bilayer to water, kcal/mol)

Amino Acid

(a) Plot of the transfer energy from cyclohexane solution to neutral aqueous solution versus the solvent-exposed surface area of side chain

analogues of the 20 amino acids (i.e., methane for alanine; 3-methylindole for tryptophan). The transfer energies were reported by Radzicka and
Wolfenden.>* The surface areas were calculated for tripeptides Gly-X-Gly by Chothia.*>* (b) Calculated hydrophobicity at pH 8 for all residues except Arg
and Lys, which were calculated at pH 2.*> Extremes on this plot are defined by charged residues at the negative end and aromatic residues at the positive
end. Reproduced from ref. 10 with permission from the Royal Society of Chemistry.
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Fig. 6 Chemical formulas of tryptophan derivatives and their structurally
analogous Trp-containing peptides.*® Reproduced from ref. 10 with per-
mission from the Royal Society of Chemistry.

Table 1 Thermodynamic data for Q8 heteroternary complexes
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the enthalpy of binding was additive with the extent of valency
(average AH monovalent = —10.9 kcal mol ', divalent = —24.2
keal mol ™, trivalent —39.4 kcal mol ™, Table 2), which corro-
borated the simultaneous formation of all Q8-viologen-indole
complexes. The free energies of peptide binding, however, were
not additive (average AG monovalent = —6.0 kcal mol ',
divalent = —7.8 kcal mol ™", trivalent —9.2 kcal mol™ "), which
is in contrast to what would be expected for optimal multivalent
binding.*® The deviation from optimal binding was due to an
entropic penalty for binding that was more than additive with
the extent of valency (average —TAS monovalent = 4.9 kcal
mol ", divalent = 16.4 kcal mol ™", trivalent 30.2 kcal mol").*’
This resulted in only a modest increase in peptide binding
affinity of 30-fold for divalent versus monovalent and 300-fold
for trivalent vs. monovalent (Table 2). For the set of four
divalent complexes, the length of the oligo(Gly) linker between
the two binding sites was varied between four or six Gly units. It

Host Peptide or protein K, (M) AH (kcal mol™) —TAS (kcal mol %)
Q8-MV* H-Trp-Gly-Gly-OH 1.3 x 10° —~14.8 7.8
Q8-MV* H-Gly-Trp-Gly-OH 2.1 x 10* -11.4 5.5
Q8-MV* H-Gly-Gly-Trp-OH 3.1 x 10° -8.8 4.0
Q8-MV* H-Gly-Gly-Trp-Gly-Gly-OH 2.5 x 10* —12.1 6.1
Q8-MV” H-Lys-Ala-Trp-Ala-Ala-NH, 6.2 x 10° nv nr
Q8-MV? H-Ala-Lys-Trp-Ala-Ala-NH, 1.7 x 10* nr nr
Q8-MV* H-Trp-Gly-Gly-OH 3.0 x 10° ~12.6 5.1
Q8-MV* H-Met-Gly-Gly-OH nd’ nr nr
Q8-MV* YFP-Trp-Gly-Gly 2.3 x 10° —7.2 -0.3
Q8-MV* YFP-Met-Gly-Gly 1.2 x 10° -4.3 —2.7
Q8-Mv? H-Ala-Cys-Asn-Thr-Gly-Ser-Pro-Tyr-Glu-Cys-NH, 4.3 x 10* -1.3 —5.0
Q8-MV* H-Ala-Cys-GIn-Asn-Pro-Asn-GIn-Lys-Phe-Cys-NH, 2.2 x 10° —11.0 3.9
Q8-MV* H-Ala-Cys-Leu-Lys-Leu-Gly-Glu-Lys-Trp-Cys-NH, 4.4 x 10* —12.0 5.5
Q8-MV* H-Ala-Cys*-Asn-Thr-Gly-Ser-Pro-Tyr-Glu-Cys*-NH, nd nr nr
Q8-MV* H-Ala-Cys*-Gln-Asn-Pro-Asn-Gln-Lys-Phe-Cys*-NH, 5.9 x 10* —11.0 4.6
Q8-MV* H-Ala-Cys*-Leu-Lys-Leu-Gly-Glu-Lys-Trp-Cys*-NH, nd nr nr
Q8- MVd Tn3 (Gln-Lys-Phe in BC loop) 6.1 x 10° —11.0 2.8
Q8-MV* Tn3 (Gln-Lys-Phe in DE loop) 8.9 x 10* —2.1 -4.7
Q8-MV? Tn3 (Gln-Lys-Phe in FG loop) 6.4 x 10* 1.4 -5.2
Q8-MBBY H-Trp-Gly-Gly-OH 1.2 x 10° ~15.6 8.6
Q8-MBBY H-Gly-Trp-Gly-OH 1.7 x 10* ~16.5 10.7
Q8-MBBY H-Gly-Gly-Trp-OH 4.1 x 10° —-13.0 8.0
Q8-MDAP® H-Arg,-OH nd nr nr
Q8-MDAP¢ H-Leu-Arg-Arg-Trp-Ser-Leu-Gly-OH nd nr nr
Q8-MDAP¢ H-Leu-Arg-Arg-Trp-pSer-Leu-Gly-OH nd nr nr
Q8-MDAP® H-Trp-Lys-Arg-Thr-Leu-Arg-Arg-Leu-OH 4.3 x 10° nr nr
Q8-MDAP¢ H-Trp-Lys-Arg-pThr-Leu-Arg-Arg-Leu-OH 4.1 x 10° nr nr
Q8-MDAP¢ H-Phe-Arg,-OH 2.0 x 10° nr nr
Q8-F'GG" H-Trp-Gly-Gly-OH 4.6 x 10° -13.3 5.6
Q8-F'GG" H-Gly-Trp-Gly-OH 1.0 x 10° —11.9 5.0
Q8-F'GG" H-Gly-Gly-Trp-OH 9.0 x 10* —14.5 7.8
Q8-F'GG" H-Phe-Gly-Gly-OH 3.6 x 10° —14.4 6.8
Q8-F'GG" H-Gly-Phe-Gly-OH 5.8 x 10* —-9.1 2.6
Q8-F'GG" H-Gly-Gly-Phe-OH 2.2 x 10 —-7.5 1.5
Q8-F'GG" H-Tyr-Gly-Gly-OH 3 x 10° —9.6 3.6
Q8-F'GG" H-Gly-Tyr-Gly-OH 4 x 10° -4.7 0.2
Q8-F'GG" H-Gly-Gly-Tyr-OH nd nd nd
Q8-F'GG" H-Lys-Gly-Gly-OH nd nd nd
Q8-F'GG" H-Glu-Gly-Gly-OH nd nd nd
Q8-F'GG" H-Leu-Gly-Gly-OH nd nd nd

¢ 10 mM sodium phosphate, pH 7.0, 300 K.*° * 10 mM sodium phosphate, pH 7.0, 300 K.*° ¢ 10 mM sodium phosphate, pH 7.0, 303 K.*! ¢ 10 mM
sodium phosphate, pH 7.4, 298 K.*> © 10 mM sodium phosphate, 0.5 mM dithiothreitol, pH 7.4, 298 K, Cys* = intramolecular disulfide.*>/ 10 mM

sodium phosphate, pH 7.0, 300 K.** £ 10 mM HEPES, pH 7.0, temperature not reported. iah

10 mM sodlum phosphate, pH 7.0, 298 K, F' = 2,3,4,5,6-

pentaﬂuorophenylalanyl.45 ' Not detected.”’ Not reported. Putative binding sites are in bold.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (top) Schematic of the self-assembly of Q8 onto a divalent scaffold
and the divalent binding of the resulting receptor to a divalent peptide.
(bottom) UV-visible spectra showing the additive molar absorptivities of
monovalent, divalent, and trivalent complexes.*” Reproduced with permis-
sion from ref. 47. Copyright 2009 American Chemical Society.

is remarkable that the linker length showed no significant
influence on the binding thermodynamics, as we would have
expected greater loss in entropy for the longer chain.

2.3. Dimerization of peptides by cucurbit[8]uril

Early on we were interested to know whether Q8 could bind
peptides in the absence of MV and hypothesized that the
additional space in the Q8 cavity could accommodate an
additional portion of one peptide or part of a second peptide.
Twelve peptides of sequence H-X-Gly-Gly-OH, H-Gly-X-Gly-OH,
and H-Gly-Gly-X-OH (X = Trp, Phe, Tyr, His), were tested for
binding to Q8 by ITC."® Binding was only measurable for H-Trp-
Gly-Gly-OH and H-Phe-Gly-Gly-OH, and binding to these pep-
tides was found to occur in a 2:1 peptide: Q8 stoichiometry

Chem. Soc. Rev.
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(i.e., homodimerization of peptides). NMR data showed that
binding occurs site-selectively at the N-terminal aromatic resi-
due. Mass spectrometry confirmed the presence of 2:1 pep-
tide: Q8 complexes. The thermodynamic constants for
homoternary complex formation are reported in Table 3. The
ternary equilibrium constant (Ki;: Q8 + 2 peptide — Q8-
(peptide),) values for Q8-(H-Trp-Gly-Gly-OH), and Q8-(H-Phe-
Gly-Gly-OH), were modest (10° - 10" M2) and showed that Q8
prefers Phe to Trp in this context.'® When looking at these
values here and elsewhere, it is important to note the molecu-
larity of complexation and not to confuse the magnitude of a
Kier value with that of a binary K, value. For example, a Kie,
value of 1.5 x 10"" M2 is roughly equivalent to each molecule
of peptide binding with a K, value of 4 x 10° M. Nonetheless,
the sequence-selectivity of binding in this system is extraordin-
ary. Due to the lower limit of detection for the ITC instrument
of ~10*> M, the selectivity of Q8 for H-Phe-Gly-Gly-OH versus
H-Gly-Phe-Gly-OH is at least 1000-fold in terms of the affinity
per peptide. All twelve peptides had an aromatic side chain, but
only Trp and Phe bound measurably, indicating that the
identity of the residue is important. All six Trp- and Phe-
containing peptides had an N-terminal amine, but only the
two peptides containing an N-terminal Trp or Phe bound
measurably, indicating that the ammonium group alone is
insufficient to drive binding. Instead, the combination of
hydrophobic inclusion of a Phe or Trp side chain and electro-
static interaction with the proximal ammonium group is neces-
sary for tight binding. In contrast to our first study,’ these
results convinced us that the N-terminal residue could be a
highly selective epitope that allows recognition in more
complex environments and applications. Additionally, this
early study established the foundation for an important tech-
nique that would later be used by numerous research groups,
discussed in detail in Section 3.3.1: using Q8 to induce the
homodimerization of proteins.*®

We attempted to delineate the affinities of each peptide in
the stepwise formation of the ternary complexes.'® In the case
of H-Trp-Gly-Gly-OH, the observed affinity for the first guest is
approximately 4-fold higher than that of the second guest,
which is consistent with non-cooperative binding (i.e., the
binding of the first guest does significantly influence the
stability of binding of the second guest). In the case of H-Phe-
Gly-Gly-OH, the data did not yield confident values for the
stepwise binding constants. Based on the curvature of the ITC
data and on NMR experiments showing the formation of the
Q8:(H-Phe-Gly-Gly-OH), complex in mixtures containing less
than a 2:1 mol ratio of peptide : Q8, we concluded that binding
is positively cooperative but were unable to unambiguously
determine stepwise binding constants. Subsequently, Huskens,
Jonkheijm, and coworkers reported a detailed investigation of
cooperativity in the Q8:(H-Phe-Gly-Gly-OH), system and con-
cluded that binding is most likely to be non-cooperative.*’

In collaboration with the late P. John Hart at UT Health San
Antonio, we obtained crystal structures of the ternary Q8-(H-
Phe-Gly-Gly-OH), complex (Fig. 8) and the binary Q8-H-Trp-Gly-
Gly-OH complex.’® In both crystal structures, the aromatic side

This journal is © The Royal Society of Chemistry 2024
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Table 2 Thermodynamic data for Q8-mediated multivalent peptide binding

Self-assembled receptor Peptide K,(M™ AH (kcal mol ™) —TAS (kcal mol ™)
Ac-Gly,Viol-Q8-Gly,-NH,* Ac-Gly,-Trp-Gly,-NH, 2.2 x 10* -10.8 4.9
Ac-Gly,Viol-Q8-Gly,-NH,* Ac-Gly,-Trp-Gly;-NH, 2.2 x 10* ~11.0 5.0
Ac-Gly;-Viol-Q8-Gly;-NH,* Ac-Gly,-Trp-Gly,-NH, 1.9 x 10* —10.8 4.9
Ac-Gly,-Viol-Q8-Gly;-NH,* Ac-Gly;-Trp-Gly;-NH, 2.2 x 10* -11.0 4.9
Ac-(Gly,-Viol- Q8-Gly,),-NH," Ac-Gly, Trp-Gly,-NH, 1.7 x 10* ~12.8 7.0
Ac-(Gly,-Viol-Q8-Gly,),-NH," Ac-Gly;-Trp-Gly;-NH, 1.5 x 10* —13.0 7.2
Ac-(Gly;-Viol-Q8-Gly;),-NH,* Ac-Gly,-Trp-Gly,-NH, 1.8 x 10" —11.8 5.9
Ac-(Gly;-Viol Q8-Glys),-NH,* Ac-Gly;-Trp-Gly;-NH, 1.4 x 10°* —12.3 6.6
Ac{(Gly,-Viol-Q8-Gly,),NH,* Ac-(Gly,Trp-Gly,),NH, 5.0 x 10° —24.2 16.3
Ac-(Gly,-Viol-Q8-Gly,),-NH,* Ac-(Gly;-Trp-Gly;),NH, 4.6 x 10° —24.8 17.1
Ac-(Gly;-Viol Q8-Glys),-NH," Ac-(Gly,Trp-Gly,),NH, 5.5 x 10° —23.4 15.6
Ac-(Gly;-Viol-Q8-Gly;),-NH,* Ac-(Gly;-Trp-Glys),NH, 5.0 x 10” —24.3 16.5
Ac-(Gly,-Viol Q8-Gly,);-NH,* Ac-Gly,-Trp-Gly,-NH, 1.7 x 10* —12.2 6.4
Ac-(Gly,-Viol-Q8-Gly,)s-NH,* Ac-Asp,~(Gly,-Trp-Gly,)s-Asp,-NH, 4.7 x 10° —39.4 30.2

%10 mM sodium phosphate, pH 7.0, 300 K; Viol-Q8 indicates a viologen-modified residue bound to Q8; Ac-indicates an acetylated N-terminal

amine."”” Putative binding sites are in bold.

chains are bound deeply within the Q8 cavity, the N-terminal
ammonium groups are bound in close proximity to multiple
C=O0 groups on the Q8 portal, the first peptide NH group
hydrogen bonds to a C—O group on Q8, and the second
peptide NH group forms at least one stabilizing dipole-dipole
interaction with a C=0 group on Q8. In addition, the indole
NH group forms a bifurcated hydrogen bond with two C=0
groups on the opposite portal of Q8. These structures provided
a molecular basis with atomic detail for the recognition of
peptides by Q8. They revealed the shape and electrostatic
complementarity of Q8 with N-terminal Phe and Trp, showing
that the Q8 cavity is the right size for certain side chains, and
that the C—O0 groups of Q8 are preorganized to make multiple
stabilizing electrostatic interactions with peptides.

Recently, Scherman and coworkers demonstrated the ability
to direct the heterodimerization of peptides using the nonca-
nonical amino acid, 2,3,4,5,6-pentafluorophenylalanine (Phegs,
or F').*> They showed that Q8 binds to a tripeptide containing
N-terminal Phegs (H-Pheps-Gly-Gly-OH, or F'GG) with a K, value
of 6.6 x 10° M™', and the resulting Q8-H-Phegs-Gly-Gly-OH
complex selectively forms heteroternary complexes with eight
different tripeptides, with highest affinity for H-Trp-Gly-Gly-OH
and H-Phe-Gly-Gly-OH. The electron-poor Phegs allows for
complementary polar-pi interactions with the relatively
electron-rich side chains of Trp, Phe, and Tyr. Shifting the
aromatic amino acid away from the N-terminus led to a notable
decrease in K, of the second guest. Heterodimerization was not
observed for nonaromatic peptides (H-X-Gly-Gly-OH, X = Lys,
Glu, Leu). To demonstrate the utility and selectivity of hetero-
peptide dimers, they applied the heterodimerization technique
to on-resin recognition. Resin functionalized with N-terminal
Pheys showed selectivity for aromatic peptides in a mixture and
~98% recycling efficiency through multiple cycles of peptide
recognition and competitive displacement.

2.4. Recognition of nonterminal Phe by cucurbit[8]uril

Scherman and coworkers investigated the binding of Q8 to
peptides containing Phe at non-terminal sites.’® They reported

This journal is © The Royal Society of Chemistry 2024

data on three pentapeptides derived from the AP, 4, amyloid
peptide of sequence H-X;-X,-Phe-X;-X,-NH, (-NH,—C-terminal
primary amide). Q8 bound two equivalents of peptide with K,
values comparable to or greater than those observed for H-Trp-
Gly-Gly-OH and H-Phe-Gly-Gly-OH."® The peptide H-Val-Ile-Phe-
Ala-Glu-NH, showed a remarkably high K., value of 1.6 x
10" M2 (Table 3). These results made clear that binding at
the N-terminal position may not be as important as originally
believed, and that non-terminal Phe is a viable target for
micromolar binding of peptides.>’

Scherman and coworkers followed this work with a large
combinatorial screen of non-terminal sites via a phage-display
library of cyclic peptides against a surface-immobilized Q8-
viologen complex (Fig. 9).*> From the selection experiments,
they reported the most repeated three heptapeptide sequences
with the corresponding 3-mer motifs: cAsn-Thr-Gly-Ser-Pro-Tyr-
Glu (motif -Ser-Pro-Tyr-), ¢Gln-Asn-Pro-Asn-Gln-Lys-Phe (motif
-Gln-Lys-Phe-), and cLeu-Lys-Leu-Gly-Glu-Lys-Trp (motif -Glu-
Lys-Trp-). When in cyclic form, all three sequences were shown
to bind Q8MV in a 1:1 stoichiometry and with modest
affinities (K, = 4-22 x 10* M~', Table 1), but only cGIn-Asn-
Pro-Asn-Gln-Lys-Phe bound Q8 when in linear form, suggesting
a possible role for structural rigidity in peptide binding. The
tripeptide epitope from this sequence (-GIn-Lys-Phe-) was incor-
porated into three different solvent-exposed loops (BC, DE,
and FG) in the Tn3 domain derived from the third fibronectin
type-III domain of tenascin C. The binding affinities of Q8-
MV to these domains was determined by ITC (K, = 6.4-61 X
10* M, Table 1), with one domain giving approximately 7-fold
higher affinity than the others. Phe was confirmed as the target
site by its mutation to Ala. This study showed that non-terminal
Phe is a viable target in the context of a protein, and that
disordered loops are viable targets for cucurbit{n]urils. This
study also supported the finding that non-terminal Phe is
preferred to Trp in a broader sequence context and when not
located at the N-terminus.*> These two studies highlight the
importance of neighboring sequence context on binding
affinity.

Chem. Soc. Rev.
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Host Amino acid, peptide, or protein Kier M ?) AH (kcal mol ") —TAS (keal mol )
Q8 Tryptophan 6.9 x 10’ —17.1 6.3
Q8* Phenylalanine 1.1 x 10° —15.2 4.2
Q8“ All 18 other amino acids nd™ nr" nr
Qs? H-Trp-Gly-Gly-OH 3.6 x 10° —22.8 9.7
Qs? H-Gly-Trp-Gly-OH nd nr nr
Q8’ H-Gly-Gly-Trp-OH nd nr nr
Qs’ H-Phe-Gly-Gly-OH 1.5 x 10" —29.6 14.2
Q8? H-Gly-Phe-Gly-OH nd nr nr
Q8’ H-Gly-Gly-Phe-OH nd nr nr
Qs? H-Tyr-Gly-Gly-OH nd nr nr
Qs8’ H-Gly-Tyr-Gly-OH nd nr nr
Qs’ H-Gly-Gly-Tyr-OH nd nr nr
Qs? H-His-Gly-Gly-OH nd nr nr
Q8’ H-Gly-His-Gly-OH nd nr nr
Qs? H-Gly-Gly-His-OH nd nr nr
Qs° H-Phe-Gly-Gly-OH 2.3 x 10" —25.3 11.2
Qs° H-Phe-Gly,;-OH 4.4 x 10° —23.0 9.8
Qs H-Ala-Glu-Phe-Arg-His-NH, 3.0 x 10™° —~15.3 0.9
Q8¢ H-Leu-Val-Phe-Ile-Ala-NH, 7.7 x 10° -9.0 4.5
Qs H-Val-lle-Phe-Ala-Glu-NH, 1.6 x 10" —20.8 2.8
Qs8¢ H-Phe-Leu-NH, 1.9 x 10" —26.7 11.3
Qs8° H-Tyr-Ala-Leu-NH, 8.7 x 107 —-18.1 7.3
Qs H-Phe-Gly-Gly-Gly-Cys-OH 2.3 x 10" -21.8 6.2
Q8¢ H-Phe-Gly-Gly-OH 1.7 x 10® nr nr
Q8" H-Tyr-His-OH 2.4 X 10?3 nr nr
Q8' mCFP-FGG 2.5 x 10 -29.3 10.6
Q¥ Caspase-9-FGG 2.7 x 10" —23.7 5.3
Qs8* GST-FGG 2.9 x 10" -13.2 -3.8
Qs' AP 4-16 5.5 x 10" nr nr
Qs! AB 1-16 nd nr nr

% 10 mM sodium phosphate, pH 7.0, 300 K.** * 10 mM sodium phosphate, pH 7.0, 300 K.'® ¢ PBS: 10 mM sodium phosphate, 1.8 mM potassium
hosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4, 298 K.** ¢ 10 mM sodium phosphate, pH 7.4, 298 K.*° ¢ 10 mM sodium phosphate, pH 7.0, 298 K.**

JPPure water, 298 K.>? £ Pure water, 298K.”* " 50 mM sodium acetate, pH 4.74.

1 Monomeric cyan fluorescent protein modified with N-terminal

FGG, 10 mM sodium phosphate, pH 7.0, 303 K.’>/ Caspase-9 modified with N-terminal FGG, 10 mM sodium phosphate, pH 7.0, 303 K.*¢
¥ Glutathione-S-transferase modified with N-terminal FGG, 20 mM sodium phosphate, 1 mM EDTA, pH 7.4, 298 K.*” 10 mM sodium phosphate,
pH 7.4, 298 K.>® ™ Not detected. " Not reported. Putative binding sites are in bold.

2.5. Dipeptide recognition via pair-inclusion within
cucurbit[8]uril

We continued to be interested in exploring the effects of peptide
sequence context on the binding of peptides by Q8, but our earlier
work required the peptide to be intrinsically fluorescent via a Trp
residue.”” In collaboration with the Scherman and Bielawski
groups, we replaced MV with an auxiliary guest of similar size
and charge, tetramethylbenzobis(imidazolium) (MBBI, Fig. 10),>°
which is intrinsically fluorescent. The binding affinities of MBBI
and MV for Q8 were shown to be essentially identical, as were the
binding affinities of Q8-MBBI and Q8-MV for H-Trp-Gly-Gly-OH, H-
Gly-Trp-Gly-OH, and H-Gly-Gly-Trp-OH (Table 1). Therefore, MBBI
is an excellent surrogate for MV with respect to targeting Trp. The
bright fluorescence of MBBI is quenched slightly in the presence of
Q8, and the fluorescence of the Q8-MBBI complex is further
quenched upon binding Trp-containing peptides.

As an intrinsically fluorescent component of the sensor,
MBBI has the potential to respond to the binding of nonfluor-
escent peptides. To this end, we synthesized a series of 105
tripeptides of sequence H-Phe-Var;-Ala-NH,, H-Phe-Ala-Var,-
NH,, H-Tyr-Var;-Ala-NH,, H-Tyr-Ala-Var,-NH,, H-Trp-Var;-Ala,
and H-Trp-Ala-Var,-NH, (Var; and Var, = all 20 amino acids
except Trp and Cys).®® The peptides were synthesized using

Chem. Soc. Rev.

parallel solid-phase synthesis, and the relative extent of binding
to Q8-MBBI was analyzed indirectly by comparing the relative
change in MBBI fluorescence in the presence of peptide.
Fluorescence intensity decreased for almost all of the Trp-
containing peptides and increased for almost all of the Phe-
containing peptides. We hypothesized that these results were
due to the simultaneous inclusion of MBBI and Trp inside the
Q8 cavity, which quenches Trp fluorescence, whereas Phe-
containing peptides have the ability to dimerize with Q8 with
higher overall affinity than a heteroternary complex, and there-
fore Phe-containing peptides are likely to displace MBBI and
increase fluorescence. These hypotheses were not explored
further.

The interesting results of this study were in the Tyr series
(Fig. 11). We observed that fluorescence increased for certain
peptides and decreased for their sequence isomers. For exam-
ple, the peptide H-Tyr-Leu-Ala-NH, showed an increase in
fluorescence, whereas the peptide H-Tyr-Ala-Leu-NH, showed
a decrease in fluorescence. NMR studies showed that H-Tyr-
Leu-Ala-NH, binds Q8 with slow exchange kinetics on the NMR
timescale. This allowed us to conveniently determine a 1:1
Q8: peptide binding stoichiometry and to observe that MBBI is
fully displaced upon addition of one equivalent of peptide. This

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Rendering of the crystal structure of the Q8-(H-Phe-Gly-Gly-OH), complex shown from different viewing angles. The peptide is shown as space-
filling, and Q8 as sticks. Peptide carbons are green. Q8 carbons are grey. Oxygens are red. Nitrogens are blue. Hydrogens are not shown. Yellow dashes

show key intermolecular electrostatic interactions.*®
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Fig. 9 Selection of non-terminal peptide binding sites by a Q8-viologen
complex using phage display, followed by engineering abundant epitopes
into disordered loops on the surface of a protein. CBI8] is Q8.%2 Repro-
duced with permission from ref. 42. © 2016 Wiley-VCH GmbH & Co.
KGaA, Weinheim.

I
N\
©)

=

13.0

=
@
|

l—28.1—I
l~—6.6 —I

MBBI MV

Fig. 10 Chemical formulas and space-filling models of MBBI and MV,
showing size comparisons in Angstror‘ns.59 Reproduced with permission
from ref. 59. © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

result was surprising given that prior work would predict that
Q8 should homodimerize the peptides in a 2:1 peptide: Q8

This journal is © The Royal Society of Chemistry 2024
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Fig. 11 (top) Relative change in fluorescence of 1:1:1 peptide : Q8 : MBBI
relative to Q8-MBBI under the same condition.®® The peptide sequences
are H-Tyr-Var;-Ala-NH, and H-Tyr-Ala-Var,-NH,. Reproduced with per-
mission from ref. 60. Copyright 2015 American Chemical Society. (bottom)
Rendering of the semiempirical NMR structure of the Q8-H-Tyr-Leu-Ala-
NH, complex in two views. The peptide is shown as space-filling, and Q8
as sticks. Peptide carbons are green. Q8 carbons are grey. Oxygens are
red. Nitrogens are blue. Hydrogens are not shown.

ratio. The NMR data also revealed large upfield chemical shift
perturbations of the signals corresponding to the side chains of
both Tyr and Leu residues, which indicates their simultaneous
inclusion within the Q8 cavity. ITC data showed a range of
binding constants in the low micromolar to high nanomolar
range (Table 4). A semiempirical model of the Q8-H-Tyr-Leu-
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Table 4 Thermodynamic data for binary Q8-peptide complexes
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Host Peptide K,(M) AH (kcal mol %) —TAS (keal mol )
Qs8* H-Tyr-Leu-Ala-NH, 1.4 x 10° -15.5 4.3
Qs8* H-Tyr-Ala-Leu-NH, 2.9 x 10* -9.5 3.4
Qs° H-Ala-Tyr-Leu-NH, 3.2 x 10° -14.1 6.5
Qs8* H-Tyr-Lys-Ala-NH, 5.0 x 10° -15.5 6.3
Q8* H-Tyr-Tyr-Ala-NH, 1.4 x 10° —16.1 7.7
Qs8* H-Tyr-Phe-Ala-NH, 3.5 x 10° —-16.1 7.2
Q8’ H-Met-Phe-Ala-NH, 7.1 x 10° —20.1 10.6
Q8’ H-Met-Tyr-Ala-NH, 4.0 x 10° —18.2 9.3
Q8’ H-Tyr-Met-Ala-NH, 7.7 x 10° -16.6 8.5
Q8’ H-Ala-Met-Tyr-NH, 1.6 x 10° -13.8 6.6
Qs8’ H-Met-Ala-Tyr-NH, nd”" nr' nr
Q8° H-Met-Leu-Ala-NH, 1.4 x 10° -15.8 7.4
Q8° H-Leu-Met-Ala-NH, 1.7 x 10° —12.1 3.5
Q8? H-Ala-Met-Leu-NH, nd nr nr
Q8P H-Met-Ala-Leu-NH, nd nr nr
Q8’ H-Met-Lys-Ala-NH, 3.9 x 10° -13.7 6.0
Qs8’ H-Lys-Met-Ala-NH, 1.2 x 10° -10.9 2.6
Qs’ H-Ala-Met-Lys-NH, nd nr nr
Qs? H-Met-Ala-Lys-NH, nd nr nr
Qg? H-Met-Ala-Ala-NH, nd nr nr
Q8’ H-Met-Tyr-Gly-Gly-Tyr-NH, 6.3 x 10° —19.4 10.1
Qs8’ H-Met-Leu-Gly-Gly-Tyr-NH, 3.3 x 10° —~16.9 7.9
Qs8’ H-Leu-Met-Gly-Gly-Tyr-NH, 6.3 x 10° -22.9 13.5
Qs8’ H-Met-Lys-Gly-Gly-Tyr-NH, 2.4 x 10° —~16.9 8.2
Qs8’ H-Met-Lys-Ala-Gly-Tyr-NH, 1.1 x 10° -16.9 8.3
Q8’ H-Met-Lys-Val-Gly-Tyr-NH, 1.6 x 10° -15.9 8.8
Qs? H-Met-Tle-Gly-Gly-Tyr-NH, nd nr nr
Qs8’ H-Met-Val-Gly-Gly-Tyr-NH, nd nr nr
Qs? H-Met-Arg-Gly-Gly-Tyr-NH, 4.8 x 10° -12.4 4.6
Qs? H-Met-Ser-Gly-Gly-Tyr-NH, nd nr nr
Q8’ H-Met-Gly-Gly-Gly-Tyr-NH, nd nr nr
Q8° H-Tyr-Leu-NH, 8.2 x 10° —13.6 4.2
Q8° H-Tyr-Leu-Ala-NH, 8.1 x 10° —12.0 2.6
Qs8¢ H-Tyr-Ala-Leu-NH, 2.7 x 10* —6.2 0.2
Q8° H-Tyr-Leu-Ala-Ala-NH, 7.1 x 10° —11.0 1.7
Q8¢ H-Ala-Ala-Tyr-Leu-Ala-Ala-NH, 1.8 x 10° —11.6 44
Q8° H-Leu-Tyr-NH, 1.3 x 107 -13.7 4.0
Q8° H-Leu-Tyr-Ala-NH, 1.3 x 107 —12.0 2.3
Qs° H-Ala-Leu-Tyr-NH, 1.3 x 10° -11.7 3.4
Q8° H-Phe-Leu-Ala-NH, 1.0 x 107 -12.0 2.4
Q8° H-Ala-Phe-Leu-Ala-NH, 2.1 x 10° —11.4 2.8
Q8° H-Leu-Phe-NH, 6.6 x 10° -12.3 3.0
Q8° H-Phe-Leu-NH, 1.3 x 107 —11.4 1.7
Q8¢ H-Tyr-Met-Ala-NH, 1.0 x 10° ~11.0 2.8
Qs H-Tyr-Lys-Ala-NH, 3.1 x 10° —11.4 2.6
Qs H-Tyr-Arg-Ala-NH, 1.6 x 10° -11.1 2.7
Qs H-Tyr-Met-NH, 6.1 x 10° —12.3 4.4
Qs H-Tyr-Lys-NH, 2.5 x 10° —12.7 4.0
Qs H-Tyr-Tyr-NH, 8.9 x 10° —-11.6 3.5
Qs? H-Met-Tyr-NH, 3.9 x 10° -19.2 10.2
Qs8¢ H-Lys-Tyr-NH, 2.4 x 10° -11.8 3.0
Q8¢ H-His-Phe-OH 3.3 x 10° nr nr
Qs8¢ H-His-Leu-OH 3.3 x 10° nr nr
Qs° H-His-Tyr-OH 1.5 x 10° nr nr
Qs° H-Gly-His-OH < 10? nr nr
Q8¢ H-Leu-His-OH 9.3 x 10* nr nr
Qs8¢ H-Gly-Gly-His-OH < 10? nr nr
Qs° H-His-Gly-Gly-OH < 10? nr nr
Qs H-Lys-Phe-Gly-Gly-Tyr-OH 3.0 x 10° -16.6 3.6
Qs H-Phe-Lys-Gly-Gly-Tyr-OH 3.0 x 10° —13.9 5.0
Qs H-Leu-Tyr-Gly-Gly-Gly-OH 8.3 x 10° —17.0 4.7
Qs H-Tyr-Leu-Gly-Gly-Gly-OH 6.7 x 10° -14.9 5.5
Qs8¢ H-Gly-Gly-Phe-Lys-Gly-Gly-Tyr-OH 1.2 x 107 —13.4 3.7
Qs* H-Gly-Gly-Lys-Phe-Gly-Gly-Tyr-OH 1.7 x 107 -14.2 4.3
Qs H-Gly-Gly-Phe-Phe-Gly-Gly-Tyr-OH 9.1 x 10* -5.8 -1.1
Qs8¢ H-Gly-Gly-Lys-Lys-Gly-Gly-Tyr-OH 1.1 x 10° —-8.7 1.8
Qs8¢ H-Gly-Gly-Phe-Arg-Gly-Gly-Tyr-OH 5.9 x 10° -14.3 5.0
Qs H-Gly-Gly-Arg-Phe-Gly-Gly-Tyr-OH 2.9 x 10° -11.9 4.4
Q8¢ H-Gly-Gly-Arg-Arg-Gly-Gly-Tyr-OH < 10° nd nd
(o}:3 H-Gly-Gly-Trp-Lys-Gly-Gly-Tyr-OH 6.7 x 10° —12.0 4.0
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Table 4 (continued)

Host Peptide K,M™) AH (keal mol ™) —TAS (kecal mol™)
Qs® H-Gly-Gly-Lys-Trp-Gly-Gly-Tyr-OH 2.2 X 10 -13.0 4.3
Q8¢ H-Gly-Gly-Trp-Trp-Gly-Gly-Tyr-OH < 10° nd nd
Qs¢ H-Gly-Gly-Tyr-Leu-Gly-Gly-Tyr-NH, 1.8 x 10 —~14.9 6.3
Qs® H-Gly-Gly-Leu-Tyr-Gly-Gly-Tyr-NH, 4.4 x 10 —14.9 5.8
Qs8¢ H-Gly-Gly-Tyr-Tyr-Gly-Gly-Tyr-NH, < 10° nd nd
Qs¢ H-Gly-Gly-Leu-Leu-Gly-Gly-Tyr-NH, 5.6 x 10° ~13.6 71
Q8¢ H-Gly-Ala-Lys-Phe-Ala-Gly-Tyr-NH, 1.1 x 10° —12.0 3.7
Qs¢ H-Gly-Ala-Phe-Lys-Ala-Gly-Tyr-NH, 3.6 x 10° —11.3 5.1
Qs H-Gly-Ala-Phe-Lys-Gly-Gly-Tyr-NH, 1.0 x 10° -10.8 4.0
Qs H-Gly-Gly-Phe-Lys-Ala-Gly-Tyr-NH, 2.3 x 10° —9.0 1.6

¢ 10 mM sodium phosphate, pH 7.0, 300 K.°° » 10 mM sodium phosphate, pH 7.0, 300 K.°* © 10 mM sodium phosphate, pH 7.0, 298 K.>' ¢ 10 mM
sodium phosphate, pH 7.0, 298 K. 6k e ' 50 mM sodium acetate, pH 4.74, 298 K. 54710 mM sodium phosphate, pH 7.0, 300 K. 63210 mM sodium
phosphate, pH 7.0.°* " Not detected. * Not reported. Putative binding sites are in bold.

Ala-NH, complex from NMR-derived distance restraints
(Fig. 11) is consistent with a binding mode in which the peptide
backbone folds to allow the side chains of Tyr and Leu to bind
within the Q8 cavity. Therefore, we termed this binding mecha-
nism the “pair-inclusion motif.” These results showed that Q8
can bind certain dipeptide sites with high affinity, and that the
sequence and location of the binding site can have a strong
influence on binding affinity. This study also demonstrated the
value of MBBI as a critical component of a turn-on peptide
sensor.*

Excited by the discovery that Q8 can bind peptides via
inclusion of the side chains of neighboring residues, we
considered that the additional complexity of a dipeptide bind-
ing site should allow us to identify other possible sequences
that bind Q8 with high affinity. The additional binding inter-
face enabled by pair-inclusion should allow inclusion of non-
aromatic residues. To this end, we synthesized and screened a
series of 144 peptides of sequence H-Var,-Var,-Ala-NH, (Var; =
Tyr, Phe, Ile, Leu, Met, Pro, Arg, Lys, and Var, = all 20 amino
acids except Trp and Cys).®' The peptides were synthesized
using parallel solid-phase synthesis, and the relative extent of
binding to Q8-MBBI was analyzed indirectly by comparing the
relative change in the fluorescence of Q8-MBBI in the presence
vs. absence of peptide. The patterns of fluorescence suggested
that certain peptides with N-terminal Met bind tightly to Q8. A
detailed structure-activity investigation by ITC and NMR
yielded several determinants for sub-micromolar binding via
the pair-inclusion motif (Fig. 12) (Table 4). Specifically, when
the first residue is Met, then the second residue should be Leu,
Tyr, Phe, Lys, or Arg; the first two resides can be reversed in
sequence; and the third residue should be Gly or Ala. Therefore,
the pair-inclusion motif allowed for targeting N-terminal Met,
which is found in all newly translated eukaryotic proteins, as
well as entirely nonaromatic binding sites.®*

Scherman and coworkers were also motivated by the 2015
discovery of pair-inclusion binding®® and considered that the
proposed mechanism may be inaccurate and that our results
could potentially be explained by the formation of 2:2 (Q8:
peptide) complexes.”! Using a combination of binding enthalpy
and entropy data determined by ITC, "H NMR chemical shift

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Sequence determinants for high-affinity binding of N-terminal
dipeptide sites by Q8.5 Reproduced with permission from ref. 61. Copy-
right 2018 American Chemical Society.

perturbation (Fig. 13), and diffusion constants determined by
diffusion ordered NMR spectroscopy (DOSY), they identified
patterns that correlate to 1:1, 2:1, and 2:2 guest:Q8
complexes®® and applied this approach to the study of Qs
peptide complexes in the pair-inclusion motif.** The data
unambiguously corroborated our conclusions on the
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Fig. 13 'H NMR spectra of H-Phe-Leu-Ala-NH, (FLA) and H-Phe-Leu-

NH> (FL) at various ratios with Q8, showing patterns of signal perturbation

that indicate the binding modes shown schematically. CBI8] is Q8.5

Reproduced from ref. 51 with permission from the Royal Society of

Chemistry.
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Fig. 14 Model for sequence-dependent folding of peptides by Q8 as monitored by circular dichroism spectroscopy (right). CB[8] is Q8.5 Reproduced

with permission from ref. 62. Copyright 2021 American Chemical Society.

mechanism of pair-inclusion complexation, including that the
binding stoichiometry is 1: 1 peptide : Q8, not 2: 2, and that the
side chains of two neighboring residues in a single peptide
molecule include simultaneously within the cavity of a single
Q8 molecule.

Recently, Scherman and coworkers investigated the nature
of peptide folding induced by Q8 in the pair-inclusion motif.*>
A series of dipeptides known to bind Q8 via pair-inclusion was
investigated by circular dichroism (CD) spectroscopy, and the
CD spectra effectively invert depending on the stereochemistry
of the peptide. They proposed a model of ‘“clockwise” or
“counterclockwise” folding in order to insert both neighboring
side chains into the Q8 cavity (Fig. 14). This concept was used to
design a peptide with a central dipeptide binding site that
bends upon treatment with Q8, as observed by fluorescence
resonance energy transfer.

Recently we reported an investigation of Q8 binding at
nonterminal sites via the pair-inclusion motif.°* A library of
64 peptides of sequence H-Gly-X;-X,-Gly-NH, (X = Phe, Leu, Lys,
Met, Arg, Tyr, Trp, Pro) was synthesized in parallel and
screened by fluorescence for binding to the Q8-MBBI complex
(Fig. 15). Relatively high increases in fluorescence were
observed for X;-X, sequences Tyr-Leu, Leu-Tyr, Phe-Leu, Leu-
Phe, Tyr-Lys, Lys-Tyr, Phe-Arg, Arg-Phe, Leu-Lys, Lys-Leu, Phe-
Lys, Lys-Phe, and Phe-Met. The strongest increase was observed
for Phe-Lys. Detailed studies of binding to purified heptapep-
tides of sequence H-Gly-Gly-X;-X,-Gly-Gly-Tyr-OH using ITC and
NMR revealed the highest affinities for X;-X, = Lys-Phe (1.7 X
10" M ") and Phe-Lys (1.2 x 107 M™"). Several other submi-
cromolar complexes were identified (Table 4). A study of the
effects of the neighboring sequence revealed that while Gly to

Chem. Soc. Rev.
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Fig. 15 Fluorescence assay heat map, showing the change in fluores-
cence of the Q8-MBBI complex upon addition of peptide.®* Color satura-
tion correlates to the extent of change in fluorescence, with red indicating
an increase in fluorescence, and blue indicating a decrease. Reproduced
with permission from ref. 64. Copyright 2024 American Chemical Society.

Ala mutations flanking the Lys-Phe site had only a modest
decrease in affinity, the same mutations flanking the Phe-Lys
site led to a loss of almost three orders of magnitude in
affinity. In all cases where affinity was observable, the binding
stoichiometry was 1:1 peptide:Q8, and NMR studies show

This journal is © The Royal Society of Chemistry 2024
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Fig. 16 Crystal structure of the Q8-H-Gly-Gly-Leu-Tyr-Gly-Gly-Gly-OH
complex.®® (top) Rendering that illustrates the inclusion of the Leu and Tyr
side chains (space-filling models) within the cavity of Q8 (sticks with a
solvent-accessible surface), and the deformation of Q8 from Dg,, symme-
try upon binding. (bottom) Rendering that illustrates the Q8-induced B-
hairpin turn, with the Glys NH- - -Leus O—C hydrogen bond, Leuz NH---Q8
hydrogen bond, and Leus-Tyrs CH- - -t interaction shown as dashed lines.
CCDC ID 2312293. Reproduced with permission from ref. 64. Copyright
2024 American Chemical Society.

simultaneous inclusion of both side chains at the target dipep-
tide site.®*

We obtained a crystal structure of the Q8-H-Gly-Gly-Leu-Tyr-
Gly-Gly-Gly-OH complex at 0.79 A resolution.®* The structure
confirmed unambiguously our proposed model for the pair-
inclusion motif,*® with the side chains of Leu and Tyr bound
within the cavity of Q8 and complementary electrostatic inter-
actions between peptide and Q8. The unanticipated result of
this study is the observation that four contiguous residues, Gly-
Leu-Tyr-Gly, form a type II B-turn in which the amide NH of Glys
forms an intramolecular hydrogen bond with the carbonyl
oxygen of Gly, (Fig. 16).

This journal is © The Royal Society of Chemistry 2024
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In a subsequent study, we investigated the binding of Q8 to
peptides containing the lead Lys-Phe and Phe-Lys dipeptide
sites located at the N-terminus.®® It was found that Q8 binds
with extraordinarily high affinity to H-Lys-Phe-Gly-Gly-Tyr-OH
(3.0 x 10° M~ ") and H-Leu-Tyr-Gly-Gly-Gly-OH (8.3 x 108 M)
and with 1000-fold and 120-fold selectivity over their sequence
isomers H-Phe-Lys-Gly-Gly-Tyr-OH (3.0 x 10° M) and H-Tyr-
Leu-Gly-Gly-Gly-OH (6.7 x 10° M), respectively. We obtained
sub-A resolution crystal structures of the complexes of Q8 with
sequence isomers, Q8-H-Leu-Tyr-Gly-Gly-Gly-OH and Q8-H-Tyr-
Leu-Gly-Gly-Gly-OH (Fig. 17). These structures correlated well
with the structure of Q8 bound at a non-terminal Leu-Tyr site
(vide supra) and revealed a few differences that may explain the
observed sequence-selectivity. In particular, the side chain of
the N-terminal Tyr in Q8-H-Tyr-Leu-Gly-Gly-Gly-OH buries more
deeply than that of the non-terminal Tyr in Q8-H-Leu-Tyr-Gly-
Gly-Gly-OH, allowing contact between the N-terminal ammo-
nium group and proximal Q8 C—=O groups. In the Q8-H-Tyr-
Leu-Gly-Gly-Gly-OH complex, this effect pushes the Tyr side
chain so deeply that its hydroxyl group resides outside of the Q8
portal and needs a water molecule to mediate its electrostatic

Fig. 17 Crystal structure of the isomeric complexes (top) Q8-H-Leu-Tyr-
Gly-Gly-Gly-OH and (bottom) Q8- H-Tyr-Leu-Gly-Gly-Gly-OH.% (left)
Rendering that illustrates the inclusion of the Leu and Tyr side chains
(space-filling models) within the cavity of Q8 (sticks with a solvent-
accessible surface), the relative deformation of Q8 from Dgn, symmetry
upon binding, and the interaction of the Tyr hydroxyl group with a Q8
O=C group either directly (Q8-H-Leu-Tyr-Gly-Gly-Gly-OH) or via an
ordered water molecule (Q8-H-Tyr-Leu-Gly-Gly-Gly). (right) Rendering
that illustrates the relative depth of the peptide within the Q8 cavity and
the corresponding alignment of electrostatically complementary groups.
CCDC ID 2313004 and 2314758. Reproduced from ref. 63 with permission
from the Royal Society of Chemistry.
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contact with the Q8 portal. In the Q8-H-Leu-Tyr-Gly-Gly-Gly-OH
complex, however, the Tyr hydroxyl group is positioned to form
a direct hydrogen bond with Q8.

2.6. Aromatic peptide recognition by cucurbit[7]uril

Q7 has a smaller cavity than Q8 and can only accommodate the
side chain of one aromatic residue. Kim, Inoue and coworkers
first reported the high-affinity and selective binding of peptides
by Q7 in 2006.%¢ They reported a K, value of 1.4 x 10’ M~ " for
H-Phe-Leu-NH, in 0.1 M NaCl with 2.6-fold selectivity over H-
Phe-Phe-NH, 18-fold selectivity over H-Phe-Ala-NH,, and 480-
fold selectivity over H-Phe-Pro-NH, (Table 5). The decrease in
affinity for a Pro residue at the second position is likely due to
limited conformational freedom and steric interactions, but it
remains unclear to us why Leu at the second position signifi-
cantly increases affinity. Diastereomeric sequences (e.g., H-Phe-
D-Ala-OH) were compared, and Q7 bound with modest 2-10-
fold diastereoselectivity, sometimes favoring the native
sequence and sometimes favoring the diastereomer. This study
demonstrated that N-terminal Phe is also a high-affinity site for
Q7, and that the identity of the second residue can significantly
influence binding affinity.®®

Kim, Inoue, and coworkers followed this work with a study
of Q7 binding to dipeptides containing Phe, Tyr, or Trp
residues.®” In pure water, Q7 was reported to bind H-Phe-Gly-
OH with a K, value of 3.0 x 10’ M, with 8-fold selectivity over
H-Tyr-Gly-OH and with 54-fold selectivity over H-Trp-Gly-OH
(Table 5). This finding was analogous to the selectivity of Q8 for
N-terminal Phe versus N-terminal Trp,'® and it showed that Q7
binds well to N-terminal Tyr, whereas Q8 does not bind
measurably to H-Tyr-Gly-Gly-OH. NMR spectra showed the
selective upfield perturbation of aromatic signals upon binding
of H-Phe-Gly-OH or H-Tyr-Lys-OH to Q7, which corroborated Q7
binding at the N-terminal Phe or Tyr, respectively. Q7 was
shown to bind H-Phe-Gly-OH with 23 000-fold selectivity over
its sequence isomer, H-Gly-Phe-OH. Similarly, N-terminal Tyr
and N-terminal Trp were preferred over their sequence isomers
by 18000-fold and 2000-fold, respectively.’” This degree of
sequence-selectivity is truly remarkable. The thermodynamic
data presented in the supporting information for that paper
showed that substituting Gly with Ala does not significantly
influence binding affinity.®” This is important because
although Gly is the simplest amino acid residue, Ala has a
carbon and is therefore more representative of the other amino
acids. These data also showed that the observed binding
affinity is reduced by ~20-fold for H-Phe-Gly-OH and H-Phe-
Ala-OH in the presence of 0.1 M NaCl. This result is consistent
with the competition of Na* for binding at the Q7 portals. Q7
binds Na® with a K, value of 2600 M~ ",”* and a simple
competition model (Q7-Na® + peptide — Q7-peptide + Na')
would predict a reduction of 258-fold in binding affinity at this
concentration. Therefore, these data suggest that Na" does not
fully compete with organic guests for binding to
cucurbit[n]urils. This assertion would be consistent with the
availability of multiple sites and binding geometries for metal
cations at the C=O portals, and this discrepancy signifies a
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fundamental complication in the analysis of all Qn binding
data determined under different experimental conditions.

In the time since this study, there have been many binding
constants reported for Q7 in complex with aromatic
peptides,**®®717375 and there is general agreement in the
trends observed (Table 5). One point of interest is the compar-
ison of Q7 binding to H-Phe-Gly-Gly-NH,, versus H-Gly-Phe-Gly-
NH,,*® in which the binding site has moved to the center of a
peptide versus a terminal position. In this case, the selectivity
for the N-terminal versus non-terminal position is only 14-fold.
This result is in contrast to the 84-fold selectivity of Q7 for H-
Phe-Gly-NH, versus Gly-Phe-NH, and the 23 000-fold selectivity
of H-Phe-Gly-OH versus H-Gly-Phe-OH.®” The differences
between these data sets suggest that the continuing peptide
chain is involved in complexation and works to mitigate
sequence-selectivity. This is a minor caution against the use
of dipeptides to model the behavior of longer peptides or
proteins.

In a pair of molecular dynamics computational studies, Li
and coworkers predicted that Q7 should bind best to an
aromatic residue at the N-terminus, and that placing a basic
residue at the third position of the H-X-Gly-Z-OH tripeptide (X =
Phe, Tyr, Trp; Z = His, Lys, Arg) should significantly increase
binding affinity due to interaction of the basic side chain with
the portal C—=0 groups of Q7.”%”7 Although there are not yet
experimental studies to verify these predictions, they are inter-
esting to consider.

2.7.  Molecular recognition of insulin by cucurbit[7]uril

It was clear that cucurbit[n]urils could bind strongly and
selectively to N-terminal aromatic sites on peptides, but it
was not clear early on whether this binding would translate
to folded proteins. In contrast to peptides, the folded
structures of proteins have limited solvent accessibility and
constrained conformational mobility, which are of particular
concern when a ligand needs to fully encapsulate a portion of
the protein. This translation from peptide to protein would
validate the use of Qnu-mediated peptide recognition as affinity
tags for proteins. Brunsveld and coworkers genetically engi-
neered proteins to contain the Phe-Gly-Gly (i.e., FGG) sequence
at the N-terminus and showed that this modification did not
significantly influence the binding affinity to Q8, as discussed
in detail below (Table 3).”® This study was the first to demon-
strate the use of Qn-peptide interactions as protein
affinity tags.

In parallel with these studies, we were also learning that Q7
can bind to a native protein containing an N-terminal Phe
residue.®® Human insulin comprises a 21-mer A-chain and 30-
mer B-chain linked covalently via two disulfide bonds. We
reported a structure and activity study showing that Q7 binds
site-selectively to the Phe residue at the N-terminus of the B-
chain (i.e., Phe®").®® ITC data showed that Q7 binds regular
human insulin in 10 mM sodium phosphate, pH 7.0, with a K,
value of 1.5 x 10° M ' and with more than 10000-fold
selectivity versus a Glu®, Glu®*’ mutant (K, < 100 M)
(Table 6). The similarity in Q7 binding affinity for insulin versus

This journal is © The Royal Society of Chemistry 2024
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Table 5 Thermodynamic data for binary Q7-peptide complexes
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Host Peptide K, (M AH (keal mol ) -TAS (kcal mol ™)
Q7 H-Phe-Ala-OH 7.9 x 10° -7.3 —0.7
Q7° H-dPhe-Ala-OH 1.3 x 10° 7.8 —0.6
Q7° H-Phe-Pro-OH 2.9 x 10* —5.9 —0.2
Q7 H-Phe-dPro-OH 5.0 x 10* —6.5 0.1
Q7° H-Phe-Phe- NH, 5.3 x 10° —8.8 —0.4
Q7° H-dPhe-Phe- NH, 1.3 x 10° -6.9 —1.4
Q7 H-Phe-Leu-NH, 1.4 x 10’ —8.7 —11
Q7° H-Phe-dLeu-NH, 1.7 x 10° —5.8 —2.7
Q7* H-Phe-Gly-OH 3.0 x 107 —-11.3 1.1
Q7* H-Gly-Phe-OH 1.3 x 10° —7.2 2.9
Q7* H-Tyr-Gly-OH 3.6 x 10° -10.6 1.6
Q7* H-Gly-Tyr-OH 2.0 x 10> —5.5 2.4
Q7* H-Trp-Gly-OH 5.6 x 10° -10.7 2.8
Q7* H-Gly-Trp-OH 2.8 x 10” —4.3 1.0
Q7* H-Phe-Ala-OH 1.9 x 107 -11.8 1.9
Q7* H-Ala-Phe-OH 1.3 x 10° 8.3 4.0
Q7° H-Phe-Gly-OH 1.7 x 10° -7.7 -0.9
Q7° H-Phe-Ala-OH 7.9 x 10° -7.3 —0.7
Q7° H-Phe-Gly-NH, 3.7 x 10° —7.4 -1.6
Q7° H-Gly-Phe-NH, 4.4 x 10* -7.3 1.0
Q7° H-Phe-Ala-NH, 8.1 x 10° -9.9 0.5
Q7° H-Ala-Phe-NH, 4.5 x 10* -7.7 1.4
Q7° H-Tyr-Gly-NH, 1.1 x 107 -10.2 0.6
Q7° H-Gly-Tyr-NH, 7.5 x 10* -9.4 2.7
Q7 H-Phe-Gly-Gly-OH 2.8 x 10° -17.5 8.7
Q74 H-Gly-Phe-Gly-OH 2.2 x 10 -9.3 3.3
Q74 H-Gly-Tyr-Gly-OH 2.7 x 10° —2.2 2.5
Q7° H-Phe-Gly-Gly-NH, 3.2 x 10° —13.4 4.4
Q7° H-Gly-Phe-Gly-NH, 2.3 x 10° -9.8 2.4
Q7° H-tBuPhe-Gly-Gly-NH, 4.8 x 10° -16.2 7.1
Q7° H-AmPhe-Gly-Gly-NH, 1.1 x 10° —14.2 1.8
Q7° H-Gly-AmPhe-Gly-NH, 2.0 x 10° —8.2 —0.5
Q7 H-AmPhe-Gly-Asn-GIn-NH, 2.0 x 107 —~16.9 6.8
Q7 H-Phe-Gly-Asn-GIn-NH, 7.1 x 10° —-15.6 6.1
Q7 H-AmPhe-Val-Asn-GIn-NH, 1.3 x 107 -15.7 6.0
Q7 H-Phe-Val-Asn-GIn-NH,, 4.0 x 10° —14.5 5.3
Q7# H-Phe-Gly-Gly-Gly-Cys 1.2 x 107 —13.8 4.15
Q7" H-Thr-Gly-Ala-Phe-Met-NH, 1.3 x 10* nr” nr
Q7" H-Thr-Gly-dAla-Phe-Met-NH, 2.6 x 10* nr nr
Q7" H-Thr-Gly-Ala-Phe-Leu-NH, 3.5 x 10° nr nr
Q7" H-Thr-Gly-Ser-Phe-Met-NH, 1.9 x 10* nr nr
Q7" H-Thr-Gly-Gly-Phe-Met-NH, 1.4 x 10* nr nr
Q7" H-Thr-Gly-Ala-Phe-Leu-OH 1.8 x 10° nr nr
Q7" H-Phe-Met-NH, 1.5 x 10’ nr nr
Q7" H-Phe-Leu-NH, 2.7 x 107 nr nr
Q7" H-Phe-Leu-OH 2.1 x 10° nr nr
Q7' H-Thr-Gly-Ala-Phe-Met-NH, 3.2 x 10° nr nr
Q7' H-Thr-Gly-Ala-Phe-Leu-NH, 1.4 x 10* nr nr
Q7' H-Thr-Gly-Ala-Phe-Leu-OH 2.4 x 10° nr nr
Q7' H-Phe-Met-NH, 2.6 x 107 nr nr
Q7' H-Phe-Leu-NH, 1.4 x 10’ nr nr
Q7' H-Phe-Leu-OH 2.1 x 10° nr nr
Q7 H-Phe-Met-NH, 1.4 x 107 —22.7 12.9
Q7 H-Tyr-Met-NH, 6.4 x 10° —20.0 12.1
Q7 H-Trp-Met-Gly-NH, 2.3 x 10° —20.1 12.7
Q7 H-AmPhe-Met-NH, 5.3 x 10° —-10.5 -1.8
Q7’; H-His-Phe-OH 5.0 X 102 nr nr
Q7 H-His-Leu-OH 5.0 X 10 nr nr
Q7* H-His-Tyr-OH 1.1 x 10° nr nr
Q7* H-Gly-His-OH 3.3 x 102 nr nr
Q7* H-Leu-His-OH 2.2 x 10* nr nr
Q7* H-Tyr-His-OH 1.2 x 10° nr nr
Q7* H-Gly-Gly-His-OH <10? nr nr
Q7; H-Pro-Leu-Ile-Tyr-Leu-Arg-Leu-Leu-Arg-Gly-Gln-Phe-OH nd™ nr nr
Q7 H-Arg;-OH nd nr nr
Q7 H-Leu-Arg-Arg-Trp-Ser-Leu-Gly-OH nd nr nr
Q7 H-Leu-Arg-Arg-Trp-pSer-Leu-Gly-OH nd nr nr
Q7 H-Trp-Lys-Arg-Thr-Leu-Arg-Arg-Leu-OH 4.1 x 10* nr nr
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Table 5 (continued)

Host Peptide K,(M™ AH (kcal mol™") -TAS (kcal mol™)
Q7 H-Trp-Lys-Arg-pThr-Leu-Arg-Arg-Leu-OH 4.1 x 10* nr nr

Q7! H-Phe-Arg,-OH 2.9 x 107 nr nr

0.1 M NaCl, 298 K, dPhe is the D-isomer.®® ? Pure water, 298 K. © 0.1 M NaCl, 298 K.*” 10 mM sodium phosphate, pH 7.0, 300 K.*® ¢ 10 mM
sodium phosphate, pH 7.0, 300 K, tBuPhe is 4-tert-butylphenylalanine, AmPhe is 4-aminomethylphenylalanine.®®/ 10 mM sodium phosphate, pH
7.0, 300 K.”® ¢ Pure water, 298 K.°>* 10 mM ammonium phosphate, pH 7.2, 310 K.”* { 10 mM sodium phosphate, pH 7.0, 298 K.”*J 10 mM
ammonium phosphate, pH 7.2, 300 K.”* ¥ 50 mM sodium phosphate, pH 4.74, 298 K.** 10 mM ammonium phosphate, pH 7.0, temperature not

reported, pSer is phosphoserine, pThr is phosphothreonine.** ™

Table 6 Thermodynamic data for binary Q7-protein complexes

Not detected. " Not reported. Putative binding sites are in bold.

Host protein K, (M) AH (kcal mol™) —TAS (kecal mol™)
Q7° Human insulin 1.5 x 10° -10.8 2.3
Q7 Human insulin Phe®'Glu Thr®*’Glu nd’ nr'” nr
Q7 Human growth hormone 5.9 x 10° nr nr
Q7° Glutathione-S-transferase nd nr nr
Q7° Glutathione-S-transferase GIn207¢tBuPhe 2.3 x 10° nr nr
Q7°¢ Glutathione-S-transferase Arg108tBuPhe 4.1 x 10* nr nr
Q7? Human insulin 4.4 x 10° nr nr
Q7°¢ Human insulin 3.8 x 107 nr nr
Q7° Human insulin B1-13 1.1 x 10° nr nr
Q7° Human insulin B1-13 Phe®'Ala 1.7 x 10* nr nr
Q7°¢ Human insulin B14-30 5.4 x 10° nr nr
Q7° Human insulin B14-30 Phe®**Ala 5.5 x 10° nr nr
Q7° Human insulin B14-30 Phe®*°Ala 7.9 x 10* nr nr
Q7° Human insulin B14-30 Phe®**Ala Phe®*°Ala 6.6 x 10° nr nr
Q7 Human insulin Phe®’AmPhe 1.0 x 107 —-10.8 2.3
Q7 Human insulin 2.3 x 10° nr nr
Q7% Human insulin Phe®!Ala N-terminal benzoic acid 1.1 x 10* nr nr
Q7 human insulin Phe®'Ala N-terminal phenylacetic acid 8.2 x 10* nr nr
Q7% Human insulin 2.8 x 10° nr nr
Q7# Human insulin Phe®'Ala N-terminal benzoic acid <10® nr nr
Q7% Human insulin Phe®'Ala N-terminal phenylacetic acid <10® nr nr
Q7" Human insulin Pro28Asp 1.9 x 10° nr nr
Q7" Pramlintide 2.6 x 10* nr nr
Q7' AP 1-40 7.1 x 10* nr nr
Q7 AP 1-40 Phe4Ala 5.2 x 10* nr nr
Q7' AP 1-40 Phe19Ala 5.1 x 10* nr nr
Q7' AP 1-40 Phe20Ala 5.1 x 10* nr nr
Q7 AB 1-40 Phe4Ala Phe19Ala Phe20Ala 6.8 x 10° nr nr
Q7' AP 1-42 2.9 x 10* nr nr
Q7 AB 4-16 1.1 x 10° nr nr
Q7 AP 1-16 1.0 x 10* nr nr
Q7* Human calcitonin 6.7 x 10* nr nr
Q7* Human calcitonin Tyr12Ala 2.6 x 10* nr nr
Q7 Human calcitonin Phe16Ala 2.0 x 10* nr nr
Q7* Human calcitonin Phe19Ala 2.7 x 10* nr nr
Q7* Human calcitonin Phe22Ala 3.2 x 10* nr nr
Q7* Human calcitonin Tyr12Ala Phe16Ala Phe19Ala Phe22Ala nd nr nr

“ 10 mM sodium phosphate, pH 7.0, 300 K.*® * 10 mM sodium phosphate, pH 7.0, 298 K.”® © PBS: 10 mM sodium phosphate, 1.8 mM potassium
phosphate, 137 mM NacCl, 2.7 mM KCI, pH 7.4, 298 K.”® ¢ 20 mM PBS, 298 K.*® ¢ 0.1% formic acid, pH 2.7, 298 K.*'/ 10 mM sodium phosphate, pH
7.0, 300 K.”° £ 10 mM sodium phosphate, pH 3.5, 300 K.*° * Pure water.®* * 20 mM PBS, 298 K.®?/ 20 mM sodium phosphate, 150 mM NaCl pH 7.0,

298 K.** ¥ 20 mM PBS, 298 K.** ! Not detected. ™ Not reported.

H-Phe-Gly-Gly-OH (2.8 x 10° M) also supported the transla-
tion of peptide recognition to protein recognition. In essence,
human insulin has a built-in affinity tag for Q7. The sub-
micromolar affinity of this complex, however, would be insuffi-
cient to bind effectively at the picomolar to nanomolar physio-
logical concentrations of insulin.

An interesting observation of this study involves one dis-
parity between peptide and protein binding. Q7 binds weakly to

Chem. Soc. Rev.

non-terminal Phe and Tyr residues in the context of small
peptides, H-Gly-Phe-Gly-OH and H-Gly-Tyr-Gly-OH, with K,
values of 2.2 x 10 M " and 2.7 x 10° M, respectively.
However, Q7 binding was not measurable to the Glu®', Glu®*”
mutant, which has two surface-exposed, non-terminal Phe
residues and four surface-exposed, non-terminal Tyr
residues.®® This disparity is perhaps due to the neighboring
sequence context or, more likely, to the difference in the

This journal is © The Royal Society of Chemistry 2024
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accessibility of the side chain of a target site to encapsulation
by Q7 when located on a peptide versus on the surface of a
folded protein. A high-resolution crystal structure of the Q7-
insulin complex shed some light on this issue.’® The asym-
metric unit comprised two molecules of insulin, one of which is
bound to one molecule of Q7 at the Phe®" position (Fig. 18). The
aromatic side chain of Phe® is buried within the Q7 cavity, and

Fig. 18 Crystal structure of the Q7-insulin complex.®® Q7 is shown as a
stick model. The Q7-bound insulin molecule is shown in green. The insulin
molecule not bound to Q7 is shown in black. The Phe®! position is
rendered as space-filling. (a) Superposition with minimized RMSD over
all alpha carbons. This rendering shows the N-terminal region of the B-
chain unfolding from an alpha helix upon binding to Q7 and unfolding to
separate from the rest of the protein. (b) This rendering shows the
proximity of the N-terminal ammonium group with Q7 C=O groups.
PDB ID 3Q6E.
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the N-terminal ammonium group is proximal to Q7 C=O
groups, with a binding interface of ~200 A2 Therefore, the
molecular basis for the recognition of N-terminal Phe by Q7 is
congruent with that of Q8.'®

Superposition of the two insulin molecules in the asym-
metric unit was useful for studying the relationship between
insulin structure and Q7 binding (Fig. 17).°® Structural homol-
ogy between the two insulins is extensive, with a 0.37 A root-
mean-square deviation (RMSD) over 35 alpha carbons. The
largest deviation is at residues B1-B4, which unfold in order
to present a fully solvent-accessible site for Q7 to encapsulate.
Akin to short peptides, it is common for protein termini to be
more disordered and solvent-exposed than other regions of the
protein.®® This observation suggested a more general principle,
which is that extensive solvent accessibility is an essential
feature of protein recognition by cucurbit[n]urils. This feature
of cucurbit[n]urils is perhaps an advantage for targeting intrin-
sically disordered regions of proteins, which are known to be
essential for the function of many proteins and to be implied in
the etiology of many diseases.®” The observation by Scherman
and coworkers that Q8 can bind to sites on disordered loops
(vide supra)* supports this hypothesis.

Like cucurbit[n]urils, natural sequence-selective receptors
for proteins also require those sites to be fully solvent-
accessible. For example, N-recognin proteins are part of the
N-degron pathway of protein homeostasis that defines the
biological lifetime of a protein by the identity of its N-
terminal residue (i.e., the N-end rule).">*® N-recognins in both
prokaryotes and eukaryotes include the unfolded N-terminal
residue of their protein targets within their active sites (Fig. 19).
This is also true for many proteases, kinases, and other
biomolecular receptors that target proteins sequence-
selectively."® In this context, cucurbit[n]urils behave as syn-
thetic N-recognins.

We were concerned that although Q7 binds site-selectively to
Phe®, it may not bind with selectivity for insulin versus other
proteins. In an initial test of protein selectivity, we used a
fluorescent indicator displacement assay to measure the rela-
tive extent of binding of Q7 to native human insulin, the Glu®!