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The non-canonical amino acid adamantylglycine (Ada) is intro-
duced into peptides to allow high-affinity binding to
cucurbit[7]uril (CB7). Introduction of Ada into a cell-penetrating
peptide (CPP) sequence had minimal influence on the membrane
transport, yet enabled up- and down-regulation of the membrane
transport activity.

The molecular recognition of biomacromolecules such as pep-
tides, proteins, nucleic acids, and other biologically active
molecules by synthetic receptors is of significant interest for
life science applications, for example, in proteomics, imaging,
diagnostics, and drug delivery."* Various classes of synthetic
host molecules have been identified in this regard, among
which cucurbit[n]urils (CBs) stand out due to their very
high binding affinities with well-designed guest molecules.**
Ultra-high host-guest binding affinities in water are key for
biological applications, for example in pull-down assays,
stabilization of biopharmaceuticals, and bioimaging.*> Within
recent years, attempts have been made to identify peptide
binding epitopes with a strong affinity to CBs, in particular to
the highly water-soluble homologue cucurbit[7]uril (CB7),
which included sequences of naturally occurring, proteinogenic
amino acids,® as well as artificial binding epitopes’ and non-
canonical amino acids.>*™°

Stable CB7 complexes with noncanonical amino acids were
first explored by Urbach and co-workers and included the p-tert-
butyl and p-aminomethyl derivatives of phenylalanine (tBuPhe
and AMPhe, Fig. 1).® Compared to phenylalanine (Phe), the
dissociation constants, Ky, were remarkably enhanced and
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peptides with an N-terminal AMPhe showed an exceedingly
high affinity of Ky = 0.95 nM. Genetic encoding of these
unnatural amino acids was subsequently demonstrated by Liu
and co-workers and proved to be more efficient for tBuPhe than
for AMPhe.? This enabled the regulation of protein functions by
host-guest complexation of the protein-incorporated tBuPhe.
Recently, AMPhe was engineered into the N-terminus of the B-
chain of the diabetes hormone insulin providing a semisyn-
thetic insulin variant that can be bound by CB7 with a K value
of 99 nM."°

As a useful complement, we report herein (S)-adaman-
tylglycine (Ada) as a high-affinity CB7 binding motif in pep-
tides. The unmodified amino acid Ada has a picomolar affinity
to CB7,"* which is retained when it is appended to heptaargi-
nine (R7). R7 is a well-known cell-penetrating peptide (CPP) and
was previously investigated by us as a model CPP for
counterion-activated membrane transport in large unilamellar
phospholipid vesicles (LUVs).'*'* We compare herein R7, Phe-
R7, and Ada-R7 in fluorescence-based membrane transport
assays and show that Ada can serve as a high-affinity peptide
label with minimal effects on the peptide translocation efficacy
and Kkinetics. The picomolar affinity, in conjunction with the
convenient introduction into peptides by solid-phase peptide
synthesis, establishes Ada as a highly useful peptide label, for
example, in peptide-based pull-down assays with CB7-
functionalized beads'* or for intracellular peptide localization
experiments with CB7-based fluorescent probes."
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Fig. 1 Structures of the proteinogenic amino acid phenylalanine (Phe)
and the noncanonical amino acids tBuPhe, AMPhe, and Ada.
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Fig. 2 'H NMR spectra of Ada-R7 (bottom) and of 0.56 mM Ada-R7,
0.5 mM CB7, and 2.5 mM of the competitor p-xylylenediamine (PXD) after
10 days of equilibration (top). Both spectra were measured at 25 °C in D,0,
pD 7.4.

Complexation of Ada-R7 (see ESIT for synthesis) by CB7 was
first confirmed by "H NMR spectroscopy (Fig. 2). The spectrum
of Ada-R7 shows multiplets from the a-CH protons in the range
from ca. 4.1-4.5 ppm and the 8-CH, protons of the Arg side
chain at 3.25 ppm, which overlap with the «-CH proton of the
Ada amino acid."" The methylene proton signals of Ada overlap
with the B- and y-CH, protons of the Arg residues in the range
from 1.55-1.95 ppm, whereas the methine (-CH) group of the
unbound adamantyl residue shows up at 2.03 ppm as a clearly
separated broad singlet.

In the presence of CB7, the "H NMR spectra showed clear
indications of inclusion of the adamantyl residue in the CB7
cavity. New signals appeared in the range from 0.9-1.4 ppm,
which are assigned to the upfield-shifted CB7-bound adamantyl
residue.'" Cavity binding of the Ada residue was also apparent
from the appearance of a new singlet at 3.65 ppm, which is
assigned to the o-CH proton of the bound Ada residue in
accordance with previous observation of the adamantane
amino acid."" The position and shape of the peaks assigned
to the arginine residues remained largely unaffected by the
presence of CB7, whereas a new shoulder appeared at the
position of the 3-CH, protons of the Arg side chain suggesting
a loose association of the guanidinium side chain with the
remaining free portal of the CB7 cavity."®

The binding constant of Ada-R7 was determined next, by
NMR competition using p-xylylenediamine (PXD) as a reference
(Fig. S9, see Chart S1 for a structure overview, ESIT).""'” By
comparing the integrated peak areas corresponding to the
protons of free PXD and CB7-bound PXD as well as free and
bound o-CH and alkyl-protons of the Ada residue, the binding
constant of Ada-R7 to CB7 was determined as (4.8 £+ 0.8) x
10" M. Complete equilibration of the mixture was ensured
by comparing a spectrum, in which Ada-R7 was first mixed with
CB7 before addition of PXD, with a second spectrum, in which
Ada-R7 was added to the preformed CB7/PXD complex. Iden-
tical spectra of both NMR samples indicated that equilibrium
had been reached. The binding constant was further confirmed
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by competitive ITC titrations with PXD (Fig. S10, ESIt), which
gave an affinity of 7.0 x 10" M, in good agreement with the
NMR value. Competitive fluorescence titrations with the host-
dye reporter pair composed of CB7 and berberine (BE) afforded
a linear fluorescence decrease indicative of quantitative dis-
placement of BE with increasing peptide concentrations, as
expected for the very high binding affinity of the Ada residue to
cB7.M

The next goal was to clarify to which extent peptide translo-
cation across the lipid bilayer membrane of LUVs is affected by
introducing the adamantylglycine amino acid into a known
peptide sequence. We have therefore selected heptaarginine
(R7) as a well-established CPP, which crosses liposome
membranes after counterion activation.'”'* The membrane
transport activity was investigated on one hand with the well-
established efflux assay based on carboxyfluorescein (CF) and,
on the other hand, with more recently reported supramolecular
tandem assays that use liposome-encapsulated host-dye repor-
ter pairs, either CX4/LCG or CB7/BE (see Fig. 3, Chart S1 and
Fig. $17-526, ESIt).'® The first two assays show a “switch-on”
fluorescence response upon CPP entry, while the CB7/BE assay
is of the “switch-off” type.

First, benchmark values were established with R7 and Phe-
R7 (Table 1). These hydrophilic, polycationic peptides require
an amphiphilic counterion activator, e.g. amphiphilic
calixarenes,">"" to translocate across the hydrophobic
membrane of liposomes. We have selected here the lower-rim
substituted pentyl ether derivative of p-sulfonatocalix[4]arene
(CX4-C5) with a reported activator efficiency in the nanomolar
range,” and measured the effective concentrations (ECs) to
afford 50% peptide-mediated dye efflux in the CF assay or 50%
dye displacement in the CX4/LCG and CB7/BE assay. In excel-
lent agreement with previous results (Table 1),">"'? this revealed
ECso values in the range of 0.1 to 1 uM for the membrane
activity of R7 and Phe-R7 with CX4-C5 counterion activation in
all three assays. The only exception was R7 with the CB7/BE
assay, which showed a very high ECs, (> 10 uM) due to the lack
of a distinctive CB7 binding motif in the R7 peptide. The latter
result is also relevant with respect to the mechanism of
membrane-active peptides such as CPPs and antimicrobial
peptides (AMPs),"****' since it confirms that R7/CX4-C5
peptide-counterion complexes shuttle across the lipid
membrane without causing any membrane perturbations
through which hydrophilic molecules can escape from the
liposomes."® Dye efflux, as in the case of the CF assay, most
likely proceeds via ternary activator/peptide/CF complexes that
can shuttle back from the vesicle lumen to the liposome
exterior as previously suggested (Fig. 3a).>! We therefore con-
clude that counterion activation with CX4-C5 affords peptide
translocation without membrane rupture.'**?

Subsequently, the membrane activity was investigated with
the three assays for Ada-R7. Notably, the attachment of the
adamantylglycine residue to the N-terminus of the R7 peptide
had only a negligible influence on the measured membrane
activity as obtained by the three assays (Table 1). When com-
paring the results for the same heptaarginine peptide (either
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Fig. 3 (a) Principles of membrane transport assays to assess the

membrane activity of cell-penetrating peptides (CPPs) with (i) self-
quenched carboxyfluorescein (CF assay) and with the supramolecular
host-dye reporter pairs (ii) CX4/LCG and (iii) CB7/BE. (b) Structures of
the investigated peptides.

with an N-terminal phenylalanyl or adamantylglycinyl residue
or without N-terminal amino acid residue), the ECj, values
showed very good consistency. This clearly demonstrates that
adamantylglycine, unlike other amino acids such as
tryptophan,®” has a negligible influence on membrane activity,

Table 1 Membrane transport activities and binding affinities of peptides?
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Fig. 4 Regulation of counterion-activated membrane transport of Ada-
R7 with externally added CB7. (a) Transport activity was determined with
the CX4/LCG assay and 1 pM Ada-R7 in absence (black) and presence (red)
of 1 eq. CB7. In the blue trace, 1 pM CB7 was pre-mixed with 1 eq. 1-
aminomethyladamantane to block the cavity of CB7. (b) Concentration
dependence of the fractional activity on CB7 concentration in the CX4/
LCG assay with 0.4 uM Ada-R7. All experiments were performed with
POPC/POPS(9 : 1)-CX4/LCG vesicles in presence of 0.8 uM CX4-C5.

classifying adamantylglycine as a minimally invasive peptide
label for transport studies.

Lastly, we were interested whether binding of externally
added CB7 had an influence on the membrane transport
activity with the adamantylglycine peptide. Addition of CB7
had indeed a small, but sizable influence, whereas the trans-
port activity systematically increased with increasing CB7
concentration (Fig. 4). This was surprising since an increased
size should commonly lead to reduced membrane permeation
on account of hindered diffusion. A control experiment in
presence of aminomethyladamantane (AMADA) confirmed that
CB7 binding to Ada-R7 is indeed responsible for the increased
activity. AMADA has a very high affinity to CB7 and very slow
dissociation kinetics,"* which irreversibly blocks the CB7 cavity
during the transport experiment. This led to the restoration of
the much lower transport activity (red trace in Fig. 4), suggest-
ing that the transport activity of the Ada-R7 peptide can be up-
and down-regulated by CB7 binding.

In conclusion, we have introduced herein adamantylglycine
(Ada) as a high-affinity amino acid to facilitate peptide-CB7
binding. The small size of Ada renders it minimally invasive in
peptide transport experiments. This will be useful for peptide

R7 Phe-R7 Ada-R7

Assay ECso (LM) K,(M™) ECso (LM) K, (M) ECso (UM) K,(M™h

CF 0.33 £ 0.03 n.a. 0.15 £ 0.01 n.a. 0.16 £ 0.02 n.a.

CX4/LCG 1.08 £ 0.06 (7.2 £ 0.5) x 107 0.84 £ 0.03 (3.3 £ 0.9) x 10° 1.01 £ 0.06 (1.2 £ 0.7) x 10°
[0.93 + 0.06] [0.59 + 0.05]

CB7/BE >10 (1.7 £ 0.1) x 10° 0.15 & 0.02 (2.9 £+ 0.5) x 107 0.15 & 0.02 7.0 x 101

[0.05 + 0.03]°

[4.8 x 10M]?

“ All transport experiments were conducted with POPC/POPS (9:1) LUVs (20 uM total phospholipid concentration) i in 10 mM NaH,PO,, pH 7.2.
Binding constants were determlned by competitive fluorescence titration in the same buffer, unless otherw1se noted. ? With 12 pM POPC LUVs in

10 mM Hepes, pH 7.0; see ref. 13.

¢ With 12 pM POPC/POPS LUVs in 10 mM (NH,),HPO,, pH 7.0; see ref. 13.

4 Kk, of Ada-R7 to CB7 was determined

by competitive ITC in H,O, pH 7.0 and by "H NMR in D,O, pD 7.4 (in square brackets); error ca. 10%.
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binding to CB7 in competitive environments, e.g., in biological
fluids or inside cells. Furthermore, the very high affinity will
enable a biorthogonal up- and down-regulation of membrane
transport activity of cell-penetrating peptides.
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