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ARTICLE

Biological applications of amide and amino acid containing synthetic
macrocycles
Ariane Borges*, Dylan Gillespie* and Arundhati Nag

Department of Chemistry, Clark University, Worcester, MA, USA

ABSTRACT
Amino acid derived macrocycles with elaborate well-defined stereochemistry are a unique class
of compounds that have been isolated from natural sources. Macrocycles like cyclosporine,
octreotide, and valinomycin have been used in multiple applications, like drugs or ion sensors.
Chemists have long been fascinated by the unique molecular recognition capabilities of these
macrocycles and tried to design synthetic analogs with similar functions. This article is focused on
reviewing current research on amide and amino acid containing macrocycles that have been
developed in research laboratories for biological recognition, specifically for anion sensing, ion
transport, carbohydrate sensing, and peptide sensing.

ARTICLE HISTORY
Received 2 March 2019
Accepted 11 July 2019

KEYWORDS
Macrocycles; phosphate
sensing; ion transport;
carbohydrate; cyclic peptide

Introduction

Amino acid derived macrocycles with elaborate well-
defined stereochemistry found in nature have been used
as drugs (1–3), for ion recognition (4), for membrane pene-
tration (5), and selective sensing of biological molecules (6).
These molecules have several characteristics, such as high
protease stability, sizes intermediate between proteins and

small molecules, and functionality variations that make
them attractive for biological applications. Thesemolecules
are difficult to synthesize in the laboratory because of their
complex stereochemistry, and chemists have tried to
develop molecules with similar characteristics and func-
tions. This approach has been successful to various extents
in different applications. This minireview summarizes
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amide and amino acid containing macrocycles that have
been developed in current research. The synthetic macro-
cyclic compounds discussed in this article are generally
easily synthesized and have high relevance in current bio-
logical applications. The compounds have been classified
and discussed based on their applications so that the read-
ers can easily comprehend the current state of each field
and identify critical questions that remain to be addressed.

Anion recognition by macrocycles

Anion binding in biological systems
Binding of phosphate to Phosphate Binding Protein (PBP)
and sulfate to Sulfate Binding Protein (SBP) are two crucial
cases to study for understanding how nature designs
proteins to bind to anions selectively. In PBP, a 34kD
protein with a single tight phosphate-binding site, the
phosphate ion is held tightly in place by hydrogen bond-
ing and electrostatic interactions. Hydrogen bonds form
between the phosphate ions and the amide hydrogens of
the main chain, and with the polar hydroxyl groups of
serines and threonines (Figure 1(a)) (7). Electrostatic inter-
actions via H bonding with the protonated guanidinium
side chain on an arginine (Arg 135 in Figure 1(a)) and the
carboxylate group of an aspartate side chain (Asp 141 in

Figure 1(a)) (7), further stabilize the phosphate anion. In
PBP binding of phosphate, charged groups, therefore,
play a critical role in phosphate recognition (8).

A significant amount of research has been done for
identifying and understanding motifs of phosphate
recognition in the context of nucleotides, phosphory-
lated amino acids, phosphorylated peptides, and phos-
phorylated proteins. The highly anionic nature of
phosphate makes it an ideal target for charged interac-
tions with binders. In nature, diphosphates in nucleo-
tides like NAD, FAD, and NADP+ interact with glycine-
rich Rossman folds located at linker regions of
N-terminal α-helices that have positive dipoles (9). The
small size of glycine makes a tight turn and allows
sufficient space for diphosphate anions to interact
with the N-terminal end of the helix. The negative
charge of the phosphate is countered partially by the α-
helix macrodipole, and partly by positively charged
amino acid side chains (10). The conserved P loop
with amino acid sequence GXXXXGK(S/T) is also usually
found at the N-terminal of a α-helix (9). In the P loop,
a glycine residue is flanked by several variable other
amino acids to create an anion nest for ATP and GTP
binding, with the amide H’s facing inward to interact
with the phosphate groups. The positively charged ε

Figure 1. (Colour Online). Phosphate binding and sulfate binding protein motifs. A. Section of the X-ray crystal structure of the
Phosphate Binding Protein (PBP) binding to phosphate (7). (PDB code: 1PBP, 1.9 Å resolution). Structure visualized using PyMOL.
Adapted from J. Biol. Chem. 1994, 269 (40), 25091; B. p21 binding the GTP analog GppNp by using a P loop (PDB code: 5P21, 1.35-E
resolution). Reprinted with permission from Angew. Chem., Int. Ed. 2007, 46, 338, Copyright 2007 Wiley; C. Section of the X-ray
crystal structure of the Sulfate-Binding Protein(SBP) binding to sulfate (13). (PDB code: 1SBP, 1.7 Å resolution). Structure visualized
using PyMOL. Adapted with permission from Protein Sci. 1993, 2, 1643. Copyright 1993 Wiley.
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amino group of the universally conserved lysine and by
the bivalent metal ions present also assist in phosphate
binding (Figure 1(b)) (11).

Unlike phosphate binding to PBP, sulfate binding to
SBP does not require strong electrostatic interactions for
substrate binding (12). The sulfate oxygens form hydro-
gen bonds with amide protons on the protein backbone
(Figure 1(c)), with the hydroxyl group of a serine (Ser130 in
Figure 1(c)), and, the aromatic nitrogen on a tryptophan
side chain of SBP (Trp132 in Figure 1(c)). There are no
positively charged residues, cations, or water molecules
within van der Waals’ distance of the sulfate, which pre-
cludes the formation of salt-bridges from neutralizing the
charged sulfate (Figure 1(c)) (12, 13).

Based on the different anion binding interactions
observed in these two biological systems, artificial
anion binding systems can be categorized into two
classes. The first consists of neutral systems rich in
hydrogen bonds, while those belonging to the second
class utilize electrostatic interactions in addition to
hydrogen bonding and are therefore charged. Artificial
anion binders with the two different characteristics will

be discussed separately. Table 1 summarizes the various
amide and amino acid containing macrocycles devel-
oped for ion sensing.

H-bond rich neutral cyclic amide containing systems
Binding of anions to synthetic receptors in water is
difficult, as the energy released from the binding of
the anion to the receptor has to compensate for the
high solvation energy of anions. Hydrogen bond rich
neutral systems, however, readily form stable anion
complexes in competitive polar solvents such as
dimethyl sulfoxide (DMSO) or acetonitrile.

One such neutral system 1, cyclo(Ala-Aba)3, (Aba:
Aminobenzoic acid) was developed by Ohkubo et al.,
where the presence of the rigid non-natural amino acid
aminobenzoic acid to the backbone of the cyclic pep-
tide allowed the peptide to adopt a rigid conformation
(Figure 2) (14, 15). The peptide was found to have C3
symmetry, with the amide protons for Ala and Aba in
the peptide appearing as two single peaks at 8.47 and
10.23 ppm (solvent DMSO-d6) in NMR spectroscopy. On
adding phosphate, drastic downfield shifts of amide

Table 1. Amide and amino acid containing macrocycles for anion sensing.

Molecule (numbering
in article) Solvents

Molecule
Sensed

Binding
Constant
Log Ka

Method of
determination Reference

1 DMSO Phosphate 6.08 UV-Vis 14
2 DMSO Phosphate 5.68 UV-Vis 14
3 DMSO Phosphate 4.30 UV-Vis 14
4 CD2Cl2 Chloride 4.18 NMR 15
5,6 CDCl3 halide/phosphate - NMR 16
7, 8 CDCl3 Phosphate - NMR 19
9 CDCl3 Phosphate 4.48 NMR 19
10 CDCl3 Phosphate - NMR 19
11,12 DMSO-d6/CDCl3 Sulfate/halide - NMR 21
13 CH3CN/H2O Sulfate 6.78 ITC 25
13 CH3CN/H2O Iodide 4.89 ITC 25
14 CH3CN/H2O Sulfate 6.83 ITC 25
14 CH3CN/H2O Iodide 4.75 ITC 25
15 H2O/CH3OH Sulfate 5.54 ITC 8
15 H2O/CH3OH Iodide 3.95 ITC 8
16 CH3CN/H2O Sulfate - - 25
16 CH3CN/H2O Iodide - - 25
17 CH3CN/H2O Sulfate 8.67 ITC 25
17 CH3CN/H2O Iodide 6.04 ITC 25
18 CH3CN/H2O Sulfate 7.59 ITC 25
18 CH3CN/H2O Iodide 5.08 ITC 25
19 H2O/CH3OH Sulfate 5.7 ITC/NMR 24
20 H2O/CH3OH Sulfate 4.96 ITC/NMR 24
21–25 CD3CN Chloride - NMR 27
26 CD3CN Chloride 4.00 NMR 28
27 H2O/DMSO-d6 Sulfate >4.00 NMR 30
28 H2O/DMSO-d6 Sulfate >4.00 NMR 30
29 H2O/DMSO-d6 Sulfate 2.14 NMR 30
30 H2O/DMSO-d6 Pyrophosphate 8.00 Fluorescence 26,30
30 H2O/DMSO-d6 ATP 5.90 Fluorescence 26,30
30 H2O/DMSO-d6 ADP 5.60 Fluorescence 26,30
30 H2O/DMSO-d6 Citrate 5.00 Fluorescence 26,30
31 H2O/DMSO-d6 Pyrophosphate 6.4 Fluorescence 27,30
32 H2O/DMSO-d6 Pyrophosphate <6.4 Fluorescence 27,30
33 H2O/DMSO-d6 Pyrophosphate 8.8 Fluorescence 27,30
34 H2O/DMSO-d6 Pyrophosphate 9.8 Fluorescence 27,30
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protons to 10.08 and 12.36 ppm respectively occurred.
This observation suggests that amide Hs from the cyclic
peptide forms H bonds with the phosphate moiety of
4-nitrophenyl phosphate (14). In UV titration experi-
ments done in DMSO- d6 at 298K, 1 bound to 4- nitro-
phenyl phosphate with an association constant (Ka) of
1.2 × 106 M−1. Increasing the steric bulk of amino acids
in 1 to form 2 (Figure 2) decreases its affinity for
4-nitrophenyl phosphate. Expanding the cycle size
from six amino acids in 1 to eight amino acids in 3
(Figure 2) causes a dramatic decrease in its binding
affinity. Thus, cavity size and absence of steric crowding
seems to be important factors for efficient anion bind-
ing (14). A similar phenomenon was observed for cyclic
pseudopeptide 4, which has α-aminooxy acid as every
alternating residue and, therefore, has a rigid backbone
and C3 molecular symmetry (Figure 2). The pseudopep-
tide 4 bound Cl− in 1:1 stoichiometry with a Ka of
1.5 × 104 M−1 in CD2Cl2. Both aminooxy and amide
hydrogens show a dramatic shift in NMR. As aminooxy

hydrogens are better hydrogen bond donors than
amide hydrogens, in the solution of 4, they form weak
hydrogen bonds with the D-alanine residues to form
gamma turns. On addition of tetrabutylammonium
chloride, these bonds are broken. The aminooxy hydro-
gens form hydrogen bonds with the chloride anion
instead, thus showing dramatically downfield shifts in
NMR. The amide hydrogens, on anion binding, undergo
an upfield shift.

Comparing peptides 1 and 4 to polymethylene-
bridged cystine–glycine-containing pseudo-
cyclopeptides 5 and 6 (16), it becomes evident that the
rigidification of structures of cyclopeptides is a critical
factor. Figure 3(a) shows molecular structures of 5 and 6,
designed as neutral anion binders with the disulfide bond
and diamine functionalities to promote cyclization of the
molecule. As evident from Figure 3(a), 5 has C2 symmetry
and in NOE (Nuclear Overhauser Effect) experiments its
four hydrogen-bonding amides were found to orient such
that the amide hydrogens can participate in hydrogen

Figure 2. Molecular structures of neutral hydrogen bond rich cyclic peptides and pseudopeptides with rigid backbones. Amide
containing neutral peptides 1–3 in which aminobenzoic acid was used as every other residue to make the peptide backbone rigid
(14, 15). Structures of 1–3 adapted with permission from J. Org. Chem. 1995, 60 (17), 5374, Copyright 1995 American Chemical
Society. Pseudopeptide 4 incorporated alternating D- residues and aminooxy residues to maintain a rigid backbone. The structure of
4 is represented with permission from Chem.- Eur. J. 2005, 11 (10), 3005, Copyright 2005 Wiley.
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bonding with halides, dihydrogen phosphate and nitrate
(Figure 3(b)). The binding was, however, weaker than
observed for 1 or 4, (Ka range 4.18 × 102 M−1–30 M−1 in
acetonitrile), demonstrating that higher peptide flexibility
of 5 can decrease anion binding. The larger and more
flexible 6, with C2 symmetry, had two out of the four
amide hydrogens (Gly amide hydrogens) pointing
upward (Figure 3(b)) and could not bind halides in
CDCl3 at all . These observations indicate flexibility, cavity
size, and orientation of the functionalities acting as hydro-
gen bond donors are critical factors for anion binding of
neutral cyclic systems.

Similar observations can be made when the binding
of highly rigid C2-symmetric azole-containing peptides
7–10 (Figure 4) to anions is considered. Peptides 7–10
(17) are structurally related to the Lissoclinum family
(18) of natural hexapeptides. Each peptide was dis-
solved in DMSO-d6/5% CDCl3, and the 1H NMR shifts
on titration with an anion were monitored. Compounds
7–10 were found to bind dihydrogen phosphate anion
in a 1:1 stoichiometry. Compound 9 had the highest
binding affinity for dihydrogen phosphate (Ka = 3
x104 M−1) while 7, with more basic imidazole groups
and right cavity size, was found to be most selective for
dihydrogen phosphate, ten-fold over acyl group (AcO−)
(19, 20).

Kubik et al. (8, 21–25) developed a promising macro-
cyclic candidate 11 that bound to anions in aqueous

solvents (80% H2O/CH3OH) and further optimized it to
create a derivative that binds to sulfate in aqueous
solutions with high affinity and selectivity. A cyclic hex-
apeptide, 11 contains alternating L-Pro and 6-aminopi-
colinic acid linked through amide bonds (Figure 5(a))
(8). The process of evolution of 11 to an excellent
sulfate binder is an excellent example to study to
understand the process of optimization of neutral
amide containing macrocycles involved in anion bind-
ing. Similar to other neutral anion receptors, 11 forms
a 1:1 anion complex in DMSO with halides and sulfate.
However, unlike other neutral anion receptors, 11
bound to Cl−, Br−, and I− in both 1:1 and 2:1 stoichio-
metry in aqueous solution (80% H2O/CH3OH), as deter-
mined by Job plots. The binding of 11 to halides was
found to be in the order I−>Br−>Cl−. Sulfate was bound
by 11 in both 1:1 and 2:1 stoichiometry in 80% H2O/CH3

OH. X-ray crystallography and NMR studies in D2O: CD3

OD demonstrated that trihydrate of 11 had C3 symme-
try, with the six amide NH groups all on one side.
However, the number of hydrogen bonds formed with
the anion in the 1:1 complex and the 2:1 complex
varied based on the anion identity. In the X-ray crystal
studies of the 2:1 complex of 11 with iodide, it was
found that all the amide hydrogens point into the
cavity and the anion binds in the cavity between two
cyclic peptides, forming a sandwich-type complex. It
appeared that iodide loses its solvent shell and

Figure 3. Molecular structures of cysteine bridged cyclopeptides. A. Cyclopeptides 5 and 6 are somewhat more flexible than 1–4,
with amide and disulfide binds incorporated in their scaffolds; B. Solution conformations of cyclopeptides 5 and 6 in CDCl3 (16).
Double-headed arrows indicate NOE interactions. Reprinted with permission from Supramol. Chem. 2004, 16 (3), 171, Copyright 2004
Taylor and Francis.

SUPRAMOLECULAR CHEMISTRY 579



becomes shielded from the surrounding solvent on
binding 11, which strengthens the interactions
between itself and the artificial receptor 11 (21).

Compound 12, with additional 4-hydroxyl groups on
the prolines (Figure 5(a)), showed similar conformation
as 11 in CD, 1D, and 2D NOE NMR, and underwent
a downfield shift of amide protons on the addition of
a halide anion. However, quantitative estimation of by
1H NMR by Job plots and further NMR titration experi-
ments conclusively demonstrated that 12 bound to Cl−,
Br−, and I− in only 1:1 stoichiometry. Therefore, the
configuration of the carbon atoms carrying the hydro-
xyl substituents in the proline rings seemed to have
a profound effect on the receptor properties of the
cyclopeptides. It was postulated that 12 could not
form a 2:1 complex as the higher solubility of the
hydroxyproline groups disfavored the desolvation
effect on anion binding. Alternatively, 4-hydroxyl
groups may sterically hinder the two cyclopeptide
units from coming together to form a sandwich-type
complex (22). The second explanation seems feasible,
looking at the position of the hydrogen atoms in 11

(highlighted in yellow) that were substituted in 12
(Figure 5(b)).

Further optimization of 11 involved linking two
copies of 11 with an aliphatic disulfide linker (13) or
an aromatic disulfide linker (14) (Figure 5(c)). Isothermal
Titration Calorimetry (ITC) experiments of 13 and 14
showed that in solvents containing significant percen-
tages of water, there were favorable hydrophobic inter-
actions between the two cyclopeptide rings, that
partially compensated for the unfavorable desolvation
process. In less polar solvents, the contribution of these
intra-receptor interactions to the overall binding energy
was significantly less, as was expected (23).
Interestingly, the singly linked bis(cyclopeptide) recep-
tors 13 and 14 had very comparable anion affinities (Ka
for 13: 6.03 × 106 M−1 and Ka for 14: 6.76 × 106 M−1).
Their binding affinities for sulfate appeared to be
almost independent of whether the spacer is flexible
(13) or rigid (14) (25). This might have implied that
neither linkers were optimal for sulfate binding.

Therefore, at the next development stage, Kubik
et al. utilized molecular modeling to identify an optimal

Figure 4. Molecular structures of Lissoclinum-type cyclic peptides. Peptides 7–10 are azole-containing peptides that were designed
as Lissoclinum-type scaffolds. Reprinted with permission from Chem. Commun. 2015, 51, 4951, Copyright 2015, Royal Society of
Chemistry.
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linker, adipic acid, to link two copies of 11 and form 15
(Figure 5(d)). The distance between the two 11 cyclo-
peptide units in 15 was expected to be optimal for
sulfate binding. However, a comparison of thermody-
namic parameters in 50% D2O: CD3OD on sulfate bind-
ing revealed that 11 was a stronger sulfate binder than
15 (ΔG −37.1 kJmol−1 for 11 and −26 kJmol−1 for 15). It
was determined that binding of 11 to sulfate was more
exothermic (ΔH −19.3 kJmol−1 for 11 and −15 kJmol−1

for 15) as well as more favored entropically (TΔS 17.7
kJmol−1 for 11 and 11.0 kJmol−1) for 15. This was
unexpected, because the chelate effect should work in
favor of 15, making the sulfate binding at least entro-
pically favorable. The authors could not explain the
observed phenomenon. The positive effect of linking
in 15 was evident when compared to 12, a cyclic hex-
apeptide that could only form 1:1 complex with halides
or sulfate because of the steric constraints created by

Figure 5. (Colour Online). Molecular and crystal structures of cyclic and bicyclic hexapeptides with alternating L-Pro and
6-aminopicolinic acid. A. Compounds 11 and 12, containing alternating L-Pro and 6-aminopicolinic acid, are pseudopeptides
with rigid backbones (23). Reprinted with permission from J. Am. Chem. Soc. 2006, 128 (34), 11206. Copyright 2006 American
Chemical Society; B. Side view of the crystal structure of 2:1 iodide complex of 11, showing the six N-H . . . I- hydrogen-bonding
interactions between the cyclopeptide rings and the I- anion. The hydrogen atoms that were substituted by hydroxyl groups in 12
are marked in yellow in the crystal structure (22). Reprinted from Proc. Natl. Acad. Sci. U.S.A. 2002, 99 (8), 5127, Copyright 2002
National Academy of Sciences; C. Molecular structure of bicyclic peptides 13 and 14 consisting of two covalently linked cyclopeptide
11 subunits. The bicyclic peptides 13 and 14 bound sulfate and iodide anions with micromolar affinity in aqueous solution (23).
Reprinted with permission from J. Am. Chem. Soc. 2006, 128 (34), 11206. Copyright 2006 American Chemical Society; D. Molecular
structure of 15, consisting of two copies of 11 connected through an adipic acid spacer. Compound 15 bound sulfate with a high
affinity and selectivity in 50% water/methanol. Reprinted with permission from J. Am. Chem. Soc. 2002, 124 (43), 12752. Copyright
2002 American Chemical Society.
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the hydroxyl groups. The binding of 15 to sulfate was
two-fold more favorable over 12 (ΔG −26.0 kJmol−1 for
15 and −13.8 kJmol−1 for 12).

Further modification of 11 was done using a dynamic
combinatorial library (DCL) approach to identify which
linkers might induce conformations that demonstrate
the most robust ligand binding (25). A dynamic combina-
torial bicyclic library was developed, in which core unit 16
and various thiol linkers were added (Figure 6(a)). This
dynamic library was treated with various anions, and the
binders 17(linker l2) and 18 (linker l3) (Figure 6(b)) were
detected through sulfate induced amplification. The DCL
containing bis(cyclopeptide) 16, spacer l2 and sodium
sulfate, when analyzed by HPLC, showed formation of

17 (Figure 6(c)). In ITC experiments, 17 was found to
have the highest affinity for sulfate (Ka = 4.68x108 M−1).
As 18 had a much more rigid linker l3, it had
a pronounced lower affinity (Ka = 3.89x107 M−1) as com-
pared to 17 (25). With nanomolar affinity for sulfate, 17
remains the best binder for sulfate by neutral receptors in
aqueous solution (26).

Despite the success in developing 17, increasing the
number of linkers between two cyclic peptides to
improve the anion affinity of bicyclic molecules is not
a universal solution, as evidenced by comparing mole-
cules 19 and 20. While 19 consisted of three triazole
linkers linking two 11 cyclopeptide units, 20 contained
just one triazole linker connecting two 11 units (24)

Figure 6. (Colour Online). Anion-induced amplification of a macrocyclic receptor from a dynamic combinatorial library (DCL) of
disulfides. A. Macrobicycle 16 was mixed with various dithiol spacers in acetonitrile-water mixtures using sodium sulfate salt as
a template (25); B. The structure of 16 and bicycles 17 and 18 were isolated in sulfate induced amplification of DCL; C. HPLC analysis
(260 nm) for DCLs containing bis(cyclopeptide) 16, spacer l2 and sodium sulfate in 2:1 CH3CN/H2O at pH 9 after six days of
equilibration shows the formation of 17 (25). Figure 6A, 6B, and 6C reproduced from Chem. Commun. (Cambridge, U.K.) 2011, 47
(35), 9798 with permission from The royal society of chemistry; D. Molecular structures of 19 and 20, containing three and one triazole
containing linkers respectively (24). Reprinted with permission from Chem. – Eur. J. 2010, 16 (24), 7241. Copyright 2010 Wiley.
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(Figure 6(d)). However, ITC experiments showed that 19
and 20 did not have significantly different affinities for
sulfate24. Though the interior of the cage in 20 was
polar as was planned, Ka for sulfate binding to 19 was
only approximately one order of magnitude higher
than that of 20, and lesser than Ka for sulfate binding
for 17. The binding kinetics of 19 was significantly
different from 20, possibly as sulfate anion would
have greater difficulty entering or leaving the cavity in
19. Thermodynamically, the interactions between sul-
fate ions and the triply linked 19 could not compensate
the energy required for the desolvation of the binding
partners, and therefore the binding enthalpy changed
from exothermic to endothermic upon increasing the
number of linkers from one (20) to three (19) (24). The
sulfate-19 complex stability was, therefore, only due to
entropy. These investigations demonstrated that clos-
ing a cage does not necessarily lead to a significant
improvement in binding; the change may also nega-
tively impact the energetics of complex formation.

Sandwich type anion receptors have also been
developed for halides (chloride), via macrocyclization
reaction of central tripodal tris(amido amines) scaf-
folds such as tris(2-aminoethyl)amine (tren) and

tribromoethylmethylbenzene (21–25) (27) (Figure 7
(a)). The affinities of 21–25 in aqueous acetonitrile
(CD3CN/H2O 95:5) were obtained by titrating with
chloride in 1H NMR titration experiments. Although
binding pockets of the different cages were identical
in terms of size, shape, and potential binding sites,
chloride recognition abilities for each receptor were
found to be strongly affected by peripheral substitu-
tion. Different residues at the aromatic tripodal ring
(R2) and the nature of the amino acid side chain (R1)
both affected anion binding. X-ray structures of crys-
tals of 21–25 showed that four chloride anions were
present per cage unit, confirming the protonation of
the four amino groups of the receptors. However, the
mode of binding to chloride was markedly different for
different R1and R2 substitutions. Each aromatic cage
21 (R1 = Benzyl, R2 = H), 22 (R1 = Benzyl, R2 = methyl)
and 23 (R1 = Benzyl, R2 = ethyl) tended to encapsulate
the chloride ion by electrostatic ammonium NH··Cl−

hydrogen bonds (Figure 7(b)). Aliphatic cages 24 (R1
= Isopropyl, R2 = Methyl) and 25 (R1 = Isobutyl, R2
= Ethyl) bound two chloride ions through ammonium
and amide NH groups, leading to a partial encapsula-
tion (Figure 7(c)), but interacted more strongly with

Figure 7. (Colour Online). Molecular structures of cage compounds for chloride sensing. A. Structures of 21–25. A cage compound was
developed by bicyclization of tripodal tris (amido amines) scaffold tribromoethylmethylbenzene; B. Side and top views of the crystal
structure of the tetrahydrochloric acid salt of 22 show complete encapsulation of chloride by an aromatic cage compound. Only the
closest chloride ions are shown as a CPK model (30% of van der Waals radius). Hydrogen bonds are shown as dashed black lines; C. Side
and top views of the crystal structure of the tetrahydrochloric acid salt of 24 shows partial encapsulation of chloride ion by aliphatic amino
acid derived cage compound. Only the closest chloride ions are shown as a CPKmodel (30% of van derWaals radius). Hydrogen bonds are
shown as dashed black lines. Figure 7A, 7B, and 7C represented with permission from Chem. – Eur. J. 2012, 18 (52), 16728. Copyright 2012
Wiley; D. Molecular structure of the cage compound 26 that had the highest affinity for chloride anion in this series (28). Figure 7D
represented with permission from Chem. – Eur. J. 2014, 20 (24), 7458. Copyright 2014 Wiley.
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the chloride than the completely encapsulating cages
21–23. This work, therefore, demonstrated that anion
(chloride in this case) inclusion within the cage struc-
ture does not necessarily imply a more efficient bind-
ing (27). Subsequently, a cage compound 26
(Figure 7(d)) was developed by the same research
group which had the highest affinity (>two orders of
magnitude) and selectivity for chloride over bromide
and fluoride (28). The high affinity and selectivity char-
acteristics of 26 for chloride, as observed in the tight-
fitting complex of 26 and chloride, were probably due
to the perfect size complementarity of the cage cavity
of 26 with chloride.

Charged cyclic amide containing systems
While in nature charged interactions and neutral
hydrogen bonds work conjointly to generate anion
binders such as phosphate binders, it is non-trivial to
develop cyclic amide containing synthetic receptors
in which charged interactions and neutral hydrogen
bonds complement each other. An approach that has
been used to overcome this barrier is adding charged
interactions to an existing neutral H-bond donor cyc-
lic amide containing macrocycle. Using this approach,
Jolliffe et al. (29, 30) investigated the use of
Lissoclinum-type hexapeptides as a rigidified scaffold
to incorporate new charged interactions for anions. In
Lissoclinum-type scaffolds, amino acids alternate with
azole heterocycles. Due to the orientation of the
backbone hydrogen bond donors to the macrocycle
center, amino acid side chains of the same chirality
project from one face of the scaffold, allowing the
development of convergent binding sites.

Appending thiourea side chains to the
Lissoclinum-type cyclopeptide 8, Jolliffe et al. devel-
oped 27 (Figure 8(a)), which bound strongly and
selectively to sulfate with 1:1 stoichiometry in CDCl3
and 10% v/v DMSO-d6/CDCl3 (Ka > 104 M−1). 1H NMR
spectroscopy experiments indicated that the sulfate
anion formed nine hydrogen bonds to 27, of which
three hydrogen bonds were with amide hydrogens of
the cyclic peptide while the remaining six were with
the thiourea side-chain protons. To increase the bind-
ing affinity further, the distance of the thiourea side
chains from the scaffold was varied. Designed with
a smaller distance between the side chain and the
cyclic scaffold, analog 28 was a better sulfate binder
than 27. It was confirmed that sulfate had similar
binding modes for 27 and 28 (Figure 8(b)).

Capping 27 by trivalent capping units was used to
make cryptand cages such as 29 (Figure 8(c)). When
compared to other anions, 29 selectively bound to
sulfate in 10% H2O in DMSO-d6 (SO4

2- > Cl− > AcO−>

Br−). The X-ray crystal structure of cryptand 29
showed a well-organized cage for anion binding
(Figure 8(c)). 1H NMR studies showed that sulfate
binds to 29 following the same binding mode as for
27 and 28. However, the affinity of the pre-organized
cryptand 29 for sulfate ions in 25% v/v H2

O/DMSO-d6 mixture was observed to be significantly
lower (Ka for SO4

2- = 141 M−1) than for 27 (Ka for SO4
2-> 104 M−1). Therefore, it seems that the preorgani-
zation of ligand for sulfate binding is not advanta-
geous, at least for this ligand series.

Jolliffe et al. (26, 31) utilized a larger cyclic
Lissoclinum-type scaffold to append two dipicolyla-
mine (Dpa) arms complexed to zinc(II) (30). As
shown in Figure 3(a), 30 had two Zn(II)–Dpa groups
at an appropriate distance to complement the size
and geometry of the pyrophosphate anion (PPi), to
help improve its selectivity for pyrophosphate over
other phosphate oxyanions. The decrease of fluores-
cence of a fluorescent coumarin-derived indicator
binding to zinc(II)-Dpa (32, 33) on the addition of
anions was monitored. Performing the fluorescence
displacement assay with sodium salts of nitrate, acet-
ate, hydrogensulfate, iodide, phosphate, hydrogen-
phosphate, phenylphosphate, phosphotyrosine,
phosphothreonine, phosphoserine, AMP, ADP, ATP,
pyrophosphate (PPi), and citrate revealed that the
indicator could be replaced only by PPi effectively
(Ka = 1.0x108 M−1) and to a lesser extent by ATP
(Ka = 7.9x105 M−1), ADP (Ka = 4.0x105 M−1) and citrate
(Ka = 1.0x105 M−1). Thus, 30 had at least two orders of
magnitude higher binding affinity for PPi than for ATP
or ADP, and full selectivity over monophosphate deri-
vatives including HPO4

2-. The dramatic increase in the
binding constant value of 30 for PPi was probably
achieved because the PPi anion was complementary
in size and geometry to 30.

Further confirmation of binding was obtained by
31P NMR and 1H NMR titration experiments. Addition
of one equivalent of 30 to a solution of tris-
(tetrabutylammonium) hydrogen pyrophosphate in
CD3OD–D2O (1:1 v/v) resulted in a shift of the pyro-
phosphate 31P signals from 26.5 to 25.4 ppm. The
reverse titration of 30 by addition of tris-
(tetrabutylammonium) hydrogen pyrophosphate and
monitoring by 1H NMR revealed significant downfield
shifts of alpha protons on the pyridine rings of 30
from 8.39 to 8.58 ppm. Shifts of protons on the
oxazole rings and the amide protons of the cyclic
peptide were also observed. The later shifts might
have indicated that peptide geometry changed on
binding PPi, or that the cyclic amide protons were
providing a secondary binding site for PPi (31).
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Further systematic variations of 30, such as variation
of the non-binding side-chain steric bulk, variation of
the relative position of binding sites, and variation of
the scaffold size were performed in later studies (34), by
comparing the pyrophosphate binding capacities of
30–34. It was found that changing the steric bulk of
the non-binding side chain R from methyl (30) to iso-
propyl (31) to benzyl (32) (Figure 9(a)), caused signifi-
cant decreased binding affinity and selectivity for PPi
(34). Moving the Zn(II)–Dpa binding sites closer
together on the peptidic scaffold (33) (Figure 9(b))
while keeping the scaffold size the same as in 31
increased the affinity for PPi by more than an order of
magnitude. In 34 (Figure 9(c)) the size of the cyclic
peptide scaffold was decreased while maintaining the
same distance between the two Zn-Dpa arms as in 33.
The binder with the smaller scaffold size, 34, bound PPi
with greater affinity than 33 (34 and PPi: Ka = 6.3x109-
M−1; 33 and PPi: Ka = 6.3x108 M−1). in addition, 34 also

displayed increased selectivity for PPi over both ATP
and ADP (34, 35).

Ion transport across a membrane

For biological ion transport across membranes, the con-
centration gradient of ions and the membrane potential
together create the electrochemical potential for each
ion transport, causing passive transport. If transporta-
tion of an ion occurs against the membrane potential, it
has to be tightly coupled to ATP hydrolysis and is
referred to as active transport. Hence ion transport
across a cell membrane can be either active or passive.

Nitrogen-containing heterocycles and amide-based
molecules such as cyclic peptides have been developed
as synthetic systems to mimic membrane proteins and
act as ion transporters. In these artificial systems, the
selectivity of an ion over others has to be specifically

Figure 8. (Colour Online). Sulfate binding Lissoclinum-type pseudopeptides. A. Cyclopeptide 27 is a Lissoclinum-type scaffold
functionalized with tripodal thiourea; B. Proposed binding mode between compound 28, an analog of 27, and sulfate anion.
Molecular structures of 27 and 28 reproduced from references 29 and 26 with permission from The royal society of chemistry;
C. Molecular and crystal structure of cryptand ligand 29. Reproduced from references 30 and 26 with permission from the royal
society of chemistry.
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designed. In nature, peptide macrocycles with high ion
specificities exist: for example, Valinomycin acts as an
ionophore, selectively binding and transporting K+ ion
(36). Compounds like Valinomycin (35) are therefore
good starting points to study and mimic, to develop
new selective ion transporter cyclic peptides. To mea-
sure the functionality and potential of the macrocycles
as ion transporters, researchers usually used two meth-
ods of testing. The first method measured transport
across a liquid membrane such as chloroform/water
liquid membrane. The second, a more realistic
approach, measured transport across lipid bilayer
vesicles.

Liquid membrane experiments typically were carried
out in a U-tube apparatus that contains an interface
between a polar and a non-polar solvent, usually water
and chloroform. A shift in the UV-Vis spectrum measured
the binding of the macrocycle peptide to the guest ion.
The second experimental setup for lipid membrane trans-
port rate utilized lipids such as phosphatidylcholine or
cholesterol to make unilamellar vesicles. The lipids were
sonicated with buffer containing the guest (K+), and cya-
nine dye and the host molecule such as Valinomycin were
added. As Valinomycin bound K+, the vesicles got polar-
ized, and cyanine dye inside the vesicles formed

multimers and therefore underwent fluorescence
quenching (37) (Figure 10). This experimental setup was
widely used to measure ion transportation for peptide
mimics (38) and cyclic peptides like Atrial Natriuretic
Peptides (39). The same assay was also used to determine
the extent of bilipid layer perturbation by cyclic antimi-
crobial peptides like tachyplesin I (40).

Another novel approach for selective ion transport
that was explored was modifying the ion selectivity of
non-selective protein pores like the heptameric staphy-
lococcal a-hemolysin (αHL) protein through addition of
smaller cyclic molecules. Wild-type (WT) αHL can form
a wide pore and can transport any molecule up to ~2kD
through this pore (41, 42). In these experiments,
Monomeric WT α HL was added to the lipid bilayer of
1,2-diphytanoyl-sn-glycero-3- phosphocholine in one
chamber (cis) of a Teflon planar bilayer apparatus con-
taining a pH 7.5 buffer solution. The monomeric WT-
RHL, in the presence of the lipid bilayer, self-assembled
into the heptameric αHL pore (Figure 11(a)). The trans-
membrane current was measured in this chamber using
a patch-clamp amplifier.

Cyclic peptides such as 36 (Arg-Leu-Arg-Leu-Arg-Leu
-Arg-Leu) and diammonium cyclic peptide 37 (2NH3

+.
Phe-Lys-Phe-Lys-Phe-Lys-Phe-Lys) were added to the

Figure 9. Pyrophosphate binding Lissoclinum-type pseudopeptides. A. Molecular structure of 30–32, consisting of Lissoclinum-type
scaffold functionalized with two dipicolylamine (Dpa) arms complexed to zinc(II); B. Molecular structure of 33, an analog of 31, with
two Zn(II)–DPA binding sites closer to each other; C. Molecular structure of 34 with smaller arms Lissoclinum-type scaffold and two
Zn(II)–DPA binding sites close to each other. Molecular structures of 30–34 reproduced from references 26, 31, 34, and 35 with
permission from the royal society of chemistry.
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trans chamber, and positive or negative potentials were
applied, and the change in partition coefficient of
potassium chloride (PK+/PCl-) was measured (Figure 11
(a)). The addition of positively charged peptides like 36
and 37 and application of positive potential caused
stronger binding of peptides to the pore and thus
made the pore anion-selective, lowering the partition
coefficient value. The addition of negatively charged
peptides such as 38 (Asp-Leu- Asp-Leu-Asp-Leu-Asp-
Leu) and application of negative potential caused 38
to bind more strongly to the pore and made the pore
weakly cation-selective, causing an increase of the par-
tition coefficient value (41–44). Binding of these syn-
thetic cyclopeptides to αHL pore could be creating
a conformational change or chemical environment
change to occur, thereby modifying the ion selectivity
of the pore.

A modified version of the planar bilayer apparatus was
recently developed that allowed tracking of single ion
current events. The current was measured in a planar
model lipid system, using a MicroElectrode Cavity Array
(MECA) chip. Bimolecular lipid layers were formed using
a process where a polytetrafluoroethylene-coated mag-
netic bar remotely underwent turning motion and spread
phospholipid in an organic solvent on a MECA chip con-
taining an array of apertures with embedded microelec-
trodes (Figure 11(b)). Bilayer formation was controlled
with the internal multichannel patch-clamp amplifier.
After lipid bilayer formation, the holding potential was
set to a positive potential on the trans-side while the cis-
side was set to electrical ground.

The ability of cyclic peptides tyrocidine A (39) and tyr-
ocidine C (40) (45) to generate distinct ion-conducting
pores were measured in this system. Tyrocidines A and
C are a class of naturally occurring cyclic beta-sheet dec-
apeptides (Figure 12(a,b)) with antibiotic properties (46).
These peptides are believed to form pores in the cell mem-
brane in gram-positive bacteria. To simulate gram-positive
bacteria cell membrane, a 3:1 mixture of 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) and 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE) was used to make a lipid bilayer in the MECA chip
assay, and single-channel current traces were derived from
histograms of current transitions from the current-time
traces. At low nanomolar concentrations of 39 and 40,
conductance events were observed, each consisting of
several single-membrane pores staying open for several
seconds, with conductance values around 20–35 × 10−12

mho (Figure 12(d)). These cyclopeptides thus seemed to
induce discrete long-lived ion-conducting pores. However,
Gramicidin S (41) (47) (Figure 12(c)), belonging to the same
cyclodecapeptide family and having a similar three-
dimensional structure, could induce millisecond long con-
ductance events varying wildly in amplitude only at high
concentrations (5x10−6 M) (Figure 12(d)). Gramicidin S,
therefore, seemed to strongly perturb lipid bilayers without
distinct pore formation in phospholipid bilayers, in the
Micro Electrode Cavity Array (MECA) assay (46). The same
observation about gramicidin S was made in planar lipid
bilayer experiments by other researchers (48).

Interestingly, gramicidin S (41) has been historically
considered a well-characterized channel-forming

Figure 10. (Colour Online). Lipid vesicle experiment for measuring ion transport. Unilamellar lipid vesicles are widely used as a lipid
bilayer or membrane mimic in experiments for determining a compound’s capacity for transporting ions. The K+ containing lipid
vesicles were temporarily perturbed when an ionophore like valinomycin was added, and fluorescent cyanine dye molecules
entered the vesicles. A high concentration of the cyanine dye inside the vesicles caused self-quenching of fluorescence.
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peptide, with well-defined monovalent ion selectivity
(47, 49,50) and extensive structural studies of conduct-
ing forms of gramicidin A have been reported (51).
Gramicidin S (41) has been used as an example of
a channel forming peptide even in recent publications
(52). Despite ongoing disputes on whether it forms
discrete pores, it is well established that Gramicidin
(41) partitions into the membrane at the interface
between phospholipid head groups and fatty acid
chains, thereby disturbing lipid packing and causing
disruption of lipid bilayers or membranes (46). It is
therefore used as a positive control, albeit at a high

micromolar concentration, in the microscopic determi-
nation of membrane potential of bacterial cells in the
presence of membrane potential dissipating antimicro-
bial drugs, using voltage-sensitive dye 3,3′
-Dipropylthiadicarbocyanine iodide (DISC3) (53, 54).

Small biomolecule recognition

Many critical biological processes such as cell signaling
pathways and metabolic pathways involve interactions
between the active sites of enzymes and small

Figure 11. (Colour Online). Two variations of the planar bilayer apparatus for measuring ion conductance. A. Cartoon depicting
selective transport of ions measured in a Teflon planar bilayer apparatus. A lipid membrane was formed when phospholipids
dissolved in a hydrocarbon solvent is painted across a small aperture on a hydrated Teflon septum (76). When a positively charged
peptide was added to the trans chamber, and a positive potential is applied, the peptide bound to the staphylococcal a-hemolysin
(αHL) protein pore assembled on the lipid bilayer and modifies the pore so that it is more selective to anion transport. If
a negatively charged peptide was added and a negative potential applied, the pore became weakly selective to cation transport
(41, 42). Adapted from Proc. Natl. Acad. Sci. U.S.A. 2000, 97 (8), 3959. Copyright National Academy of Sciences; B. Schematic of the
setup used for measuring single-ion conductance. A microelectrode cavity array (MECA) chip (light grey) was placed on a holder
printed circuit board (green). A poly(tetrafluoroethylene) chamber (dark grey) with a silicone O-ring (black) was held in place over
the center of the chip by a second board that contained two rows of 4 contact pins on each side (orange) and the connections to
the amplifier (not shown). Below the chip was a rotatable piston with a counter magnet (cm) placed out of the center. The PTFE-
coated spreading bar (sb) was applied to the chip surface and held outside of the chip’s active center (orange) by magnetic force.
The grey inset shows the chip’s active center enlarged to show the positions of the 16 microelectrode cavities. Reprinted with
permission from small 2014, 11 (1), 119. Copyright 2014 Wiley.
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biomolecules such as carbohydrates, peptides, glyco-
conjugates, and hormones. These highly selective pro-
cesses typically involve multiple molecular recognition
phenomena. The development of synthetic models that
can identify and replicate such molecular recognition
phenomena has been an important research goal.
Synthetic amide and amino acid containing macro-
cycles have been developed that recognize and bind
to small biomolecules like carbohydrates and peptides.

Carbohydrates
Carbohydrate recognition is biologically essential but
synthetically challenging. Lectins are a group of pro-
teins that recognize glycans with reasonable specificity
and low affinity. Lectins have been used in high

throughput assays for recognition of different carbohy-
drates from cell lysates. It has been challenging to
develop synthetic chemical analogs of lectin proteins
(55, 56). Simple monosaccharides, because of the abun-
dance of hydroxyl groups are hydrophilic, whereas their
axial CH bonds have been shown to interact with lec-
tins through hydrophobic CH – π interactions (57, 58).
Davis et al (57–59) designed a series of amide-based
macrocyclic molecules 42–46 (Figure 13(a)), capable of
forming hydrophobic and hydrophilic interactions with
all-equatorial hydroxyl-containing carbohydrates like
β-D-Glucose. Each macrocycle contained aromatic moi-
eties to interact with carbohydrates through π interac-
tions, and amide bonds located such that they could
form hydrogen bonds with the carbohydrate hydroxyl

Figure 12. (Colour Online). Molecular and three-dimensional structures of peptides from tyrocidine decapeptide family. Peptides
from the same family have different ion conductance and pore forming capabilities. A. tyrocidine A (39), B. tyrocidine C (40), and
C. gramicidin S (41). Tyrocidines consist of a conserved cyclic decapeptide structure of the consensus sequence cyclo(D-Phe1-Pro2-
X3-D-X4-Asn5-Gln6-Tyr7-Val8-Orn9-Leu10). Analogs of the tyrocidines containing either Phe3-D-Phe4 or Trp3-D-Trp4 at the variable
dipeptide unit X3-D-X4 (red) are referred to as tyrocidine A or C, respectively. Gramicidin S [cyclo(Val8-Orn9-Leu10-D-Phe1-Pro2)2] is
composed of two repeat moieties of the conserved pentapeptide sequence of the tyrocidines (blue) (46). Three-dimensional
structures of the peptides, shown in left inset for each peptide, are derived from reported NMR structures of tyrocidines (45) and
gramicidin S (47); D. Conductivity measurements of single-channel currents of tyrocidine A in POPG-POPE (3:1) planar model
membranes with an artificial transmembrane potential of 100 mV. No ion conductance events were observed for gramicidin S up to
concentrations leading to membrane collapse (5 μM). Reprinted from mBio 2018, 9 (5), 153.
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Figure 13. (Colour Online). Design of receptors for all-equatorial carbohydrates. A. Macrocyclic molecules 42–46 were designed to be
complementary to all equatorial β-D-Glucose. Polar and hydrophobic regions shown in red and blue respectively. Reprinted with
permission from Angew. Chem., Int. Ed. 2009, 48, 7673–7676, Copyright 2009 Wiley. B. Position of the alkoxy substituents of 45
determined by NOESY. Reprinted with permission from Angew. Chem., Int. Ed 2009, 48, 7673–7676, Copyright 2009 Wiley; C. A simpler
version of 46 is 47 which had a similar affinity and better selectivity for β-D-Glucose than 46. Changing the charge of the macrocycle by
appending dendrimeric arms with multiple carboxylates to 47 in molecules 48–53 affected a receptor’s affinity for charged mono-
saccharides like ammonium salt of D-glucosamine and ammonium salt of D-galactosamine. Reprinted with permission from Angew.
Chem., Int. Ed 2015, 54, 2057, Copyright 2015 Wiley; D. Structure of macrocyclic receptor 54 designed for binding all equatorial
oligosaccharides and polysaccharides. Reprinted by permission from Nat. Chem. 2016, 8(1), 69–74, Copyright nature 2016.
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groups. ITC studies revealed the artificial lectin mimic
45 to be the most promising candidate, binding
β-D-Glucose in water with a Ka of 60 M−1. Additionally,
45 was selective for β-D-Glucose over other carbohy-
drates such as galactose (glucose/galactose selectivity:
20:1) and N-acetyl-d-galactosamine (GlcNac) (glucose/
GlcNAc selectivity: 9:1).

NMR and Fluorescence spectroscopy was used to
analyze the binding interactions between synthetic lec-
tins and carbohydrates. A complex of 46 with GlcNAcβ-
OMe underwent slow exchange on the NMR timescale,
indicating strong binding (Ka = 730 M−1). This complex
was used to derive a model of 46 bound to GlcNAc-OMe.
β-D-Glucose with 45 underwent fast exchange in NMR
(weaker complex, Ka = 60 M−1) and therefore yielded less
information (60). Nonetheless, NOESY contacts between
the axial carbohydrate and biphenyl CH groups in 45
were discernable, supporting the expected binding geo-
metry (Figure 13(b)). A simpler and easier synthesized
analog of 45 containing anthracene was developed (47)
which had binding affinity similar to 46 for β-D-Glucose
(Ka = 56 M−1) and better selectivity than 46 (glucose/
galactose selectivity: ~ 50:1) (61). The presence of anthra-
cene in 47 (Figure 13(c)) caused improved signaling
properties because of the anthracene fluorescence.

The number of polar binding groups in 47 was
increased by adding dendrimer arms with polar substi-
tutions, to increase its binding affinity for glucose.
Several variations 48–53 (Figure 13(c)) were synthe-
sized, to control the length, charge, and branching, to
enable the positioning of side-chain carboxylate groups
such a way that they assisted in binding substrates
rather than blocking the cavity (57). The length of the
side chain was varied from short to long using terminal
functionalities of different lengths. It was found that for
specific lengths (51), terminal strands from the dendri-
mer side chain could thread through the cavity and
thereby negate carbohydrate binding. However, in
other dendrimers such as 49, 50, and 52, this threading
effect was not observed. The most dramatic effects in
binding affinities were observed for D-glucosamine, as
it has all-equatorial polar groups, and therefore was
most complementary to the cavity as well as charge-
complementary to the side chains.

As the dendrimers expanded, affinities for
D-glucosamine increased, with 52 having a Ka of
7000M−1. The affinity of52 for β-D-Glucose onlymarginally
increased to 70M−1 (57). This research study demonstrated
that dendritic side chains could be used to moderate the
binding properties of synthetic carbohydrate receptors and
increase affinities for carbohydrates. In a later study, the ring
size of macrocycle 46 was increased, by combining two
pyrene units and three isophthalamide spacers to form the

symmetrical bicyclic structure 54 (59). The symmetric bicyc-
lic 54 (Figure 13(d)) was selective for all-equatorial carbohy-
drates, favoring glucose and glucoside over mannose or
galactose. As 54 bound cellodextrin (n = 2–5) (Figure 13(d),
inset) with Ka = 5,000 M−1 or higher, and cellotetraose with
Ka = 12,000 M−1, it had the highest affinity reported for
a neutral saccharide in water.

In a different approach, Wang and coworkers incor-
porated Glucose Binding Protein’s first-shell interaction
sites with glucose in a cyclic peptide linked through
a disulfide bond. The resultant cyclic peptide cyclo-
[−CNDNHCRDNDC-] was found to have selectivity and
low binding affinity to glucose (62). Another approach
used for recognition of carbohydrates was using boronic
acid derivatives, as boronic acid binds to cis-diols (63).
However, molecules developed using this approach
have cross-reactivity to non-carbohydrate diols like
ascorbic acid, D-mannitol, and adenosine (64).

Peptides
Peptide-peptide binding is aweak interaction,whichmakes
it hard to find or detect peptide binders to a target peptide
through any screening processes. It has been reported that
phage display, a common technique for finding peptide
binders to a protein, cannot detect peptide-peptide inter-
action (65). Kodadek et al (65). reported a novel method to
find peptide binders to peptides using a genetic selection
assay. Specifically, the authors discovered a binder against
the interleukin-1β (IL-1β) hormone site at which the pro-
hormone is cut by interleukin converting enzyme (ICE) 17,
using a lambda-reconstitution assay. Two plasmids were
generated, one expressing the DNA-binding domain (DBD)
fused to the target interleukin-1β hormone peptide, and
the other expressing a variable peptide library fused to
a second DBD. The plasmids were co-transformed into
Escherichia coli (E. coli) cells and challenged with lambda
phage. The interaction of the correct library encoded pep-
tide with the target peptide brought together the two
DBDs to reconstitute the lambda repressor and enabled
lambda repressor-operator binding, which rendered the
corresponding E. coli cells immune to the infection. The
peptidebinders to thehormone site of IL-1βwere identified
from the colonies formed in the presence of phage
lambda (66).

Heath and coworkers (67–69) reported development of
macrocyclic peptide ligands, called PCC agents, that bound
to target peptides. It has been observed that although it is
possible to find linear peptide binders to target peptides
(70), using macrocyclic peptide libraries and screening that
library against the target epitope, referred to as chemical
epitope, yielded binders with higher binding affinity and
selectivity (71). The group has reported several macrocyclic
binders that not only bind the target peptide but detect
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subtle changes in protein structure such as phosphoryla-
tion at a single residue of a kinase or a single point muta-
tion, stabilizes protein structure and distinguishes between
highly homologous isoforms of a protein.

The target epitope, typically a 9–30 amino acid long
peptide fragment of a protein, was synthesized with the
corresponding alkyne or azide (Figure 14(a)). The alkyne
or azide-containing amino acid was either added to the
C- or N-terminal of the epitope or substitutes a natural
amino acid of similar structure or hydrophobicity. The
epitope was also appended with a biotin tag, separated
from the peptide by a polyethylene glycol (PEG) lin-
ker (66).

The macrocyclic peptide library was made using Fmoc
based solid phase synthesis, and the One Bead One
Compound split and mix method (72). The library most
commonly used was a heptapeptide library on TentaGel
SNH2 bead, with the side chains (azide and alkyne) of
terminal amino acids cyclized on the bead by Copper (I)-
catalyzed Azide-Alkyne Cycloaddition (CuAAC) reaction
(71, 73). An additional alkyne was added to the end of
the cyclic library. The alkyne could interact with the azide
on the target epitope during the screen when a binder
bound to the target epitope and formed a covalent triazole

link. The library comprised of a five-residue variable region
and had 1.88 million unique sequences. (Figure 14(b)).

Two stages in a Chemical Epitope Targeting screen
have been described. The first stage or prescreen
involved screening the library against a scrambled ver-
sion of the epitope sequence that had the amino acids
shuffled in random order. Non-specific binders were
identified by treating with anti-biotin antibody conju-
gated to horseradish peroxidase (HRP) and HRP sub-
strate, which created a turquoise colored precipitate
on the bead (Figure 14(c): I.) (74). For the second stage
or ligand screen, the library was screened with the
target epitope similarly to the prescreen, and hits are
detected by color change. The hit sequences were
synthesized without the alkyne (Figure 14(c): II) and
tested for binding to the target epitope and the full
protein. Selectivity and affinity assays were done to
determine the best binder (66). Heath et al. (71)
reported a cyclic peptide that selectively sensed
a phosphorylated peptide corresponding to the
C-terminal hydrophobic tail of Akt2 over the non-
phosphorylated peptide. Table 2 summarizes proteins
targeted by macrocyclic peptides that were discovered
through this screening process (67–69, 71).

Figure 14. (Colour Online). Libraries and screening procedure for chemical epitope targeting. A. Target region of protein chemically
synthesized as a peptide with a terminal azide and a biotin tag; B. Macrocyclic peptide library A used in ligand screen, with Xn
representing variable amino acids. Target region of protein chemically synthesized as a peptide with a terminal azide and a biotin
tag; C: I.Pre-Screen: Cyclic library A was screened against a biotinylated scrambled version of the epitope containing an azide group.
Colorimetric changes are observed in the binders after subsequent treatments with α–biotin antibody conjugated with horseradish
peroxidase (HRP) enzyme and BCIP, an HRP substrate. The rest of the library was treated with denaturant guanidium hydrochloride
and re-equilibrated in buffer. II. Ligand Screen: The library was screened against the biotinylated target epitope and detected using
biotin antibody-HRP conjugate. The hit peptides were sequenced by Edman sequencing, re-synthesized and tested for binding to
the full protein to select the best binder. Adapted from J. Med. Chem. Drug. Des. 2018, 1(2): dx.doi.org/10.16966/2578–9589.110.
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Summary

In this review, the concepts and methodology used to
develop amide containing or amino acid containing
macrocycles for critical biological functions such as
anion sensing, ion transport, and small biomolecule
sensing have been articulated. The state of each field
has been discussed, and successes and challenges for
different approaches have been noted.

There has been significant progress made in the synth-
esis and optimization of amide and amino acid containing
macrocycles for sensing certain anions like sulfate and
pyrophosphate. Artificial ion sensing systems were divided
into two classes, neutral hydrogen bond rich systems and
charged systems, and separately discussed. The highest
affinity sulfate binder belongs to the first class of neutral
hydrogen bond containing systems. The development of
the high-affinity sulfate binder 17 through iterations of the
original pseudopeptide 11 has been described in detail,
focusing on the reasoning behind the evolution to a strong
binder. The high-affinity pyrophosphate binder, 34, on the
other hand, belongs to the second class of charged macro-
cycles. The rationale behind the design of these charged
molecules was explained. The process of development of
a high-affinity pyrophosphate binder 34, starting from 30,
has been described in detail.

At this stage, these promising candidates have not
been tested for binding anions in complicated biologi-
cal mediums such as cell lysate, where there could be
other biomolecules or anions competing for binding. It
may be possible to identify cyclic peptides/pseudopep-
tides as anion sensors from a screening library of mole-
cules with various scaffolds. Identifying anion binding
peptides from the library is a complicated procedure
and may involve screening millions of likely candidates.

In reviewing the literature for ion transport by amide or
amino acid containing macrocycles, the authors did not
come across any chemically synthesized macrocyclic mole-
cule that has as high selectivity for an ion as naturally
available macrocycles like Valinomycin, a molecule very
selective for potassium. Other macrocyclic ion transport
molecules discussed in this article, such as tyrocidine
A and gramicidin S, are also derived from nature. There
seem to be different conclusions about pore-forming cap-
abilities of such compounds, even one as widely studied as
gramicidin S, due to the lack of consistency in results in
between similar but different assay platforms. This lack of
consistency needs to be resolved to make progress in this
field. A novel strategy that seemed to be successful for the
selective transport of cations and anions was increasing
selectivity of natural pore proteins such as hemolysin.

For carbohydrate sensing, researchers have tried to
mimic lectin protein scaffolds in several ways. The most

successful strategy involved enclosing the carbohydrate
in a cavity formed by hydrophobic and hydrophilic func-
tionalities. This approach required significant synthetic
skills and synthesis of these macrocycles was not always
high yielding. Despite this challenge, an artificial carbo-
hydrate sensor 54 with a high affinity for cellotetraose
(Ka = 17,000 M−1) and cellodextrin (Ka = 5,000 M−1) has
been developed. The path of development followed by
the researchers has been detailed. An alternative
approach might be to use a peptide scaffold derived
from carbohydrate binding protein binding sites and
make further modifications to encapsulate the carbohy-
drate, in order to increase selectivity and affinity.

For peptide sensing, macrocycle peptide scaffolds
seemed to be reasonably successful, though the binding
constants were measured not against the peptide frag-
ment but against the full-length protein from which the
peptide is derived. Additional experiments were needed to
verify that the macrocycle is binding to the specific protein
region from where the peptide fragment was derived.

To summarize, amide and amino acid containing
macrocycles represent an important class of molecules.
The future successful design of these molecules for
biological applications will require rational design,
incorporating favorable molecular interactions, and
structural restraints to achieve selectivity.
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