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Aromatic pentaamide macrocycles bind 
anions with high affinity for transport  
across biomembranes

Ruikai Cao1,6, Robert B. Rossdeutcher1,6, Yulong Zhong    1,6, Yi Shen    2, 
Daniel P. Miller    3, Thomas A. Sobiech1, Xiangxiang Wu    4, 
Laura Sánchez Buitrago    3, Karishma Ramcharan    3, Mark I. Gutay5, 
Miriam Frankenthal Figueira    5, Pia Luthra    3, Eva Zurek    1, Thomas Szyperski1, 
Brian Button5, Zhifeng Shao    2   & Bing Gong    1 

The convergent positioning of functional groups in biomacromolecules 
leads to good binding, catalytic and transport capabilities. Synthetic 
frameworks capable of convergently locking functional groups with 
minimized conformational uncertainty—leading to similar properties—
are highly desirable but rare. Here we report C5-symmetric aromatic 
pentaamide macrocycles synthesized in one pot from the corresponding 
monomers. Their crystal structures reveal a star-shaped, fully constrained 
backbone that causes ten alternating NH/CH hydrogen-bond donors and 
five large amide dipoles to orient towards the centre of the macrocycle. 
With a highly electropositive cavity in a high-energy unbound state, the 
macrocycles bind anions in a 1:1 stoichiometry in solution, with high affinity 
for halides and very high affinity for oxoanions. We demonstrate that such 
macrocycles are able to transport anions across lipid bilayers with a high 
chloride selectivity and restore the depleted airway surface liquid of cystic 
fibrosis airway cell cultures.

Molecular and supramolecular structures with multiple functional 
groups convergently placed at defined positions occur ubiquitously 
in nature. Amassing multiple non-covalent forces1, such structures 
exhibit sophisticated functions from ligand binding and mass transport 
to signal transduction that are still beyond the reach of synthetic con-
structs. The potassium channel KcsA2 and the water channel aquaporin 
1 (ref. 3) achieve excellent efficiency and selectivity in transporting 
potassium ions and water molecules, respectively, with a selectivity 
filter defined by converged polar groups and dipoles. The selectivity 
filter of anion Cl− channel ClC is defined by converged NH, CH and OH 
groups towards the bound chloride4. The convergent functional groups 

are also utilized by ligand-binding proteins such as the sulfate-binding 
protein of S. typhimurium5 that binds the sulfate ion, an anion with a 
large hydration enthalpy (−258 kcal mol−1), in high affinity (associa-
tion constant Ka = 8.3 × 106 M−1 at pH 8.3) in water. By forming seven 
neutral hydrogen bonds with the sulfate ion, involving five main chain 
peptide NH groups, a serine OH and the indole NH of a tryptophan, the 
sulfate-binding protein demonstrates that properly placed neutral 
hydrogen bonds can result in extraordinary anion binding affinities.

Anions have attracted wide interest in molecular recognition 
because of their importance in biology, medicine and the environ-
ment6. In contrast to cations, anions, with a variety of sizes and shapes, 
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the amide groups could be minimized or even eliminated. However, 
due to the structural limitations of the amide group, most known 
amide-based anion receptors have significant conformational flexibil-
ity, along with unhindered rotation around the aryl−amide single bonds, 
leading to compromised binding affinity and selectivity. Moreover, 
incorporating amide NH units into anion receptors inevitably brings 
along amide C=O groups engaging in undesired hydrogen-bonding 
interactions that result in self-aggregation and poor solubility.

Choi and Hamilton reported their seminal work on a rigid aromatic 
triamide macrocycle with an ~5 Å cavity that binds dihydrogen phos-
phate (Ka ≈ 104 M−1 in deuterated dimethyl sulfoxide (DMSO)-d6)25 with-
out rotational restriction of the backbone aryl–amide single bonds. 
While we have succeeded in constructing aromatic oligoamide macro-
cycles with rigidly placed, convergent backbone amide C=O groups26, 
the inherent limitation of the amide group precluded the creation of 
aromatic oligoamide macrocycles capable of convergently locking 
NH groups. In fact, the design of rigid hosts with preorganized, con-
vergently placed amide NH groups for anion binding remains a daunt-
ing conceptual and synthetic challenge. To address this challenge, 
we have now successfully designed and synthesized the star-shaped 
macrocycles c5 featuring a constrained backbone that locks multiple 
amide NH and CH groups into an unambiguous, convergent placement. 
Macrocycles c5 represent the newest member of a family of cyclic com-
pounds including MacLachlan and co-worker’s camperstarenes14, Zeng 
and co-worker’s pentamers15 and Flood and co-worker’s cyanostars16 
with a rare C5 symmetry. The non-deformable cavity of c5 defined 
by these NH and CH donors with inwardly pointing amide dipoles is 
highly electropositive and predisposed for anion accommodation. 
The resultant anion binders could find important applications such 
as serving as remedies for malfunctioning anion transport found in a 
variety of diseases6.

have been largely elusive for synthetic receptors until recent years. 
Anion recognition requires the convergent alignment of binding 
groups, especially hydrogen-bond donors4,5. Typical anion receptors 
include linear or branched molecules carrying hydrogen-bond donors. 
They are based on the NH groups of amides, ureas, pyrroles, amines and 
ammoniums7 and, more recently, have included halogen bonds8,9 with 
which the entropic costs for hydrogen-bond donors to converge on ani-
ons have to be compensated by the enthalpic gains from non-covalent 
interactions. A promising strategy for converging multiple functional 
groups is based on rigid structures including molecular clefts10, foldam-
ers11,12 and macrocycles13–15 with unique and often remarkable capabili-
ties of selectively and tightly binding guest species.

Shape-persistent macrocycles are especially powerful in con-
verging functional groups with non-deformable cavities of defined 
sizes. Flood and co-workers demonstrated the formation of stable 2:1 
sandwich complexes of large anions with a rigid macrocycle having 
convergent aromatic CH groups16 and the 1:1 binding of the chloride 
ion with another macrocycle with convergent triazole and phenyl CH 
groups17. These systems, along with those reported by Anslyn and 
co-workers18, Sessler and Davies19 and Gale and co-workers20, demon-
strate that rigid cyclic hosts with convergent hydrogen-bond donors, 
even those involving aromatic CH groups that are regarded as ‘weak’ 
donors21, could achieve strong binding for anions.

Among hydrogen-bond donors, the amide NH functionality is 
much preferred in the design of anion receptors for its exceptional 
hydrogen-bonding capability and synthetic accessibility22–24. With 
rigid residues linked by amide linkages, aromatic oligoamide macro-
cycles can organize multiple binding elements to achieve strong anion 
binding. Ideally, the macrocyclic backbones should be rigid and fully 
constrained, with restricted rotation around each backbone aryl–amide 
single bond, so that the ambiguity in local orientation associated with 
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Fig. 1 | Linear oligoamide 1 and macrocycles c5 consisting of basic residues 
derived from 5-amino-N-acylanthranilic acid. a, Linear oligoamides 1 with the 
energetically unfavourable crescent conformation 1crs and the overall electrical 
dipole moments of amides 1a and 1b in the predicted conformations from 
DFT calculations performed with the ADF57 software package. b, Synthesis of 

macrocycles c5a–c based on a one-pot macrocyclization process. In a and b, the 
backbones of the linear and cyclic oligoamides are highlighted with thick bonds 
and N–H groups are highlighted in blue. c. Crystal structure of c5c in which two of 
the five side chains are disordered with water molecules being hydrogen bonded 
to the backbone NH groups.
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Results and discussion
Design and synthesis of cyclic aromatic pentaamides c5
We recently reported anion-binding aromatic oligoamide foldamers 
sharing general structure 1 (Fig. 1a)27. The intramolecular hydrogen 
bonds in 1 serve to (1) partially rigidify the oligoamide backbone, (2) 
prevent the backbone amide C=O groups from engaging in additional 
hydrogen-bonding interaction and (3) free the backbone amide NH 
groups to form hydrogen bonds with guest species. As shown in  
Fig. 1a, amide 1a, the basic unit of 1, has a large dipole moment (4.24 
D) contributed by the two hydrogen-bonded amide groups, while 

amide 1b has a smaller dipole moment (3.28 D) as it lacks a side-
chain amide group. Thus, oligoamide 1 adopts a conformation with 
the adjacent amide dipoles aligned in an energetically favourable 
antiparallel orientation. Like other anion-binding foldamers8,28–32, 
upon binding an anion, oligoamide 1 folds into conformation 1crs 
in which the backbone NH groups, along with the positive ends of 
the amide dipoles, are oriented to define an electropositive cav-
ity27. The entropic barrier for 1 to adopt conformation 1crs leads 
to modest anion-binding affinities that increase with the number 
of NH groups27.
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Fig. 2 | Binding stoichiometry of macrocycles c5 with anions. a, Changes in 
the 330 nm absorbance of c5a (20 μM) titrated with 0–2.5 equiv. of TBA+Cl− in 
CH3OH:CHCl3 (5:95, v/v). b, Changes in the chemical shifts of endocyclic protons 
a of c5a titrated with 0–5 equiv. of TBA+Cl− in DMSO-d6:CDCl3 (1:99, v/v). In a 
and b, the abrupt change in absorbance or chemical shift indicates that the 

stoichiometry of the binding is 1:1. c, Optimized structures of the 1:1 complexes of 
c5 with Cl−, Br−, I−, NO3

−, ClO4
− and DPP−. In each complex, the CH/NH protons and 

the anion that are within van der Waals contact distances (dH···O ≤ 2.8 Å;  
dH···Cl- ≤ 3.0 Å; dH···Br- ≤ 3.1 Å; dH···I- ≤ 3.3 Å) are indicated by red dashed lines. The 
structures were computationally optimized in vacuum57.
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Cyclizing oligoamide 1 can yield macrocycles with 5 or 6 residues 
due to the ~120° bond angles defined by the sp2-hybridized C and N 
atoms. Density functional theory (DFT) calculations of the five-residue 
macrocycle c5 (Fig. 1b) reveal a slightly puckered conformation (Sup-
plementary Fig. 1a) but the six-residue macrocycle has a significantly 
crinkled shape, indicating a strained structure (Supplementary Fig. 1b).  
The hindered rotation of the aryl–amide single bonds in the cyclic 
backbone of c5 greatly reduces the conformational flexibility of the 
backbone. The intramolecular hydrogen bonds along the backbone 
also prevent the amide groups from flipping 180°, forcing the amide 
NH and phenyl CH groups to point to the interior of the macrocycle  
(Fig. 1b,c and Supplementary Fig. 1a). With its highly electroposi-
tive cavity, as shown with DFT computed Hirshfeld charges of +0.12 
e and +0.04 e for each of the NH and CH protons, macrocycle c5 is in a 
high-energy unbound state31 in comparison to its acyclic counterpart 
(Supplementary Fig. 2). This is due to the repulsion between amide 
dipoles and between the partially charged endocyclic NH and CH pro-
tons brought into close proximity by the cyclized backbone. As a result, 
macrocycle c5 is predisposed for anion binding.

Macrocycle c5a was first synthesized in an overall yield of 
~24% by cyclizing a linear oligoamide precursor prepared based on 
an amide-coupling method we recently developed (Supplemen-
tary Scheme 1)27. Subsequently, we were able to develop a much 
more efficient one-pot synthesis of c5a (~45% yield) involving heat-
ing 2a (2 mM) and a 1:1 mixture of diphenyl phosphate (DPP) and 
4-dimethylaminopyridine (DMAP) (40 mol%) in toluene under reflux 
(Fig. 1b and Supplementary Scheme 2; see Methods section ‘One-pot 
synthesis of macrocycles c5’ for details). This one-pot procedure, which 
was also effective in the production of c5b and c5c, provides a simple 
and scalable route allowing structural tuning and optimization for 
preparing c5 derivatives carrying different sidechains.

Crystal structures and solution properties of c5
Compound c5a was crystallized from DMSO by slow cooling and 
c5c was obtained from CHCl3:CH3CN (1:1, v/v) by slow evaporation 
of the solvent. The crystal structures of c5a (Supplementary Fig. 3) 
and c5c (Fig. 1c) have overall planar conformations resembling the 
energy-minimized structure of c5 (Supplementary Fig. 1a). Similar 
to the CH and NH groups constituting the selectivity filter of ClC Cl− 
channels4, all of the endocyclic NH and CH groups of c5c are oriented 
towards the centre of the macrocycle (Fig. 1c), defining a cavity of ~6.8 Å 
(H to H) or ~4.6 Å (van der Waals). The backbone amide groups and 
their flanking benzene rings have dihedral angles of 0 to 40°, leading 
to a slightly puckered conformation that presumably alleviates the 

repulsion between the amide dipoles and between the partially posi-
tive endocyclic hydrogens. The intramolecular hydrogen bonds also 
enforce the coplanar alignment of the sidechain amide groups and 
the benzene rings. In the cavity, three water molecules are hydrogen 
bonded to amide protons b. The crystal structure of c5a (Supplemen-
tary Fig. 3) shows similar features, with all of its endocyclic CH and 
NH groups being convergently placed. The backbone of c5a is more 
puckered than that of c5c, probably owing to different crystal packing 
caused by the sidechains. In the cavity of c5a, two DMSO molecules 
are hydrogen bonded to two NH groups. Examining the packing of 
c5c indicates that adjacent macrocycles have about one residue of 
their backbones being stacked at ~3.4 Å (Supplementary Fig. 4). Such 
a small contact surface between two adjacent macrocycles is likely to 
be caused by the repulsive interactions between the amide dipoles, 
should the macrocycles stack face-to-face.

The lack of strong stacking between the macrocycles is reflected 
by the overall good solubility of macrocycles c5a,b in many solvents 
including chloroform. This contrasts with the poor solubilities typi-
cal of most acyclic and cyclic aromatic oligoamides. With the polar 
sidechains having tri(ethylene glycol) tails, c5b also has a reasonable 
solubility (~1 mM) in water.

High-affinity anion recognition by macrocycles c5
With their backbone NH and CH groups being highly preorganized, 
macrocycles c5 should bind anions of different properties. Eleven ani-
ons including halides Cl−, Br− and I−, the weakly coordinating BF4

− and 
PF6

−, oxoanions NO3
−, ClO4

−, IO4
−, HSO4

−, methyl phenylphosphonate 
(MPP−) and diphenyl phosphate (DPP−), with a variety of sizes, shapes, 
charge densities and hydrogen-bonding capabilities, were examined 
for their interaction with c5.

The anion binding stoichiometry of macrocycles c5a and c5c was 
analysed with ultraviolet–visible (UV–vis) and 1H NMR titrations in dif-
ferent solvents and with high-resolution mass spectra (HRMS) recorded 
in negative ion mode. Titrating c5a with the tetrabutylammonium 
(TBA+) salt of chloride (Fig. 2a) or other anions (Supplementary Fig. 5)  
revealed a linear dependence of the UV–vis absorbance of c5a that 
exhibits an abrupt change around 330 nm at 1 equiv. of each anion, 
indicating a 1:1 binding ratio.

In CDCl3 containing 5% DMSO-d6, the chemical shifts of phenyl CH 
protons a of c5a upon titrating with 0–5 equiv. of TBA+Cl− exhibited 
the same abrupt change around 1 equiv. of TBA+Cl− (Fig. 2b and Sup-
plementary Fig. 6a) or TBA+Br− (Supplementary Fig. 6b), confirming 
the 1:1 binding stoichiometry. Consistent with 1:1 binding, titrating c5a 
with I− or ClO4

− in the same solvent gave two separate sets of 1H NMR 

Table 1 | Association constants Ka (M−1) for the 1:1 complexes of c5a with various anions at 25 °C

Diameter (Å) DMSO-d6:CDCl3 (15:85, v/v)a DMSO:CHCl3 (5:95, v/v)b,c CD3CN:CDCl3 (80:20, v/v)a CH3CN:CHCl3 (5:95, v/v)b,c

Cl− 3.36 (4.31 ± 0.12) × 103 (1.60 ± 0.10) × 104 (8.25 ± 0.59) × 104 (2.34 ± 0.24) × 106

Br− 3.80 (9.82 ± 1.08) × 103 (1.37 ± 0.04) × 104 (4.98 ± 0.30) × 104 (1.79 ± 0.34) × 107

NO3
− 4.00 (1.57 ± 0.13) × 105 (1.30 ± 0.10) × 106 >106 (1.38 ± 0.21) × 109d

BF4
− 4.10 (4.73 ± 0.38) × 104 (8.70 ± 0.40) × 105 (2.10 ± 0.23) × 105f (3.09 ± 0.45) × 108d

I− 4.22 (2.73 ± 0.17) × 104

(3.77 ± 0.25) × 104b

(1.18 ± 0.03) × 104c

(1.83 ± 0.08) × 105 (5.96 ± 0.89) × 105f (7.78 ± 4.26) × 107

(6.67 ± 0.81) × 107e

ClO4
− 4.50 (5.74 ± 0.51) × 104

(9.60 ± 0.76) × 104b

(1.90 ± 0.02) × 104c

(4.50 ± 0.50) × 105 (4.27 ± 0.67) × 105f (4.96 ± 0.76) × 108d

IO4
− 4.62 (1.18 ± 0.08) × 104 (1.72 ± 0.05) × 105 (4.24 ± 0.21) × 104 (2.54 ± 0.22) × 107

PF6
− 4.84 Not detected (2.80 ± 0.20) × 104 (3.70 ± 0.22) × 103 (1.23 ± 0.17) × 107

Measured at 298 K. aDetermined by NMR titrations by fitting the chemical shift changes of both protons a and b unless indicated otherwise. bDetermined by triplicate NMR titrations. 
cDetermined by ITC measurements. dDetermined by two-step competition ITC experiments with PF6

− as the competitor. eDetermined by two-step competition ITC experiments with Cl−  
as the competitor. fValue based on chemical shift changes of CH protons a only due to large errors involving NH protons b.
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Fig. 3 | 1H NMR spectra and association constants (log Ka) of c5a. a, Top: 1H NMR 
spectra of c5a (0.1 mM) titrated with 0 to 5 equiv. of TBA+I− in DMSO-d6:CDCl3 
(15:85, v/v). Amide protons b and c, along with aromatic protons a, which exhibit 
significant shifts with different ratios of I−, are labelled in red. Aromatic protons d 
and e, which experience only small shifts with changing ratios of I−, are labelled in 
blue. Bottom: the solvated cavity of c5 with DMSO molecule(s) hydrogen bonded 
to amide protons b (left) and the desolvated cavity of c5 occupied by an anion (X-) 
that forms hydrogen bonds with amide protons b and phenyl protons a (right). 
The different shifts of protons a and b suggest that amide protons a are involved 
in hydrogen bonding with DMSO molecules. b, Top: 1H NMR spectra of c5a 

(0.1 mM) titrated with 0 to 2 equiv. of TBA+HSO4
− in DMSO-d6:CDCl3 (15:85, v/v), 

indicating that the free and bound forms of c5a are in close exchange. Bottom: 
structures of three oxoanions. c, Association constants (log Ka) of c5a with the 
anions in CH3CN:CHCl3 (5:95) reveal that the affinities of c5a for halides along 
with ClO4

−, IO4
− and PF6

− follow a size-dependent trend while the affinities for 
BF4

− and four other oxoanions do not follow any size-dependent trend. d, Partial 
2D (ROESY) spectra of the 1:1 mixture of c5a and TBA·MPP in DMSO-d6 (20 mM, 
500 MHz, mixing time = 0.4 s, 25 oC) demonstrate the binding of MPP− inside the 
cavity of c5a.
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signals, indicating slow exchange between the free and bound forms of 
c5a (Supplementary Fig. 6c,d). The signals of free c5a completely disap-
peared with ≥1 equiv. of the anion and those of the bound c5a remained. 
The 1:1 binding ratio is further supported by the HRMS of the mix-
tures of macrocycle c5c and all eleven anions (Supplementary Fig. 7).  
The lower molecular weight of c5c enabled HRMS to be recorded in 
the appropriate m/z range of the spectrometer. HRMS revealed the 1:1 
complex as the only or dominant species for each anion.

The computationally optimized structures of 1:1 complexes of 
c5 with the spherical halides, planar NO3

−, tetrahedral ClO4
− and the 

substituted phosphate ion DPP− (Fig. 2c), along with HSO4
− and MPP− 

(Supplementary Fig. 8) show that iodide is located at the centre of the 
cavity within the van der Waals contact distances with all endocyclic 
CH and NH hydrogens, but Cl− or Br− only partially occupies the cavity 
within the van der Waals contact distances with two CH hydrogens and 

two NH hydrogens. With its slightly flexible backbone, macrocycle c5 
is also able to accommodate the different shapes of NO3

−, ClO4
−, DPP−, 

HSO4
− and MPP− by having multiple NH···X− and four CH···X− interactions 

with each bound anion.
The binding of c5a with eight anions was examined with NMR 

titration (Table 1). In DMSO-d6:CDCl3 (15:85, v/v), titrating c5a with 
each of the three halides caused phenyl protons a to shift downfield 
(Fig. 3a and Supplementary Fig. 9), but the signal of amide protons b 
shifts very differently with different halides. This is likely to be due to 
the competition between DMSO and the halides for hydrogen bonding.

The association constants (Ka) for the binding of c5a with the ani-
ons were determined by fitting the NMR titration data to a 1:1 binding 
model using the online fitting tool Bindfit (http://app.supramolecular.
org/bindfit/) (Table 1). In DMSO-d6:CDCl3 (15:85, v/v, ε = 11), Ka is gen-
erally in the range 103–104 M−1. In the much more polar CD3CN:CDCl3 
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Fig. 4 | Transmembrane transport of halide ions promoted by macrocycle 
c5a. a, Dissipation of the pH gradient quenches the emission of the pH-sensitive 
dye HPTS entrapped in 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 
(POPC) LUVs. b–d, Normalized ratio of time-lapse fluorescence emission 
intensities of Cl− (b), Br− (c) and I− (d) transport facilitated by c5a, along with  
the control curves (in blue) measured with vesicles in the absence of c5a.  
A larger difference between the transport facilitated by c5a versus control means 
more enhancement occurred by c5a and a conclusion that c5a enhances the 
transmembrane transport of Cl− the most and I− the least could be obtained.  

The transport of halides was examined by measuring the fluorescence excitation/
emission wavelengths of HPTS, with excitation at 405 nm and emission at  
510 nm and excitation at 450 nm and emission at 510 nm. The transmembrane 
anion permeability of vesicles with and without c5a was determined by 
numerically fitting (black lines) the ratio of emission intensities corresponding  
to the 450 nm/405 nm excitations over the time-lapse. The total anion 
permeability (∆PX-) of each halide ion elicited by c5a is shown. (Intensity ratio, 
F450/F405 = fluorescence emission intensities at excitation wavelengths of 
450 nm and 405 nm).

http://www.nature.com/naturechemistry
http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/


Nature Chemistry

Article https://doi.org/10.1038/s41557-023-01315-w

(80:20, v/v, ε = 31), the Ka values increased by about tenfold, indicating 
that compared to solvent polarity, the hydrogen-bonding capabilities 
of the polar solvents (DMSO versus acetonitrile) play a more important 
role in influencing binding strength. Isothermal titration calorim-
etry (ITC) experiments revealed that the Ka values in the consider-
ably less polar DMSO:CHCl3 (5:95, v/v, ε = 6.9) are in fact comparable 
to those determined in CD3CN:CDCl3 (80:20, v/v)33. The Ka values in 
CH3CN:CHCl3 (5:95, v/v, ε = 6.4) from ITC measurements (Supplemen-
tary Fig. 10) are over 108 M−1 for ClO4

− and BF4
− and that for NO3

− reaches 
the 109 M−1 range. The high affinity of c5a for I− and ClO4

−, large and soft 
anions having low charge density and high polarizability, is apparent. 
This is probably due to the capabilities of these anions to interact with 
all the endocyclic CH and NH groups. Besides, the binding of these 
weakly coordinating and polarizable anions is probably promoted by 
the five preorganized phenyl CH donors that are characterized by their 
hydrophobicity and moderate polarizability.

In comparison with cyanostar iPrCS that forms 1:1 complexes 
with anions in CD3CN:CD2Cl2 (1:1, v/v, ε = 23)34, in the more polar 
CD3CN:CDCl3 (80:20, v/v, ε = 31), macrocycle c5a binds Cl−, Br−, BF4

−, 
ClO4

− and IO4
− with affinities 1 to 2 orders of magnitude higher (104 to 

105 M−1); the Ka values of c5a for I− and PF6
− in the more polar solvent are 

comparable to those of cyanostar iPrCS.
NMR titrations of oxoanions HSO4

−, DPP− and MPP− (Fig. 3b, bot-
tom), all being strong hydrogen-bond acceptors35, were also performed 
(Supplementary Table 1). In DMSO-d6:CDCl3 (15:85, v/v), two sets of 
peaks appeared with ≤1 equiv. of each of the three anions (Fig. 3b top 

and Supplementary Fig. 9), indicating that the free and bound forms 
of c5a undergo slow exchange on the NMR timescale. Direct 1H NMR 
titrations in DMSO-d6:CDCl3 (70:30, v/v, ε = 34) revealed Ka values over 
104 M−1 for HSO4

− and MPP− and over 103 M−1 for DPP−. Ka values of over 
104 M−1 were found for both DPP− and MPP− in acetone-d6 with 20% 
D2O (ε = 33). Even in acetone-d6 with 60% D2O (ε = 56), the binding of 
c5b with DPP− gave a Ka over 103 M−1. In CH3CN:CHCl3 (5:95, v/v, ε = 6.4), 
two-step competition ITC experiments had to be performed to reveal 
very large Ka values of c5a for HSO4

− and DPP− (>109 M−1) and MPP− 
(>1010 M−1). The strong binding of c5a with the oxoanions demonstrates 
that the combination of strong hydrogen-bonding capabilities of the 
anion guests and multiple hydrogen-bonding interactions, especially 
those with the convergently placed NH groups, can result in remarkable 
binding affinity and selectivity.

The affinity of macrocycle c5 for an anion reflects the binding 
events involving all endocyclic NH and CH groups, along with other 
factors such as the attractive ion–dipole interactions between the 
anion and the amide dipoles and the entropically favourable release 
of solvent molecules upon binding.

The binding of c5a with the three halides and large, weakly coor-
dinating anions including ClO4

−, IO4
− and PF6

− follows a size-dependent 
trend, with Ka values increasing from Cl− to ClO4

− and then decreasing 
from ClO4

− to the larger IO4
− and PF6

− (Table 1 and Fig. 3c). This is consist-
ent with reported anion binding of cyanostar iPrCS34 and bambusurils36. 
However, with c5a, NO3

− or BF4
− does not follow such a size-dependent 

trend. Being smaller than I−, NO3
− binds to c5a with the highest affinity 

among the anions shown in Table 1 and BF4
−, also smaller than I−, binds 

to c5a with an affinity similar to I− or ClO4
−, but higher than the other 

anions. This observed deviation from size-dependence in the binding of 
NO3

− or BF4
− to c5a was not observed with cyanostars and bambusurils. 

While the mechanisms remain to be elucidated, the ‘abnormal’ behav-
iour of NO3

− or BF4
− indicates the adaptability of c5a when binding ani-

ons. NO3
−, with its planar shape and symmetrically distributed O atoms, 

is compatible with the cavity of c5a in both shape and hydrogen-bonding 
pattern; being smaller than I− and other larger weakly coordinating 
anions, BF4

− may engage in more effective ion–dipole interactions with 
the amide dipoles of c5a because of its higher charge density.

The binding of c5a with oxoanions HSO4
−, DPP− and MPP− deviates 

further from the size-dependent trend shown by halide ions ClO4
−, 

IO4
− and PF6

− (Fig. 3c and Supplementary Table 1), with much stronger 
binding affinities in the same solvents and lower sensitivity to the 
hydrogen-bonding capability of the solvents used. The stronger but less 
size-dependent binding of c5a with oxoanions than with other anions 
is not observed with known anion binders such as the bambusurils that 
favour large, weakly coordinating anions.

Direct evidence for the binding of an anion in the cavity of c5a was 
provided by two-dimensional (2D) NMR. The rotating frame Overhause 
effect spectroscopy (ROESY) spectrum of the 1:1 mixture of c5a and 
MPP− in DMSO-d6 reveals rotating frame Overhause effects (ROEs) 
between protons a of c5a and protons 1 and 2 of MPP− (Fig. 3d). By 
contrast, no significant ROE could be found between protons 1 and 2 
of MPP− and exterior protons d and e of c5a, confirming that MPP− is 
located inside the cavity of c5a.

Selective halide transport across lipid membranes
The development of strategies for promoting transmembrane anion 
transport has become an important goal for supramolecular chem-
istry6,37,38. Although numerous cation carriers, that is cationophores, 
have been created, effective anionophores have only being developed 
recently for potential biomedical applications. In particular, diseases 
such as cystic fibrosis (CF) caused by defective mutations in natural 
anion channels could benefit from synthetic anionophores that can 
be used to treat these conditions via ‘channel replacement therapy’39. 
Compared to charged anion carriers that may lead to various compli-
cations, neutral anion carriers40 are believed to be more beneficial.

ENaC CFTR

ASL

Cilia

Normal airway

CF airway

Non-CF CF (control) CF (c5a treated)

Airway
cells

Control c5a
0

3

6

9

***

AS
L 

he
ig

ht
 (µ

m
)

ENaC

Na+ Cl– H2O

Na+ H2O

CFTR

a

b

c

ASL

Airway
cells

Fig. 5 | Macrocycle c5a restores ASL volume haemostasis in CF airway 
epithelial cultures. a, Illustration of normal and CF human airway cells in profile 
showing the effect of reduced CFTR-mediated Cl− secretion combined with 
unregulated sodium absorption (via epithelial sodium channel or ENaC) on the 
ASL volume thickness (blue region)43. b, Representative XZ confocal microscopy 
images of human airway epithelial cultures (labelled with Texas Red–dextran, 
red) showing the steady-state ASL thickness in non-CF (that is, normal) (left) and 
CF (centre, control) airways and the effect of treating CF cultures with c5a (right). 
The quantitative measurements show that the ASL layer is thickened when the CF 
cells are treated with c5a and that this difference is visible in microscopy images. 
The location of the unlabelled airway cells is shown for reference. Scale bar, 7 µm, 
which shows the length of extended cilia. c, Summary of the average thickness of 
the ASL layers of the control and treated CF cell cultures based on 12 independent 
measurements (***P < 0.05). Statistical analysis was performed with an unpaired 
two-sided t-test, P = 0.0005.
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Macrocycle c5a, a neutral compound with a conformationally 
defined lipophilic exterior and hydrophilic interior, may partition 
into biomembranes to facilitate transmembrane anion transport.  
To examine this possibility, we used a well-established assay based on 
monitoring the fluorescence of 8-hydroxypyrene-1,3,6-trisulfonic acid 
(HPTS) entrapped in large unilamellar vesicles (LUVs)41 to determine 
the ion transport properties of c5a. Upon addition of c5a, the collapse 
of an applied pH gradient resulting from the transport of halide ions 
was followed using ratiometric fluorescence kinetics (Fig. 4a). As shown 
in Fig. 4b–d, c5a can indeed transport Cl−, Br− and I−. The ion perme-
ability elicited by c5a (∆PX-) was further determined by fitting these 
time-lapse ratiometric fluorescence curves with a quantitative model 
that included the contributions of association constants42,43. The corre-
sponding permeability reveals a high transport selectivity for chloride 
ions with the ratio of Cl−:Br−:I− = 17.8:1.6:1, a sequence inversely related 
to the binding affinities of c5a for these anions. Such a high transport 
selectivity, which outperforms those of synthetic Cl− carriers44 and 
even native channels such as the ClC-1 Cl− channel45 (with a transport 
selectivity of Cl−:Br−:I− = 5:2:1), is quite remarkable.

We also directly measured the anion transport by monitoring the 
fluorescence of lucigenin encapsulated within LUVs in a halide-free 
medium at pH 7.0. Halide ions transported into the vesicles would lead 
to a decrease of lucigenin fluorescence with I− being the most effective 
and Cl− the least effective quencher46,47. We found that, in the presence 
of c5a, Cl− resulted in the most reduction of lucigenin fluorescence, 
followed by Br− and then I− (Supplementary Fig. 11), demonstrating that 
Cl− is transported much more efficiently than Br− and I− with a sequence 
of Cl− > Br− > I−, in agreement with the HPTS assay.

Halide transport by c5a (0 to 10 μM) was further examined by fol-
lowing the fluorescence of intravesicular HPTS with a transmembrane 
pH gradient. The half-maximal effective concentration (EC50) values 
derived from dose–response curves are 0.31 μM for Cl−, 4.11 μM for 
Br− and »10 μM for I− (too large to be measured due to the low transport 
activity of I−) (Supplementary Fig. 12). These EC50 values provide 
another independent piece of evidence for anion transport selectiv-
ity and the highly efficient transport of Cl−. The transmembrane ion 
transport mediated by c5a in the presence of LiCl, NaCl, KCl or RbCl 
shows negligible differences, indicating that c5a is indeed an anion 
transporter (Supplementary Fig. 13)41.

The anion selectivity sequence of c5a does not follow the 
Hofmeister order48, which is remarkable but has been documented 
with some other synthetic transporters44,49. Although the resolution 
of the underlying mechanism for this phenomenon requires addi-
tional detailed studies, the observed selectivity, which seems to be 
proportional to the hydrogen-bonding ability of the halides, may be 
qualitatively rationalized based on the notion that the strongest bind-
ers may not be the best transporters43. Among the three halides, iodide 
binds with the highest affinity. This could impede its release from the 
complex, leading to the lowest transport efficiency.

Since macrocycle c5a has a low propensity for self-aggregation, 
the cross-bilayer anion transport is unlikely to be mediated by 
membrane-spanning pores or channels that would require a tubu-
lar stacking of multiple molecules of c5a. It is therefore reasonable 
to hypothesize that c5a mediates halide transport as a carrier. This 
hypothesis was validated by an assay using dipalmitoylphosphati-
dylcholine (DPPC) vesicles. DPPC bilayers undergo gel-to-fluid phase 
transitions at 41 °C (ref. 50). Below this temperature, the bilayer is 
in the gel phase in which c5a could not operate as a carrier. Again, 
using the HPTS fluorescence as an indicator, chloride transport was 
completely prohibited at 25 °C and when the temperature was raised 
to 45 °C, enhanced halide transport was measured in the presence of 
c5a (Supplementary Fig. 14). These results indicate that the mobility 
of c5a within the lipid bilayer must have played a critical role in trans-
membrane transport, that is macrocycle c5a serves as a carrier that 
ferries the anions across the lipid bilayers.

Restoration of airway surface liquid of CF cells
Efficient and selective transport of Cl− across the cell membrane is 
biologically and medically significant6,37,38. Natural chloride channels 
are known to be responsible for a broad range of functions, with a large 
spectrum of diseases being caused by defective Cl− channels51. Facilitat-
ing the efficient and selective Cl− transport across lipid membranes, 
macrocycles c5 offer the possibility to remedy malfunctioning anion 
transport in a variety of diseases51. Among these, cystic fibrosis (CF) is 
an extensively studied, life-shortening disease caused by the impaired 
functions of CF transmembrane conductance regulator protein (CFTR), 
an anion channel, owing to various mutations in the CFTR gene. In the 
lung, this leads to the dehydration and acidification of the airway sur-
face liquid (ASL), a thin layer of fluid covering the luminal (apical) sur-
face of the airway epithelium (Fig. 5a)52, causing hyper-concentration of 
mucin biopolymers and increased mucus viscoelasticity43. This impairs 
the cilia beating frequency53 and reduces mucociliary transport rates54.

To test this intriguing possibility, we cultured human bronchial 
epithelial (HBE) cells isolated from CF patients at the time of lung 
transplant as a model system for diseased airways. These cells were 
cultured on permeable supports and studied after full differentiation 
(~21 days). Compound c5a was then apically applied daily. After five 
days, the thickness of the fluorescently labelled ASL layer55 on the 
surface of the HBE cell layer was measured using XZ confocal scan-
ning microscopy (Fig. 5b). Compared with the reduced ASL thickness 
associated with CF cultures, the ASL layer was visibly thickened when 
the CF cells were treated with c5a. Quantitative measurements (Fig. 5c) 
show that the ASL thickness is increased by more than 50%: 7.8 ± 1.7 μm 
when treated with c5a versus 5.1 ± 1.4 μm with the control CF cells. 
Therefore, c5a successfully restored the hydration and the volume of 
the ASL by rectifying the malfunctioning chloride transport in these 
cells, which is a key objective of therapeutic interventions for CF. The 
performance of macrocycle c5a is comparable to, if not better than, 
that in the landmark work reported by Burke and co-workers under 
similar conditions56.

Conclusions
Star-shaped pentaamide macrocycles c5a–c were synthesized from 
the one-pot reaction of the corresponding monomers. The efficient, 
scalable synthetic procedure allows derivatives of macrocycles c5 to 
be prepared with ready structural modification, enabling efficient 
structural tuning and functional optimization. These macrocycles 
share a fully constrained backbone that locks endocyclic NH and CH 
groups into a convergent arrangement, leading to high-affinity bind-
ing of halides, large anions and oxoanions. Examining the binding 
affinities of c5 for halide ions and weakly coordinating anions reveals 
size-dependent recognition favouring large anions, while the compl-
exation of oxoanions shows that anions with strong hydrogen-bonding 
capabilities achieve remarkable binding affinities, even in solvents 
containing high proportions of water. The exceptional anion binding 
capabilities of macrocycles c5 can be attributed to the presence of the 
preorganized endocyclic amide NH and phenyl CH groups. As powerful 
hydrogen-bond donors, the NH donors form multiple, strong hydrogen 
bonds with oxoanions that are known to be strong hydrogen-bond 
acceptors. The five convergently placed, hydrophobic and moderately 
polarizable phenyl CH groups favour large, polarizable anions capable 
of interacting with most or all CH and NH groups. These distinct inter-
actions, along with the five inwardly pointing amide dipoles, result in 
the unique, versatile anion binding behaviour shown by macrocycles 
c5. The ready insertion of macrocycles c5 equipped with hydrophobic 
side chains into lipid bilayers enables efficient transmembrane chloride 
transport with a selectivity even higher than synthetic and natural 
chloride transporters. The apical application of c5a to CF cell cultures 
also successfully restored the ASL, demonstrating the potential of 
these compounds as therapeutic agents for treating diseases related 
to anion transport. As these molecules are expected to be immune 
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tolerant, more effective therapeutics might be developed that may 
circumvent some of the limitations seen with biomacromolecules. 
Based on this structurally tunable platform, the development of the 
next-generation anion binders, transporters and potential therapeutics 
for channel-related diseases can be envisioned.
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Methods
Materials and instruments
Chemicals were purchased from commercial sources and used as 
received. Silica gel for analytical thin-layer chromatography (TLC) 
and column chromatography (mesh 230–400) was purchased from 
Sorbent Technologies. 1H NMR spectra were recorded at 400 MHz on a 
Varian Inova-400 and at 500 MHz on a Varian Inova-500. 13C NMR spec-
tra were recorded at 75 MHz on a Varian Mercury-300 spectrometer at 
ambient temperature using CDCl3 or DMSO-d6 as solvents (Cambridge 
Isotope Laboratories). Chemical shifts are reported in parts per million 
(ppm) downfield from tetramethylsilane or residual of deuterated 
solvents. Coupling constants in 1H NMR are expressed in Hertz (Hz). 
High-resolution electrospray ionization mass spectrometry (HRMS-ESI) 
was recorded on a Bruker SolariX 12 T Fourier Transform Mass Spec-
trometer. An Agilent 6530 Q-TOF LC/MS was used to collect mass spectra 
of the complexes between c5c and anions in negative ion mode.

Unless otherwise specified, all solvents, including high-boiling- 
point solvents, were removed under reduced pressure with a rotary 
evaporator. Anhydrous toluene was used for the coupling reactions.

Isothermal titration calorimetry (ITC) experiments were per-
formed using a MicroCal VP-ITC. ITC experiments were conducted 
by adding ~1.5 ml of a solution containing c5a to the sample cell. This 
was followed by titrating 10 µl aliquots of a solution containing the 
corresponding TBA–X salt (~10–14× concentration of c5a solution) 
from the syringe into the sample cell. Heats of dilution were obtained 
by titrating 10 µl aliquots of the TBA–X solution from the syringe into 
the sample cell in the absence of c5a. The heats of dilution of the anion 
salts (TBA–X) were subtracted from the overall heats for titrating the 
anion salts into c5a. ITC data processing and curve fitting was done 
using the Origin program (MicroCal).

Preparation of 4-(N,N-dimethylamino)pyridine salt
4-(N,N-Dimethylamino)pyridine hydrochloride (DMAP·HCl)58 and 
4-(N,N-dimethylamino)pyridine hydrobromide (DMAP·HBr)59 were 
synthesized using the published method without any modification. 
For the synthesis of 4-(N,N-dimethylamino)pyridine hydroiodide 
(DMAP·Hl), DMAP·HCl and KI (2.0 equiv.) were dissolved in acetone. 
The white solid KCl formed and was filtered off. The resulting solution 
was dried under reduced pressure to afford the crude DMAP·Hl salt. 
Further purification of DMAP·Hl salt was done by dissolving the crude 
product in hot toluene and filtering off any insoluble solid. The filtrate 
was concentrated to afford the DMAP·Hl salt.

Hydrogenation reaction
The reduction of each nitro compound to its corresponding amine was 
carried out in a mixed solvent of 20% methanol and 80% dichlorometh-
ane, in the presence of a catalytic amount of Pd/C and pressurized 
hydrogen gas. For the reduction of the nitro group in the benzox-
azinone residue, CH2Cl2 was used as a solvent as methanol could react 
with the benzoxazinone residue to afford the corresponding methyl 
ester. The resulting reaction solution was stirred at room temperature 
for 2–8 h. Upon the completion of the reduction reaction, developed 
TLC plates were stained with a solution of ninhydrin in ethanol and the 
spot of aromatic amine always changed colour from red to purple. Pd/C 
was then filtered off and the filtrate was concentrated to afford the cor-
responding amine that was pure enough to be applied directly to the 
coupling reaction without any further purification. No analytical data 
are available for aromatic amines, as they were typically considered to 
be unstable under the ambient environment.

1H NMR titration methods
Titrations of c5a and c5b with anions as their tetra-n-butylammonium 
(TBA), tetraethylammonium (TEA) and tetramethylammonium (TMA) 
salts were carried out using 1H NMR (400 MHz) at 25 °C. First, 0.4 ml of 
the corresponding host solutions was prepared in rubber-capped NMR 

tubes. Aliquots of concentrated guest solution containing the hosts 
were added to the NMR tubes using a 20 μl pipette. An initial 1H NMR 
spectrum was collected and additional spectra were obtained after each 
injection of guest solution. All titration 1H NMR spectra were stacked 
together and the chemical shifts of the internal aromatic CH proton were 
then fitted to a 1:1 binding model using BindFit v0.5 (http://app.supra-
molecular.org/bindfit/) to evaluate the binding constants to anions.

One-pot synthesis of macrocycles c5
The one-pot synthesis of c5a was probed using the ring-opening 
reaction of benzoxazinone monomer 2a (Fig. 1b and Supplementary 
Scheme 2). In toluene, while heating 2a (2 mM) and DMAP·HCl and 
DMAP·HI under reflux led to c5a in 5 and 0% yields, respectively, treat-
ing 2a and DMAP·HBr (40 mol%) under the same conditions gave c5a in 
27% yield, indicating that Br− served as a template for one-pot cycliza-
tion. Replacing DMAP·HBr with the 1:1 mixture of diphenyl phosphate 
(DPP) and DMAP (40 mol%) significantly improved the yield (~45%) of 
c5a, suggesting that DPP− is a more effective template than Br−. Based 
on the same one-pot procedure, macrocycles c5b and c5c, which carry 
sidechains having tri(ethylene glycol) (Tg) and allyl tails, for enhanced 
solubility and further modification, respectively, were synthesized 
from monomers 2b and 2c in yields of 38 and 39%.

UV–vis titration methods
The host solution of c5a (20 μM) was prepared in CH3OH:CHCl3 (5:95, 
v/v). The solution of guests (50 equiv.) being studied was prepared 
in the host solutions in order to avoid any dilution effect during the 
titration procedure. Aliquots of guest solution were added to the host 
solution in a spectrometric cell. The UV–vis spectra were collected on 
a Beckman Coulter DU 800 spectrophotometer at room temperature.

Competition NMR experiments for determining the Ka values 
of slow-exchange oxoanions
Interaction between c5a and acetate, DPP− or MPP− (‘anion’) is in slow- 
exchange on the NMR timescale. In the presence of Cl− as the competi-
tor, fast exchange occurred in the NMR titrations, which allowed the Ka 
of the complex between c5a and each of these anions to be determined.

In the NMR titration experiment, the solution of an anion of inter-
est was gradually added to the solution containing c5a (0.5 mM) and 
TBA·Cl (100 mM), the competitor, resulting in the signal of proton a 
of c5a to shift in the 1H NMR spectrum. The change in chemical shifts 
was due to the formation of complex c5a·anion that is more stable 
than complex c5a·Cl−

Cl− + c5a ⋅ Cl− + anion ⟶ Cl− + c5a ⋅ anion

Since the chloride ion is in large excess, the concentration of free 
chloride, [Cl−], can be regarded as being unchanged (constant) before 
and after titrating with the anion.

The titration data can be fitted to a 1:1 binding isotherm to obtain 
Ka (relative)36

Ka(relative) =
[c5a ⋅ anion]

[c5a ⋅ Cl−] × [anion]
= Ka

Ka(Cl−) × [Cl−]

Where

Ka =
[c5a ⋅ anion]
[c5a] × [anion]

Ka(Cl−) =
[c5a ⋅ Cl−]
[c5a] × [Cl−]

(association constant between c5a andCl−)

Since the binding constant of c5a with Cl− (Ka(Cl-)) is meas-
ured by direct NMR titration, the binding constant of c5a with  
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the slow-exchange oxoanions is then calculated based on the follow-
ing equation

Ka = Ka(relative) × Ka(Cl−) × [Cl−]

Two-step competition ITC experiments for determining the Ka 
of c5a and iodide
In CH3CN:CHCl3 (5:95, v/v), the binding affinity of c5a for I− was too high 
to be determined with direct NMR or ITC titration. Instead, two-step 
competition ITC experiments with Cl− as the competitor were per-
formed. Titrating macrocycle c5a (0.5 mM) with TBA·I (5.0 mM) in the 
presence of TBA·Cl (2.5 mM) gave K(relative), which, along with K(Cl−), 
yielded the Ka of c5a and I−.

1H NMR signals of macrocycles c5a–c in different solvents
The 1H NMR spectra of macrocycles c5a–c in CDCl3 (0.2 mM) reveal 
dispersed or discernible resonances (Supplementary Fig. 15), indicat-
ing the limited self-aggregation of these compounds as suggested 
by the crystal structures. In CDCl3 with 1 to 100% (v/v) DMSO-d6, the 
NMR signals of c5a (1 mM) are well dispersed, with the resonance 
of sidechain amide protons c showing an upfield shift of 0.5 ppm, 
backbone amide protons b exhibiting a large downfield shift of 
1.41 ppm and that of the endocyclic CH proton a experiencing a 
very small downfield shift of 0.06 ppm (Supplementary Fig. 16). 
These observations demonstrate that amide protons b are exposed 
to solvent while endocyclic phenyl protons a have minimal, if any, 
interaction with DMSO.

Binding stoichiometry and affinity revealed by UV, NMR and ITC
The linear dependence of the UV–vis absorbance of c5a changed (Fig. 
2a) abruptly (at 330 nm) at 1 equiv. of tetrabutylammonium chloride 
(TBA+Cl−), which is consistent with the 1:1 binding between c5a and Cl−. 
Titrating c5a with the other anions revealed the same abrupt changes 
in absorbance around 330 nm at 1 equiv. of each anion (Supplementary 
Fig. 5), indicating that c5a binds with the anions in a 1:1 ratio.

In DMSO-d6:CDCl3 (15:85, v/v), titrating c5a with each of the 
three halides caused phenyl protons a to shift downfield by 0.20 
ppm with Cl−, 0.13 ppm with Br− or 0.43 ppm with I− (Fig. 3a, top 
and Supplementary Fig. 9). Compared with protons a, the signal of 
amide protons b shifts very differently (Fig. 3a and Supplementary 
Fig. 9). Cl− induces a small (0.08 ppm) downfield shift, while Br− 
causes a minuscule (−0.02 ppm) and I− a much larger (−0.57 ppm) 
upfield shift. The shifts of protons b induced by different halides are 
likely to be due to the competition between DMSO and the halides 
for hydrogen bonding. Binding a halide to c5a expels the DMSO 
molecules from the cavity (Fig. 3a, bottom). Binding Cl− leads to 
stronger hydrogen-bonding strength ‘felt’ by protons b, causing the 
1H resonance to shift further downfield. On the other hand, displacing 
DMSO by Br− and especially I−, as weaker hydrogen-bond acceptors4, 
results in reduced hydrogen-bonding strengths sensed by protons 
b, leading to upfield shifts.

NMR titrations of oxoanions HSO4
−, DPP− and MPP− (Fig. 3b, bot-

tom) were performed in different solvents as presented under. In 
DMSO-d6:CDCl3 (15:85, v/v), titrating c5a with the TBA+ salt of HSO4

− 
or MPP− or the tetramethylammonium (TMA+) salt of DPP− revealed 
that the free and bound forms of c5a undergo slow exchange on the 
NMR timescale. Direct 1H NMR titrations performed in DMSO-d6:CDCl3 
(70:30, v/v, ε = 34) gave Ka values over 104 M−1 for HSO4

− and MPP− and 
over 103 M−1 for DPP (Supplementary Table 1); in acetone-d6 with 20% 
D2O (ε = 33), both DPP− and MPP− show binding affinities for c5a in the 
104 M−1 range; in acetone-d6 with 60% D2O (ε = 56), DPP− still binds with 
c5b with a Ka over 103 M−1 (Supplementary Fig. 17); and in the much less 
polar CH3CN:CHCl3 (5:95, v/v, ε = 6.4), the Ka values for the binding 
of c5a with the three oxoanions had to be determined with two-step 

competition ITC experiments, with Ka values for HSO4
− and DPP− being 

over 109 M−1 and that of MPP− is over 1010 M−1 (Supplementary Table 1).

Other information and additional data
See the Supplementary Information for experimental procedures and 
conditions including synthesis, assays for vesicle-based assays for 
transmembrane halide transport, methods for CF cell culturing and 
confocal imaging studies and analytical data from 1H, 13C and 2D NMR 
spectroscopy, mass spectrometry, NMR and ITC titration and the crys-
tallography data for c5a. The structure of c5a is too disordered for the 
crystallographic data to be deposited with the CCDC. An ORTEP-style 
illustration of the crystal structure of c5a with 30% probability ellip-
soids is included (Supplementary Fig. 19).

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Single-crystal X-ray structure data for macrocycle c5c (CCDC reference 
number: 2124841) can be obtained free of charge from the Cambridge 
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/
cif. The source data for Supplementary Figs. 1, 2, 5, 6a,b, 10–14, 17 
and 18 can be obtained free of charge from Figshare at https://doi.
org/10.6084/m9.figshare.23302427 (ref. 60). Source data are provided 
with this paper.

Code availability
The codes used in the calculations of data from vesicle-based halide 
transport HPTS assays can be obtained free of charge from Figshare 
at https://doi.org/10.6084/m9.figshare.23302427 (ref. 60).
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Population characteristics N/A

Recruitment N/A
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were chosen based on our previous experiments of 1) the intra- and inter-donor culture variability of ASL height data, and 2) 
reagents which stimulate chloride secretion (CFTR and CaCC). 
This assay is well established for measuring water flux from airway epithelial cultures and is used as an FDA endpoint for chloride-mediated 
flux(ref Vertex Pharmaceuticals). We have a long published history of using this technique and use sample sizes based on our analysis of the 
technical/experimental error and donor-to-donor variability. The donor and replicate size for this study was selected to statistically 
differentiate a change in ASL volume of 0.5 μm between groups. 
Here are some historical references for this approach: 
1. Matsui H, et. al. Evidence for periciliary liquid layer depletion, not abnormal ion composition, in the pathogenesis of cystic fibrosis airways 
disease. Cell. 1998 Dec 23;95(7):1005–15. PMID: 9875854 
2. Tarran R, et. al. The relative roles of passive surface forces and active ion transport in the modulation of airway surface liquid volume and 
composition. J Gen Physiol. 2001;118(2):223–236. PMID: 11479349

Data exclusions No exclusions were made.

Replication Studies were performed replicate cultures from primary cells from three different donor lungs (all non-diseased) 
Randomization. All studies in different donors and replicate cultures performed here were consistent with our presented findings.

Randomization Analysis of control vs. test agent was performed in replicate cultures from the same donor. Here, random cultures were assigned to be either 
control or the actual test.

Blinding Only ASL height studies require Blinding. Treatment of cultures used for ASL height studies blinded. Here, treatment of cultures with control & 
test agents were performed by a different person than the one doing the subsequent analysis.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Primary human airway cells from CF donor lungs

Authentication Cells were obtained directly from the lungs by our group using well established protocols (referenced in manuscript). Prior to 
the study, histological studies were performed to ensure the correct pheontype of CF airway epithelial cells (i.e., fluid 
hyperabsorbing was observed.

Mycoplasma contamination Only primary cell lines are used (i.e., not immortalized cell lines) and our cultures are used for only 30-45 days prior to 
disposal. However, our incubators are checked for mycoplasma contamination if aberrant results are obtained with our cells 
or on notification of a positive result with our cell isolation group.
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(See ICLAC register)
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