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Does mucin binding have an effect on the inhaled disposition of ENaC blockers?   
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Summary 

Mucus is a key component of the pulmonary mucosal defence system trapping inspired microorganisms and 
particulate material. The main “non-water” component of mucus is the macromolecular glycoprotein, mucin, which 
is principally responsible for the viscoelastic gel nature of mucus. Mucin forms a complex gel network that 
presents both polar glycosylated domains and un-glycosylated non-polar domains that may serve as drug binding 
pockets. Indeed, evidence suggests that some inhaled drug molecules can be bound by mucus and their diffusion 
rate significantly retarded. In this work we examined the mucin binding of a panel of inhaled drug candidates with 
the aim of identifying the key drug physicochemical parameters which predict mucin binding. 
 
We present data for the mucin binding of a panel of epithelial sodium channel (ENaC) blockers, including 
amiloride and its analogues, which have been studied as experimental therapeutics for cystic fibrosis (CF). 
Ultrafiltration binding assays were performed to examine the binding characteristics for a panel of analogues 
which spanned a log P and molecular weight range of -0.89 to 1.45 and 230 to 756, respectively. A strong positive 
correlation was observed between the extent of binding and drug log P, whereas parameters such as molecular 
weight, polar surface area and molecular volume were weakly predictive of mucin binding. Molecular level 
information about these drug-mucin interactions was obtained from Saturation Transfer Difference-NMR 
spectroscopy studies. These studies identified “interacting” and “non-interacting” domains within the drug 
molecule. The study highlights the potential for mucin to impact upon drug disposition in the lung. 
 
Introduction 

Mucus plays an important role in lung defence against dust, pollutants and infectious agents. Efficient mucociliary 
clearance through ciliary beating ensures consistent clearance of the lung mucosae. People living with cystic 
fibrosis express defective cystic fibrosis transmembrane conductance regulator (CFTR) channels in the lung 
epithelia. This results in impaired transepithelial chloride transport and increased sodium absorption across 
airway epithelia leading to mucus dehydration 

[1]
. In these patients the resultant mucus is highly viscid and 

inefficiently cleared, leading to chronic lung infection, inflammation and severe compromise of lung function.  
 
Pulmonary CF mucus and its principal glycoprotein component, mucin, is known to sequester some inhaled 
antibiotics such as the cationic lipopeptide, polymyxin 

[2]
. Mucin binding reduces the free drug concentration in the 

mucus and thus may reduce the efficiency with which drugs can access their target receptor within the lung 
epithelia or submucosal tissues in-vivo. 
 
The epithelial sodium channel (ENaC) is a major regulator of ion and water homeostasis across epithelial tissues 
and is expressed on the apical membranes of airway epithelia. For this reason, topical administration of ENaC 
inhibitors to the lung mucosae of CF patients has been tested as a pharmacological intervention to counteract Na

+
 

hyperabsorption, thereby enhancing mucociliary clearance (MC) and improving patient outcomes. Amiloride, a 
selective ENaC blocker, was demonstrated to improve the rheological properties of mucus in vitro although in vivo 
data did not show a significant improvement in MC 

[3]
. The lack of therapeutic benefit with amiloride therapy was 

attributed to low pharmacological potency, its short residency on airway surfaces due to rapid absorption by the 
airway epithelium and inefficient drug deposition in the airways 

[4]
. These limitations led to the development of 

more potent, long-acting amiloride analogues for CF pharmacotherapy 
[5]

. Benzamil and phenamil are two second 
generation amiloride analogues considered as alternatives to amiloride. Although benzamil and phenamil are 
more potent ENaC blockers than amiloride, they are more lipophilic and were absorbed more rapidly in both 
human and ovine bronchial epithelia 

[6]
. This could potentially increase their systemic absorption and resultant 

hyperkalemia. A related amiloride analogue, 552-02, was specifically designed for aerosol delivery to the lung, but 
both in vitro and in vivo testing showed that 552-02 is slower at crossing the epithelium in spite of an increase 
lipophilic character 

[7]
. More recently, NVP-QBE170 has been disclosed by Novartis as another ENaC blocker 

designed for inhaled administration 
[8]

 
 
In this work we tested the hypothesis that inhaled amiloride analogues are bound by mucin and that the extent of 
binding can be correlated with standard physicochemical drug properties. We also report for the first time the use 
of Saturation Transfer Difference-NMR spectroscopy to probe the molecular level interactions of amiloride 
analogues with mucin.  
 
Materials and Methods  

Amiloride analogues, each containing the pyrazinoyl pharmacophore (see Table 1) were donated by Novartis 
(Basel, Switzerland). All other drugs, salts and porcine gastric mucin (Type II) were obtained from Sigma-Aldrich 
(Dorset, UK). MultiScreen Ultracel-10 Filter Plate 10 kDa were from Millipore (UK). 
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Ultrafiltration binding assay 
Mucin solution (2 x 10

-6 
M) was prepared by dissolving 20mg of lyophilized powder in 10 ml of phosphate buffered 

saline, pH 6.8 and hydrating overnight at room temperature. Mucin solution (1mL) was mixed with equal volumes 
of different drug solutions to obtain drug-mucin ratios ranging from 1:1 to 200:1, assuming a nominal mucin 
molecular weight of 1 MDa.  After equilibration at RT for 1h, aliquots were transferred to 10 kDa MWCO 
ultrafiltration plates and centrifuged (2000 g for 90min at 19°C). The concentration of unbound drug in the filtrate 
was determined by fluorescence HPLC using a Phenomenex Luna C18(2) column using 1:1 mixture of 10mM 
sodium phophate buffer (pH 4.2) and acetonitrile at 1 mL/min; λex 314 nm λem 416nm. The amount of drug bound 
to mucin was calculated from the difference between the filtrate drug concentration in samples containing mucin 
and controls without mucin. Mass balance was determined by adding a 10μL aliquot of internal control to the 

receiver plate before centrifugation and to the donor chamber after centrifugation. Mass balance was calculated 
according to: Mass Balance= ((Dultrafiltrate x Vultrafiltrate) + (Dretentate x Vretentate) / Dinitial x Vinitial) x 100% where D = 
concentration and V = volume. 
   
Saturation Transfer Difference-NMR 

NMR samples were prepared in phosphate buffer 100mM + 50mM NaCl, pH 6.8 in D2O. The mucin and drug 
concentrations were 600 nM and 2 mM respectively. STD NMR experiments were performed at 283K on a Bruker 
digital Avance 800 MHz spectrometer. For selective protein saturation, a field strength of 115 Hz (as rectangular 
pulse equivalence). For selective protein saturation, a field strength of 115 Hz (as rectangular pulse equivalence) 
was employed. The on-resonance and off-resonance frequencies were set at -0.5 and 40 ppm, respectively.  STD 
NMR experiments were performed with 64/256 scans, depending on saturation time. 
 
Results 

Binding isotherms were prepared for each compound after quantification of the free and bound concentration 
across a range of drug : mucin ratios. Binding curves for four of the six compounds tested are shown in Figure 1. 
For all compounds reported here the molar ratio of bound drug : mucin increases sharply with increasing free drug 
concentration before reaching a maximum; these isotherms were well described by the Langmuir monolayer 
adsorption model.  

 
Of note was a large difference in the extent of mucin binding for the analogues. For example, mucin displayed a 
low binding capacity for the parental compound, amiloride, (maximal bound : free (Bmax) = of 1.4 mol/mol) 
whereas benzamil – a benzyl derivative of amiloride - displayed a 26-fold higher Bmax. For OF-80-NS22 and 552-
02 the Bmax values from non-linear curve fitting were 8 and 23 mol/mol respectively. The differential binding of 
structurally distinct analogues to mucin suggests that these binding interactions are specific in nature.  
 

Table 1. Compound structures. Structures of OF-80-NS22 and MC-08-DR04 are not shown for commercial 
disclosure reasons. 

 

 

Figure 1. Drug-mucin binding 
isotherms. Data for each 
compound from the ultrafiltration 
binding assays were fitted by a 
Langmuir model:                                    
y = Bmax . x /(Kd+x) using 
GraphPad Prism v5.               
Data shown are mean ± SD, 
(n=3).  
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Seeking to correlate the extent of binding with standard physical-chemical properties we examined Log 
Poctanol/water, polar surface area, molecular weight and van der Waals Volume as determinants of binding (Table 2). 

The observed percentage of bound drug at 20M was considered as it lies in the concentration range expected in 
lung lining fluid following inhalational delivery of typical low molecular weight solutes. A linear correlation (R

2
= 

0.9495) was observed between percentage mucin binding and Log P o/w across the Log P range of ~2.5 units. 
Other parameters were poor predictors of mucin binding: polar surface area (R

2
= 0.04); molecular weight (R

2
= 

0.003); and van der Waal’s volume (R
2
= 0.002). 

 
We next applied the STD-NMR technique to probe the mechanisms of drug-mucin binding. This technique relies 
on the macroscopic detection of transferred saturation of magnetization from the protein to the ligand (Figure 2A).  
From these studies we sought to gain information pertaining to the extent of target-ligand binding as well as 
detailed information about the chemical footprint or “binding epitope" of the ligand. 

STD-NMR studies were performed with OF-80-NS22 and 552-02 – compounds which displayed low and high 
extents of mucin binding in the ultrafiltration studies. The STD spectrum for OF-80-NS22 in the presence of mucin 
shows a broadening of the signals at 1.2 and 3.4 ppm (Figure 2B, circle bottom spectrum) which indicates an 
interaction between specific aliphatic functional groups within the ligand structure and the mucin glycoprotein 
(precise structural data not disclosed). A greater degree of peak broadening was observed in the STD spectrum 
of 552-02 in the presence of mucin (Figure 2C, triangles bottom spectrum) indicating that the binding process was 
extensive and involves the benzene ring moiety represented by the resonance peak at 7ppm.  
 

Table 2. Ultrafiltration binding data for amiloride and analogues. The physical properties log P, PSA, MW 
and Van der Waals Volume were calculated using Marvin Sketch (ChemAxon). 

 

Figure 2. STD-NMR spectroscopy for the study of drug-mucin binding.  A Schematic representation of a 
STD NMR experiment. B & C. Mucin binding of OF-80-NS22 and 552-02, respectively. Top: reference 

1
H 

NMR of ligand solution; Middle: 1D 
1
H reference spectrum (off-resonance); Bottom: 

1
H NMR (on-resonance) 

transfer of saturation from protein to ligand. D. Competition STD experiment with a mixture of 2mM 552-02, 
2mM OF-80-NS22 and mucin. 
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Quantification of the extent of saturation transfer for these two compounds revealed that there was approximately 
2% STD intensity for OF-80-NS22 and 10% for 552-02. These data confirm the binding observed in ultrafiltration 
studies but also provide additional structural data that is not forthcoming from other techniques. To examine if the 
two ligands molecules compete for the same mucin binding site a competitive assay was performed (Figure 2D). 
The assay consisted of STD-NMR experiment on a sample mixture composed of mucin with both drugs. As 
shown in Figure 2D there is a reduction in the signal of both compounds indicating that, even in a sample-mix, 
both compounds interact with the mucin and the percentage of STD did not change with respect to the effects 
observed with individual drug-mucin mixtures (Figures 2B-C). This indicates that the two molecules do not 
compete and hence interact with distinct binding sites on mucin.  
 
DISCUSSION & CONCLUSION 

In this work, we sought to determine if secreted mucins present a dispositional barrier to inhaled drugs. We 
suppose that mucin binding can limit the free drug concentration available to act at lung epithelial or sub-mucosal 
target receptors. We developed and applied a sensitive and quantitative 96 well plate ultrafiltration mucin binding 
assay that can be used to study the drug binding dynamics with a mucus model of choice. The data reported here 
describe the binding behaviour of individual solutes across a concentration range. However, this assay could be 
easily developed into a medium-throughput methodology, similar to that used to determine plasma protein 
binding, for screening large collections of lead compounds for inhaled delivery.  
 
STD-NMR spectroscopy has previously found utility in the detection and characterization of transient receptor–
ligand interactions in solution 

[9]
. We report here, for the first time, the application of this technique to the study of 

drug-mucin interactions at the molecular level. These studies have afforded the identification of distinct chemical 
footprints for two amiloride analogues and will lead us to further characterise the structure-binding relationships of 
amiloride analogues and other inhaled drug solutes. The characterization of the physical-chemical interaction 
involved between drugs and mucin will provide a better understanding on the design of new, more powerful and 
safe drug molecules for respiratory disease. 
 
Others have reported that lipophilic solutes generally display faster and more extensive absorption from the intact 
airways 

[10]
 and across in-vitro epithelial cell monolayer models 

[11]
. Our results indicate that lipophilic inhaled 

molecules could be subject to extensive mucin binding following deposition onto the epithelial surface of 
conducting airways. If a significant fraction of the deposited drug were to be sequestered in a mucus-bound 
compartment this could impact upon the pharmacokinetics / pharmacodynamics at the airway surface or 
submucosal target receptor sites. Furthermore, these effects could be amplified in diseased lung states where 
mucus over-production is a characteristic symptom. Ongoing work aims to determine if these correlations are 
observed for a wider range of inhaled solutes, including other drug classes such as steroid and bronchodilators, 
using whole patient mucus.  
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