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ABSTRACT: The integrin αvβ6 is a potential target for treat-
ment of idiopathic pulmonary fibrosis (IPF). Equilibrium
dialysis (ED) was investigated for its ability to report ligand
binding in an αvβ6 inhibitor screening assay. As a preliminary
experiment, an established peptidomimetic inhibitor of the
integrin was dialyzed against αvβ6, and the fraction bound ( f b) and
percentage saturation determined by liquid chromatography−
mass spectrometry (LC-MS) analysis. Quantitation of the
inhibitor in the two chambers of the ED cartridge revealed
an uneven distribution in the presence of αvβ6, corresponding
to near saturation binding to the protein (93 ± 3%), while the
control (without integrin) showed an equal partitioning of the
inhibitor on either side of the dialysis membrane. A competitive
ED assay with a 12 component mixture of antagonists was conducted, and the results compared with an established cell adhesion
assay for quantifying αvβ6 inhibition of individual antagonists. Compounds clustered into three groupings: those with pIC50 values
between ca. 5.0 and 5.5, which possessed ED f b values indistinguishable from the controls, those with pIC50s of 6.5 ± 0.2, which
exhibited detectable integrin binding ( f b 13−25%) in the ED assay, and a single compound of pIC50 7.2 possessing an f b value of
38%. A good correlation between ED-derived fb and pIC50 was observed despite the two assays utilizing quite different outputs.
These results demonstrate that ED with LC-MS detection shows promise as a rapid αvβ6 integrin antagonist screening assay for
mixtures of putative ligands.
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Idiopathic pulmonary fibrosis (IPF) is a chronic progressive
disease of unknown etiology.1 It is characterized by scarring

of the lung tissue, which leads to shortness of breath (dyspnea),
a dry cough, inspiratory bibasilar crackles, and fatigue.2 The
prognosis for IPF sufferers is poor, with a 5-year mortality rate
higher than that of many common cancers.3 Recent studies
estimate the prevalence of IPF among adults in the USA to be
between 14.0 and 43.7 per 100,000, with the majority of cases in
the over-50 age group.4 Currently there is no effective pharma-
cological treatment for IPF, and lung transplantation remains the
only recognized procedure. IPF, therefore, represents a disease in
dire need of therapeutic intervention.
Although the cause of IPF is unknown, its pathobiology is

closely linked to dysregulation of transforming growth factor-β1
(TGF-β1).5 This cytokine is a key mediator of epithelial cell
repair, promoting apoptosis and cell migration, which, if over-
active, may result in the lung scarring seen in IPF sufferers. TGF-
β1 is expressed as an inactive noncovalent complex with latency
associated peptide (LAP).6 Activation of the cytokine is pro-
moted by proteases or by the action of the integrin family of
signaling protein, for example αvβ6.

6 Integrins are heterodimeric
membrane-associated proteins found on the surfaces of many

cells. Crucially, the distribution of αvβ6 is restricted to epithelial
cells,6 and so specific inhibition of this integrin may provide a
mechanism for effective treatment of IPF through targeted
down-regulation of TGF-β1 activity in this cell type.
All members of the αv subfamily of integrins activate TGF-β1

by binding to an RGD tripeptide motif on LAP. The resulting αv·
LAP·TGF-β1 complex is believed to mediate cytokine activation
either by a protease-independent conformational change or by
recruitment of matrix metalloproteinases (MMPs).6 According
to both models, disruption of αvβ6-LAP binding would be expec-
ted to reduce TGF-β1 activity and thereby inhibit the tissue
scarring associated with IPF.
Recently, a series of αvβ6 antagonists has been designed in our

laboratories to mimic the RGD tripeptide motif found in LAP
(Table 1).7 Building on previous work, these peptidomimetics
possess essential basic and acidic termini, linked by a spacer unit
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to simulate the Arg, Asp, and Gly amino acid residues,
respectively.8,9

1 and 2 are established literature antagonists, 3−9 were
previously described by us,7 and 10−12 are reported here for
the first time (see Supporting Information for synthesis and
characterization). The ability of this series of compounds to
inhibit αvβ6 activity was demonstrated by a cell adhesion assay.7

Although able directly and reliably to detect inhibition of the
αvβ6-LAP interaction, the assay requires access to, andmaintenance
of, a transfected human cell line overexpressing αvβ6. We therefore
wished to construct a simple, rapid, and sensitive competitive assay
to rank the order of αvβ6 target binding, and chose to examine
the suitability of equilibrium dialysis (ED), with LC-MS detection,
for this purpose.
ED employs a dialysis cartridge composed of two chambers

separated by a semipermeable membrane (typically 10 kDa mole-
cular weight cutoff). Equal volumes of analyte solution (dialysate)
and protein solution are placed in each chamber (termed dialysate
and assay chambers), and the system is allowed to reach equilibrium.
Providing that the analyte passes freely through the membrane, and
the protein does not, a measurable difference in analyte concen-
tration between the two chambers may be attributed to binding
of the analyte to the target protein. In cases where subsaturation
concentrations of the analyte can be detected and quantified, it is
possible to determine the dissociation constant (Kd) for the
interaction by titration. ED has found widespread application in the
quantification of drug−plasma protein binding10−12 and drug−
brain tissue interactions,13 as part of ADME studies. The technique
has also been used for examining the interactions of purified
proteins, such as the binding of kringle 5 to glucose-regulated
protein 78, which promotes tumor cell apoptosis.14 Methods for
analyte detection/quantification include radioactivity,15 UV−visible
spectroscopy,16 and LC-MS.17−19 Together with powerful analytical
approaches, such as LC-MS, ED permits the study of competitive
binding to plasma proteins using mixtures of ligands.20 We wished
to examine the feasibility of using ED with LC-MS detection to
develop a competitive screening assay for αvβ6 antagonists.
As a preliminary experiment to establish the suitability of

ED in the detection of αvβ6-antagonist binding, compound 1
(Table 1), a well characterized inhibitor of αvβ6,

9 was utilized.
A buffered aqueous solution of 1 (1.06 μM, 25 μL) was dialyzed
against either a solution of recombinant αvβ6 (0.27 μM, 25 μL)
or an equal volume of buffer, as a control; see Supporting
Information for experimental details. Quantitative LC-MS/MS
analysis revealed that, in the control, 1 was equally distributed
between the dialysate and assay chambers. In contrast, when αvβ6
was present in the assay chamber, a clear and measurable
difference in the concentration of 1 was detected (see Figure 1).
When expressed as the fraction of 1 bound to αvβ6 ( f b), a value
of 20 ± 0.3% was obtained (control f b = −0.5 ± 0.7%), which
corresponded to 93 ± 3% saturation of the target integrin. Given
that 1 is a nM inhibitor of αvβ6 (pIC50 = 7.2; cell adhesion assay),

7

this high degree of association was to be expected, and demon-
strated that ED with LC-MS detection was capable of detecting
the αvβ6-antagonist interaction.
Having established that ED was able to detect integrin−

antagonist binding, we next sought to determine whether an
ED-based assay could reveal binding preference in a competition
between different antagonists. To that end, a solution containing
a mixture of 1, 2, and 3 (0.53 μM each) was dialyzed against
an equal volume of αvβ6 solution (0.53 μM). Compound 2 is
an established integrin antagonist from Merck KGaA,8 while 3
is a Nottingham-GSK compound.7 The results, summarized in
Table 1, showed a good correlation between the ED-determined
f b values and the pIC50 values of the three compounds. Inhibitors

Table 1. Structures of the Integrin Antagonists Used in This
Study Together with Their pIC50 and ED-Derived f b Values

aData from cell adhesion assay; see ref 7. bData from ED assay
described in this paper. Mean f b (%) from 4 repeats with standard
deviation.
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2 and 3, which possessed identical pIC50 values of 6.6, also
exhibited relatively similar fb percentages. Compound 1, with the
highest pIC50, gave the highest f b. It was noted that 1 did not fully
displace 2 and 3, despite the equimolar ratio of each compound
relative to αvβ6. Presumably this is due to the relatively narrow
range of binding affinities exhibited by the three antagonists.
It was envisaged that significantly weaker binders would show
little or no bound fraction when in competition with these high
affinity compounds.
Given that the competitive EDmeasurements described above

showed promise in revealing relative αvβ6-antagonist binding
properties, we constructed a more complex mixture of com-
pounds (see Table 1), which exhibited a wider range of affinities.
A solution of 1−12 (0.28 μM each, 25 μL) was dialyzed against
an equal volume of αvβ6 (0.53 μM). After 24 h the distribution
of each compound within the ED cartridge was determined by
LC-MS (see Supporting Information Table S3 and Figure S6).
A plot of f b vs pIC50 is shown in Figure 2. These data revealed
that the five compounds (5, 9, 10, 11, and 12) with pIC50 values
< 5.5 possessed f b values indistinguishable from the control and,
thus, within experimental error, were unable to bind αvβ6 when
in competition with higher affinity antagonists. Although not
specifically added for this purpose, one or more of these com-
pounds would make suitable controls for testing other potential
antagonists, by acting as internal standards. The remaining seven
compounds, which all had pIC50 values > 6.2, showed binding in
the ED assay. Compound 1 was found to be the best αvβ6 binder,
followed by a group of compounds with relatively similar
affinities, which was comprised of 2, 3, 4, 6, 7, and 8.
Structure−activity relationships for compounds 3−9 are

described elsewhere.7 Triazole spacers between Arg and Asp
mimetics having micromolar inhibitory activity for αvβ3 and
avβ5 are precedented,

21 but introduction of a triazole spacer in
this series as in 10 causes at least a 10-fold drop in activity against
αvβ6 (cf. 7). The approximate distance between the Arg and Asp
mimetics is likely to be similar between 10 and 7, so it may be the

steric bulk or introduction of the nitrogen atoms that is
detrimental. Chain shortened and/or reorientation of the
naphthyridine ring (11 and 12) also lead to loss in activity, and
this is likely due to the extended conformation of these com-
pounds being too short to span the distance between the Arg and
Asp binding sites in αvβ6.

7

The results presented here demonstrate that ED is able to
detect antagonist binding to αvβ6 integrin. A competitive assay
with (at least) 12 components is able to reveal the relative bind-
ing affinities based on f b values. A good correlation between the
ED measurements and an established cell adhesion assay was
obtained. The ED assay, although not directly detecting inhi-
bition of the αvβ6-LAP complex, has the advantage of tolerating
mixtures of ligands, and−potentially−small libraries of drug
candidates. Moreover, αvβ6 is a commercially available protein,
as are other integrins, and the ED assay does not require access
to modified cell lines, which together make this approach
for integrin antagonist discovery more widely available to
those without the resources for cell-based methods. The major
advantage of the competitive ED-LC-MS approach lies in its
ability to rapidly identify the most potent binder from a mixture
of potential antagonists, and we foresee that it is this property
that will be exploited to access promising leads.
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Figure 1. LC-MS/MS chromatograms for antagonist 1 detected in the
dialysate (red) and assay chambers (black) of the ED cartridge in the
absence (a) or presence (b) of αvβ6. Data are derived from the transition
of [M + H]+m/z 452.3→m/z 162.1, and they show a differential in the
concentration of 1 between the two ED chambers in (b), which results
from binding of 1 to αvβ6.

Figure 2. Plot of fraction of antagonist bound ( f b) in the competitive
ED assay vs pIC50 for compounds 1−12 ED experiments conducted in
the presence (blue) and absence (red) of αvβ6. pIC50 values were
determined for individual compounds using the cell adhesion assay.
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