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Abstract

Cellular membrane affinity chromatography stationary phases have been extensively used to
characterize immobilized proteins and provide a direct measurement of multiple binding sites,
including orthosteric and allosteric sites. This review will address the utilization of immobilized
cellular and tissue fragments to characterize multiple transmembrane proteins co-immobilized
onto a stationary phase. This approach will be illustrated by demonstrating that multiple
transmembrane proteins were immobilized from cell lines and tissue fragments. In addition, the
immobilization of individual compartments/organelles within a cell will be discussed and the
changes in the proteins binding/kinetics based on their location.
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1. Introduction

Cell surface transmembrane receptors and transporters are key therapeutic targets in drug
discovery and development [1-3] and include large families of proteins such as G-protein
coupled receptors (GPCRs), ligand gated ion channels (LGICs) and the ATP Binding
Cassette superfamily (ABC transporters). GPCRs make up almost half of the current
therapeutic targets receptors and 36% of currently marketed drugs were developed as GPCR
agonists or antagonists [4]. LGICs also represent a class of important therapeutic targets
such as nicotinic acetylcholine receptors (NAChRs) and N-methyl-D-aspartate receptors
(NMDARs) while the ABC transporters such as P-glycoprotein play essential roles in
systemic and central bioavailability and are involved in an aspect of multiple drug resistant
to therapeutic agents.
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The broad range of cellular and pharmacological functions associated with these receptors
and transporters has resulted in the development of a large number of in vitro assays for the
high-throughput screening of small molecules against a specific receptor. The most
commonly used methods for binding affinity determination include classic binding assays,
functional assays, monolayer efflux assays and surface plasmon resonance [5, 6]. The
classical binding assay approach is based on the concept of competitive interaction of a
known analyte and a ligand for the same receptor binding site, while the functional assays
allow the determination of a compound’s effect on inhibition of transport, cell proliferation,
mobilization of calcium, agonist or antagonistic properties of the ligand, etc. [7, 8]. These
approaches allow quantitative determination of the binding affinity of a ligand for its
receptor providing valuable information on the potency of the ligand, including effective
concentration and selectivity for the targeted receptor.

However, the screening of chemical libraries as well as individual compounds against a
single (orthosteric) binding site on the protein target does not always produce an adequate or
comprehensive pharmacological profile [9]. For example, the majority of GPCRs possess
allosteric binding sites and multiple conformations that can lead to increased or reduced
activity or to distinctly different activities via alterations in intracellular signaling cascades.
Differences can also arise from slight changes in amino acid residues that produce closely
related proteins with widely ranging affinities and tissue expression. This is exemplified by
the family of nicotinic acetylcholine receptors (NnAChRs) which are composed of a
combination of a and B subunits producing a family of structurally related LGICs with a
broad range of affinities for the same agonists and antagonists. In addition, transmembrane
receptors are expressed in a variety of membrane environments and the composition of the
membrane can dramatically affect the function and selectivity of the target protein. This is
illustrated by differences in the binding of ligands to the breast cancer resistance protein
(BCRP), an ABC transporter, observed between cellular membrane-expressed BCRP and
nuclear membrane-expressed BCRP [10].

One approach that provides for the direct measurement of multiple binding sites including
orthosteric and allosteric sites, multiple binding configurations as well as subtype ligand
interactions is bioaffinity chromatography, where the target biopolymer (protein) is
immobilized onto silica based stationary phase. The use of this technology with isolated
proteins and enzymes has been extensively reviewed [11-19]. In this review we address the
utilization of an immobilized cellular and tissue fragments to characterize multiple proteins
co-immobilized onto a stationary phase. The initial studies were carried out by Per
Lundahl’s group [20-22], where they immobilized the glucose transporter, GLUT1, through
the incorporation of red blood cell membranes in proteo-liposomes [20]. This was quickly
expanded by Wainer’s group to include the immobilization of the transmembrane neuronal
nicotinic receptor [23], onto the surface of the Immobilized Artificial Membrane (IAM)
stationary phase (12 p, 300A pore) developed by Pidgeon and Venkataram [28]. The general
experimental approach associated with this technology has been reviewed [25] and will not
be discussed here, rather this review will concentrate on the study of the immobilization of
different families of proteins and the co-immobilization of multiple receptors and
differences produced by the cellular membrane environment.
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2. Multiple Ligand Gated lon Channel Columns

The immobilization of solubilized tissue onto the IAM stationary phase was initially
demonstrated using solubilized rat brain tissue [11], where the rat brains were homogenized
and solubilized and the resulting membrane fragments were immobilized onto an IAM
stationary phase. It was clearly demonstrated that the immobilization of solubilized rat
forebrain membrane fragments resulted in the co-Immobilization of nicotinic receptors
(nAChR), y-Amino-Butyric Acid Receptors (GABA), and N-Methyl D-Aspartate (NMDA)
receptors. Each receptor was characterized by frontal affinity chromatographic studies to
determine the binding affinities. The resulting binding affinities correlated with those
reported in literature [11]. As each receptor identified had a selective ligand, additional
studies were carried out to determine whether the receptors were independent of each other.
For example, the nAChR was characterized in the absence and in the presence of a
saturating concentration of flunitrazepam, a marker used for the GABAa receptor. The study
did not result in any changes in the elution volumes with or without the inhibitor for the
other receptor, indicating that the marker ligands were specific for the immobilized receptors
and that the immobilized receptors were independent of each other. Specifically, no decrease
in the elution volume of [3H]-epibatidine ([3H]-EB) was observed when [3H]-EB was
injected on the column with or without saturating concentration of flunitrazepam in the
mobile phase. In a subsequent study, human brain tissue was immobilized and the resulting
column characterized. In this case, only the nicotinic receptor was probed and a biphasic
curve was obtained indicating the presence of multiple sites for epibatidine. The frontal
chromatographic studies demonstrated that at least two subtypes of the nicotinic receptor
was immobilized, which were believed to be the homomeric a7 nAChRs and heteromeric
axfy NAChRs.

The presence of multiple receptors on the cellular membrane affinity chromatographic
columns was not restricted to membrane fragments obtained from tissues. Cellular
membranes from the endogenous cell lines, 1321N1 and A172 astrocytoma cell lines, were
also immobilized onto the 1AM stationary phase [12] and also resulted in a multiple receptor
column. Specifically, the presence of multiple ligand gated ion channels, including GABAx
and NMDA receptors and multiple subtypes of the nAChR, was demonstrated and
characterized by frontal affinity chromatography. Similar to what was observed in the
human brain column, the frontal chromatogram of epibatidine resulted in a biphasic curve
(Figure 1). This suggested the presence of multiple subtypes of the nicotinic receptor. In
order to characterize each subtype of the nAChR independently, a specific ligand for the
respective subtypes was added to the mobile phase with epibatidine. To study the
homomeric a7 nAChR, a saturating concentration of n-Bungaratoxin, a selective inhibitor of
the heteromeric nicotinic receptors, was added to the mobile phase and to study the
heteromeric axfy NAChRs, a saturating concentration of a-Bungarotoxin (a-Bgt), a selective
inhibitor of the homomeric nicotinic receptors was added to the mobile phase [12]. The
binding affinities obtained for epibatidine for each specific subtype of the nicotinic receptor
corresponded to previously reported Ky values. This demonstrates that a ligand that has
affinity for multiple subtypes of a receptor can still be used to distinguish between these
receptors on a single column, as long as each subtype can be selectively blocked using a
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subtype specific ligand. While, lacking the advantage of SPR, in terms of throughput,
bioaffinity chromatography allows the characterization of multiple proteins in tandem.

3. Multiple G-Protein Coupled Receptor columns

The 1321N1, reported above, was initially homogenized and solubilized using cholate as the
detergent. However, the immobilization of membrane fragements of a 1321N1 cell line
transfected with the P2Y 1 receptor, required the addition of n-octyl-B-d-glucopyranoside to
immobilize the G-protein coupled receptor P2Y1 [26]. The importance of the choice of
detergent in the solubilization buffer has been previously discussed in detail, c.f. [25]. After
the immobilization of n-octyl-B-d-glucopyranoside solubilized membrane fragments from
the 1321N1-P2Y1 cells, generating the CMAC (1321N1p,vy1), the full characterization of
the P2Y 1 was carried out using frontal chromatography. Subsequent studies, demonstrated
that the histamine, H1, receptor was also co-immobilized on the CMAC(1321N1pyy1)
column [27]. Both the P2Y1 and H; receptor were characterized by frontal affinity
chromatography and a binding affinity (Kq) of 88.5 nM of 2-MeSADP (2-
Methylthioadenosine-5’-O-diphosphate), a P2Y1 agonist, for the P2Y1 receptor and K4’s of
2.9 nM and 7400 nM for mepyramine and histamine, respectively, for the H1 receptor, were
obtained. The independent binding of the ligand to both GPCRs in CMAC (1321N1pyv1)
was demonstrated by showing that no displacement was observed for [3H]mepyramine with
10 mM of 2-MeSADP and for 1 nM of [3H]2-MeSADP with 1 mM of mepyramine.

Another study, reporting on the immobilization of membrane fragments from the KU-812
cell line onto an open tubular (OT) format, also demonstrated the co-immobilization of
multiple GPCRs. In this case, however, it was the co-immaobilization of two subtypes of the
cannabinoid receptors, CB1 and CB2 [28]. The presence of functional CB1/CB2 receptors in
the CB1/CB2-OT column was confirmed by the data from frontal affinity chromatography,
however, as the subtypes have ligands with cross-selectivity, a new approach was taken. The
CB marker ligand [3H]Win 55,212-2 was used in these studies and the compound is 15 time
more selective for CB2 than CB1, as a result 0.5 nM (a saturating concentration for CB2)
was used to characterize the CB1 receptor and 0.25 nM was used to characterize the CB2
receptor. The calculated Ky value of Win-55,212-2 for the CB1 and CB2 receptors was 8.6
nM and 0.37 nM respectively.[1] In addition, the binding affinities (Ki value) of the
selective CB1 agonists R(+)-methanadamide and arachidonyl-2-chloroethylamide were
determined and were consistent with previously reported values.

More recently, we have co-immobilized CB1 and 3, adrenergic GPCRs onto the surface of
open tubular capillary from HepG2 cell line. The resulting HepG2-OT column was
characterized using frontal affinity chromatography to determine the binding affinity of
selective agonists of the CB1 receptor and B, adrenergic receptor, Win 55,2122 and
CGP-12177, respectively. In addition, the selective antagonist S-propanolol of 8, adrenergic
receptor was also determined. The binding affinity of Win 55,212-2 for the immobilized
CB1 receptor was 23 nM, similar to previously reported values and the binding affinity of
CGP-12177 and propranolol was determined to be 108.1 nM and 70.2 nM, respectively, also
in agreement with previously reported values [29].
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4. Multiple ATP Binding Cassette transporter columns

In drug discovery and drug development, a significant interest has been placed in the ATP
Binding Cassette (ABC) superfamily. This family consists of 48 members, of which P-
glycoprotein, MRP1, MRP2 and BCRP are the most well-known members. These
transporters are targeted due to their role in drug resistance [30]. The immobilization of the
Pgp transporter has been previously carried out on both |AM stationary phase and open
tubular format. The Pgp(+)-OT column was used to obtain the binding affinity of known
substrates for the Pgp transporter, the resulting affinities correlated with literature results,
indicating that the Pgp(+)-OT can be used to quantitatively estimate binding affinities [31].
Subsequently, a cohort of known Pgp substrates was used for ranking the compounds based
on the differential retention times on the Pgp (+)-OT and Pgp(-)-OT columns (At), into high
affinity, moderate affinity and no affinity groups. A comparison between the results
obtained on the Pgp-OT columns and the monolayer efflux assay (Caco-2 cell monolayer
model) [32], resulted in a statistically significant correlation between the At values and the
permeability ratios, r2 = 0.7749 (p = 0.0063), indicating that the differential chromatography
approach could be used to quantitatively assess permeability ratios. 11 of the 13 compounds
tested on both the systems were correctly predicted by the rapid frontal screening using Pgp-
OT, with the exception of ketoconazole and imipramine, which both had disagreement in
literature as well.

A multiple ABC transporter column was subsequently developed using immobilized cellular
membranes from the LN-229 cell line [10]. The resulting column was demonstrated to
contain immobilized Pgp, BCRP and MRP1 transporters. The presence of these transporters
was demonstrated using etoposide as the marker ligand. As etoposide is a substrate for all
three transporters, selective inhibition of the multiple transporters (2 of the 3 transporters)
was carried out in order to study a single targeted transporter. For example, the addition of a
saturating concentration of verapamil, a Pgp and MRP1 substrate, allowed for the specific
characterization of the BCRP transporter. In the same manner, the addition of estrone-3-
sulfate, a MRP1 and BCRP substrate, allowed the characterization of the Pgp transporter;
and the addition of prazosin, a Pgp and BCRP substrate allowed the characterization of the
MRP1 transporter. The binding affinity obtained for etoposide for LN-229-1AM column was
reported to be 3.75 £ 0.97uM, a combination of the binding affinity for all three
immobilized transporters. The binding affinity for etoposide was determined for each
transpoter by the addition of the aforementioned substrates and the resulting binding
affinities were 5.83 + 0.68 pM, 4.39 + 1.93 uM and 1.41 + 0.54 pM for Pgp, MRP1 and
BCRP, respectively. A multiple ABC transporter column could be beneficial for drug
development studies.

5. Membrane-Enclosed Organelle Columns

The lipid environment of the transmembrane protein (boundary lipids) plays a pivotal role in
the immobilization protocol, and are required for the generation of a stable column [33]. For
example, the immobilization of a4f2 nAChR using membrane fragments from a SH-EP1-
pCEP4-ha4p2 cell line and a HEK-293 cells, required the addition of I-a-phosphatidylserine
and I-a-phosphatidylethanolamine in the former case to generate a stable and functional
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column. Epibatidine had had a pronounced difference in its binding affinity for the a4f2, 0.5
vs 0.01 nM, respectively, which is believed to result from the change in the lipid
environment, clearly indicating the importance of the lipid environment for the binding
affinity. Thus, the presence of a transporter/protein on a different membrane environment,
for example, nuclear versus cellular may result in differences in affinity for the ligands.

To this end, it was recently demonstrated that the BCRP was expressed in nuclear and
cellular membranes of human-derived glioblastoma and astrocytoma cell lines [34]. As a
result, the characterization of a transporter/protein in its native environment was carried out
to determine if there were differences in the binding characteristics and inhibitory properties
between the nuclear and cytoplasmic BCRP. The role of the nuclear BCRP for MDR was
demonstrated by its increased sensitivity to the anti-cancer agent mitoxantrone after
knockdown or chemical inhibition of nuclear BCRP. The nuclear membranes were
immobilized in a similar fashion to the cellular membranes with the exception that the
nuclear membranes were initially isolated with a Nuclear Protein Extraction Kit [35]. The
nuclear BCRP was characterized using known substrates/inhibitors, including etoposide,
biochanin A and the selective inhibitor FTC. The resulting binding affinities correlated with
literature values. In addition to BCRP, the presence of Pgp and MRP1 were confirmed on
the nuclear membranes by western blot analysis and frontal chromatography. Similarly, the
cellular membranes from LN-229 cells were also shown to contain these three transporters.
The selective characterization of each transporter was carried out by saturation of the
binding sites of the non-targeted transporters. While there was little difference in the binding
affinities obtained for verapamil, etoposide and prazosin between the nuclear and cellular
membrane columns, the screening of the BCRP transporter between cellular membranes
versus nuclear membrane was of interest. The selective screening of BCRP was carried out
by the addition of verapamil (a Pgp and MRP1 substrate) to the mobile phase. This allowed
the comparative screening of 7 compounds, not including etoposide, for the nuclear and
cellular BCRP (Figure 2). Of the 7 compounds tested, 4 compounds had no major
differences in the binding to the BCRP in both columns. However, for the three other
compounds tested, AZT, quercetin and biochanin A had more significant differences. All
three compounds had stronger affinity for the cellular BCRP, with an increase of 20%, 21%
and 15%, respectively, in displacement of etoposide. The data suggest that these compounds
display a higher affinity for the BCRP transporter found within the cellular membrane that
of the BCRP found within the nuclear membrane. AZT was the strongest of the tested
compounds for the cellular BCRP, while rhodamine123 was the strongest for nuclear BCRP;
and biochanin A was the weakest substrate for both nuclear and cellular BCRP columns.
The results of the study indicated that differences between the nuclear and cellular BCRP
could be determined using bioaffinity chromatography. While, the differences could result
from changes in post-translational modifications in different membranes or from
conformational differences between the two proteins produced by the lipid membrane
environment.

6. Conclusions

The results discussed in this review, suggests that bioaffinity chromatography has a new role
to play in the characterization of simultaneous characterizations of multiple proteins/
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multiple subtypes of a receptor and in the characterization of proteins in different membrane
environments, for example, membrane-enclosed organelles. The immobilization of
individual compartments/organelles within a cell could open up possibilities of studying
differences in receptor binding/kinetics based on their location. For example, a cellular,
nuclear and mitochondrial column can be made from the same cell line.
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30.0min

The chromatographic traces obtained for 60 pM [3H]-EB on the CMAC(1321N1) column
(panel A) and CMAC(A172) column (panel B) where A is the trace obtained using a mobile
phase composed of ammonium acetate [10 mM, pH 7.4]; B is the trace obtained after the
addition of 5 nM R-BTx to the mabile phase; and C is the trace obtained after the addition of
1 nM x-BTx to the mobile phase. Reprinted with permission from [12].
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Single frontal displacement studies of 8 compounds (4.25 uM), including etoposide, for the
BCRP carried out on both CMAC(LN-229)-OT and NMAC(LN-229)-OT using ammonium
acetate [10 mM, pH 7.4] in the presence of 2 pM verapamil and 0.75 uM etoposide as the
mobile phase. The data was normalized to the change in breakthrough volume observed with
etoposide and the relative changes from etoposide (0%) are reported. Reprinted with

permission from [10].
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