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a b s t r a c t

The state-of-the-art in frontal affinity chromatography (FAC) applied to receptor of pharmaceutical inter-
est is here reported. This review will first discuss the principles of FAC for ligand characterization (Kd

determination) and for screening studies, and will examine the different strategies that have been fol-
lowed for the immobilization of a broad range of receptors (cytosolic and membrane receptors). Several
reported applications will then be presented demonstrating that FAC is an interesting tool enabling con-
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venient and efficient screening in the identification of new potential ligands. Moreover new applications
of FAC including dual binding site assay, receptor subtype characterization, and multi-receptor binding
experiments will be underlined.
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. Introduction

In the last years the rapid scientific advances in human genomics
nd proteomics have brought to the identification of new therapeu-
ic targets while the development of high-throughput synthesis

ing the huge amount of generated compounds is still a challenge.
To keep up with the synthetic process, analytical techniques
should be able to screen a large number of compounds in a
high-throughput manner with precision and accuracy. Thus, high-
throughput screening (HTS) of a large number of molecules towards
echniques has generated hundreds or even thousands of new
hemical entities with potential therapeutic activities. Although
emarkable advances in generating complex libraries of molecules
ave been made, the analytical process of analyzing and screen-

∗ Corresponding author. Tel.: +39 0382 987174; fax: +39 0382 422975.
E-mail address: enrica.calleri@unipv.it (E. Calleri).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.11.040
potential targets has now become an integral component of modern
drug discovery and over the past decade demands on new analytical
supports for drug discovery have intensified [1–5].

Typical methods used for HTS are often solution based. However,

solution-based assays have limited versatility in terms of format,
detection method, and extent of miniaturization. Solid phase assays
are not only able to overcome these limitations, but also present
additional advantages such as the potential to reuse proteins and

dx.doi.org/10.1016/j.jpba.2010.11.040
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:enrica.calleri@unipv.it
dx.doi.org/10.1016/j.jpba.2010.11.040


9 l and

t
c

t
a

t
s
i
t
m

l
m
p
a
i
p
H

t
i
o
B
p
t
t

1
a
a
i
p
e
g
t
t
c
b
b
a
r
d
c
e
s
i
c
c
b

a
o
c
b
u

m
i
[
c
r
f
d
m
m

12 E. Calleri et al. / Journal of Pharmaceutica

o develop novel assay modes such as the methods based on affinity
hromatography [6].

Affinity chromatography is defined as a liquid chromatographic
echnique that makes use of a “biological interaction” for the sep-
ration and analysis of specific analytes within a sample [7,8].

The retention of solutes in this method is based on the same
ype of specific, reversible interactions that are found in biological
ystems, such as the binding of a ligand to a receptor. “Bioaffin-
ty chromatography” and “biointeraction chromatography” are the
erms used to specify whether the affinity ligand is a biological

olecule.
The type of support used for the immobilization of the bio-

ogical species can be used to distinguish between one affinity
ethod and another: in “low-performance affinity chromatogra-

hy”, the support usually is a large diameter, non rigid gel (i.e.
garose, dextran, or cellulose) while in “high-performance affin-
ty chromatography” (HPAC), the support consists of small, rigid
articles based on silica or synthetic polymers that can be used in
PLC systems [9,10].

Two general ways can be used in HPAC experiments: zonal elu-
ion and frontal analysis. In both of these formats, the protein of
nterest is used as the immobilized ligand and an injection (zonal)
r application (frontal) of analyte is made onto the affinity column.
y examining the elution time or volume of the analyte after it has
assed through the column, it is possible to obtain information on
he equilibrium constants that describe the binding of the analyte
o the affinity ligand.

Frontal chromatography is a quantitative method developed in
975 by Kasai and Ishii [11]. The above mentioned experimental
pproach, when applied on a bioaffinity column is termed frontal
ffinity chromatography (FAC). With this technique molecular
nteractions can be discovered and characterized as the stationary
hase is constructed around one of the components of a binding
vent. As ligands flow through the column and bind with the tar-
et, individual ligands are retained in the column on the basis of
heir affinity for the target and detected as characteristic break-
hrough curves. The binding is established in the chromatographic
olumn and the mobile phase containing potential ligand(s) may
e monitored using any detector appropriate for the compounds
eing tested for a given application: from low-throughput inter-
ction characterization (i.e. Kd determination) to HTS (i.e. ligands
anking). When a single compound has to be assayed, then optical
etection (UV–vis) may suffice. However, FAC does not separate
ompounds, so the detection of multiple binding events requires
ither the selective labeling of a marker ligand and the use of a
uitable detector (radio-detector), or a detector capable of discrim-
nating between coeluting ligands. In this context frontal affinity
hromatography coupled to mass spectrometry (FAC–MS) can be
onsidered the most flexible and generalized strategy for ligand
inding studies [12].

From a discovery standpoint, aside from the utility of the frontal
nalysis method to support precise and accurate Kd measurements
n single ligands, interfacing FAC to MS enables the screening of
ompound mixtures and provides the opportunity to rank-order
inding strengths in a single experiment as each compound has a
nique m/z value [13–16].

Bioaffinity chromatography has been successfully applied in
any pharmacological studies and to a wide range of targets

ncluding receptors, transporters, plasma proteins and enzymes
7,17–19]. The present review is focused on receptor of pharma-
eutical interest and will examine the principles, potentialities and

ecent advancements of frontal affinity chromatography as a plat-
orm technology for receptor–ligand interaction analysis in drug
iscovery. The next items considered will include a summary of the
ost significant and recent FAC systems based on receptor of phar-
aceutical interest including trans-membrane ligand gated ion
Biomedical Analysis 54 (2011) 911–925

channel receptors, trans-membrane G-protein coupled receptors,
soluble nuclear receptors, and kinase receptors. The applications of
FAC systems will be described and the unique advantages of each
system will be highlighted.

2. Approaches for studying drug–protein binding by HPAC

As described in the introduction, zonal elution and frontal
analysis are the two principal experimental approaches used to
characterize drug–protein binding in HPAC [7,20].

The zonal elution theory will not be treated in this context as
out of the scope of this review while the potentialities of frontal
affinity chromatography will be considered focusing the discussion
on targets of pharmaceutical interest.

The theoretical and experimental approaches in FAC have been
well described in many papers [13–16]. Briefly, the protein target
is immobilized on a solid support that is packed in a chromato-
graphic column. As the analyte under investigation flows through
the column and binds with the target, it is retained in the column
on the basis of its affinity for the target and detected as characteris-
tic breakthrough curves. The saturation of the target by the analyte
produces a vertical rise in the chromatographic trace, which ends,
or plateaus, when the target is saturated. If fast association and
dissociation kinetics are present in the system, then the mean posi-
tions of the breakthrough curves can be related to the concentration
of applied solute, the amount of ligand in the column, and the asso-
ciation equilibrium constants for solute–ligand binding. The mean
position (inflection point) of the breakthrough curves is the exper-
imental parameter used for low-throughput characterization of a
single analyte (Kd determination) and high-throughput screening
of ligands mixtures (relative affinities determination).

2.1. Measurements of binding constants by frontal analysis

By FAC it is possible to accurately determine the affinity constant
between an immobilized biomolecule and an analyte by continu-
ously infusing analyte samples at different concentrations through
the stationary phase and monitoring breakthrough times. The mean
position of the breakthrough curves shifts to shorter breakthrough
times as the analyte concentration increases. The simplest binding
event involves the interaction of an analyte with a single class of
binding sites. There may be multiple, equivalent sites in a given
target molecule but the model assumes their independence. In the
basic equation of FAC (Eq. (1)) two variables are present: [A]0 (lig-
and infusion concentration) and V − V0 (breakthrough volume V for
the analyte corrected by the breakthrough volume of the analyte
in the absence of the binding event V0). True measurements of V0
requires the ablation of the specific binding or the application of
a saturating analyte concentration. By analyzing changes in V − V0
vs. [A]0 by means of Lineweaver–Burk type double reciprocal plot
or standard nonlinear regression analysis, Bt (corresponding to the
dynamic capacity of the affinity column for the ligand), and dissoci-
ation constant Kd (in M, corresponding to the dissociation constant
for the interaction) are obtained.

(V − V0) = Bt × ([A]0 + Kd)−1 (1)

When competitive or non competitive mechanisms must be ana-
lyzed a key requirement is the existence of a compound which is
known to bind to the target, the marker ligand [20].

Once it has been established that the immobilized target specif-
ically binds the marker ligand, it is possible to calculate the

affinity of the marker or of a competitive analyte (displacer) using
frontal displacement chromatography. In the displacement studies,
increasing concentrations of a detectable marker or of the compet-
itive analyte, in the presence of constant concentrations of marker,
are added to the mobile phase and the effects on the breakthrough
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Fig. 1. Typical frontal affinity chromatography curves obtained frontal chromatog-
raphy (a) and frontal displacement chromatography (b). (a) Typical frontal curves
obtained on an HSA column during frontal analysis experiments with S-verapamil
being applied as the analyte for Kd determination. The concentrations that are shown
represent the concentration of S-verapamil that was applied. Kd value is derived
using Eq. (1). Reprinted with permission from Ref. [9]. (b) Frontal displacement
chromatography study for Kd determination of mepyramine. The chromatographic
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races produced by [3H]-mepyramine [50 pM] on the CMAC (1321N1P2Y1) column
fter the addition of mepyramine to the running buffer in 0.5 nM, 2 nM, 5 nM and
00 nM concentrations. Kd value is derived using Eq. (2). Reprinted with permission
rom Ref. [49].

olumes of the marker are determined. The relationship between
isplacer concentration [D] and marker retention volume can be
stablished using Eq. (2) and can be used to determine the Kd value
f the displacer as well as the number of active binding sites.

V − V0) = Bt × (Kd + [D])−1 (2)

here V is the retention volume of displacer ligand and V0 is the
etention volume of displacer ligand when the specific interaction
s completely suppressed. From the plot of [D] × (V − V0) versus [D],
issociation constant values for displacer analyte can be obtained.

As an example Fig. 1 reports typical frontal curves with S-
erapamil being applied as the analyte to a HSA column for Kd
etermination and typical frontal displacement chromatography
urves for mepyramine Kd determination on 1321N1P2Y1 column
sing [3H]-mepyramine are marker ligand [9,49].

.2. Screening studies by FAC

Although FAC is often used to look at the binding of a sin-
le analyte at a time, this technique can be combined to mass
etection for the simultaneous study of multiple solutes. This
an be accomplished by using detection at selected m/z values
o generate separate frontal analysis curves for each analyte in
he mixture allowing compounds ranking based on their relative

inding strength for the column. FAC–MS allows two screening
ossibilities, with and without an indicator. The concept of using
n indicator has increased the capability of FAC–MS. An indicator
s a compound detectable by MS that binds with a known affinity
o a specific site on the immobilized protein target with a defined
Fig. 2. Typical FAC curves obtained using the “indicator” screen method.
Reprinted from Ref. [21].

breakthrough volume under constant chromatographic conditions.
In screening studies using an indicator, a ligand or a mixture of
ligands in the presence of the indicator and a void marker (a com-
pound that has no affinity for the immobilized protein target and
gives the same elution front whether the target protein is present
in the column or not), is infused over the stationary phase and only
the indicator and the void marker are monitored by MS.

The indicator method determines the extent (or percentage) to
which a ligand(s) shifts an indicator for a particular target. With
this method, the FAC–MS readout (percentage shift of the indica-
tor) can be used to rank the binding of a series of ligand or ligand
mixtures: the greater the percentage shifts, the greater the degree
of competition for the indicator. With this technique it is also possi-
ble to rank mixtures and only those mixtures in which a significant
displacement (or shift) of the indicator is observed merit further
investigation and require deconvolution [21].

The % shift graphically shown in Fig. 2 is quantified from Eq. (3):

% Shift = tI − t

tI − tNSB
× 100% (3)

where t is the breakthrough time difference, measured at the inflec-
tion point, of the sigmoidal fronts between the indicator and a
void marker in the presence of any competing ligand(s); tNSB is the
nonspecific binding breakthrough time difference in the absence
of immobilized protein (and is a constant for the indicator used);
and tI is the breakthrough time difference in the absence of any
competing ligands.

The use of a void marker and MS detection also allows ligands
to be evaluated simultaneously in an equimolar mixture in a direct
readout fashion (Q1 scan) and in a single experiment [22].

The Q1 scan FAC–MS screening method offers a very conve-
nient way of measuring the relative binding strengths of ligands
by monitoring their respective m/z values through extrapolation of
individual breakthrough curves. In this approach, a sample consist-
ing of an equimolar mixture of compounds is continuously infused
through the column and the order of elution parallels the order
of affinity, with the stronger ligand eluting last (Fig. 3). Mixtures
arising from natural product extracts may also be screened by this
technique [23,24].

3. Preparation of receptor-based stationary phases

The immobilization of the biological target is the first step for the
development of an affinity chromatographic method. The primary

concern in the preparation of a bioaffinity column is the choice of
an immobilization procedure that can preserve receptor binding
capacity. Indeed, the immobilized receptor should ideally mimic
the interactions it has within its natural environment. Thus, it is
important to select an immobilization method that will place the
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ig. 3. Q1 scan FAC–MS screening method. Extracted breakthrough curves obtained
ach at 1 �M concentration through a GPR17 receptor stationary phase.
eprinted from Ref. [51].

eceptor on a support with the proper orientation and structure for
inding to its ligands.

The immobilization of protein molecules has been widely stud-
ed and a variety of covalent and non-covalent immobilization
echniques with different chromatographic supports have been
eveloped [7,25]. The choice of the immobilization support (silica
articles, controlled pore glass beads, sepharose, etc.) and immobi-

ization method (covalent and non covalent) depends on the type
nd on the source of receptor under investigation (recombinant
nd purified receptors or membrane-bound receptors). Due to the
echanical properties of silica, silica particles have been selected

s chromatographic support for affinity chromatography in many
orks. When this material is used the first step involves activation

f the silica, followed by coupling of the protein to the activated
upport. Functional groups on proteins that can be used in such a
rocess include amine, sulfhydryl, hydroxyl, or carbonyl groups. Of
hese, the use of amine groups is the most common and a com-
lete summary of these methods has been given by Hage et al.
10,26].

The covalent methods are the most common approach for
mmobilizing cytosolic receptors to silica and different immobi-
ization chemistries have been utilized. However, the covalent
mmobilization can result in several limitations, including loss of
rotein activity and unfavourable orientation of the receptor bind-
ng site. Moreover, the covalent immobilization is not generally
pplicable to membrane-associated receptors (ion-channel-linked
eceptors, G-protein-linked receptors and enzyme-linked recep-
ors) and alternative entrapment technologies must be considered.
n fact the structure of integral membrane proteins relies on
using a mixtures of potential ligands in the presence of three reference compounds

hydrophobic interactions internal to the lipid bilayer, as well as
hydrophilic interactions on either side of the lipid membrane. This
requirement makes immobilization of membrane receptors diffi-
cult.

Since membrane receptors are the most popular targets for
drug development, different immobilization strategies have been
used to maintain membrane integrity and to preserve the recep-
tor in its active form. We will report the most employed
approaches for transmembrane receptors non covalent immobi-
lization.

Cellular membrane chromatography (CMC) or cellular mem-
brane affinity chromatography (CMAC) is a technique based on
the immobilization of cell membranes containing the target trans-
membrane protein onto a stationary phase. The first cellular
membrane column was described by Lundahl’s group [27,28], after
this work many applications of CMC have been described by Wainer
group [20].

In these works, membranes obtained from cell lines that express
a target membrane receptor (mainly G-protein coupled recep-
tors and ion channels) have been mostly bound on immobilized
artificial membrane (IAM) stationary phase. The IAM liquid chro-
matographic stationary phase was developed by Pidgeon et al. [29].
It is comprised of silica particles (12 �m i.d. with 300 Å pores)
to which a monolayer of phospholipid analogues, with functional

head groups, have been covalently coupled (Fig. 4). The specific fea-
ture of IAM is that this material is physically and chemically similar
to cell membranes and, therefore, mimic fluid phospholipid bilay-
ers. Thus, membrane proteins and receptors can be immobilized on
a native hydrophobic environment.
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Fig. 4. The chemical structure of the monolayer that is covalen
eprinted from Ref. [20].

The preferred source for cellular membranes containing the tar-
et transmembrane protein is a transfected cell line. The advantage
f using an engineered cell line is that the non-transfected cell line
an be used as a control to identify a specific interactions with all
he components of the biological materials. For the preparation of
he receptor-column the cells (106 to 107 cells) are homogenized
nd solubilized using a suitable detergent. After solubilization, the
embrane preparation is mixed with the IAM stationary phase

nd dialysed. This results in the removal of detergent and in the
mmobilization of the lipid bilayers that contain the transmem-
rane protein onto the IAM stationary phase. More recently the
ame membrane preparation has been immobilized on the inner
urface of silica capillaries to create open tubular chromatographic
olumns (OTC). This is the preferred approach when non-specific
nteractions with the IAM support are equivalent to or greater than
he specific interactions between these ligands and the target pro-
ein. The immobilization procedure used for the preparation of a
eceptorial OTC is often based on non-covalent interaction of avidin
ith biotin.

The reader can refer to an excellent review addressing the main
ssues in the development of cellular membrane affinity columns
30].

An alternative stationary phase for CMC prepared by immobiliz-
ng cell membranes containing special receptors on a silica carrier
as proven to be an interesting method for studying drug–receptor

nteractions and screening active compounds [31–35].

In this method cells from tissues or cultured cells are dissociated

y a hypoosmotic solution, centrifuged to remove nuclei and then
entrifuged again to yield the cell membrane. Adsorption of the cell
embrane on the activated silica is performed under vacuum and

ltrasonication so that the cell membrane is distributed uniformly

ig. 5. Cell membrane chromatography. (a) Ideal image of the cellular membrane station
ctual micrograph of the cellular membrane stationary phase.
eprinted with permission of Ref. [31].
und to the silica on the IAM-PC particles (12 �m, 300 Å pores).

on the silica surface. The phospholipids of the living cell membrane
are able to fuse spontaneously with each other (self-fusion) on the
silica surface in the aqueous solution until a resealed cell membrane
layer is obtained. The supernatant in the reaction mixture is then
removed by centrifugation and the cellular membrane stationary
phase is then washed with Tris–HCl buffer until no residual free cell
membrane is detected on its surface. The purity of the cell mem-
brane is verified using a scanning electron microscope. An ideal
image and actual micrograph of the cellular membrane stationary
phase are shown in Fig. 5.

In the last years the potentiality of monolithic supports has been
shown and to date, several monoliths based on organic and inor-
ganic polymers have been prepared. Thus, is not surprising that
this material has been applied in affinity chromatography [26]. Bio-
immobilization strategy for monolithic columns, that has proven
useful in solid-phase screening technologies, is the entrapment
of the receptor into an inorganic silicate matrix via the sol–gel
process [36]. The sol–gel process is a low temperature inorganic
polymerization reaction that occurs in aqueous solvents under
mild pH conditions. Sol–gel entrapment methods basically involve
forming a protein-doped sol and then infusing it into a capillary
column prior to gelation to produce a monolithic bed that contains
entrapped proteins.

A bioaffinity column can be prepared with different capacities
and dimensions. Typical column dimensions are reported in Table 1.
Minimizing protein and analyte consumption is an important issue

since the amount of obtainable receptor can be very small and the
availability of novel compounds limited, thus micro columns and
open tubular capillary columns are more attractive [30]. Depending
on column dimension or on the use of the open tubular approach,
the ligand(s) infusion can be carried out using conventional HPLC

ary phase. a-1, silica carrier; a-2, membrane receptor; a-3, phospholipid layer. (b)
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Table 1
Application of FAC to receptors of pharmaceutical interest.

Ion channels

Receptor type and receptor source Support and column dimension Type of study Screening
application

Ref.

Membrane receptors
�3/�4 nAChR from KX�3�4R2 cell
line

IAM particles, 12 �m-300 Å (0.5
i.d. × 1.7 cm)

Column characterization: Kd

determination of known ligands using
frontal displacement chromatography
with [3H] epibatidine as marker ligand.
Chromatographic system:
HPLC–radio-detector

NO [39]

�3-Subunits, �4-subunits and
subunit combinations �3 + �4 from
transfected human embryonic
kidney cell lines and �4�4 nAChRs
from rat brain membrane

IAM particles, 12 �m-300 Å, and
liposome Superdex 200 gel beads

Column characterization:
determination of [3H] epibatidine and
nicotine binding affinities by frontal
displacement chromatography of
individual subunits and combinations.
Comparison of the two immobilization
techniques.
Chromatographic system:
HPLC–radio-detector

NO [40]

�3�2, �3�4, �4�2 and �4�4 nAChR IAM particles, 12 �m-300 Å (0.5
i.d. × 1.5 cm)

Columns characterization: Kd

determination of known ligands using
frontal displacement chromatography
with [3H] epibatidine as marker
ligands.
Chromatographic system:
HPLC–radio-detector

NO [38]

�3�4 and �4�2 nAChR IAM particles, 12 �m-300 Å
(0.5 i.d. × 1.5 cm)

Single displacement chromatography
studies to qualitatively rank
compounds using [3H] epibatidine as
marker ligands.
Chromatographic system:
HPLC–radio-detector

Screening of 9
conformationally
constrained
nicotines and
anabasines

[41]

�7 and �4�2 nAChRs from SH-EP1,
SH-EP1-pCEP4-h�4�2 and
SH-EP1-pCEP4-h�7 cell lines

IAM particles, 12 �m-300 Å
(0.5 i.d. × 1.8 cm)

Optimization of the immobilization
protocol.
Chromatographic system:
HPLC–radio-detector

NO [42]

nAChRs from Torpedo californica Capillary-scale monolithic membrane
receptor column prepared with the
sol–gel method (250 �m i.d. × 100 cm
fused-silica capillary)

Optimization of column preparation
through multivariate factorial analysis.
Column characterization: epibatidine
affinity determination by frontal
chromatography.
Chromatographic system: FAC/MS/MS

NO [36]

nAChRs, GABAA, NMDA receptors
from rat brain

IAM particles, 12 �m-300 Å (0.5
i.d. × 1.8 cm)

Column characterization: Kd

determination of known ligands for the
three receptors.
Chromatographic system:
HPLC–radio-detector

NO [43]

L-type calcium channel from rat
vascular smooth muscle cell

Silica particles, 5 �m (0.2 i.d. × 1 cm) Column characterization: Kd

determination of known calcium
antagonists.
Chromatographic system:
HPLC–DAD-detector

NO [45]

G-protein-coupled receptors
�1D-Adrenergic receptor from rat
aorta cell membrane

Silica particles, 7�m 100 Å (0.12
i.d. × 1 cm)

Column characterization: Kd

determination of known ligands using
frontal chromatography.
Chromatographic system:
HPLC–UV–vis

NO [35]

�2-Adrenergic receptor, HEK-293
cell line expressing the �2-receptor

IAM particles, 12 �m-300 Å (0.5
i.d. × 1.8 cm)

Column characterization: Kd

determination of known radio-labeled
ligands using frontal displacement
chromatography.
Chromatographic system:
HPLC–radio-detector

NO [47]

P2Y1 receptor from 1321N1 cells
stably transfected with P2Y1 receptor

IAM particles, 12 �m-300 Å (0.5
i.d. × 1.5 cm)

Column characterization: Kd

determination of known ligands using
frontal displacement chromatography.
Chromatographic system:
HPLC–radio-detector

NO [48]

P2Y1 and histamine subtype 1
receptors from 1321N1 cells stably
transfected with P2Y1

IAM particles, 12 �m-300 Å (0.5
i.d. × 1.5 cm)

Column characterization: Kd

determination of known ligands using
frontal displacement chromatography.
Chromatographic system:
HPLC–radio-detector

NO [49]
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Table 1 (Continued)

Ion channels

Receptor type and receptor source Support and column dimension Type of study Screening
application

Ref.

GPR17 receptor from 1321N1 cells
transiently transfected with GPR17
receptor

IAM particles, 12 �m-300 Å (0.5
i.d. × 1.5 cm)

Column characterization: Kd

determination of known ligands using
frontal chromatography and ranking
affinity experiments using known
ligands.
Chromatographic system:
HPLC–MS-MS

NO [50]

GPR17 e mutated GPR17 receptors
from 1321N1 cells transiently
transfected with GPR17 receptor

IAM particles, 12 �m-300 Å (0.5
i.d. × 1.5 cm)

Combination of a FAC–MS screening
experiment with in silico studies to
gain insights into the structure
requirement of GPR17 ligands. FAC–MS
ranking experiments and comparison
with functional assay data.
Chromatographic system:
HPLC–MS-MS

Screening of new
potential ligands
(nucleotide)
derivatives)

[51]

� and � opioid receptors from
Chinese hamster ovary cells stably
transfected with human � and �
opioid receptors

IAM particles, 12 �m-300 Å (0.5
i.d. × 1.8 cm)

Column characterization: Kd

determination of known ligands using
frontal displacement chromatography.
Chromatographic system:
HPLC–radio-detector

NO [52]

Enzyme-linked receptors
Recombinant His-tagged EphB2
(kinase domain)

Controlled-pore glass. Immobilization
with biotin-streptavidin system.
Capillary column (250 �m i.d. × 2.5 cm)

FAC–MS experiments using the
indicator screening method and
comparison with ELISA data.
Chromatographic system:
HPLC–MS-MS

Screening of 10
known quitazoline
kinase inhibitors

[21]

Recombinant His-tagged EphB2
(kinase domain)

Controlled-pore glass. Immobilization
with biotin-streptavidin system.
Capillary column (250 �m i.d. × 2.5 cm)

Combined application of
high-throughput virtual screening and
FAC–MS screening using the indicator
method.
Chromatographic system:
HPLC–MS-MS

Screening of 468
virtually selected
compounds.

[53]

Human recombinant PKC� and
recombinant His-tagged EphB2

Controlled-pore glass. Immobilization
with biotin-streptavidin system.
Capillary column (250 �m i.d. × 2.5 cm)

Development of a FAC–MS method to
simultaneously monitor binding at the
ATP and substrate binding sites and
measure ligand to both active and
inactive kinases.
Chromatographic system:
HPLC–MS-MS

NO [54]

Immobilization Study Screening
application

Ref.

Nuclear receptors
Recombinant His-tagged human
estrogen receptor ligand binding
domain

Covalent immobilization on silica
particles (0.4 i.d. × 2 cm)

Column characterization: Kd

determination [3H]-Estradiol using
frontal displacement chromatography.
Chromatographic system:
HPLC–radio-detector and HPLC–MS

Screening of six
known ligands by
zonal elution
chromatography
and MS detection

[17]

Ligand binding domains of ERR� and
ERR� receptors

Covalent immobilization on aminopropyl
silica (12 �m, 300 Å pores) and on the
inner surface of silica capillaries.
Column: 0.5 i.d. × 5 cm

Columns and capillaries
characterization: Kd determination of
diethylstilbestrol using frontal
chromatography.

NO [57]

d
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Capillaries: 100 �m i.d. × 25 cm
Ligand binding domains of human
ERR� receptor

Covalent immobilization on controlle
pore glass beads

ystems for high flow rates or simple syringe pumps for low flow
ates.

. Applications

Membrane or transmembrane receptors play many important
oles in cellular processes in both health and disease state and
hey represent the target for over 75% of pharmaceuticals in use

oday [37]. Cellular roles include communication between cells,
ommunications between organelles and cytosol, and ion trans-
ort.

Membrane receptors are diverse due to their different structure
nd functions in cell and this serves as a basis for their classification.
Chromatographic system: HPLC–MS
Development of an automated ligand
screening FAC–MS system with 2
columns. FAC–MS-MS

HTS of a 100 ligand
mixture

[22]

Three different classes can be categorized, which are ion channel
receptors, G-protein-coupled receptors, and enzyme-linked recep-
tors.

A summary of the most significant applications of frontal affinity
chromatography based on immobilized membrane and cytosolic
receptors is given in Table 1.

4.1. Frontal affinity chromatography systems based on

membrane receptors

4.1.1. Ionic channels
4.1.1.1. Neuronal nicotinic acetylcholine receptors. Neuronal nico-
tinic acetylcholine receptors (nAChRs) are a family of ligand
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Table 2
Comparison of Kd values obtained by frontal displacement chromatography and a
conventional binding assay. Taken with permission from Ref. [39].

Ligand Kd
a (nM) Kd

b (nM)

(±)-Epibatidine 0.27 ± 0.05 0.38 ± 0.07
A85380 17.2 ± 0.5 73.6 ± 6.3
(−)-Nicotine 88 ± 33 475 ± 52
Carbachol 1280 ± 30 3839 ± 276
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Fig. 6. Elution profiles of [3H]epibatidine on a3/b4 nAChR-IAM stationary phase
(0.5 cm × 1.7 cm). 60 pM [3H]epibatidine (A), 450 pM [3H]epibatidine (B), and 60 pM
Atropine 14,570 ± 2600

a Frontal chromatography with �3/�4-IAM stationary phase (0.5 × 1.3 cm).
b Binding assay using cell membrane homogenates.

ated ion channels found in different locations of the central and
eripheral nervous systems. nAChRs play an important role in
he regulation of synaptic activity, thus they are key targets in
rug discovery for a number of diseases including Alzheimer’s and
arkinson’s diseases.

nAChRs consist of five trans-membrane subunits oriented
round a central pore. At present, 12 different neuronal sub-
nits have been identified, 9� subunits (�2–�10) and 3� subunits
�2–�4): these subunits form channels of a wide variety of homo-

eric and heteromeric nAChRs.
It has been reported that nAChRs contain multiple-binding

omains which can accommodate different classes of endogenous
nd exogenous compounds.

A key goal in the development of therapeutic agents aimed at
he nAChRs is to produce sub-type specific agonists in order to
vercome the non-selective pharmacological profile of nicotine.
he activity of new compounds acting as nAChRs agonist can be
etermined using binding and functional assays. However, a more
legant and simple approach, to the study of the binding of agonists
nd antagonists to nAChRs, is bioaffinity chromatography.

In particular for nAChRs, cellular membrane fragments obtained
rom cell lines expressing the target nAChR have been immobi-
ized on the surface of IAM liquid chromatography stationary phase
nd the resulting nAChRs-IAM stationary phase used to create the
esired column. Most of the pioneeristic work on nAChRs columns
as been carried out by Wainer and coworkers. The columns were
xploited in both zonal and frontal affinity mode or in non linear
hromatographic studies to characterize ligand–nAChRs interac-
ions. In this review, we will limit our discussion to frontal affinity
hromatography experiments.

Frontal analysis has been used to study �3�2 [38], �3�4 [39],
4�2 [40,41], �4�4 [38] and �7 [42] nAChRs. In these studies, FAC
as been used mainly to characterize the immobilized nAChRs in
rder to demonstrate that the immobilization procedure does not
ffect the conformational flexibility of the receptor before start-
ng any on-line screening of pools of drug candidates. In particular,
elative binding affinity (Kd determination) of four ligands (epibati-
ine EB, nicotine, carbachol and atropine) analyzed on �3 receptor
olumn [39] where calculated by frontal displacement chromatog-
aphy with radio-detection using radiolabeled EB as the marker
igand and it has been found that the rank order of the ligands was in
greement with the data obtained from traditional binding assays
Table 2). An example of frontal displacement chromatography is
eported in Fig. 6. The retention volume of 60 pM [3H]EB decreased
rom 23 to 18 ml when a 60 nM concentration of the nAChR–ligand
−) nicotine was added to the mobile phase (C) and fell to 0.9 ml
hen the (−) nicotine concentration was increased to 1000 nM (D)

39]. In this work, it also was studied the influence of the receptors
overage on the surface of the IAM stationary phase and it has been

stablished that a lower concentration of nAChRs can lead to an
lteration of the quantitative determination of Kd but the relative
rder of affinities is consistent for all the prepared columns.

In a subsequent paper [40], the same research group has immo-
ilized recombinant nAChRs �3-subunits, �4-subunits and subunit
[3H]epibatidine in the presence of 60 nM (−) nicotine (C) and 1000 nM (−) nicotine
(D) were included, respectively, in eluent A: 50 mM Tris–HCl, pH 7.4. Flow rate,
0.4 ml/min.
Reprinted with permission of Ref. [39].

combinations (�3�4 and �4�2) for evaluating the drug binding
affinities of individual subunits and their combinations. The results
obtained clearly indicate that the independent �3 and �4-subunits
do not present specific binding of EB while the intact subtype com-
plexes bind the natural ligand. The effect of the mobile phase pH
and ionic strength on the binding affinity of �3�4 IAM stationary
phase was also investigated and the data obtained where used to
derive information about the ligand–receptor interactions.

For �3�2, �3�4, �4�2 and �4�4 stationary phases, epiba-
tidine, nicotine and cytosine were used to characterized the
prepared columns [38]. The Kd values of the three test ligands were
determined by frontal displacement affinity chromatography and
compared with the Kd values reported in literature using filtration
assay and the data produced by the chromatographic approach, also
in study were similar. The authors underline that the Kd values for
epibatine represent a qualitative estimation of the affinities. Indeed,
quantitative measure of Kd can be obtained when the concentration
of the marker ligand is significantly lower than the biding affinity
of the marker; thus the ability of frontal affinity chromatography
to determine Kd values is limited by the sensitivity of the detector.

In an other study [41] �3�4 and �4�2 nAChRs columns were
used to quantitatively rank compounds according to their EC50 val-
ues. A small library of nine novel compounds was selected and
each single compound was infused on the two columns using EB
as a marker ligand. The results obtained demonstrated that affin-
ity displacement chromatography based on immobilized nAChRs
stationary phase can be used for on-line screening of compounds
(Table 3).

An important concern in receptor-based column preparation is
the influence of the source of cellular membrane on affinity data; in
one of the latest work, Wainer end co-workers have recently stud-
ied the effect of cell type (SH-EP1-pCEP4-h�7 and �7 HEK-293) on
the preparation of �7 nAChR column [42]. Moreover, a different
receptor type (�4�2) was considered. It appeared that both cell
type and receptor type affect the protocol required to produce sta-
ble columns and the membrane localization of the receptor and
the expression system are important aspects to be considered dur-

ing the creation of a receptor column. An important experimental
aspect to consider is the quantity of immobilized functional recep-
tor, which is determined by the level of expression of the target and
the amount of the solubilized protein. In these works the amount
of cells required to produce viable nAChR columns ranged from
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Table 3
Comparison between the agonist activity of nicotine and anabasine derivatives,
expressed as the EC50 value, determined using a cell line expressing the �3�4
neuronal nicotinic acetylcholine receptor (�3�4 nAChR) and their effect on the
retention of epibatidine expressed as �ml, calculated as breakthrough volume of EB
alone minus the breakthrough volume of EB after the addition of the test ligand, on
the immobilized �3�4 nAChR and �4�2 nAChR liquid chromatography stationary
phases. Reprinted with permission from Ref. [41].

Sample EC50 (�M) �ml �3�4 �ml �4�2

[3H] EB (28.3 ± 1.6) × 10−3 – –
TKS-9 26.4 ± 1.8 1.60 0.34
TKS-6 20.8 ± 2.9 0.25 0.28
TKS-8 >300 0.28 0.26
TKS-7 13.8 ± 3.0 0.24 0.20
Nicotine 19.8 ± 1.6 0.16 0.26
TKS-2 18.2 ± 3.4 0 −0.05
Carbachol >1000 −0.04 −0.06
TKS-4 >1000 −0.04 −0.07
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Fig. 7. Biphasic frontal curves obtained for 7.5 pM [3H]-EB on the CMAC(1321N1)
TKS-1 >1000 −0.04 0.17
TKS-3 >1000 −0.12 0.13
TKS-5 >1000 −0.32 0.18

× 106 (�3�4 subtype) to 30 × 106 (�7 subtype). The length of the
olumns ranged from 13 to 18 mm.

The extensive and very complete work on nAChRs illustrates
hat IAM is an ideal support for this type of receptors, indeed it
as been demonstrated that chromatographic data obtained with
AChRs-IAM columns using displacement frontal affinity approach
orrelate well with the compound’s binding affinity (Kd) obtained
ith a traditional assay. Furthermore, the FAC experiments carried

ut with nAChRs-IAM columns produced reproducible results and
he columns were stable for at least 6 months.

However, some issues still exist such as low binding capacities
nd low resolution breakthrough profiles for such columns. The low
inding capacities are innate to membrane receptors, because the
eceptors are expressed at low levels and can only be purified in
mall amounts. Low resolution breakthrough profiles are typically
he result of structural inhomogeneity of the column, since multi-
le flow paths will inevitably result in broadening of the analyte
ronts. Another limitation is related to the use of a radio-labeled

arker ligand (i.e. [3H-EB]) with on-line scintillation detection. In
ddition, this approach was only applied to single displacement
xperiments to qualitatively rank pool of compounds but no rank-
ng experiments in mixture and in a single run were carried out.

Some of these limitations were overcome in recent works
here new column materials (monolithic stationary phases) and

dvanced detection methods (MS) have been applied in FAC studies.
nAChR from Torpedo californica has been chosen as the

odel transmembrane receptor for the development of mono-
ithic membrane-receptor columns. The sol–gel method has been
sed for receptor immobilization and optimized by multivari-
te factorial analysis for the formation of a capillary-scale nAChR
onolithic silica columns [36]. Using FAC/MS/MS ligand–receptor

nteractions were investigated and it was determined that the
mmobilized receptor-doped columns retained 100% of the recep-
or in active form, and that the binding constant for the nanomolar
gonist epibatidine was very close to that obtained from solution-
ased experiments. These results indicate that monolithic receptor
olumns, which represent a second generation of column material,
n combination with FAC–MS methodology are useful for screening
ompound also in mixtures.

Multiple receptor stationary phase based on ligand-gated ion
hannels such as nicotinic, GABAA and NMDA receptors have been

eported [43]. Solubilized rat forebrain tissue was immobilized on
AM stationary phase to prepare a column containing more than
ne functioning receptor. Binding affinities were obtained and the
esults of this study demonstrate that the co-immobilized receptors
ct independently using displacement chromatography.
column (panel a) and CMAC(A172) column (panel b) where A represents the binding
to the homomeric nAChR receptor and B represents the binding to the heteromeric
nAChR.
Reprinted from Ref. [44].

Cellular membranes obtained from native cell lines (1321N1
and A172 astrocytoma), instead of stably transfected cell lines
were used to create a cellular membrane affinity column based on
IAM supports [44]. The columns were characterized using frontal
affinity chromatography with [3H]-epibatidine as the marker lig-
and and epibatidine, nicotine, and methyllycaconitine as the
displacers. The biphasic chromatographic traces obtained using
[3H]-epibatidine on the two columns (Fig. 7) suggest the pres-
ence of two distinct binding interactions due to the presence
on the columns of homomeric alpha7 nicotinic acetylcholine
receptors (alpha7 nAChR) and heteromeric nicotinic acetylcholine
receptors (alpha(x)beta(y) nAChRs). This result was confirmed by
the addition of subtype-specific inhibitors, alpha-bungarotoxin
(alpha7 nAChR) and kappa-bungarotoxin (alpha(x)beta(y) nAChR)
to the mobile phase. The presence of two additional ligand-
gated ion channels (LGICs), gamma-aminobutyric acid (GABA(A))
and N-methyl-d-aspartic acid (NMDA), was established using
frontal affinity chromatography with flunitrazepam and diazepam
(GABA(A) receptor) and MK-801 and NMDA (NMDA recep-
tor). The presence of the four LGICs was confirmed using
confocal microscopy and flow cytometry. The results indi-
cate that the CMAC(1321N1) and CMAC(A172) columns contain
four independently functioning LGICs, that the columns can be
used to characterize binding affinities of small molecules to
each of the receptors, and that the CMAC approach can be
used to probe the expression of endogenous membrane recep-

tors.

The extensive work carried out on nicotinic receptors demon-
strates that the resulting stationary phases can be successfully
used in different applications. The Kd-values determined chro-
matographically were comparable to those found using standard
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embrane affinity binding techniques. All these studies also
ndicate that the nAChR columns can be used to identify both com-
etitive and non-competitive ligands, to detect differences in the
inding affinity of a compound between the receptor subtypes and
or the on-line screening of ligands to the nAChRs.

.1.1.2. L-calcium channel. Recently a stationary phase based on
-type calcium channels (L-CCs) has been described and used
n frontal chromatographic experiments [45]. L-CCs are widely
xpressed in cardiovascular tissues and represent the critical drug-
arget for the treatment of several cardiovascular diseases. In this
ork, vascular smooth muscle cells, rich in L-CCs, have been used

o prepare a column based on activated silica (CMC approach) that
as been employed in frontal affinity studies for the determina-
ion of Kd of different calcium-antagonist (verapamil and some
ihydropyridines, namely amlodipine, nitrendipine, nimodipine)
nown to bind and block L-CCs. The affinity rank order of four
igands determined with CMC column was consistent with the Kd
alues reported in literature. In addition displacement experiments
ere performed in order to validate the ability of the system to
iscriminate between the different binding sites.

.1.2. G-protein-coupled receptors (GPCRs)
G-protein-coupled receptors (GPCRs) convey the majority (80%)

f signal transduction across cell membranes. They are activated
y diverse ligands. All GPCRs are located within the plasma
embrane and have a common architecture consisting of seven-

ransmembrane (TM) domains, connected by extracellular and
ntracellular loops. One of the very special features of GPCRs is that
hey are highly druggable, to the extent that more than one third
f all current therapeutics are directed at them [46].

.1.2.1. Adrenergic receptors stationary phases. The receptors for
ndogenous catecholamine, designed as adrenoreceptors (AR), are
lassified in three major types (�1, �2 and �) each of which is fur-
her divided into at least three subtypes �1(�1A, �1B, �1D) �2 (�2A,
2B, �2C), � (�1, �2, �3). These receptors are of particular therapeu-

ic interest because they mediate a variety of physiological effects in
any tissues, thus is not surprising that a certain number of works

ave been published on the development of bioaffinity methods
or the rapid investigation of the interactions between ligands and
hese receptors.

Yu et al. have firstly reported the preparation of cell mem-
rane stationary phase consisting of silica particle coated with cell
embranes obtained from transfected cell lines (HEK293) overex-

ressing subtype receptors �1A and �1B. In a first paper the use
f cell lines stably overexpressing �1A and �1B-adrenoreceptors
ubtypes (human embryonic kidney 293 cell lines or HEK293) for
he preparation of a cell membrane stationary phase using the
MC technique was described and the retention times of nine �1
drenoreceptor ligands were determined. The rank order of capac-
ty factors was consistent with the affinity rank order obtained from
adioligand binding assays [33]. In a second work the same authors
escribed the preparation of cell-membranes stationary phases
repared from homogenized tissue, from cells in primary culture,
nd from cell lines stably overexpressing subtype receptors [34].
lso in this study the retention times of the nine �1 adrenorecep-

or ligands were determined and compared on the three columns.
n general, all nine test ligands had greater affinity towards the
EK293 �1A stationary phase.

The utility of these columns to determine the relative affin-

ty of known ligands was only demonstrated by zonal elution
xperiments [33,34]. Instead, in a more recent paper, frontal
ffinity chromatography has been used to study quantitatively
igand–receptor interactions in the determination of Kd values of
ix test ligands of �1D receptor [35]. The stationary phase was pre-
Biomedical Analysis 54 (2011) 911–925

pared by immobilizing rat aorta cell membranes on silica and the
columns, with different inner diameters, were tested. The frontal
chromatographic curves obtained for these columns showed that
the FAC analysis time was shortened by reducing the inner diame-
ter, and the small-inner-diameter column can increase sensitivity.
The Kd values determined by the CMC system were not consistent
with the binding affinity constants reported previously, especially
the high binding affinity ligands (i.e. Prazosin). However, the affin-
ity rank order of the six ligands was consistent with that reported
previously, and the calculated Kd values were positively correlated
with the binding affinity constants reported in the literature.

�2-ARs obtained from HEK293 cells have been immobilized on
IAM by Wainer research group to prepare columns to be used
for the on-line determination of ligand–receptor binding interac-
tions [47]. The procedures for membrane preparation and synthesis
of a stable stationary phase were established, then the char-
acterization of the stationary phase was carried out using the
dissociation constant and the number of active binding sites. This
was accomplished using frontal chromatography with [3H]-CGP
and (R,S)-[3H]-propranolol as the marker ligands. As observed in
other works, the chromatographic approach provides at least a
qualitative assessment of ligand–�2-AR binding interactions and
it is an alternative method to the investigation of ligand–�2-AR
interactions.

4.1.2.2. Purinergic receptors stationary phases. A P2Y1-immobilized
artificial membrane (P2Y1-IAM) liquid chromatography stationary
phase prepared from 1321N1 cell lines was developed and applied
to the determination of the affinity constants of some known lig-
ands [48].

The chromatographic experiments were carried out using a
chromatographic system that includes a radioflow detector and
frontal displacement affinity chromatography technique.

In this study, the characterized P2Y1 agonist 3H-labeled 2-
MeSADP was used as the marker ligand. The results demonstrate
that the 1321N1 cell membrane fragments were successfully
immobilized on the IAM stationary phase and that the immobilized
P2Y1 receptor maintained its ability to bind 2-MeSADP. The Kd val-
ues of MRS-2179, a competitive inhibitor of P2Y1, and ATP, a P2Y1
agonist, was also determined with a good correspondence with the
same values reported in literature. Applications of the stationary
phase in screening studies have not been reported so far.

The 1321N1 cell line used for the preparation of P2Y1 column
contains functional histamine 1 receptors (H1Rs). Based on this
evidence the same column was used to investigate whether the
histamine subtype 1 receptor was also present in the P2Y1 column,
if the same column could be used to identify H1R ligands and if the
expression on the P2Y1 receptor in the 1321N1 cell line altered the
characteristics of the H1R [49]. The presence of functional H1Rs on
the column was established by displacement frontal chromatog-
raphy using the H1R antagonist [3H]-mepyramine. Moreover the
affinity constants of histamine were calculated with a good agree-
ment with the same data reported in literature. To determine if
the observed binding interactions with P2Y1 and H1R represent
independent functioning of the two GPCRs, the ability of the P2Y1
marker 2-MeSADP to displace the H1R marker mepyramine and
the ability of mepyramine to displace 2-MeSADP was investigated.
The results from this study demonstrate for the first time that
a multiple-GPCR column was created and that the two GPCRs,
P2Y1 and H1 receptors maintain their ability to independently bind
receptor–selective ligands.
The preparation of a stationary phase based on GPR17 recep-
tor, belonging to the purinergic cluster, was also described [50].
This receptor is dually activated by both uracil nucleotides and
cysteinyl-leukotrienes. GPR17 was found to be highly expressed
in organs typically undergoing ischemic damage (i.e. brain, heart
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ig. 8. Frontal chromatographic profiles of cangrelor (1 �M) under optimized con-
itions on GPR17(+)-IAM column (a) and GPR17(−)-IAM column (b).
eprinted with permission from Ref. [50].

nd kidney) thus it can represent an important target for new
herapeutic approaches in acute and chronic neurodegenerative
iseases. GPR17 was entrapped on the surface of an immobilized
rtificial membrane. An optimization study was carried out increas-
ng the membrane/IAM ratio in order to increase receptor density
nd reduce the unwanted non-specific binding. Fig. 8 reports the
rontal chromatographic profiles of the ligand cangrelor in the opti-

ized conditions on the GPR17(+)-IAM column (chromatogram a)
nd the GPR17(−)-IAM column (chromatogram b). The stationary
hase was validated in the determination of the affinity constants
f three known selected ligands and for its ability to rank the same
igands in mixture in a single experiment by FAC–MS. A second
aper by the same author reports an application of the GPR17 sta-
ionary phase a drug discovery screening study [51]. In particular
he application of FAC–MS approach, along with a molecular mod-
lling study, to the screening of potential drug candidates towards
PR17 was described [51]. The stationary phase was used to screen
library of nucleotide derivatives by FAC–MS in order to select

igh affinity GPR17 ligands. The chromatographic results obtained
ave been confirmed with a reference functional assay ([35S]GTP�S
inding assay) (Table 4). The simplicity of the method allowed
o explore the binding mode of the purinergic component of the
eceptor by extending this approach to a column where an artificial
PR17 receptor bearing a mutation in a key aminoacid for ligand

ecognition has been immobilized. The comparison of the break-

hrough times determined on wild-type and mutated receptors led
o the conclusion that the mutation is not silent. Table 4 reports
he % variation of the breakthrough time determined on mutated
PR17-IAM with respect to the wild-type GPR17-IAM column. The

igands can be divided into two groups depending on the sign of

able 4
AC–MS data obtained on GPR17-IAM and mutated GPR17-IAM columns in comparison w

GPR17-IAMa Mutate

Cpd tb (min) EC50 IC50
c tb (min

UDP 2.69 1.14 ± 0.2 �M 2.15
13 2.79 945 ± 48 nM 2.51
12 3.55 582 ± 57 nM 3.54
MRS 2179 3.62 508 ± 29 nM 3.47
5 3.69 112 ± 7 nM 4.08
7 4.5 11 ± 1 nM 5.27
8 4.77 1.7 ± 0.1 nM 5.79
6 5.67 1.4 ± 0.1 nM 7.08
Cangrelor 10.6 0.7 ± 0.02 nM 13.16
4 13.07 36 ± 3 pM 16.07

a Columns: GPR17-IAM (19.5 million cells), mutated GPR17-IAM (19.5 million cells).
b t is the breakthrough time of the ligand with the immobilized GPR17.
c versus UDP-glucose 10 �M.
d The breakthrough time variation % was calculated on mutated GPR17-IAM (tm) with r
Biomedical Analysis 54 (2011) 911–925 921

the breakthrough time variation. It is speculated that analytes with
a positive variation most likely interact with the receptor bind-
ing pocket through hydrophobic interactions, while for compounds
with a negative variation electrostatic interactions are predomi-
nant. Comparison of the different chromatographic behaviour of
the nucleotide derivatives in the library together with the in silico
studies has been used to gain insight into the structure require-
ment of GPR17 ligands. A high affinity ligand was selected with
this technique.

4.1.2.3. Opioid receptors. Opioid receptors are members of the
superfamily of G-protein-coupled receptors and exist as the �, �
and � subtypes. Liquid chromatographic stationary phases con-
taining either the human � and � opioid receptor subtypes have
been developed. This work must be considered the first example of
the use of immobilized GPCRs in a chromatographic system [52].
The receptors were obtained from Chinese hamster ovary cells sta-
bly transfected with human mu or kappa receptor subtypes. The
receptors were isolated through partial solubilization with sodium
cholate detergent, and the partially purified receptor complex
was immobilized in the phospholipid analogue monolayer of an
immobilized artificial membrane liquid chromatographic station-
ary phase. The resulting phase was packed into a glass column and
used in the on-line chromatographic determination of drug/ligand
binding affinities to the immobilized opioid receptors using the
known mu antagonist naloxone and the kappa agonist U69593.
The results indicate that the immobilized receptors retained their
ability to specifically bind ligands.

4.1.3. Enzyme-linked receptors
4.1.3.1. Receptor protein kinases stationary phases. Receptor tyro-
sine kinases (RTK) are targets for treatment of a number of diseases
and disorders. Overexpression and/or overactivation of RTKs has
been implicated in a number of cancers and the identification of
small molecule inhibitors for RTKs is currently a viable strategy
for therapeutic intervention. The research group from Protana Inc.
has proposed the use of FAC–MS to identify new inhibitors for
erythropoietin-producing hepatocellular (Eph) RTK family mem-
ber, EphB2 that is overexpressed in a number of cancers such as
colorectal cancer and has been proposed as important in angio-
genesis [21,53,54]. In these papers, the streptavidin/biotin complex
was used for the immobilization of recombinant His-tagged EphB2
(kinase domain) [21,53,54]. Biotinylated anti-His tag monoclonal

antibodies was incubated with streptavidin-coated controlled-
pore glass (CPG) beads. Afterward EphB2 was added and the
receptor-CPG beads were packed into FAC–MS capillary columns.
The EphB2-column was tested towards 10 known quinazoline
kinase inhibitors expected to bind in the ATP binding-site using

ith [35S]GTP�S binding results. Data taken from Ref. [51].

d-GPR17-IAMa

) EC50 IC50
c (tm/tw × 100) − 100d (%)

3.0 ± 0.3 �M −20.1
1.87 ± 0.20 �M −10.0

−0.3
227 ± 22 nM −4.1

+10.6
+17.1
+21.4
+24.9

0.15 ± 0.01 nM +24.1
25.4 ± 1.0 pM +23.0

espect to GPR17-IAM column (tw).
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Fig. 9. Correlation of the kinase inhibitors FAC–MS
rinted with permission from Ref. [21].

he indicator screening method (Eq. (3)) monitoring the break-
hrough time for a selected indicator (WHI-P180). Each inhibitor
as also analyzed for Kd determination. The results were com-
ared to functional IC50 activity values and a good correlation was
btained between FAC–MS indicator % shift and both IC50 value
nd Kd constant allowing the validation of the FAC–MS system for
urther screening studies (Fig. 9) [21].

An extension of this work is the combined application of
he high-throughput virtual screening and FAC–MS screening
pproaches in the discovery of hits against EphB2 [53]. The
igh-throughput virtual screening based on docking of a diverse
rug-like compound library against the crystal structure of the
phB2 kinase domain was followed by physically ranking of vir-
ually identified hits by FAC–MS using the previously validated
ystem [21]. Of the 500 virtually selected compounds only 468
ere available for purchase and were randomly combined into 52
ixtures of nine compounds. To profile individual mixtures the
ndicator method was used. Mixtures that generated the largest %
hift were selected for deconvolution. The compounds in these four
ixtures were run individually in the presence of the indicator. 12

ompounds were selected, and IC50 values for these compounds
ere also determined using an ELISA assay. Once again a good

ig. 10. Example of automated frontal affinity chromatography–mass spectrometry syste
uffer is connected in series to the autosampler and then to the column switcher equippe
eprinted with permission from Ref. [22].
ft with Kd (left panel) and ELISA IC50 (right panel).

correlation between FAC–MS % shift and IC50 values was obtained
indicating that % shifts are a good surrogate for IC50 values.

A simultaneous ATP and substrate site FAC–MS assay kinase
assay (dual binding site assay) was developed by the same authors
[54].

Human recombinant protein kinase C� (PKC�) was selected as
the target protein for the commercial availability of the substrate
site ligands that can act as indicators. The PKC inhibitor peptide
19–36 and chelerythrine chloride were selected for the PKC� kinase
substrate site. The ligands for the ATP binding site were identified to
be PD153035 and WHI-P180. Chelerythrine chloride and PD153035
were established as dual indicators for their two respective bind-
ing sites. When WHI-P180 was added to the infuse containing the
void marker and the two indicators, only the ATP binding site indi-
cator PD153035 shifted to the left indicating that WHI-180 is an
ATP-competitive ligand for PKC�. WHI-180 had no effect at the
substrate binding site of PKC� since the breakthrough time of chel-

erythrine chloride remained unchanged. An analogous situation
occurred for the substrates binding site when PKC inhibitor pep-
tide 19–36 was added and only chelerythrine chloride shifted to
the left. The same results were further confirmed mixing all ligands
together.

m. A high-performance liquid chromatography micropump containing the running
d with 1 or 2 columns and then connected to the mass spectrometer.
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Fig. 11. (A) Frontal affinity chromatography–mass spectrometry (FAC–MS) Q1 scan
of a 100-ligand mixture of ligands each at a concentration of 1 �M and infused
through the hER�CBX column using the mass spectrometer (MS) in positive mode
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To demonstrate the capability of FAC–MS to identify binders
f an active kinase, both the active and inactive forms of EphB2
ere evaluated under similar conditions. To validate the ability to

creen the inactive EphB2 mutant kinase, it was demonstrated that
he ATP binding site was similar in both proteins using a series of
our known commercially available kinase inhibitors run in mixture
n the two columns. By analyzing both active and inactive forms,
he FAC–MS results for the active protein act as a reference and
rovide confidence that any observed binding for the inactive is
eal. Although the structure of this inactive EphB2 has been solved,
ntil now it would have been impossible to use this variant of EphB2
irectly in a traditional functional assay.

This study represents a novel application of FAC–MS that can be
pplied in areas where traditional screening assays are not appli-
able such as determining binding site information and screening
ith inactive conformations of proteins.

.2. Frontal affinity chromatography systems based on nuclear
eceptors

The nuclear receptors (NRs) are a family of transcription fac-
ors that bind and respond to certain steroids and other signaling

olecules. For the purposes of drug discovery, NRs have favourable
ttributes, with most containing protected internal cavities pre-
isposed for occupation with hydrophobic molecules of volumes
ypical of drugs. Moreover, these transcription factors control cen-
ral pathways impacting a wide range of pathophysiologies ranging
rom cancers to metabolic diseases [55,56].

.2.1. Human estrogen receptor (hER)
Estrogen receptors are promising targets for therapeutic pur-

oses such as treating breast cancer, osteoporosis, cardiovascular
isease, obesity, as well as disorders of the central nervous sys-
em. For the purpose of drug discovery, frontal and zonal affinity
hromatography can be used as HTS approach for the evaluation
f new natural and synthetic ER ligands. A first study reported
y Wainer and co-workers describes the immobilization of hER

igand binding domain onto a column via coordinating complex
ovalently linked to a silica backbone with a hydrophilic spacer
17]. The stationary phase was connected to an on-line scintil-
ation detector and frontal chromatographic experiments were
onducted using [3H]-estradiol and the obtained Kd value was
n agreement with previously reported data. The same column

as also connected to a mass spectrometer and six known estro-
en receptor ligands where analyzed by zonal elution approach.
he same research group has recently published a paper on
he characterization of chromatographic columns containing the
igand binding domain of estrogen related receptor � and estro-
en related receptor [58]. In this paper, the ligand binding
omains of the ERR� and ERR� were covalently immobilized
nto the surface of an aminopropyl silica liquid chromatogra-
hy stationary phase to create the ERR�-silica and ERR�-silica
olumns and onto the surface of open tubular (OT) capillar-
es activated with aminopropyltrimethoxysilane to create the
RR�-OT and ERR�-OT columns. The receptors were successfully
mmobilized as demonstrated by the consistency of the chromato-
raphically determined Kd values for diethylstilbestrol, obtained
y frontal displacement chromatography, with the previously
eported IC50.

FAC–MS experiments were also carried out using microaffinity

olumns based on the ligand binding domain of hER� [58]. hER�
as first biotinylated and then immobilized to streptavidin-coated

ontrolled pore glass beads packed in a capillary column. Disso-
iation constants of low nanomolar range (i.e. �-estradiol) were
eliably determined using the staircase procedure.
with the m/z range from 100 to 1200 scanned. (B) Bar diagram showing the inflection
point of the breakthrough front curves for the FAC–MS chromatogram of (A).
Reprinted with permission from Ref. [22].

To push FAC–MS more to the forefront as a moderate pri-
mary HTS system, automation has been addressed by using
hER� affinity columns prepared by covalent attachment of the
ligand–receptor domain to the free carboxyl groups of controlled
pore glass beads using N-ethyl-N′-[3-dimethylaminopropyl] car-
bodiimide and N-hydroxy succinimide [22]. The stationary phase
was packed in capillary columns. An automated multiple ligand
screening FAC–MS system using two columns was developed and
the Q1 scan FAC–MS screening method, in which multiple ligands
are analyzed simultaneously, was followed (Fig. 10).

To detail FAC–MS automation as well as the value of the Q1
scan method, 100 compounds were mixed together and the mix-
ture was infused through the hER� column. Because the molecular
weights for each of the 100 ligands were known, using proprietary
software for data management, the individual breakthrough fronts
were identified and a bar diagram was created to better visualize
the breakthrough times (Fig. 11). The total runtime was 30 min to
screen 100 compounds, and because two columns were used the
authors extrapolated that in a continuous 24 h operation with 200

ligands/mixture, the number of ligands that can be screened could
approach 10,000 suggesting that FAC–MS should be considered as
a moderate-throughput binding assay offering the real possibility
to generate preliminary binding SAR information from diverse or
closely related libraries.
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. Concluding remarks

The contribution of frontal affinity chromatography, based on
mmobilized receptors, for the screening of compounds alone or in

ixture has been reported.
The survey indicates that different immobilization protocols

nd on different supports can be selected for cytosolic and mem-
rane receptors and alternative entrapment technologies have
een described for membrane-associated receptors.

FAC assay offers not only high precision and accuracy in the mea-
urement of binding constants but also high-throughput screening
sing a multidimensional detector such as a mass spectrometer.

The reported applications demonstrate that FAC offers new
ntry points including dual binding site assay, receptor subtype
haracterization and multi-receptor binding experiments. More-
ver, the FAC method can be easily extended to receptors bearing
utations in key amino acids for ligand recognition. The com-

arison of the breakthrough times determined on wild-type and
utated receptors can help for a better characterization of the

igand binding site.
Since today, frontal affinity chromatography remains of aca-

emic interest and the published studies are mainly focused on
roof of concept. Receptor columns for FAC studies are still not
ully characterized in terms of stability and robustness and are not
ommercially available. However, in our opinion, this approach can
e-shape the ways that drug–protein interactions studies will be
erformed in drug discovery initiatives as it has been demonstrated
hat FAC fits for the purpose of the screening of large libraries. The
utomation and miniaturization of existing prototype systems will
e the future trends.
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