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Abstract

Affinity-based chromatography assays encompass the use of solid supports containing
immobilized biological targets to monitor binding events in the isolation , identification and/or
characterization of bioactive compounds. This powerful bioanalytical technique allows the
screening of potential binders through fast analyses that can be directly performed using isolated
substances or complex matrices. An overview of the recent researches in frontal and zonal affinity-
based chromatography screening assays, which has been used as a tool in the identification and
characterization of new anti-cancer agents, is discussed. In addition, a critical evaluation of the
recently emerged ligands fishing assays in complex mixtures is also discussed.
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1. INTRODUCTION

Currently, the identification of novel anti-cancer compounds is predominantly carried out
with functional cell assays using established cell lines to measure the cytotoxic effects. Of
these, tetrazolium salt-based assays including MTT, MTS, XTT or WST are the most widely
used to assess cell proliferation, cell viability and drug cytotoxicity [1]. The screening of
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these compounds has to be carried out on both tumoral as well as normal cell lines, to
identify compounds that are selective for the tumoral cell line. While these methods have
been used successfully as evidenced by their widespread use, the entire process of screening
new anti-cancer active compounds is time-consuming and typically is low throughput.

More recently, bioaffinity chromatography has been used as a novel approach to identify
potential new anti-cancer active compounds [2]. Using this method, a specific target,
typically a protein that could target cell growth and/or cell survival of tumoral cells [3], is
immobilized and screened against a complex mixture or synthetic combinatorial library for
the identification of novel active compounds for cancer treatment. The screening of natural
products is of paramount importance, as the majority of anti-cancer compounds are nature-
based or derived from a nature-based product. As a result, the chromatography-based
bioassays have been exploited as a promising approach for the identification of novel active
compounds [4-7]. Once a compound is identified with this approach, the compound can be
fully characterized including its affinity for the targeted protein [8, 9]. Several recent reviews
[2, 4, 9] have discussed in great detail the variety of supports and method of immobilization.
In addition, the recent review carried out by Hage et a/. [9] provides a good overview of the
various classifications, including high performance affinity chromatography (HPAC), high
performance liquid affinity chromatography (HPLAC) and affinity monolith
chromatography (AMC). Herein, we are going to use the term bioaffinity chromatography as
a general term describing the aforementioned classifications.

Bioaffinity chromatography is typically characterized using a variety of elution modes,
including zonal (linear and non-linear) chromatography and frontal affinity chromatography.
These methods can be used to calculate equilibrium and kinetics constants [4, 10]. Zonal
chromatography has been successfully used for fragment-based drug discovery/design
(FBDD) for the determination of retention factors [11]. In this case, fragments were
analyzed by mass spectrometry (MS/MS) and the specific retention times were obtained by
comparing the retentions between the activated and non-activated bioaffinity column [12].
The bioaffinity columns for these assays are usually prepared by /in-situ immobilization in
capillary columns (100 pum x 0.5 mm) packed with porous spherical silica [12, 13]. Zonal
chromatography has also been used in screening inhibitors for immobilized enzyme reactors
(IMERs) [4, 8, 14-17]. In these studies, inhibition of enzymatic activity can be studied by
measuring changes in product formation. A limitation of this method is the necessity for the
enzyme to have a relatively high turnover numbers due to the limited contact time between
the enzyme and the binder. Using zonal chromatography, non-linear conditions have also
been used for assessing binding affinities by monitoring the signals out-put and the deviation
from the Gaussian band profile. The association/dissociation constants (k,,and Au) and
equilibrium dissociation constant (K,) can be calculated by the use of the nonlinear
isotherms [18, 19].

Frontal affinity chromatography unlike zonal affinity chromatography is carried out under

dynamic equilibrium conditions. It is frequently used in association with mass spectrometry
and has several advantages including the capability of determining equilibrium dissociation
constants (K,) and the number of active binding sites (B which can be calculated from the
breakthrough curves [12, 20]. In addition, it was recently demonstrated that the binders can
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be ranked based on their affinity towards the column [4, 14]. The main drawback of this
approach is the large concentration of binders required as they are continuously infused over
the entire run and thus result in the use of larger amounts of the binder mixtures. The
presence of a displacer ligand in the mobile phase results in another frequently used method
termed frontal and/or zonal displacement chromatography. In this case, a set concentration
of a known binder (marker) is placed in the mobile phase with increasing concentrations of a
displacer. Based on the change in retention volume, binding affinity of the displacer can be
calculated. The experiments can be used to qualitatively rank compounds according to their
ECsq values [9, 21, 22].

More recently, the versatility of these approaches has been demonstrated in bioconjugation
experiments, where proteins were immobilized onto the surface of magnetic particles, to
“fish” binders out of a complex mixture. The experiments are usually associated with
bioaffinity chromatography for evaluating the equilibrium dissociation constant of the
identified binders [4, 18].

In this review, the use of bioaffinity chromatography for probing ligand-protein and protein—
protein interactions will be explored with respect to targeting anti-cancer active compounds.
All the reported studies in each section used bioaffinity chromatography-based
methodologies to prospect new cancer treatments.

2. CHROMATOGRAPHY-BASED ASSAYS
2.1. Frontal Affinity Chromatography

Frontal chromatography is a widely used affinity-based chromatographic approach used for
screening active compounds through the frontal elution. It is a quantitative method firstly
described by Kasay et a/in 1975 [23] and carried out under dynamic equilibrium conditions,
where the sample is continuously infused in the chromatographic column and each
constituent of the sample emerges (breaks through) at a different time depending on its
concentration and affinity for the stationary phase, forming a stepped chromatogram. The
term frontal affinity chromatography (FAC) is used when the chromatographic column
contains an immobilized biological target, like a protein, and the infused sample contains
potential binders [4].

In FAC assays, usually the potential binders are added to the maobile phase and the sample is
continuously delivered onto the column. Each sample constituent migrates through the
column at different rates, depending on its affinity for the immobilized biological target, and
breaks through as a series of fronts. The continuous infusion of the binders results in a
titration of the binding sites of the immobilized target: in the beginning, the binder
concentration eluting from the column is low, since the number of available binding sites on
the surface of the immobilized target is large. When the binding sites become saturated, the
binder concentration eluting from the column increases gradually, producing a vertical rise
in the chromatographic trace, often referred as breakthrough curve. At the end of this curve,
the infused and eluted binder concentration will be identical, forming a plateau, as illustrated
in the Figure 1 [4].

Curr Pharm Des. Author manuscript; available in PMC 2017 January 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

de Moraes et al.

Page 4

The required chromatographic system to carry out frontal affinity analysis consists of a
liquid chromatography pump, an injection system, a chromatographic column containing the
immobilized biological target, and a detector. The employed detector depends on the
complexity and concentration of the infused sample and could include a radioflow, UV or
fluorescence detector, and a mass spectrometer. The detection of the analyte requires either a
selective labeling of a binder and the use of a corresponding detector,for example
radiolabeled marker with a radioflow detector or a fluorescently labeled binder with a
fluorescent detector; or a detector capable of discriminating between coeluting compounds,
for example a mass spectrometer (MS), as long as each compound has a unique m/z or a
characteristic transition (MS/MS) for tandem systems, thus allowing a label-free assay,
making it the most flexible and generalized strategy [24—26].

FAC can be applied to the investigation of ligand-protein and protein-protein interactions
and in this review we will highlight recent applications of FAC in the investigation of
binders-protein interactions for targeting anti-cancer active compounds.

Generally, FAC assays can be classified in two different groups: direct and indirect assays
(Figs. 2 and 3). In the direct assays, the evaluated compound (analyte) is directly monitored
by the detector of the chromatographic system and its retention time is directly associated
with its concentration and affinity for the immobilized biomolecule. While, indirect assays
(displacement chromatography) include the use of a known ligand as a marker and the
interaction of the analyte with the immobilized biomolecule is indirectly observed through a
displacement of the marker breakthrough curve. Both approaches can be used for binders
screening and characterization purposes.

2.1.1. Direct assays by FAC—FAC direct assays are a valuable tool to screen and
characterize ligands. The mean position of the ligand breakthrough curve (breakthrough time
or volume) depends on the ligand concentration [A], the number of available active binding
sites (By, in mol) and the dissociation constant of the binder-target interaction (Ky). The
basic FAC equation (Eq.1) encompasses all these parameters, where V is the retention
volume of the ligand obtained from the midpoint of the breakthrough curve and Vj is the
retention volume in the absence of the binding event. V can be calculated from the retention
volume of a compound with no affinity for the immobilized target, from the retention
volume of the binders using a similar chromatographic column without the immobilized
target or the retention volume of a saturating concentration of the ligand. The
chromatographic profile can be analyzed with a polynomial equation to derive the inflection
point corresponding to the breakthrough volume (V) [4, 25, 26].

(V= Vo)=Bi x ([A]+Ka)™"  Equation 1

One of the most important FAC direct assays is the ranking experiment, which is carried out
by ranking the affinity order on the basis of breakthrough volume. The most potent binders
from the mixture will elute last due to the higher affinity for the immobilized target (Fig.
2A). To ensure that the elution order is specifically related to the binder-immobilized
biomolecule interaction, it is crucial to investigate nonspecific interactions. Thus, a column
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without the targeted protein is frequently used, either by using an irreversible inhibitor [12]
or by preparing an identical column without the immobilized target [4, 20]. Furthermore, the
used of a void marker (a non affinity compound) is critical to verify the fastest elution time,
and rank the constituents from the compounds mixture.

Ranking experiments by FAC were used to screen inhibitors of epidermal growth factor
receptor (EGFR) in Caragana jubata crude extract [27]. A polyclonal antibody raised against
piceatannol (a known anti-EGFR inhibitor) was coupled with bovine serum albumin for
mimicking the receptor and used as stationary phase. The FAC assay was performed by
infusion of 100 pg.mL~1 of the crude extract from which the six most abundant ions were
monitored. The elution order and the breakthrough volumes showed the efficiency of the
method of recognizing and ranking different anti-EGFR inhibitors.

Two synthetized B-D-Galp-(1-3)-B-D-GlcpN (lacto-N-biose) disaccharide libraries were
screened for galectin-3 binding on a recombinant human galectin-3 column through ranking
assays [28]. A known non-binder trisaccharide was used as the void volume marker. The 17-
synthetized disaccharides were split into four mixtures containing an equimolar ratio of each
compound. To ensure that the results were not affected by non-specific interaction, a control
experiment was performed with a blank column. The relative retention times of the library
components were used to classify the most potent binders.

Direct assays by FAC can be also employed in the characterization of binders through the
determination of the dissociation constant of the binder-target interaction (Kjy), as illustrated
in Fig. 2B and 2C. This approach is useful for the characterization of the immobilized
protein, by determining the number of active binding sites on the column (By) and the
binding affinity (Kg) of the tested ligand. These parameters are obtained using a series of
concentrations of a ligand and determining the breakthrough volume at each concentration.
By analyzing changes in (V-V)™1 versus [A] using a Lineweaver-Burk type double
reciprocal plot, one can determine Ky and B; from the intercepts on the ordinate and from
the slope, respectively [4, 25, 29]. Several other standard non-linear regression analyses can
also be employed.

Human purine nucleoside phosphorylase (HsPNP) bioaffinity-based capillary columns were
prepared for affinity screening and characterization studies [20]. The dissociation constant
for a fourth-generation immucillin derivative, an HSPNP inhibitor, and the number of
available active binding sites in the immobilized enzyme were assessed by FAC experiments.
To this end, increasing concentrations of this inhibitor were continuously infused until a
typical sigmoidal profile was obtained. The injection of increasing inhibitor concentration
resulted in traces with reduced breakthrough volumes. This approach allowed the
determination of Kj for the binder characterization, and the characterization of the
bioaffinity columns through the B; investigation.

A second approach to assess the Ky and B is a frontal binding assay called modified
staircase method (Fig. 2C) [4]. In this approach, the binder is sequentially infused at
increasing concentrations until saturation, starting from the lowest concentration, with the
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simultaneously infusion of a void marker, at a fixed concentration. Equation 2 is used to
calculate K and B;.

Ajyty=B: (- ) — K .
[Aloty=5: V- ¢ Equation 2

Where V -V is the corrected breakthrough volume for the binder, By is the number of
available active binding sites in mol, Ag refers to the binder infusion concentration and the
summed concentrations ([A]g+y) refer to the initial concentration of the binder for the first
step of the staircase; while for the subsequent steps will be the sum of that step and all its
predecessors [4, 26]. The slope of a plot of [A]p+y versus reciprocal (V-Vg) provides the
column capacity B; and the negative intercept provides Kjy. The ability to obtain B; and Kj
for the binder-biomolecule binding event from a single course of experiments is a unique
feature of FAC [24, 30].

A modified staircase method was used for Ky determination of human recombinant protein
kinase (PKCa) and chelerythrine chloride, a PKCa substrate site competitive inhibitor [31].
The determined value (698 nM) is comparable to the literature I1Csq value of 660 nM, and
demonstrates that in a simple assay this approach can be used to accurately assess the Ky
value.

The performance of the modified staircase method and the individual concentrations
infusion for determining Ky value was compared by Temporini et a/[32]. A human
recombinant A2A adenosine receptor [33] bioaffinity column was employed to assess Ky
and B; using ANR 152, a known human recombinant A2A receptor. Individual
concentrations of the binder (2.5-12.5 nM) were infused, with a 12h washing procedure
between each analysis for column regeneration. By this approach, the Ky and B
determination experiments were conducted in 4-5 days. Using the modified staircase
method, B; and Ky were assessed in 4-5h of experiments.

2.1.2. Indirect Assays by FAC (Frontal Displacement Chromatography)—
Screening and Kj determination of high- and low-affinity protein interactions can be
assessed by the use of a marker ligand, a compound with high affinity for the target protein.
The infusion of a solution containing the marker and the evaluated compound results in
shorter breakthrough volumes for the marker if the analyte competes for the same binding
site of the marker ligand (Figure 3). In this case, the analyte can be called displacer.
Therefore, these assays are less susceptible to the interference of hon-specific interactions.
The larger the percentage shift, the higher is the degree of competition between the marker
and the displacer for the specific binding site. High productivity can be obtained with this
assay for identifying active compounds in complex mixtures. This approach is also referred
as frontal displacement chromatography. The percentage shift can be calculated by equation
3[25, 34].
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t,—1
%Shift=—2~—— x 100 )
ty — tss Equation 3

Where ty, is the marker breakthrough time in the absence of a displacer, t is the corrected
marker breakthrough time in the presence of a displacer (the difference between the
breakthrough time of the marker and the breakthrough time of the void marker), tysg is the
nonspecific binding breakthrough time difference in the absence of the immobilized target
[25, 34].

The breast cancer resistance protein (BCRP) is expressed in the nuclear membranes of
human-derived glioblastoma and astrocytoma cell lines [35]. To prepare a bioaffinity column
containing immobilized BCRP, a nuclear membrane affinity column was produced by the
immobilization of nuclear membrane fragments from the LN-229 astrocytoma cell line onto
an immobilized artificial membrane stationary phase (IAM) [36]. [3H]-Etoposide, a BCRP
substrate, was used as a marker ligand to confirm the presence of functional BCRP using
frontal displacement chromatography. Increasing concentrations of unlabeled etoposide
resulted in a decrease in the breakthrough volume of the marker, representing specific
binding to the bioaffinity column. The Kj for the displacer could be determined following
the equation 4:

[D](V — V)=P[D](Kq+[D]) " Equation 4

where [D] is the displacer concentration, V is the breakthrough volume of the marker, Vg is
the retention volume in the absence of the binding event, P is the number of available active
binding sites in mol (B;) multiplied by the ratio of the Ky of displacer over the Kj of the
marker, and Kj is the dissociation constant for the displacer. A non-linear regression plot of
[D] (V-Vy) versus [D] furnishes the Ky value for the displacer [36]. The calculated Ky for
the displacer etoposide on the bioaffinity column was consistent with those one obtained
from another approaches.

Table 1 summarizes the application of affinity-based chromatography assays by frontal
elution in the search and characterization of bioactive anti-cancer compounds. Evaluating
the papers depicted at Table 1, it is clear that an increase in this assay approach may result in
faster lead times for hit identification.

2.2. Zonal Affinity Chromatography

Antitumor drug discovery has become one of the most challenging and researched fields in
cancer therapy, and humerous screening techniques, based on target receptors or enzymes,
and virtual screening systems, using computer-aided drug design, have been employed for
investigating lead compounds or drugs [49]. Here we focus specifically on small molecule
interactions with an immobilized anticancer target, with an emphasis on enzymes,
membrane-bound receptors and a multitarget lipid-raft-coated silica beads by zonal elution
analysis.
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2.2.1. Principles of Zonal Elution—Zonal elution generally involves the injection of a
small amount of binder through a column under linear elution conditions; an online detector
monitors the elution time or volume of the binder. In zonal bioaffinity chromatography
(ZBC), the chromatographic process includes binding/affinity interactions between the bio-
molecule and the binder. It is possible to obtain information on the equilibrium constants
describing this interaction [50-52]. Zonal elution can measure the degree of affinity of a
binder—protein binding by either varying the mobile-phase composition and/or temperature
or studying the alterations in binder and/or protein structures. Furthermore, the shape of
binder’s elution furnishes information on the rates of these binding processes. Zonal elution
has also been used to investigate the activity of enzymes during ligand screening [4].

The retention factor (k) of injected solute generally characterizes the chromatographic data
obtained from zonal elution. The k value measures how strongly a compound interacts with
the bioaffinity column. By comparing the k value of different substances, one can determine
their relative affinity for the immobilized protein [53]. ZBC is most commonly applied in
competition and displacement studies. It allows one to study the ligand—protein interactions
occurring on a single binding site. To this end, the known ligand is injected into the system
while a fixed concentration of a trial competing agent is eluted through the column [54].

Ideal zonal chromatography should afford a peak with Gaussian shape; however, asymmetric
peaks usually arise during this process. The asymmetry is usually due to heterogeneous mass
transfer, heterogeneity of the stationary phase and, extra column effects, which is a problem
in analytical separations, but an excellent tool to characterize the separation process by non-
linear chromatography (NLC). NLC peak tailing is concentration-dependent, and deviation
from the Gaussian distribution varies with analyte concentration [55].

NLC measures the kinetic parameters involved in the formation and dissociation of the
solute-stationary phase complex — the association (kqn) and dissociation (ko) rate constants,
as well as the equilibrium (Kj) and affinity constants (Ky) [4, 56].

Advantages of chromatographic assays include versatility, as many different protein classes
can be studied, and the ability to screen binders from mixtures of compounds and extracts,
as well as interface with detectors such as tandem mass spectrometers to allow screening and
deconvolution of mass-encoded libraries [14].

2.2.2. Multidimensional (2D LC) Approaches—In zonal chromatography, the
retention factor of a compound is comparable with its affinity for the target. An important
factor is to identify false positive results related to nonspecific binding of the tested
compound to the chromatographic support. For complex samples the lower chromatographic
efficiency of used bioaffinity columns preclude adequate resolution of a mixture of
compounds on the basis of their affinities. Multidimensional chromatographic system
(Figure 4) has been used to improve analyses and information about binders in complex
samples (Table 2). Jia et al. [57] described a method based on an online comprehensive two
dimensional HepG2/CMCl/enrich columns/HPLC/time-of-flight mass spectrometry system
to screen potential anti-hepatoma components from drug-containing serum of rats after oral
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administration of Radix scutellariae. By this system the screening and identification of active
parent components and metabolites binding to HepG2 cell membrane receptors was realized.

Membrane and transmembrane receptor proteins are the targets of almost 75% of current
pharmaceuticals [58]. In fact, membrane-bound receptors serve in transduction and
amplification of signals across the cell membrane and allow cells to signal growth or
apoptosis [59], or release chemicals in response to a physical or chemical stimulus from
extracellular signaling [60]. Kinases are a major therapeutic as they are involved in signaling
pathways and regulate process such as gene transcription, cell cycle, apoptosis, and
differentiation through phosphorylation of various substrates [61, 62]. Membrane-bound
proteins are the most challenging targets for development of small molecules screening
assay. The development and use of cellular membrane affinity chromatography (CMAC)
columns have been extensively demonstrated and different strategies have been described to
immobilize membrane proteins [63, 64]. CMAC has been used to screen active components
from complex samples such as herbal medicines (HMs) [65, 66] as demonstrated in Table 2,
and combined with LC-MS has been used for identifying leading anticancer compounds
[67-70].

CMAC models have resulted in successful isolation of numerous bioactive components from
complex samples that interact with membrane receptors. The dynamic simulation of the
action of drug /n vivo by the CMAC presents a direct screening technique for active
compounds [68, 70, 71]. However, CMAC showed some drawbacks regarding its selectivity,
specificity, stability and service life span. These are due to the use of homogenized cell
membrane containing multiple receptors at relatively low densities [72]. More recently, a
shift from a single target to a multiple target approach has been sought as several effective
drugs have been demonstrate to produce their action via interaction with multiple targets
[73, 74]. In this context, Xu and coauthors [74, 75] reported a novel and promising
technology with inherent high selectivity and specificity. The biomaterial prepared from the
TrkA (tropomyosin-related tyrosine kinase) receptor-rich lipid raft for identifying antitumor
agents and online application. The overexpressed TrkA receptors extracted lipid raft was
immobilized on activated silica beads to form lipid raft coated silica beads and the
biomaterial was packed into a column to serve as a stationary phase for online analysis of
potential antitumor components. The bioactive components, gefitinib and lestaurtinib
(standard anticancer drugs), exhibited longer retention time as compared to non-target
(gemcitabine).

In spite of comprehensive studies on well-known cancer target receptors such as epidermal
growth factor receptor (EGFR), vascular epidermal growth factor receptor (VEGFR) and
Fast receptor (FasR), there is still very limited report regarding their application for
bioscreening antitumor agents [75, 76]. So far the best known studies have been limited to
cell membrane chromatography with highly expressed receptors like EGFR and VEGFR.
The medical benefits of employing these receptors for affinity screening cannot be
overemphasized in the quest for effective chemotherapeutic drugs [74].

An online analytical method based on VEGFR-2 cell membrane chromatography (VEGFR-
CMC) and mass spectrometry was described for screening and identification of active
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component from Aconitum carmichaeli Debx. Fractions separated by VEGFR-CMC column
(first dimension) were transferred and adsorbed on an enrichment column. The system was
hyphenated through a 10-port column switcher. Enrichment fractions were sent into LC-MS
system (second dimension) for separation and preliminary identification, respectively.
Sunitinib malate was used as positive control. To confirm that sunitinib and compound(s)
screened from Aconitum carmichaeli Debx. were both active on the same site of VEGFR-2,
competitive displacement test were performed. From this extract mesaconitine (MSC),
aconitine (AC), and hypaconitine (HPC) were identified as the active constituents acting on
VEGFR-2. To confirm the usefulness of the method, the in vitro inhibition activity of MSC,
AC, and HPC on vascular endothelial growth factor (VEGF) secretion of HEK293/VEGFR
cell was tested by VEGF-ELISA assay [77].

Based on the same strategies, high expression EGFR/CMAC-online-LC-MS was used for
screening Semen Strychni components and investigating their biological effects [76]. EGFR-
mediated signaling can induce cells into a continuous and uncontrolled dividing state, which
leads to increased malignant cell production and augmented tumors [78, 79] and it is an
important target for screening anti-tumor inhibitors [80-82]. Sun et a/[76] described a
method based on a comprehensive two-dimensional EGFR/CMC-online-LC-MS. The EGFR
cell membrane column was prepared “in situ” by the adsorption of cell membrane
suspension on activated silica. The EGFR/CMC column was used in the first dimension and
any fraction retained on the EGFR/CMC was enriched using an enrichment column and
eluted into the second dimension for separation. The active compounds vauquline and
strychnine were simultaneously detected in Semen Strychni extract and this model can be
usefully for screening binders from other extracts. According to the cell proliferation assay
results vauquline and strychnine inhibited cell proliferation of HEK293/EGFR and inhibited
Erk phosphorylation, which indicated that could effectively reduce expression of
downstream signaling molecules. Some target screening models for antitumor agents are
presented in Table 2.

Fragment-based drug discovery (FBDD) has become a new strategy for drug discovery [11,
12, 91]. One of the distinctive features of fragment-based discovery is the need for suitable
screening methods to reliably detect the low affinity hits, typically binding with a Kj in the
high uM to mM range. These low affinity hits still represent good starting points for hits-to-
leads chemistry due to the often high ligand efficiency [13]. This initial low affinity has led
to the development and refinement of a wide variety of biophysical methods to detect such
binding [92]. Kinases are involved in a range of different biological processes such as
signaling, proliferation apoptosis, and differentiation [93, 94], and many different types of
pathological states, such as cardiovascular diseases, cancer [64, 95] and neurodegenerative
diseases [96].

Meiby et al. have demonstrated the potential of using bioaffinity zonal chromatography in
combination with MS detection for fragment screening of cyclin G-associated kinase
(GAK). After a virtual screening, a fragments library was selected and assayed using a
capillary GAK protein column. Results indicated the possibility to identify compounds with
higher affinity (Ky <200 M) by comparison with the reference column (with inhibited
enzyme). Other interesting observation was the ability of bioaffinity zonal chromatography
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to perform a chiral separation and hence determine affinity constants for individual
enantiomers. This gives a significant advantage as compared with other technologies for
fragment screening such as surface plasmon resonance SPR. A single run is required to give
an estimate of the fragment affinity and theoretically of its Kinetics. The drawback was that
required relatively long elution times and each sample was eluted for 140 min with a total of
33 h of analysis [11].

2.3. Ligands Fishing

Ligands fishing assay is another widely used process in the screening and isolation of active
compounds in complex mixtures, as cell lysates [29] and natural product extracts [4, 6, 18,
97]. Most common ligands fishing assays methods for targeting anticancer active
compounds involves the immobilization of whole cells or membrane proteins onto different
matrices such as biosensors, fibers, micro- and nano-sized beads to haul out proteins from
complex matrices (Fig. 5A). Nowadays, a great effort is being made towards the
development of new methods capable of simulating the actual conditions of interactions
between active compounds and cells or even more specifically, isolate binders.

Hollow fibers filled with living cells or seeded cells have been used to screen active
compounds from traditional Chinese medicine (TCM) (Fig. 5C). This method consists of a
hollow fiber internal lumen surface filled with a certain amount of living cell suspension or
seeded cell. The fiber is then bent into a U-shape and inserted into the sample solution to
fish binders out. Hollow cell fiber cell fishing (HFCF) prepared with HCT116 colorectal
cancer cells was used to screen anthraquinones active compounds from extracts of
Polygonum cuspidatum, Cecropia obtusifolia L. and Polygoni multiflori radix praeparata
[98]. MCF7 human breast cancer cells, MADB106 mouse breast cancer cells, and SGC7901
gastric cancer cells were seeded on the internal surface of hollow fibers that were used to
screen an antitumor-active protoberberine alkaloid group from a Coptis chinensis decoction
[99]. HFCF using three types of tumor cells (MCF-7, SGC7901, and MADB-106) was used
to screen flavonoid and anthraquinone active compound groups simultaneously from TCMs
[100].

Variables such as the surface properties of the hollow fibers, the non-specific binding
between active centers in the fiber and the binders, the cell survival rate under different
conditions before and after screening, the repeatability and recovery of HFCF-LC method
can be investigated in detail. The structures screened from TCMs were identified by
comparing to the retention time of the reference substances and confirmed by mass
spectrometry [98].

Nonetheless, this method has some disadvantages as the resulting activity may be due to
non-specific interactions between hollow fiber activity centers and binders. Moreover the
mechanism of action and pharmacologic effects of the binders fished by HFCF require
further research through laborious bioassays and the novel structurally binders require
subsequent spectroscopic and spectrometric analysis to identify their possible structure [99].

The use of magnetic beads (MBs) for binders and proteins fishing have gained a significant
amount of interest specially for screening complex matrices due to the ease in isolating
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binders without additional purification procedures (Figure 5B) [97]. Magnetic particles are
preferred carriers for biomolecules such as cells, nucleic acids and proteins. They provide an
excellent support for the immobilization of proteins since protein—protein complexes are
maintained intact on the surface of the protein-coated magnetic beads [47, 101]. Moreover,
MBs can be tailored to specifically bind the biomarkers and concentrate them from the
complex specimen under magnetic actuation, avoiding interference before testing [102].
Therefore, their interaction with a magnetic force enables separation of MBs from a given
aqueous matrix or a biological environment without filtration or centrifugation step allowing
the identification of a compound(s) that is not concentration dependent but rather affinity
dependent [97, 103].

A series of magnetic beads already functionalized is commercially available (Adembeads1,
Dynabeadsl, BioMagl, SIMAG1, MACS1MPs, BioCLon). They are synthesized containing
a magnetic element in their core such as iron, nickel, neodymium or magnetite and they can
be modified with derivatives such as tosyl, amine, carboxyl or epoxy groups, for the
immobilization of whole organisms, proteins and peptides, enzymes, antibodies, DNA,
among others [102, 104]. Magnetic separation techniques advantageously replaced classical
separation techniques in order to eliminate the disadvantages such as decomposition,
inactivation or deformation of the biomolecules [98].

Heat shock protein 90a (Hsp90a.) is a molecular chaperone that has been targeted for the
development of new anticancer therapies. It has been successfully immobilized on a silica-
based stationary phase through either the amino- or carboxy-terminus of the protein to
produce Hsp90-NT (immobilization via N-terminus) and Hsp90a -(CT) (immobilization via
C-terminus) columns and that the resulting column was used in liquid chromatography
experiments to identify small molecule Hsp90 binders [47]. However, a limitation of this
approach was the screening of complex matrices for protein-protein interactions, could not
be carried out on-line. As a result, Hsp90a was immobilized onto the surface of silica-based
magnetic beads. Apart from the isolation of known Hsp90a ligands from a mixture
containing binders and non-binders it allowed the isolation of proteins from a mixture of
proteins, as well as a cellular extract. Therefore, these magnetic beads coated with Hsp90a
were used for the first time to “fish out” new lead drug candidates and client proteins from
complex chemical and biological mixtures [101].

Prostate specific antigen (PSA) is an extracellular serine protease belonging to the kallikrein
family and has been used as a screening tool for the diagnosis and prognosis of prostate
cancer. The lectine concanavalin A (Con A) was covalently immobilized directly and
through a spacer arm (1,6-diaminohexane-HDMA) on magnetic poly(glycidyl methacrylate)
(mPGMA) beads. Total PSA (tPSA) and free PSA (fPSA) binding capacities of the
mMPGMA-ConA and mPGMA-HDMA-ConA beads from human serum were investigated in
a batch system and compared to each other by using enzyme-linked immuno sorbent assay
(ELISA). Albumin and immunoglobulin G free diluted serum samples of patients with
prostate cancer were incubated with 10 mg of each type of MBs for 2 h at 25 °C at a stirring
rate of 100 rpm. The binding capacities of each type of MBs were calculated from the
difference between initial and final tPSA and fPSA concentrations by using the Equation 4
[105].

Curr Pharm Des. Author manuscript; available in PMC 2017 January 17.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

de Moraes et al.

Page 13

[(Ci— CHx V]

@= m Equation 4

where Q is the amount of PSA bound onto unit mass of the mPGMA-ConA and the
mPGMA-HMDA-Con A beads (ng/g), Ci and Cf are the initial and final PSA concentrations
(ng/mL), respectively, V is the volume of aqueous phase (mL) and m is the amount of
adsorbent used (g) [105].

The binding of tPSA and fPSA increased significantly by the attachment of spacer-arm on
the MPGMA beads. It was determined that tPSA and fPSA binding of the Con A beads with
the spacer were higher than that one without it. Maximum tPSA binding capacity was
obtained by using the mPGMA-HDMA-Con A beads and calculated to be 91.2 ng/g. The
mPGMA-HDMA-Con A beads could be reused without a remarkable decrease in the
binding capacities after 5 binding-desorption cycles. The mMPGMA-HDMA-Con A beads
could be useful for the detection of PSA and suggested as a model system for other
glycoprotein biomarkers [105].

Platinating agents are commonly prescribed anticancer drug damaging DNA. A ligands
fishing trap was made of damaged plasmids by one of three different anticancer platinum
drugs (cisplatin, oxaliplatin or the satraplatin metabolite JM118) attached to magnetic beads
and exposed to HelLa (cervical cancer cell line) and MDA-MB231 (breast cancer cell line)
cell nuclear extracts. Beads without DNA and beads grafted with undamaged plasmids were
used as controls to discriminate between interesting candidates and non-specific proteins
identified in the proteomic experiments. Retained proteins were identified by nanoLC-
MS/MS. This approach identified 38 proteins interacting with DNA adducts that were
validated by immunoassays and SPRi (Surface Plasmon Resonance imaging). Identified
proteins may improve the understanding of molecular and cellular responses to this
particular type of anticancer drugs [106].

Another interesting approach using latex beads instead of magnetic beads was developed
using inhibitor-based affinity chromatography where the molecule of interest is tethered to
the solid support (pull-down method) [107]. TAS-103 is an anticancer drug that probably
exerts its effect on tumor cell viability by inhibiting topoisomerase activity [108]. Since a
direct target of TAS-103 remain unclear, latex beads coated with a TAS-103 derivative,
TAS-1-3383, which has an additional amino group for the coupling reaction with the
carboxyl groups of the beads were prepared to search for other TAS-103 binding protein(s)
in HeL A cell extracts The method allowed to “fish out” a 54kDa protein which specifically
bounded to TAS-1-3383 on beads and latter was identified using Western blot analysis as
being SRP54, a SPR subunit which mediates the proper delivery of secretory proteins in
cells [109].

The broad spectrum of application for fishing assays ensure their potential towards the
design of new methods targeting anti-cancer related proteins. On the other hand, when
combined with other analytical tools, such as LC-MS, NMR, etc., these methods becomes a
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powerful bioanalytical tool for the screening of binders in complex matrices accelerating the
discovery of new leads.

3. CONCLUSION

Affinity-based chromatography methods involving frontal and zonal elution, as well the
ligands fishing approach, grants a crucial tool in the discovery of new active anti-cancer
agents, and are an essential bioanalytical platform for medicinal and biochemistry analysts.
Considering the traditional bioassays using the isolated biological target, the discussed
procedures presents several advantages, including the reuse of the same amount of protein in
several assays, possibility of automation and the identification of bioactive compounds
directly in complex matrices, as natural products extracts and combinatory libraries.
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Fig. 1.
Typical breakthrough curve obtained in a FAC assay.
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Representative illustrations of FAC direct assays for binders screening and characterization.
In ranking experiments (A), a compounds mixture is continuously infused at a known
concentration onto the bioaffinity column: the breakthrough curve 1 represents the elution of
a non-affinity compound; the breakthrough curve 2 represents the elution of a compound
with moderate affinity to the immobilized target; the breakthrough curve 3 represents the
elution of the most potent binder presents in the evaluated mixture. The dissociation constant
(Kg) can be accurately obtained by the infusion of individual concentrations of the binder
(B), or in a single assay with the sequential infusion of the binder at increasing
concentrations by the modified staircase method (C).
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Indirect assays by FAC
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Ingdisplacement studies, the breakthrough curve of a marker (1) is monitored. When the
analyzed solution contains the marker and an evaluated compound (or a compounds
mixture), the breakthrough curve of the marker could be displaced (I1), suggesting a direct
competition between the binder and the evaluated compound (or at least one compound in a
mixture) competes directly for a specific binding site.
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Block diagram of 2DLC system. (A) Position 1 and (B) position 2.
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Fig. 5.
(A) Schematic workflow for some general ligand fishing assays. (B) Scheme for the ligand

fishing assay with magnetic beads and (C) with hollow fibers.
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Page 26

Studies described in the literature using FAC assays in the identification and/or characterization of new anti-

cancer agents.

hepatocellular B2

compounds (52 mixtures of 9 compounds)

Immobilized biomolecule Chromatography assay Binder JAnalytes Ref
Angiogenesis inhibitor Infusion of individual concentrations of each L-lysine, epsilon-aminocaproic acid, 7- [37]
Kingle 5 binder for Ky and By determination aminohepatanoic
acid,trans-4-(aminomethyl)cyclohexane
carboxylic acid and
benzylamine
Carbohydrates (a-man, B- Infusion of individual concentrations of each Lectins (Con A, LCA, PNA) [38, 39]
gal and B-glc) binder (lectins) for Ky and B determination
Lectins (Aleuria aurantia Infusion of individual concentrations of each p-nitrophenyl a-L-fucopyranoside and 113 [40]
and Aspergillus oryzae binder for Kj and B, determination pyridylaminated
lectins) oligosaccharides
Dihydrofolate reductase Infusion of individual concentrations of each Folic acid, pyrimethamine and trimethoprim [41]
binder for Kj and B, determination and ranking
experiments
Sirtuin-6 (SIRT6 protein) Displacement studies for ranking studies and Quercetin and others structurally related [42, 43]
characterization of the binding site flavonoids
Human galectin-1 and other Infusion of individual concentrations of each Pyridylaminated sugars [44]
mammalian galectins binder for Kj and B, determination; displacement
studies
P-glycoprotein Displacement studies for Ky and By Vinblastine, verapamil, doxorubicin and [45]
determination cyclosporine A
G protein-coupled receptor- Infusion of individual concentrations of each Cangrelor, MRS2179 and uridine diphosphate [46]
17 binder for Kj and B, determination and ranking
experiments
Heat shock protein 90 Infusion of individual concentrations of each Coumermycin A, novobiocin, geldanamycin, [47]
binder for Kj and B, determination 17-AAG and
radicicol
Erythropoietin-producing Displacement studies for screening of 468 11 kinase inhibitors [34, 48]
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Table 2

Target-based screening for antitumoral agents in various mixtures [74].

Page 27

Molecular target Screening model Active compounds Mixtures Reference
baicalein, wogonin, chrysin, oroxylin A, . .
HepG2 HepG2/CMC neobaicalein and rivularin Radix scutellariae [57]
Oxymatrine and matrine Radlix sophorae flavescentis
HepG2 HepG2/CMC Berberine and tetrahydropalmatine Cortex phellodendri amurensis, [83]
EGFR HEK293/CMC Asarinin Radix et rhizoma asari [84]
EGFR HEK?293/CMC Vauquline, strychnine Semen strychni [76]
EGFR HEK293/CMC Resveratrol Rhizoma polygoni cuspidati [85]
EGFR A431/CMC (2D-LC-MS) Taspine, caulophine Radix caulophylli [86]
EGFR A431/CMC Oxymatrine, matrine Radix sophorae flavescentis [87]
TrkA receptor Lipid raft NA Albizziae cortex, Galla [75, 88]
chinensis
B,-Adrenoceptor Purified receptor Amygdalin Semen armeniacae amarum [89]
VEGFR-2 HEK?293/CMC Mesaconitine, aconitine, hypaconitine Aconitum carmichaeli debx [77]
alpha(1A)- Methoxiamine, magnoflorine and : :
adrenoceptor (a1aAR/ICMC) caulophine Radix Caulophylli [90]

aAbbreviations: HepG2 carcinoma cell line, A431, epidermoid carcinoma cell line; 17-AAG, 17-allylaminogeldanamycin; CMC, cell membrane
chromatography; DNA, deoxyribo-nucleic acid; EGFR, epidermal growth factor receptor; HEK293, human embryonic kidney 293 cells; Hsp90,
heat shock protein 90; NA, non applicable; TrkA, tropomyosin-related tyrosine kinase A; VEGFR-2, vascular endothelial growth factor receptor-2.
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