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Lucie Škarydová1
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Efficient isolation of carbonyl-reducing
enzymes using affinity approach with
anticancer drug oracin as a specific ligand

Carbonyl-reducing enzymes are important in both metabolism of endogenous substances
and biotransformation of xenobiotics. Because sufficient amounts of native enzymes must
be obtained to study their roles in metabolism, an efficient purification strategy is very im-
portant. Oracin (6-[2-(2-hydroxyethyl)aminoethyl]-5,11-dioxo-5,6-dihydro-11H-indeno[1,2-c]
isoquinoline) is a prospective anticancer drug and one of the xenobiotic substrates for
carbonyl-reducing enzymes. A new purification strategy based on molecular recognition of
carbonyl-reducing enzymes with oracin as a ligand is reported here. The type of covalent
bond, ligandmolecules orientation, and their distance from the backbone of the solidmatrix
for good stearic accessibility were taken into account during the designing of the carrier. The
carriers based on magnetically active microparticles were tested by recombinant enzymes
AKR1C3 and CBR1. The SiMAG-COOH magnetic microparticles with N-alkylated oracin
and BAPA as spacer arm provide required parameters: proper selectivity and specificity
enabling to isolate the target enzyme in sufficient quantity, purity, and activity.
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1 Introduction

Carbonyl-reducing enzymes contribute significantly to both
metabolism of endogenous substances and biotransforma-
tion of xenobiotics. Important endogenous substrates me-
tabolized by these enzymes are, e.g. steroid hormones and
prostaglandins. There also are many drugs and environmen-
tal pollutants for which carbonyl-reducing enzymes are in-
volved in their phase I biotransformation (e.g. anthracyclines,
haloperidol, tobacco-specific carcinogen NNK) [1]. Enzymes
from this group belong to two superfamilies: short-chain
dehydrogenases/reductases (SDRs) and aldo-keto reductases
(AKRs). The AKR superfamily contains 160 cytosolic mem-
bers, of which 15 are human forms (current information at
www.med.upenn.edu), whereas the SDR superfamily is one
of the largest superfamilies and has some 160 000 mem-
bers in sequence databases [2]. Seventy-seven human SDRs
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are listed in the well-annotated Swiss-Prot database [3–5] of
which roughly 20%arewell characterizedwhile those remain-
ing are characterized poorly or only to a limited extent. The
functions of about half of the human SDRs are unknown [6].
In addition to the aforementioned roles of currently known
carbonyl-reducing enzymes, they also are important in some
pathological conditions, such as hormone-dependent can-
cers [7, 8], metabolic syndrome [9], or cancer resistance to
anthracyclines [10]. It is therefore clear that characterization
of additional carbonyl-reducing enzymesmay also contribute
to developments in these fields.

Such enzymes can be characterized only if they can
be obtained in purified forms. This is quite difficult be-
cause of their low abundance in complex biological matri-
ces. Methods based on diverse physicochemical principles
as LC, electrophoresis, immunoprecipitation, ultrafiltration,
or ultracentrifugation can be used for separation, purifica-
tion, and isolation of specific proteins. In cases of isolating
proteins from biological material, more separation steps are
generally required and the risk of losing the target molecule
is thus increased. Nevertheless, there exists a possibility for
gently but efficiently purifying target proteins in active form
(e.g. enzymes) by means of a separation technique based
on molecular recognition (i.e. bioaffinity chromatography).
Microspheres with a magnetic core biofunctionalized by an
appropriately selected ligand enable it to overcome some com-
plications associated with column chromatography (e.g. sam-
ple dilution or decline in enzyme activity). In combination
with enzyme-friendly elution techniques, an effective tool is
obtained for isolating an extremely scant protein, even from
a limited quantity of complex biological samples [11–13].
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Complex crude tissue samples without prior pretreatment
can be added directly to the carrier, and the target molecules
in the required quality, purity, and quantity, and also with
their biological activity preserved, can be obtained in themin-
imal number of reaction steps. In terms of selectivity and
recovery, such approach is undoubtedly regarded as the most
powerful tool for bioactive protein purification. Moreover, it
offers a number of additional advantages such as robustness,
targeting (ease of handling), convenience, consistency, and
exceptional flexibility [14].

The separation quality is strongly influenced by the choice
of a ligand with a suitable affinity, physicochemical proper-
ties of the carriers, and, finally, ligand coupling procedures
including proper ligand orientation. Utilization of a covalent
bond in ligand coupling is preferred for reasons of chemi-
cal and reaction stability. The choice of ligand immobiliza-
tion chemistry and the surface properties of the applied solid
phase significantly affect the efficiency and purity of isolated
molecules. In order to stabilize the enzyme activity and im-
prove the binding efficiency, the steric accessibility of a specif-
ically recognized ligand site is essential [15]. This approach
is especially critical for a low-molecular-weight high-affinity
ligand.Combining proper orientation of the ligandwith an in-
serted spacer arm, and thus creating an extra space between
the specifically recognized site of the ligand and magnetic
particles, can substantially suppress nonspecific sorption of
the biomolecule and prevents the undesired inactivation of
isolated enzyme molecules [16].

With the aimof isolating and purifying carbonyl-reducing
enzymes, it is essential to identify a suitable ligand for car-
rier biofunctionalization. It is nevertheless necessary to bear
in mind that a covalent bond of the selected ligand should
not lose the affinity for the target molecules and the func-
tionalized carrier should be stable under the elution condi-
tions. Oracin, the xenobiotic substrate for carbonyl-reducing
enzymes and a prospective anticancer drug, seems to be
a candidate for such a ligand [17]. The biotransformation
of oracin has been intensively studied in common labora-
tory animals [18–20] as well as in human liver [21]. The
main metabolic pathway is carbonyl reduction of oracin to
11-dihydrooracin (DHO). The participation of some human
cytosolic carbonyl-reducing enzymes in vitro has been ex-
perimentally confirmed. These include AKR1C1, AKR1C2,
AKR1C3, AKR1C4 [22, 23], AKR1B10 [24], carbonyl reduc-
tase 1 (CBR1), and carbonyl reductase 3 (CBR3) [25]. Thus
far, human 11�-hydroxysteroid dehydrogenase 1 has been
described as the only microsomal carbonyl-reducing enzyme
participating in the metabolism of oracin. Experiments deal-
ing with the stereospecificities of oracin biotransformation
in human liver microsomes and 11�-hydroxysteroid dehy-
drogenase 1, however, have shown the participation of other
microsomal carbonyl-reducing enzymes [26]. On the basis
of anticipated properties, a currently unidentified enzyme
that, apart from oracin, metabolizes also other substrates for
carbonyl-reducing enzymes, doxorubicin, and daunorubicin,
has been partly purified from human liver microsomes. To
date, however, it has not been possible to isolate it in pure

form by commercially available techniques [27, 28]. During
the purification process, moreover, several other active frac-
tions have been acquired, and thus it is necessary to develop
a sufficient new approach to isolate and subsequently iden-
tify the contained carbonyl-reducing enzymes in the required
quality and quantity.

The aim of this study was to develop a new group-specific
affinity magnetic carrier with bound oracin for effective iso-
lation not only of human microsomal carbonyl-reducing en-
zymes but also of members of this enzyme group in gen-
eral from the subcellular fraction of diverse tissues while at
least partially preserving their enzyme activity. The matrix
with coupled oracin enables the isolation of several carbonyl-
reducing enzymes that participate in its biotransformation.
The development of a suitable affinity carrier consists in the
design and implementation of a proper ligand coupling strat-
egy and the testing of various types of microspheres differing
in size, surface functionalization, andmagnetic property. The
prepared carriers were tested using the selected model to iso-
late the carbonyl-reducing enzymes, AKR1C3 and CBR1.

2 Experimental procedure

2.1 Chemicals

Oracin was obtained from the Research Institute for
Pharmacy and Biochemistry (Prague, Czech Repub-
lic), The following chemicals were purchased from
Sigma-Aldrich (Prague, Czech Republic): 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDAC),
O,O´-bis(2-aminopropyl)polypropylen eglycol-block-poly-
ethyleneglycol-block-polypropylneglycol (JeffamineED-600),
bis-(3-aminopropyl)amine (BAPA), glucose-6-phosphate
dehydrogenase (from baker’s yeast [Saccharomyces cere-
visiae]), D-glucose-6-phosphate sodium salt, �-nicotinami
deadenindinucleotidephosphatehydrate, glycerol, 2-(N-
morpholino)ethanesulfonic acid (MES), acrylamide, N,N′-
methylen-bis-acrylamide, N,N,N,N-tetramethylendiamine,
andACN (HPLCgrade).N-Hydroxysulfosuccinimide sodium
salt, natrium cyanoborohydride, and 6-bromohexanoic acid
were obtained from Fluka (Buchs, Switzerland). Precision
plus protein standard was purchased from Bio-Rad (Her-
cules, CA, USA). Formaldehyde was from Penta (Chrudim,
Czech Republic). All other chemicals were of reagent grade
and were supplied by Lachema (Brno, Czech Republic).

2.2 Magnetic microparticles

All magnetic microparticles used in this study were commer-
cially available. SiMAG-Amine with –NH2 functional groups
(SiMAG-NH2, 1 �m) and SiMAG-Carboxyl with –COOH
functional group (SiMAG-COOH, 1 �m) were purchased
from Chemicell (Berlin, Germany). Perloza MG (magnetic
macroporous bead cellulose, MBC, 80–100 �m)was obtained
from Iontosorb (Ústı́ nad Labem, Czech Republic).
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Figure 1. N-alkylation of oracin by methyl
6-bromohexanoate.

Figure 2. Structural formula of oracin with arrows indicating
possible sites participating in the covalent binding of oracin to
carriers.

2.3 Equipment

A magnetic separator (Dynal, Carlsbad, CA, USA), mini-
rotator (Biosan, Riga, Latvia), Mini-PROTEAN Tetra elec-
trophoresis system (Bio-Rad, Hercules, CA, USA), andHPLC
Agilent 1100 Series chromatographic system (Santa Clara,
USA) were utilized in this project.

2.4 Oracin modification by N-alkylation with methyl

6-bromohexanoate

Oracin was utilized in unmodified form or in a modified,
alkylated form as a ligand to be covalently bound to carri-
ers. A total of 0.3 mmol of oracin was resuspended in ACN
with fivefold molar excess of K2CO3 and KI. The suspen-
sion was stirred and heated to 80�C and 2.7 mmol of methyl
6-bromohexanoate were then added. The whole mixture was
stirred at 80�C for 16 h. The modified oracin was transferred

into chloroform and dried under vacuum. The final structure
was confirmed by NMR analysis. The process of alkylation is
shown in Fig. 1.

2.5 Coupling methods

Molecules of oracin (unmodified or alkylated) were immobi-
lized on the surface of microparticles by two different sites as
presented in Fig. 2.

Several coupling strategies were applied according to the
type of carrier, spacer arm, and ligand. Table 1 summarizes
the main characteristics of all prepared affinity carriers tested
for efficient enzyme isolation.

2.5.1 Carbodiimide coupling of spacer arm BAPA to

SiMAG-COOH microparticles

The surface of SiMAG-COOH microparticles was mod-
ified by BAPA molecules using the carbodiimide cou-
pling method adapted from Staros et al. [29] as shown in
Fig. 3. Microparticles (1 mg) were washed with 100 mM
Na-phosphate buffer (pH 7.4) and activated with 7.5 mg of
EDAC and 1.25 mg of N-hydroxysulfosuccinimide sodium
salt. The spacer arm BAPA (2 mg) was immediately added
and a stable amide bond was formed. The volume of the
reaction mixture was 1 mL. The immobilization of BAPA
on particles was carried out over 3 h at laboratory tem-
perature. Finally, the modified microspheres were properly
washed by 100mMMESwith 150mMNaCl for following lig-
and immobilization via Mannich condensation or washed by
99% methanol for subsequent aminolysis of ester (described
below).

Table 1. Main parameters of all coupling techniques in which oracin was bound as a ligand to carriers Perloza MG, SiMAG-NH2, or
SiMAG-COOH and subsequently tested for efficient enzyme isolation

Particles Spacer arm Immobilization technique of spacer arm Type of oracin Immobilization technique
of oracin

Perloza MG (1 mL) Jeffamine ED-600 (5 mg) Schiff base formation and reductive amination Unmodified (500 �g) Mannich condensation
Jeffamine ED-600 (5 mg) Schiff base formation and reductive amination Modified (100 �g) Aminolysis of ester

SiMAG-NH2 (1 mg) - - Unmodified (100 �g) Mannich condensation
- - Modified (100 �g) Aminolysis of ester

SiMAG-COOH (1 mg) BAPA (2 mg) Carbodiimide method Unmodified (500 �g) Mannich condensation
BAPA (2 mg) Carbodiimide method Modified (100 �g) Aminolysis of ester
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Figure 3. Coupling of bis-(3-aminopropyl)amine to SiMAG-COOH microparticles by 1-ethyl-3(3-dimethylaminopropyl)carbodiimide hy-
drochloride and N-hydroxysulfosuccinimide sodium salt.

2.5.2 Schiff base formation and reductive amination

for coupling Jeffamine ED-600 to Perloza MG

Perloza MG was modified using a Jeffamine ED-600 spacer
arm. This modification leads to a carrier with –NH2 func-
tional groups that enable immobilization of the ligand by
Mannich condensation or by aminolysis of ester (discussed
below). A total of 1 mL of Perloza MG was washed with
distilled water and oxidized by 1 mL of 200 mM NaIO4 for
90 min. Activated particles with hydroxyl groups oxidized
to aldehydes were washed with distilled water and subse-
quently with 100 mM Na-phosphate buffer (pH 7.4). Jef-
famine ED-600 (5 mg), which serves as a spacer arm and
as a donor of –NH2 functional groups, was added. The un-
stable Schiff base thus formed was stabilized after 10 min
with 7 mg of NaCNBH3 in 100 mM Na-phosphate buffer
(pH7.4) to a secondary amine, and thewhole reactionmixture
of 1 mL reaction volume was stirred overnight at laboratory
temperature. These reactions are schematically illustrated in
Fig. 4.

2.5.3 Oracin covalent coupling to the carrier by

Mannich condensation

Microparticles with –NH2 functional groups (1mL of Perloza
MG with Jeffamine ED-600, 1 mg of SiMAG-NH2, SiMAG-
COOH with BAPA) were washed with the binding buffer
consisting of 100 mM MES and 150 mM NaCl (pH 4.7).
A suitable amount of unmodified oracin (see Table 1) and
35 �L of 37% formaldehyde were added, and the covalent
bond between the aromatic ring of oracin and the –NH2

groups of the carrier was formed. The reaction mixture (total
volume 300 �L) was stirred overnight at 37�C. The reaction
is schematically illustrated in Fig. 5.

2.5.4 Covalent coupling of the N-alkylated oracin to

the carrier by aminolysis of ester

One milligram (1 mL) of carrier with –NH2 functional
groups on its surface (Perloza MG with Jeffamine ED-600,

Figure 4. Coupling of Jeffamine ED-600 to Perloza MG by Schiff base formation and reductive amination.
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Figure 5. Covalent coupling of
oracin to the carrier by Mannich
condensation.

SiMAG-NH2, SiMAG-COOH with BAPA) was transferred
into 99% methanol. Thereafter, an appropriate amount (see
Table 1) of N-alkylated oracin and NaOH (final concentra-
tion 100 mM) was added to the total reaction volume of
300 �L. The reaction between ester and the primary amine
compound in the alkaline environment leads to the amid
bond formation. The time of immobilization was 16 h at
37�C. The reaction is shown in Fig. 6.

2.6 Preparation of recombinant AKR1C3, CBR1

The generation of recombinant AKR1C3 and CBR1 was
performed according to standard technique [30]. Detailed
conditions for preparation of AKR1C3 have been already pub-
lished [31] and the preparation of recombinant CBR1 can,
in brief, be described as follows: The coding sequence for
human CBR1 was amplified from a commercially available
full-length cDNA clone by PCR. The primers used had the fol-
lowing sequences: 5′primer = 5′-GGA TTC CAT ATG TCG
TCC GGC ATC CA-3′ (containing an NdeI restriction site)
and 3′-primer= 5′-CGC CTCGAG TCA CCA CTG TTC AAC
TC-3′ (containing a XhoI restriction site). The resulting con-
struct was ligated into the pET-15b vector. For expression
of the CBR1 protein, Escherichia coli strain BL21 was trans-
formed with expression plasmid. Finally, CBR1 was purified
on the nickel-agarose affinity chromatography column of an
ÄKTA Purifier system (GE Healthcare, USA).

2.7 The affinity isolation of carbonyl-reducing

enzymes

Particularly prepared affinity carriers (see Table 1) were re-
peatedly washed with 1 mL of equilibration buffer (100 mM
Na-phosphate buffer, 10% w/v glycerol, pH 7.4). A total of
200 �L or 500 �L of carbonyl-reducing enzyme (always final
amount 17.6 �g) was added to particular affinity carriers. The

enzyme was incubated with the carrier under gentle mixing
for 1 h and unbound enzymes were removed by 1 mL of
washing buffer (60 mMNa-phosphate buffer, 150 mMNaCl,
10% w/v glycerol, pH 7.4). The captured enzyme molecules
were eluted by 200 �L (in case of carriers based on SiMAG
particles) or 500 �L (carriers based on Perloza MG) elution
buffer (0.16% w/v NH4OH, 10% w/v glycerol, pH 10). Par-
ticular affinity carriers were then carefully washed by 1 mL
of equilibration buffer and prepared for the next use. The
entire isolation was carried out in a cooling room at 4�C. All
eluted fractions were collected and subsequently analyzed by
SDS-PAGE for protein composition. Selected fractions with
evidence of the enzyme presence were tested for enzyme
activity.

2.8 SDS-polyacrylamide gel electrophoresis

All fractions from the separations of carbonyl-reducing en-
zymes on the prepared affinity carriers were analyzed by
SDS-PAGE on 1.5 mm Tris-glycine gel (12% w/v separat-
ing gel and 4% w/v focusing gel). Samples were mixed with
the 5× concentrated sample buffer (250 mM Tris-HCl, 10%
w/v SDS, 30% w/v glycerol, 0.02% w/v bromphenol blue, 5%
w/v 2-mercaptoethanol) in a ratio of 4:1 and boiled at 95�C
for 3min. The prepared samples were completely loaded onto
the gel. Electrophoresis was performed using a Mini-Protean
system (Bio-Rad) at 100 V in focusing gel and at 200 V in sep-
aration gel. All gels were stained by silver stain method [32].
Molecular Imager Gel Doc XR (Bio-Rad,Hercules, CA,USA).
was applied for densitometric evaluation of the gels.

2.9 Enzyme activity assay

Carbonyl-reducing activities of AKR1C3 and CBR1 were
tested by incubation with their substrate oracin. The

Figure 6. Covalent coupling of the
N-alkylated oracin to the carrier by
aminolysis of ester.
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incubation mixtures were prepared in Eppendorf microtubes
in a total volume of 100 �L and contained 10 �L of en-
zyme fraction, 10 �L of oracin (final concentration 0.5 mM),
20 �L of NADPH-generation system (final concentrations:
0.8 mM NADP+, 6 mM glucose-6-phosphate, 35 units
glucose-6-phosphate dehydrogenase, 3 mM MgCl2) and
60 �L of phosphate buffer (pH 7.4). Reactions were started
by adding oracin to the mixture and were terminated after
30 min at 37�C by adding 40 �L of 26% NH4OH solution and
cooling to 0�C. The metabolite formed (DHO) was extracted
with 1000 �L of ethyl acetate. Microtubes were shaken on a
test tube shaker for 15 min and centrifuged for 2 min in a
microcentrifuge at 13 000 rpm. Organic phases were trans-
ferred into new Eppendorf microtubes and evaporated under
vacuum until dry. Dry samples were dissolved in 250 �L mo-
bile phase and applied for HPLC analysis.

2.10 Metabolite determination by HPLC

The total amount of DHO after enzymatic conversion was
detected on an HPLC Agilent 1100 chromatographic system
consisting of a gradient pump, autosampler, degasser, ther-
mostated column compartment, and fluorescence detector.
A method published by Wsol et al. was used for determina-
tion of the total amount of DHO [18]. Samples were loaded
onto a BDS Hypersil C18 column (250 × 4 mm, 5 �m).
The mobile phase consisted of 10 mM hexanesulfonate with
0.04 mM triethylamine (pH 3.27) and ACN in a ratio of
75:25 v/v. The flow rate was 1.5 mL/min. Fluorescence de-
tection was used with excitation/emission wavelengths of
340/418 nm.

3 Results and discussion

Carbonyl-reducing enzymes have several important func-
tions in organisms, and it can be expected that further in-
vestigation of this enzyme group that is not yet fully explored
will yield interesting knowledge.Unfortunately, because their
concentrations in tissues are very low, their purification from
tissues by combination of commercially available carriers is
complicated and the consumption of starting material is very
high [33–36]. The aim of this project was to prepare a useful,
specific carrier for purification of carbonyl-reducing enzymes
using the basic principle of the affinity chromatography. The
biospecific pair formation, the unique biological property of
bioactive proteins to bind ligands specifically and reversibly,
provided us the initial starting point. Oracin was chosen for
covalent linkage to the solid support on the basis of results ob-
tained previously in our laboratory showing that it has affin-
ity for the active sites of virtually all currently well-known
carbonyl-reducing enzymes [22–25]. Magnetic microspheres
based on different physicochemical properties (hydrophilic-
ity, porosity, zeta potential), variable size, and with −NH2 or
−COOH functional moieties were applied as the solid phase
for oracin (see Table 1).

Figure 7. Structural formula of oracin with possible sites partic-
ipating in the covalent binding of oracin to carriers by Mannich
condensation circled.

The carbonyl group in position 11 of the oracin molecule
(see Fig. 2) is essential for the interaction of carbonyl-reducing
enzymes with active centers because this group is metabo-
lized to a hydroxyl group by this interaction in the presence
of an NADPH cofactor [19]. For these reasons, the type of
covalent bond, ligand molecules orientation, and its distance
from the surface of the carrier were taken into account in
the experimental design. To increase the variability in how
to immobilize the ligand molecules, the oracin was also
modified byN-alkylation with methyl 6-bromohexanoate (see
Fig. 1). Jeffamine ED-600 or BAPA were inserted as spacer
arms to increase the distance between the interacting active
sites of isolated enzymes with the ligand and surface of the
solid phase of the carrier. All bindingmodes are summarized
in Table 1. While highlighting the uniqueness of each, a de-
tailed description as to the preparation of all affinity carriers
follows.

In order to obtain the sufficient amount of enzyme in na-
tive, nondenatured form, the criteria for assessing the quality
of carriers were defined: binding capacity, elution efficiency,
enzyme activity in elution fractions, sufficient selectivity, and
related zero nonspecific sorption of other protein molecules
and colloidal stability of the carrier after chemical modifica-
tion and practical handling.

All of these criteria were proven essential for successful
carrier development and enzyme purification, as shown and
discussed in the following paragraphs. All prepared affin-
ity carriers were tested using the cytosolic model carbonyl-
reducing enzymes AKR1C3 and, in some cases, CBR1, both
of which metabolize oracin [25].

3.1 Carriers with covalently bound oracin

The first attempt to develop an affinity carrier was per-
formed with SiMAG-NH2 microparticles, unmodified oracin
molecules, and no spacer arms. Oracin was bound onto the
surface of microparticles by Mannich condensation (Fig. 5).
Due to nonselective reactions, several possible bonds be-
tween aromatic rings of oracin and NH2 groups of micropar-
ticles can occur. The two most preferable options are po-
sitions 7 and 9 of the oracin indenoisoquinoline ring sys-
tem (Fig. 7). The reaction thus results in a heterogeneous
mixture of microparticles likely differing in their abilities
to capture the carbonyl-reducing enzyme, AKR1C3. One
of the results from separations performed by this carrier
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Figure 8. SDS-PAGE analysis of all fractions from affinity magnetic separations performed by various carriers and two recombinant
enzymes, AKR1C3 and CBR1. Molecular Imager Gel Doc XR applied for densitometric evaluation of the gels. The values listed below reflect
the proportion (%) of the original protein sample in the pooled fractions. The last line shows the carbonyl-reducing activity (expressed
as ng of 11-dihydrooracin [DHO] per 30 min) that was in the elution fraction(s). Parts (A)–(F) show results of the separation of AKR1C3 or
CBR1 on the following particular carriers: (A) affinity carrier composed of SiMAG-NH2 with bounded oracin; (B) affinity carrier composed
of SiMAG-COOH with spacer arm Jeffamine ED-600 and coupled oracin; (C) affinity carrier composed of Perloza MG, spacer arm Jeffamine
ED-600, and oracin; (D) affinity carrier composed of SiMAG-NH2 and N-alkylated oracin; (E), and (F) affinity carrier composed of SiMAG-
COOH, spacer arm BAPA, and N-alkylated oracin used for the separation of two types of enzymes. OS, original protein sample loaded onto
a particular carrier; UE, unbound enzyme; W, washing fractions; E, elution fractions.

is shown in Fig. 8A. The carrier was able to capture the
carbonyl-reducing enzyme AKR1C3, but only in a small
amount and with great loss of its reducing activity. Due to
the low reproducibility of separations by such prepared car-
riers (data not shown), an alternative binding strategy was
sought.

3.2 Carriers modified by spacer arms with covalently

bound oracin

In an attempt to improve the steric accessibility of the lig-
and to active sites of enzyme molecules and minimize the
possible denaturation effect during the tight contact of native
enzyme molecules with the surface of microparticles, spacer
arms BAPA and Jeffamine ED-600 were utilized. Before use,
SiMAG-COOH microparticles were modified by the BAPA
spacer arm (Fig. 3) and Perloza MG by Jeffamine ED-600
(Fig. 4). This modification increases the distance between
the microparticle and the ligand, which creates better spatial
properties for enzyme immobilization on the surface of the
carrier.

SiMAG-COOH microparticles modified by the spacer
arm were able to capture more AKR1C3 enzyme than in the
case of simple SiMAG-NH2 microparticles (Fig. 8B). More-
over, higher carbonyl-reducing activity was detected in the
elution fraction. Avoiding closer interaction between the en-
zyme and the magnetic core of the microparticles may be
important for protecting the enzyme against severe denatu-
ration and loss of its activity.

Perloza MG modified by the Jeffamine ED-600 spacer
arm was able to capture >80% of the loaded enzyme (Fig.
8C). As evident in Fig. 8C, the enzyme activity strongly cor-
relates with the amount of isolated proteins. The hydrophilic
character of the carrier Perloza MG and the previously con-
firmed high level of biocompatibility [37] provide the enzyme
molecules suitable conditions for preserving the native struc-

ture of all enzyme molecules. In spite of the fact that the de-
crease in original enzyme activity is rather high – as carbonyl-
reducing enzymes are quite fragile generally during all
separation processes (although it is clear there are differences
according to type of carrier, see Fig. 8) – it is nevertheless well
detectable. Very important is the fact that the detected reduc-
ing activity in the elution fraction always correlateswith the to-
tal amount of enzyme estimated by electrophoresis. Neverthe-
less, in this case, with an affinity carrier based on PerlozaMG,
it was not possible to elute the enzyme in one or two elution
steps, thus leading to excessive dilution of the enzyme sam-
ple. This is due to the high porosity of Perloza MGmicropar-
ticles, which disable the rapid exchange of pH conditions im-
portant for enzyme elution. While the total amount of eluted
enzyme is even higher than in the case of SiMAG-COOH
microparticles, unpredictable elution and deliberate dilution
makes this carrier less suitable for the following analytical
steps.

3.3 Carriers with side-directed bound N-alkylated

oracin

The Mannich condensation used in previous preparations
utilizes indenoisoquinoline rings that are quite close to the
oracin carbonyl group at position 11, and so a better immo-
bilization strategy was side-directed immobilization of oracin
through a side chain. The oracin carbonyl group that is criti-
cal for the interaction with the active site of the enzyme was
in this case in an appropriate orientation and sufficiently dis-
tant from the backbone of the solid matrix. The side chain of
oracin was modified by N-alkylation (Fig. 1) and was bound
to the surface of the microparticles by aminolysis of ester
(Fig. 6). Experiments with modified oracin were first per-
formed using SiMAG-NH2 microparticles, as previously de-
scribed. Here, the immobilization strategy was based on
aminolysis of ester. Side-directed orientation of ligand and
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Figure 9. SDS-PAGE analysis of all frac-
tions from affinity magnetic separation
using SiMAG-COOH microparticles with
BAPA as the spacer arm and function-
alized by N-alkylated oracin. The en-
zyme AKR1C3was efficiently isolated from
the mixture solution, where BSA was in
twofold molar excess.

spatial properties brought much better results in capturing
the AKR1C3 enzyme (Fig. 8D). However, in this case, there
is no correlation between the total amount of isolated pro-
tein and its final activity. The unexpected low activity might
be caused by tight contact between the individual enzyme
molecules and the surface of the microparticles. In order to
structurally characterize the isolated enzyme, for instance by
MS,maintaining the original conformation and activity is not
necessary and this carrier is very useful for this purpose. Nev-
ertheless, because one of the design criteria is preservation of
at least part of the activity of purified carbonyl-reducing en-
zymes, we have to mention that our carrier does not enable
to isolate the enzyme in the full original activity.

3.4 Carriers modified by spacer arms with

side-directed bound N-alkylated oracin

For the same reasons as in the case of immobilizing un-
modified oracin, N-alkylated oracin was immobilized to
SiMAG-COOH microparticles modified by the BAPA spacer
arm. As demonstrated in Fig. 3E, this carrier brought more
satisfactory results in capturing the AKR1C3 enzyme than did
the previous carriers. Moreover, its ability to capture another
carbonyl-reducing enzyme, CBR1,was proven (Fig. 8F), while
the previous carriers with nonalkylated oracin were unable to
capture carbonyl-reducing enzymes other than AKR1C3. It
can thus be assumed that carriers modified by N-alkylated
oracin could be more universal. Comparison of Fig. 8E and F
clearly shows that CBR1 is captured to the carrier in a lower
amount than in the case of AKR1C3. These results corre-
sponded to the values of the Michaelis constants (KM) for the
particular enzyme and oracin. CBR1has roughly 3–4×higher
KM in reduction of oracin than does AKR1C3, and thus lower
affinity for this substrate [23]. Optimized conditions for bind-
ing and elution of such a protein would be necessary in order
to isolate a greater amount of CBR1. This carrier, based on
SiMAG-COOH microparticles, was chosen for the following
selectivity test (discussed below). Macroporous Perloza MG
with Jeffamine ED-600was also adapted byN-alkylated oracin
and results comparable to those in the case of nonalkylated
oracin were obtained.

3.5 Selectivity test

The carrier composed of SiMAG-COOHmicroparticles mod-
ified by the BAPA spacer arm and by N-alkylated oracin was

used for the selectivity test. The test was based on the assump-
tion that oracin, as a specific ligand, must selectively capture
carbonyl-reducing enzymemolecules in the presence, or even
considerable excess, of other proteins. This parameter is very
important for the following routine applications, which com-
prise isolation of carbonyl-reducing enzymes from the tissue
homogenate or partially purified fractions. A model sample
with carbonyl-reducing enzyme AKR1C3 and BSA in twofold
molar excess was applied to a carrier and all fractions (original
sample, washing fractions, elution fractions) were analyzed
by SDS-PAGE (Fig. 9). The exceptional selectivity of this car-
rier was demonstrated. This test unambiguously proved the
ability and selectivity of the carrier SiMAG-COOH as mod-
ified by the BAPA spacer arm and by N-alkylated oracin to
isolate and purify carbonyl-reducing enzymes in their active
form from a protein mixture.

4 Concluding remarks

To summarize our results, we developed a carrier for efficient
isolation of carbonyl-reducing enzymes. Due to the high com-
plexity and diverse enzyme activity of tissue homogenate, we
decided to immobilize a specific ligand (oracin) covalently,
in proper orientation, and at sufficient distance from the
backbone of the solid matrix in order to minimize steric in-
terference with the binding process. The importance of the
spacer arm extension in the case of a low-molecular-weight
ligand was clearly confirmed by our results. In addition, the
orientation of the oracin molecule on the surface of the mi-
croparticles appeared to be important in the context of fi-
nal enzyme activity. It must be emphasized, however, that
the N-alkylation of oracin and its covalent binding to the
carrier through this artificial small anchor was not in itself
sufficient, and thus insertion of the spacer arm was neces-
sary. Based upon the crystal structure of AKR1C3 [38] or
CBR1 [39], their active sites have a unique geometric shape
that is complementary to the geometric shape of a substrate
molecule, the specific substrates interfere with the deeply lo-
calized catalytic functional group at active sites of enzymes.
Assuming that the interaction of oracin with active sites of
these two enzymes are analogous, the sufficient distance of
oracin molecules form the surface of the microparticles and
proper ligand orientation are required. Our results support
these assumptions. We even can argue that this factor is
more significant than the hydrophilic character of the carrier
and thus its biocompatibility. The porosity of the carrier is
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a limiting factor due to the undesired dilution of the final
product.

The carrier SiMAG-COOHmodified by the BAPA spacer
arm and by N-alkylated oracin seems to have the required
affinity and to be sufficiently selective and universal. There-
fore, this carrier will be used in the subsequent separation
and isolation of carbonyl-reducing enzymes in native forms
from tissues or partially purified fractions. The experiments
with AKR1C3, CBR1, and BSA demonstrate the possibility of
utilizing select preparedmagnetic affinity carriers in this way.
It is nevertheless clear that it will be necessary to optimize
such a separation process.
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a b s t r a c t

Proteins, peptides and nucleic acids are commonly isolated and purified in almost all bioscience labora-
tories. Methods based on molecular recognition are currently the most powerful tool in separation pro-
cesses due to their selectivity and recovery. The aim of this study was to prove the versatility and the
ability of an affinity carrier containing the immobilised ligand oracin (previously developed by our work-
group) to selectively bind carbonyl-reducing enzymes. These enzymes play an important role in meta-
bolic pathways of various endogenic compounds and xenobiotics. Many important drugs, such as
doxorubicin, daunorubicin, haloperidol and the model anticancer drug oracin, are metabolised by car-
bonyl-reducing enzymes. The functionality of the presented carrier was demonstrated with pure recom-
binant enzymes (AKR1A1, AKR1B1, AKR1B10, AKR1C1, AKR1C2, AKR1C3, AKR1C4, CBR1 and CBR3) as
well as with two model biological samples (cell extract from genetically modified Escherichia coli and
pre-purified human liver cytosol). Enzymes that show an affinity toward oracin were efficiently captured,
gently eluted using 150 mM ammonium hydroxide and subsequently identified by MS. The method is
highly selective and robust and may be applied to the purification and identification of various car-
bonyl-reducing enzymes from any biological sample.

� 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Although genome-sequencing projects have provided a sub-
stantial amount of crucial information, they offer rather limited
insights into the biochemical function of encoded proteins. Con-
versely, conventional biochemical methods that can clarify impor-
tant aspects of the role of proteins in biochemical pathways also
suffer from some shortcomings. Specifically, some of these meth-
ods cannot cope with the extremely high complexity of biological
samples, which results in minor proteins being masked by highly
abundant proteins. Therefore, sensitive separation techniques for
the direct and selective recognition of target biomolecules in bio-
logical samples are increasingly needed [1,2].

Chemical proteomics represents an intersection of organic
chemistry, structural biology, biochemistry, cell biology and
mass-spectrometry [2]. Two major types of experiments combine
various recognition techniques for protein separation with mass

spectrometry to enable detailed structural analysis and character-
isation: (I) activity-based probe profiling (ABPP) using active site-
directed probes that covalently bind the target protein [3] and
(II) compound-centric chemical proteomics (CCCP) utilising small
molecules (e.g., substrates, inhibitors or cofactors) immobilised
on an inert biocompatible matrix to form affinity carriers. In
essence, this method combines classical drug affinity chromatogra-
phy [4] with mass spectrometry [5].

The CCCP technique enables the identification of molecular tar-
gets that interact with a small molecule covalently bound to the
solid phase of the carrier. This method can imitate conditions that
resemble the in vivo environment to identify the biomolecules that
interact with the immobilised drug molecules. This bioanalytical
approach was successfully applied to determine the target or off-
target (may be responsible for side-effects) proteins of clinically
used drugs (e.g., flavopiridol [6], roscovitine [7], gefitinib [8]).
The CCCP approach has also been widely used to identify kinase
inhibitors and study enzymes from the group of kinases (important
in signalling pathways) [9–11]. In addition, other types of drugs,
such as tacrolimus [12], methotrexate [13] and CB30865 [14]),
have been similarly utilised. Similarly, endogenous substances,
such as oxalate [15,16], certain types of prostaglandin J2 [17] and
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L-arginine [18], have been efficiently utilised. The procedure was
also used to determine the molecular targets of biologically active
compounds, such as petrosapongiolide M [19], ampicillin [20], jac-
alin [21] and resveratrol [22,23].

The ability of a biofunctionalised carrier with covalently bound
oracin to capture bioactive molecules with carbonyl-reducing
activity was clearly demonstrated in a previous study [24]. Some
of the enzymes from this protein group play an important role in
the metabolism of various endogenous (e.g., steroids, prostaglan-
dins) and xenobiotic (e.g., oracin, anthracyclines) compounds and
are thus involved in various pathological processes, such as hor-
mone-dependent cancers and metabolic syndrome [25,26]. How-
ever, many are poorly characterised, and thus, their study may
provide new significant insights regarding the aforementioned
roles.

In this study, we optimised a previously published separation
protocol for the isolation of carbonyl-reducing enzymes [24] and
demonstrated the versatility and selectivity of an oracin-immobi-
lised affinity carrier to isolate desired bioactive molecules, even
from complex biological samples. This approach can be used to
obtain these enzymes at the required purity and amount to per-
form detailed MS analysis without limitations.

2. Experimental procedures

2.1. Materials

Oracin was obtained from the Research Institute for Pharmacy
and Biochemistry (Prague, Czech Republic). The following chemi-
cals were purchased from Sigma–Aldrich (Prague, Czech Republic):
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDAC), N-hydroxysulfosuccinimide sodium salt (S-NHS), bis-(3-
aminopropyl)amine (BAPA), D-glucose-6-phosphate sodium salt,
NADP+, glycerol, acrylamide, N,N0-methylene-bis-acrylamide,
N,N,N,N-tetramethylenediamine (TEMED), acetonitrile (HPLC
grade), trifluoroacetic acid (TFA) and bovine serum albumin
(BSA). 6-Bromohexanoic acid and Coomassie Brilliant Blue G-250
were obtained from Fluka (Buchs, Switzerland), and glucose-6-
phosphate dehydrogenase (from baker’s yeast [Saccharomyces cere-
visiae]) was obtained from Roche (Penzberg, Germany). The Preci-
sion Plus protein standard was purchased from Bio-Rad (Hercules,
CA, USA). Sequencing-grade trypsin was obtained from Promega
(Madison, WI, USA). All of the other chemicals were of the highest
available purity grade.

2.2. Carrier with covalently immobilised oracin for the isolation of
carbonyl-reducing enzymes

An affinity carrier was prepared according to Škarydová et al.
[24]. The surface of the SiMAG-COOH microparticles (Chemicell,
Berlin, Germany) was modified with BAPA molecules using the car-
bodiimide coupling method. Subsequently, the ligand, namely ora-
cin, was immobilised via ester aminolysis.

2.3. Preparation of recombinant forms of proteins

The carbonyl-reducing enzymes AKR1A1, AKR1B1, AKR1B10,
AKR1C1, AKR1C2, AKR1C3, AKR1C4, CBR1 and CBR3 were prepared
in an Escherichia coli expression system according to previously
published methods [27].

2.4. Preparation of human liver cytosol

Human liver samples were obtained from the Cadaver Donor
Programme of the Transplant Centre of the Faculty of Medicine
(Hradec Králove, Czech Republic) in accordance with Czech legisla-

tion. The preparation of the human liver subcellular fraction from
the obtained tissues was previously described by Škarydová et al.
[28].

2.5. Sample preparation

2.5.1. Sample A
Solution of 17.6 lg of pure recombinant carbonyl-reducing

enzymes (AKR1A1, AKR1B10, AKR1C1, AKR1C2, AKR1C3, AKR1C4,
CBR1 or CBR3) in 200 ll of buffer A (60 mM Na-phosphate buffer,
1.1 mM EDTA, 150 mM NaCl, and 10% (v/v) glycerol, pH 7.4).

2.5.2. Sample B
Mixture of 5 lg of AKR1C3 and 5 lg of CBR1 in a total volume of

200 ll of buffer A.

2.5.3. Sample C
E. coli cells overexpressing AKR1C3 were disrupted with the

BugBuster� Protein Extraction Reagent (Novagen, Madison, WI,
USA), and the obtained supernatant was mixed with buffer B
(60 mM Na-phosphate buffer, 1.1 mM EDTA, 150 mM NaCl, 10%
(v/v) glycerol, and 0.01% Triton X-100, pH 7.4) at a ratio of 1:1
(v/v). The total volume of the samples used for separation on the
affinity carrier was 200 ll.

2.5.4. Sample D
One millilitre of human liver cytosol separated by size-exclu-

sion chromatography (Section 2.6).

2.6. Size-exclusion chromatography

One millilitre of human liver cytosol (10 mg/ml) was concen-
trated by centrifugation at 7000g and 4 �C in an Amicon test tube
to a volume of 100 ll and separated on a Superdex G 75/200 GL
column (Amersham Biosciences, Uppsala, Sweden) that was previ-
ously equilibrated with buffer B. The flow rate of the mobile phase
was 0.5 ml/min, and the volume per fraction was 1 ml. The fraction
with a major portion of proteins larger than 37 kDa removed was
subjected to affinity separation.

2.7. Affinity chromatography

A previously described protocol for carbonyl-reducing enzymes
[24] was modified in terms of the buffer composition and elution
conditions (all changes were the results of an optimisation process
and are stressed in Table 1). The chelating agent EDTA was added
to all of the buffers at a concentration of 1.1 mM. The concentration
of NH4OH in the elution buffer was increased from 45 to 150 mM,
and each elution step was prolonged from 1 to 10 min by mixing
on a rotator. The separation protocol for complex biological sam-
ples was further modified by the addition of a blocking step with
1% bovine serum albumin (BSA) and the addition of 0.01% Triton-
X100 into binding buffer.

2.7.1. Separation protocol using oracin-affinity carrier
One milligram of the affinity carrier was washed with buffer A.

Subsequently, sample A or B was loaded on the equilibrated affin-
ity carrier. After incubating the sample with the carrier for 1 h
under gentle mixing on a rotator, the unbound enzyme was
removed, and the carrier was washed several times with buffer
A. The captured enzyme molecules were eluted with 200 ll of elu-
tion buffer (150 mM NH4OH, 1.1 mM EDTA, and 10% (v/v) glycerol,
pH 11) by mixing for 10 min on a rotator. The affinity carrier was
then washed with buffer A and prepared for subsequent use. The
separation process was performed in a cold room at 8 �C. All of
the fractions acquired during the isolation were analysed by
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SDS–PAGE (Section 2.8), and the enzyme activity toward oracin
was measured (Sections 2.9 and 2.10).

For the affinity separation of complex biological samples, an
affinity carrier (1 mg for separation of the supernatant from genet-
ically modified E. coli and 12 mg for the human cytosolic fraction)
was incubated in BSA blocking buffer (60 mM Na-phosphate buf-
fer, 1.1 mM EDTA, 150 mM NaCl, 10% (v/v) glycerol, 1% (w/v)
BSA, and 0.01% (v/v) Triton X-100, pH 7.4) for 30 min. After the
adsorption of BSA, the carrier was washed with buffer B (60 mM
Na-phosphate buffer, 1.1 mM EDTA, 150 mM NaCl, 10% (v/v) glyc-
erol, and 0.01% (v/v) Triton X-100, pH 7.4), and sample C or D was
subsequently loaded on the carrier. All further separation steps
were performed according to a modified protocol (Section 2.7).

2.8. SDS–polyacrylamide gel electrophoresis

All of the fractions from the affinity separations were analysed
by SDS–PAGE [29] on 1.5-mm Tris–glycine gels (12.5% (w/v) sepa-
rating gel and 4% (w/v) stacking gel). The samples were mixed with
a 5� concentrated sample buffer (250 mM Tris–HCl, 10% (w/v) SDS,
30% (w/v) glycerol, 0.02% (w/v) bromophenol blue, and 5% (w/v) 2-
mercaptoethanol) at a ratio of 4:1 (v/v) and boiled at 95 �C for
3 min. The prepared samples were completely loaded onto the
gel. Electrophoresis was performed using a Mini-Protean system
(Bio-Rad, Hercules, CA, USA) at 100 V in the stacking gel and at
150 V in the separation gel. All of the gels were stained with the
colloidal Coomassie Brilliant Blue G-250 staining method [30]. A
Molecular Imager Gel Doc XR (Bio-Rad, Hercules, CA, USA) was
used to evaluate the stained gels.

2.9. Enzyme activity assay

The metabolic activity of the tested enzymes and pooled frac-
tions was determined by incubation with oracin for 60 min
(30 min in the case of AKR1C3 and CBR1) at 37 �C. The incubation
mixtures were prepared in Eppendorf microtubes with a total vol-
ume of 100 ll and contained 50 ll (10 ll in the case of AKR1C3 and
CBR1) of the enzyme fraction, 10 ll of oracin (final concentration of
0.5 mM), 20 ll of an NADPH-generation system (final concentra-
tions: 0.8 mM NADP+, 6 mM glucose-6-phosphate, 35 units glu-
cose-6-phosphate dehydrogenase, 3 mM MgCl2) and the required
amount of 100 mM Na-phosphate buffer (pH 7.4). The reaction
was started by the addition of oracin to the mixture and termi-
nated by the addition of 40 ll of 26% NH4OH solution and cooling
to 0 �C. The formed metabolite 11-dihydrooracin (DHO) was
extracted with 1 ml of ethyl acetate. The microtubes were shaken
on a test tube shaker for 15 min and centrifuged for 2 min in a
microcentrifuge at 13000 rpm. The organic phases were trans-
ferred into new Eppendorf microtubes and evaporated under a vac-
uum until dry. The dry samples were dissolved in 100 ll of the
mobile phase and analysed via UHPLC.

2.10. Metabolite determination by UHPLC

The total amount of DHO after enzymatic conversion was
detected on an UHPLC Agilent 1290 Infinity chromatographic sys-
tem with a fluorescence detector (Santa Clara, CA, USA). A method
described by Wsól et al. [31] was modified for the UHPLC system
and used in this study. The samples (10 ll) were loaded onto a
ZORBAX Eclipse Plus Rapid Resolution HD C18 column
(2.1 mm � 50 mm, 1.8 lm). The mobile phase consisted of
10 mM hexanesulphonate with 0.04 mM triethylamine (pH 3.27)
in acetonitrile at a ratio of 78:22 (v/v). The enzyme activity is
expressed as ng of formed DHO per 60 min per fraction.

2.11. Preparation of sample for mass spectrometric (MS) analysis

The bands from the SDS–polyacrylamide electrophoretic gels
were excised and destained with 25 mM NH4HCO3 in 40% acetoni-
trile at 30 �C. The disulphide bonds were reduced by the addition of
100 ll of 10 mM DTT in 25 mM NH4HCO3 and incubation for
45 min at 57 �C. The reduced cysteine residues were subsequently
carbamidomethylated by 100 ll of 55 mM iodoacetamide for
20 min in the dark. After dehydration by acetonitrile, the proteins
were cleaved with 50 ll of sequencing-grade trypsin (final concen-
tration of 4 ng/ll) in 25 mM NH4HCO3 overnight at 37 �C. The gen-
erated peptides were extracted with 0.1% TFA in 40% acetonitrile,
subsequently with 0.1% TFA in 60% acetonitrile and then with
0.1% TFA in 80% acetonitrile. The mixed extracts were vacuum-
dried, dissolved in 0.1% TFA in 5% acetonitrile and desalted by
Empore™ C18-SD SPE Cartridges (Supelco, Bellefonte, PA, USA).
The desalted samples were vacuum-dried and subsequently re-dis-
solved in 25 ll of 0.1% TFA in 5% ACN for MS analysis.

2.12. MS analysis and protein identification

Five microlitres from each sample was mixed at a 1:1 ratio (v/v)
with a-cyano-4-hydroxycinnamic acid solution at a concentration
of 5 mg/ml (Laser-Bio Labs, Sophia-Antipolis Cedex, France) in 50%
ACN and 0.1% TFA. This mixture (0.8 ll) was spotted in triplicate
onto a MALDI sample plate (AB Sciex, Foster City, CA, USA). The
spectra were recorded on an AB 4800 MALDI-TOF/TOF mass spec-
trometer (AB Sciex, Framingham, MA, USA). The MS spectra were
acquired across the mass range of 700 to 4000m/z using 2000 laser
shots per spectrum. A maximum of the 10 strongest precursors,
with S/N values exceeding 100, were chosen for fragmentation.
The MS/MS spectra were acquired with a minimum of 1000 laser
shots starting with the strongest precursor. The acquisition was
stopped as soon as the spectrum contained at least eight peaks
with S/N values higher than 50. The acquisition of a maximum of
5000 laser shots per precursor was allowed. The proteins were
identified using the ProteinPilot 2.0.1 software (AB Sciex, Framing-
ham, MA, USA) with the Paragon searching algorithm. Because the
algorithm uses only unique peptide sequences for protein identifi-

Table 1
Summary of the modifications made in the optimisation of the binding and elution conditions.

Separation step Protocol Buffers used

Binding Škarydová et al. [24] 100 mM Na-phosphate buffer and 10% (v/v) glycerol, pH 7.4 (1 h)
Pure enzymes 60 mM Na-phosphate buffer, 1.1 mM EDTA, 150 mM NaCl, and 10% (v/v) glycerol, pH 7.4 (1 h)
Complex sample 60 mM Na-phosphate buffer, 1.1 mM EDTA, 150 mM NaCl, 10% (v/v) glycerol, and 0.01% Triton X-100, pH 7.4 (1 h)

Washing Škarydová et al. [24] 60 mM Na-phosphate buffer, 150 mM NaCl, and 10% (v/v) glycerol, pH 7.4
Pure enzymes 60 mM Na-phosphate buffer, 1.1 mM EDTA, 150 mM NaCl, and 10% (v/v) glycerol, pH 7.4
Complex sample 60 mM Na-phosphate buffer, 1.1 mM EDTA, 150 mM NaCl, 10% (v/v) glycerol, and 0.01% Triton X-100, pH 7.4

Elution Škarydová et al. [24] 45 mM NH4OH and 10% (v/v) glycerol, pH 10 (1 min)
Pure enzymes 150 mM NH4OH, 1.1 mM EDTA, and 10% (v/v) glycerol, pH 11 (10 min)
Complex sample 150 mM NH4OH, 1.1 mM EDTA, and 10% (v/v) glycerol, pH 11 (10 min)
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cation, the spectra from the spotted triplicate samples were simul-
taneously searched. The spectra were searched against the UniProt
human database and against the UniProt E. coli database.

3. Results and discussion

The basic principle of affinity chromatography is based on
highly specific molecular recognition that can be effectively
applied to isolate and/or purify almost any target analyte/biomol-
ecule. The proper choice of affinity ligand (either with low or high
molecular weight) and its orientation is important for successful
application. An integral part of bioaffinity carrier development is
the verification of its specificity, versatility, and functionality and
parameterisation of its binding capacity, reproducibility, operation
and storage stability. Without determination of these parameters,
the implementation of whatever in-house developed affinity car-
rier to the purification scheme of target proteins from complex bio-
logical matrices would be challenging and possibly not successful.

3.1. Optimisation of separation conditions

The affinity carrier was previously shown to be capable of cap-
turing the model carbonyl-reducing enzymes AKR1C3 and CBR1
[24]. However, the yield of pure AKR1C3 was only 46% (Fig. 1A),
and the corresponding enzymatic activity of the captured enzyme
was reduced. Thus, the separation process needed to be optimised
in terms of these aspects. Iron leakage (or iron exposure) from the
core of the magnetic beads used in this process could cause the
observed significant decreases in the metabolic activity of the
enzyme and its ability to bind to the affinity carrier [32]. The mag-
netic core of the SiMAG microparticles consists of maghemite
(Fe2O3), which has superparamagnetic properties. Iron ions (Fe3+)
have been demonstrated to be capable of causing oxidation stress,
which is followed by protein and organelle damage [33]. The effi-
cacy of 1.1 mM EDTA in protecting enzymes from the harmful
effects of iron ions was tested. EDTA at a concentration of 1–
5 mM is a commonly used chelating agent that avoids the metal-
induced oxidation of �SH groups, which helps maintain the pro-
tein in a reduced state.

The addition of 1.1 mM EDTA to buffers significantly increased
the capture of the AKR1C3 enzyme on the affinity carrier, as shown
in Fig. 1B. The concentration of protein in the unbound enzyme
(UE) fraction decreased to only 7% (compared with 41% in the
non-optimised separation (Fig. 1A)). The total yield of AKR1C3 pro-
tein in all of the elution fractions increased from 46% to 81%. Unfor-
tunately, the majority of the protein could not be efficiently eluted

in one step, even when using 150 mM NH4OH (instead of 45 mM).
However, multiple elution steps lead to an undesirable dilution of
the eluted molecules. Hence, the elution effect was amplified by
prolonging the original time of 1 min to 10 min. Fig. 1C demon-
strates that the addition of EDTA and the prolongation of the elu-
tion time increased the yield of AKR1C3 protein in the E1
fraction from 37% to 79%. Moreover, the enzyme activity of the cap-
tured AKR1C3 toward oracin in the E1 fraction increased fourfold
compared with the results described by Škarydová et al. [24].

The solid matrix used in affinity carriers in connection with
complex biological samples could introduce drawbacks, such as
non-specific interactions caused by protein sorption on the surface
[1,2]. Thus, the purification process required optimisation to con-
trol and decrease non-specific interactions. To this end, 1% BSA,
which is a common and powerful tool for blocking non-specific
interactions, was used [34], and 0.01% non-ionic detergent Triton
X-100 was added to buffer B to prevent undesirable protein–pro-
tein interactions [35]. Two samples of human liver cytosol (1 ml
at a final concentration of 5 mg/ml) were separated by affinity car-
riers in the presence or absence of 1% BSA with 0.01% Triton X-100
(Fig. 2). The addition of the BSA blocking step with Triton X-100
decreased the amount of non-specifically captured protein in the
elution fractions (particularly in the area of �37 kDa). Further-
more, the majority of the captured proteins could be found in the
first elution fraction, i.e., E1, under these optimised conditions.

3.2. Demonstration of carrier versatility for carbonyl-reducing
enzymes

The functionality of the affinity carrier with the AKR1C3
enzyme (km = 110 lM) was proven, but it was necessary to prove
the capability of the carrier to also capture other carbonyl-reducing
enzymes. Therefore, nine diverse carbonyl-reducing enzymes
belonging to the superfamily of aldo–keto reductases (AKRs) and
short-chain dehydrogenases/reductases (SDRs) (AKR1A1, AKR1B1,
AKR1B10, AKR1C1, AKR1C2, AKR1C3, AKR1C4, CBR1 and CBR3)
were used to verify the versatility of the carrier under optimised
conditions (Section 3.1). The aforementioned enzymes, with the
exception of AKR1A1 and AKR1B1, have been described to partici-
pate in the metabolic conversion of oracin into 11-dihydrooracin
(DHO) [37–40]. Thus, this affinity carrier was expected to isolate
these enzymes. The activity of the enzymes AKR1A1 and AKR1B1
toward oracin as the substrate was determined by incubation with
this drug (Section 2.9) prior to performing the actual affinity sepa-
rations. The results indicated that the enzymes AKR1A1 and
AKR1B1 cannot metabolise oracin to its reduced form.

Fig. 1. SDS–PAGE analysis of the pooled fraction from the affinity separations
performed under various conditions. Part (A) shows the results of the separations
performed under the conditions described by Škarydová et al. [24]; (B) separation
with 1.1 mM EDTA and 150 mM NH4OH; (C) separation with 1.1 mM EDTA and
prolonged elution time from 1 to 10 min. The values listed below reflect the amount
of protein (%) in each fraction. The Molecular Imager Gel Doc XR was used for the
densitometry evaluation. UE represents the unbound enzyme, W represents the
washing fractions, and E represents the elution fractions.

Fig. 2. Blocking of non-specific interactions through affinity separations of human
liver cytosol (CYT). (�) Elution fractions from separation without the BSA blocking
step and the addition of Triton-X100; (+) elution fractions from separation with the
BSA blocking step and the addition of Triton X-100.
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The obtained results for all of the above-mentioned enzymes
confirmed our predictions. Enzymes with no enzymatic activity
toward oracin (AKR1A1 and AKR1B1) could not interact with the
ligand and were mostly detected in only the binding and washing
fractions. All of the enzymes with proven metabolic activity
toward oracin were efficiently captured by the affinity carrier
and subsequently eluted in their active forms (Fig. 3). Moreover,
the trend between the affinity (km values) and efficiency of
enzyme isolation could be followed. The enzymes with the lowest
km values (AKR1C1-4 with km = 90–160 lM) [37,38] were cap-
tured and subsequently eluted with the highest yield (69–79%),
whereas the enzymes with higher km (CBR3 km = approximately
200 lM, AKR1B10 km = 290 lM and CBR1 km > 300 lM) [[39,40],
unpublished results] were captured with decreasing efficiency
(65%, 43% and 8%, respectively), which agrees with their km values.
These results strongly suggest that the presented affinity carrier
can serve as a universal tool for the purifications of enzymes that
reduce the carbonyl compound oracin.

The ability of the affinity carrier to capture diverse carbonyl-
reducing enzymes with different km values is a valuable feature.
We aimed to determine whether the protocol developed herein
could be used to separate a laboratory-prepared mixture of car-
bonyl-reducing enzymes as well as samples of natural origin, such
as cell extracts or lysates, in which these enzymes occur in con-
junction with many more abundant proteins. The goal was to
obtain target molecules at a desired purity with preserved biolog-
ical activity. The ability of the target proteins to bind to the affinity
carrier at the ratio of their affinities toward oracin also needed to
be verified, and it was necessary to assess whether the binding
affinity was a result of the molar content of the enzyme in the ori-
ginal samples, irrespective of the km values. Two enzymes with
diverse molecular weights (AKR1C3 (36.8 kDa) and CBR1
(30.4 kDa)) were chosen for these experiments due to their simple
evaluation via SDS–PAGE electrophoresis. All of the members of
the AKR superfamily share a similar molecular weight and thus
cannot be easily identified by the commonly used SDS–PAGE
method in one fraction of protein.

The performed experiments proved that the affinity carrier can
capture both carbonyl-reducing enzymes despite the diverse affin-
ity (AKR1C3 km = 110 lM, CBR1 km > 300 lM) of these target
enzymes to the ligand (Fig. 4). Surprisingly, the capture efficiency
of CBR1 increased in the presence of AKR1C3. This observation par-
tially contradicted previous results and had not been previously
reported. The determination of the exact mechanism of the inter-
action between competitive enzymes and the ligand under separa-
tion conditions would require more demanding experiments.

Based on the downstream use of the affinity carrier for the iso-
lation and purification of carbonyl-reducing enzymes that are
minor proteins in complex biological samples, the ability of the
carrier to capture desired enzyme(s) from these complicated

mixtures is a significant prerequisite. Cell extracts from genetically
modified E. coli that overexpress the enzyme AKR1C3 were used for
this verification. All of the eluted fractions were analysed by SDS–
PAGE (Fig. 5). Almost all of the specifically captured molecules
were eluted in the first fraction, which was marked E1. Proteins
of approximately �37 kDa were cut from the gel, extracted and
identified by MS as AKR1C3 with a minor amount of ompF from
E. coli. OmpF acts as a transmembrane transporter for small mole-
cules (e.g., antibiotics) [40] across the outer membrane. The anti-
cancer drug oracin may be a molecular target for this
transporter, but ompF more likely non-specifically interacts with
the affinity carrier. EF-Tu1 and EF-Tu2 were also identified in the
E1 fraction (Table 2). These molecules could either be targeted
toward oracin or sorb spontaneously to the material of the pure
carrier. These questions could be resolved in several ways.

First, a sample that was pre-treated with free ligand (which
competes with the ligand on the carrier) prior to affinity separation
could be used. This option may be problematic in this instance
because of the poor solubility of oracin in the binding buffer. Alter-
natively, an affinity resin could be prepared with a similar ligand
that lacks biological activity [41]. However, this option is also pre-
cluded by the unavailability of an oracin homolog without biolog-
ical activity. Therefore, a third option was utilised: in addition to
the carrier composed of SiMAG-COOH microparticles, a BAPA
spacer and the modified oracin [24], a pre-activated aliquot of
SiMAG-COOH microparticles that lacked oracin was prepared
(SiMAG-COOH particles with BAPA). A similar procedure was used
in the study conducted by Roop-ngam et al. [16] to identify non-
specific interactions with an oxalate-affinity carrier. A comparison
of the E1 fractions pooled from the separations of the affinity car-
rier with oracin and from the separations of the carrier without
oracin (Fig. 6) clearly showed that proteins with a size of
�45 kDa non-specifically sorb to the surface of the magnetic
microparticles. MS identified the light band (�37 kDa) detected
in the separation using microparticles without immobilised oracin
as ompF from E. coli. These results positively suggest that ompF
non-specifically binds to the carrier, whereas the carbonyl-reduc-
ing enzyme was captured only by specific interaction with oracin.

Fig. 3. SDS–PAGE analysis of fractions from affinity magnetic separations with pure carbonyl-reducing enzymes. The values listed below reflect the amount of enzyme in each
fraction and the oracin carbonyl-reducing activity (expressed as ng of 11-dihydrooracin (DHO) in the fraction after 60 min of incubation) in the main elution fractions. UE
represents the unbound enzyme, W represents the washing fractions, and E represents the elution fractions.

Fig. 4. Analysis of the fraction obtained from the affinity separation of a mixture of
the carbonyl-reducing enzymes AKR1C3 and CBR1. UE represents the unbound
enzyme, W represents the washing fractions, and E represents the elution fractions.
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3.3. Affinity chromatography of carbonyl-reducing enzymes from
human liver cytosol

Highly abundant targets or contaminating proteins can be cap-
tured from complex samples, as demonstrated by the results pre-
sented in Section 3.2. However, the capture of low-abundance
proteins from biological samples is presumably more challenging
and closer to the intended use of the carrier in the purification of
very-low-abundance microsomal carbonyl-reducing enzymes. In
general, affinity separation could be used in single-step purifica-

tion protocols, but using at least one pre-purification step prior
to affinity separation is preferable due to the many ballast proteins
in human tissue homogenates that can non-specifically react with
the affinity carrier. This additional step decreases the amount of
contaminating proteins [42]. In this study, one pre-purification
step was inserted into the protocol. The human liver cytosol was
first separated by size-exclusion chromatography as described pre-
viously (Section 2.6). This step decreased the amount of contami-
nating large proteins in the sample, which reduced the
possibility of non-specific interactions during the actual isolation.
All of the fractions acquired from the affinity separation were ana-
lysed by SDS–PAGE (Fig. 7).

The results obtained from this experiment were similar to
those obtained from a previous experiment (Fig. 5). The bands
in the elution fractions could correspond to proteins that are cel-
lular targets of oracin (e.g., topoisomerase II [43]), carbonyl-
reducing enzymes responsible for its biotransformation or non-
specifically bound proteins. Bands attributed to non-specific sorp-
tion on the surface of magnetic beads should be identified via the
methods described in Section 3.2. To improve this evaluation, 2D-
electrophoresis should also be used as described by Roop-ngam
[16]. Three main protein bands (1–3) with a mass corresponding
to that of carbonyl-reducing-enzymes (30–40 kDa) were analysed
by MS (Table 3). The proteins in band 1 were identified as a mix-
ture of the carbonyl-reducing enzyme AKR1C4 (its ability to
interact with the affinity carrier was proven in Section 3.2) and

Fig. 5. Affinity separation of overexpressed supernatant of E. coli. The enzyme AKR1C3 (1) was efficiently isolated from a complex biological sample. Two protein bands in the
area of 40 kDa (2 and 3) represent the elongation factors Tu1 (EF-Tu1) and Tu2 (EF-Tu2) from E. coli. Protein bands near 70 kDa represent the BSA blocking agent and its
impurities. UE represents the unbound enzyme(s), W represents the washing fractions, and E represents the elution fractions.

Table 2
Proteins identified by MALDI-TOF/TOF in selected electrophoretic bands from the affinity separation of the cell extract from genetically modified E. coli, presenting the differences
in the interaction of proteins with magnetic beads in the presence (+) or absence (�) of bound oracin.

+oracin �oracin

Protein band Protein Peptide sequence Confidence %a Protein Peptide sequence Confidence %a

1 (�37 kDa) AKR1C3 HIDSAHLYNNEEQVGLAIR 99 OmpF AEQWATGLK 99
LNDGHFMPVLGFGTYAPPEVPR 99 GNGENSYGGNGDMTYAR 99
NLHYFNSDSFASHPNYPYSDEY 99 KAEQWATGLK 99
SKDIVLVAYSALGSQR 99 YADVGSFDYGR 99
YKPVCNQVECHPYFNR 99 YDANNIYLAANYGETR 99

OmpF YADVGSFDYGR 99
YDANNIYLAANYGETR 99

2, 3 (�43 kDa) EF-Tu1, EF-Tu2 AFDQIDNAPEEKAR 99 EF-Tu1, EF-Tu2 AFDQIDNAPEEKAR 99
ELLSQYDFPGDDTPIVR 99 ALEGDAEWEAK 99
FESEVYILSK 99 ELLSQYDFPGDDTPIVR 99
GITINTSHVEYDTPTR 99 FESEVYILSK 99
GYRPQFYFR 99 GITINTSHVEYDTPTR 99
HYAHVDCPGHADYVK 99 GYRPQFYFR 99

HYAHVDCPGHADYVK 99
MVVTLIHPIAMDDGLR 99
TKPHVNVGTIGHVDHGK 99

a The confidence % expresses the certainty that the peptide identification is correct.

Fig. 6. Colloidal blue-stained gel presenting the differences in the interaction of
proteins with magnetic beads in the absence (�) or presence (+) of bound oracin.
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two hydrolases. The interaction of these hydrolases with the anti-
cancer drug oracin has never been described. The type of interac-
tion of these enzymes with the affinity carrier may be the object
of further research. The successful isolation of AKR1C4 in this
study provided a clear evidence of the efficacy of the affinity car-
rier with immobilised oracin, even though carbonyl-reducing
enzymes are generally present in tissues at low concentrations.
It was previously described that the human liver contains other
cytosolic carbonyl-reducing enzymes, but the current knowledge
of their amounts is quite poor. It is known that the CBR1 mRNA
level is several-fold higher compared with the mRNA levels of the
subfamily of AKR1C enzymes. The highest amount of mRNA
among the AKR1C enzymes was found for AKR1C4, whereas the
amount of AKR1C3 mRNA is very low in the liver [44,45]. Com-
bining the affinity knowledge (Section 3.2) with the abundance
of carbonyl-reducing enzymes in liver tissue could explain why
only AKR1C4 was captured and identified. Bands 2 and 3 were
identified as subunits of the enzymes alcohol dehydrogenase 1
(ADH1A, B, C) and alcohol dehydrogenase 4 (ADH4). ADHs cata-
lyse the NAD+-dependent oxidation of alcohols into correspond-
ing aldehydes and ketones. Thus, they can specifically interact
with the carbonyl or hydroxyl moiety of the oracin molecule.
Because these proteins are very abundant in the human liver
[46], their presence in the elution fractions could be assumed
to influence mild non-specific sorption.

4. Conclusions

Our affinity carrier containing the immobilised anticancer drug
oracin was demonstrated to be an efficient and universal tool for
the isolation of a broad spectrum of carbonyl-reducing enzymes,
even from highly complex biological samples. Moreover, the strong
selectivity of the carrier was proven by its ability to purify the
enzyme AKR1C3 from complete E. coli supernatant and the enzyme
AKR1C4 from human liver cytosol. All of the affinity separations
performed in this study demonstrated the excellent properties of
the affinity carrier. To isolate all carbonyl-reducing enzymes or
oracin target proteins from the cytosol, the level of non-specific
sorption and the level of contamination of the resulting protein
need to be reduced via the addition of a classical pre-purification
(e.g., size-exclusion chromatography) step or pre-treatment with
a carrier without the ligand oracin. The binding capacity of the pre-
pared carrier is sufficient for the structural analysis of captured
proteins. Moreover, the carrier for preparative separation can be
prepared using the same protocol. These experiments proved that
our magnetic affinity carrier containing bound oracin is suitable for
the separation of carbonyl-reducing enzymes and could be widely
used in projects that aim to purify carbonyl-reducing enzymes
from biological samples.

Fig. 7. SDS–PAGE analysis of the fractions obtained from the affinity chromatography of human liver cytosolic fraction. Three main protein bands are observed in elution
fraction E1. The protein band in the area of �37 kDa (1) represents a mixture of AKR1C4, (N(G),N(G)-dimethylarginine dimethylaminohydrolase 1 (DDAH-1) and ester
hydrolase C11orf54. Protein bands 2 and 3 (�40 kDa) were identified as subunits of alcohol dehydrogenase 1 (ADH1) and 4 (ADH4). CYT represents human liver cytosol, SEC is
the fraction after size-exclusion chromatography loaded onto the carrier, UE represents the unbound enzyme, W represents the washing fractions, and E is the elution
fractions.

Table 3
Proteins identified by MALDI-TOF/TOF in selected electrophoretic bands from the affinity separation of the human liver cytosolic
fraction.

Protein band Protein Peptide sequence Confidence %a

1 (�37 kDa) AKR1C4 DIVLVAHSALGTQR 99
LAIEAGFR 99
QLEMILNKPGLK 99
SIGVSNFNCR 91

DDAH-1 ALPESLGQHALR 99
DENATLDGGDVLFTGR 99
QHQLYVGVLGSK 99
AGLGHPAAFGR 89

Ester hydrolase C11orf54 APLVCLPVFVSR 99
EPFTFPVK 99
TGPLNFVTCMR 94

2, 3 (�40 kDa) ADH1 (A, B, C) ELGATECINPQDYK 99
KPFSIEDVEVAPPK 99
VCLIGCGFSTGYGSAVNVAK 99
VIPLFTPQCGK 99

ADH4 VIPLYAPLCR 99

a The confidence % expresses the certainty that the peptide identification is correct.
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