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Abstract

Three anthraquinone glutathionyl-biomimetic dye ligands, comprising as terminal biomimetic moiety glutathione
analogues (glutathionesulfonic acid, S-methyl-glutathione and glutathione) were synthesised and characterised. The
biomimetic ligands were immobilised on agarose gel and the affinity adsorbents, together with a nonbiomimetic adsorbent
bearing Cibacron Blue 3GA, were studied for their purifying ability for the glutathione-recognising enzymes, NAD *-
dependent formaldehyde dehydrogenase (FaDH) from Candida boidinii, NAD(P) " -dependent glutathione reductase from S,
cerevisiae (GSHR) and recombinant maize glutathione Stransferase | (GSTI1). All biomimetic adsorbents showed higher
purifying ability for the target enzymes compared to the nonbiomimetic adsorbent, thus demonstrating their superior
effectiveness as affinity chromatography materials. In particular, the affinity adsorbent comprising as terminal biomimetic
moiety glutathionesulfonic acid (BM1), exhibited the highest purifying ability for FaDH and GSTI, whereas, the affinity
adsorbent comprising as terminal biomimetic moiety methyl-glutathione (BM2) exhibited the highest purifying ability for
GSHR. The BM1 adsorbent was integrated in a facile two-step purification procedure for FaDH. The purified enzyme
showed a specific activity equal to 79 U/mg and a single band after sodium dodecylsulfate—polyacrylamide gel
electrophoresis analysis. Molecular modelling was employed to visualise the binding of BM1 with FaDH, indicating
favourable positioning of the key structural features of the biomimetic dye. The anthraquinone moiety provides the driving
force for the correct positioning of the glutathionyl-biomimetic moiety in the binding site. It is located deep in the active site
cleft forming many favourable hydrophobic contacts with hydrophobic residues of the enzyme. The positioning of the
glutathione-like biomimetic moiety is primarily achieved by the strong ionic interactions with the Zn®* ion of FaDH and Arg
114, and by the hydrophobic contacts made with Tyr 92 and Met 140. Molecular models were also produced for the binding
of BM1 and BM3 (glutathione-substituted) to GST I. In both cases the biomimetic dye forms multiple hydrophobic
interactions with the enzyme through binding to a surface pocket. While the glutathioine moiety of BM3 is predicted to bind
in the crystallographically observed way, an alternative, more favourable mode seems to be responsible for the better
purification results achieved with BM1. [0 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Protein separation methods based on the molecular
affinity found in biological systems have found wide
application in the laboratory and on larger scale for
the purification of several commercially important
macromolecules [1-3]. The fundamental principle of
affinity chromatography is the use of the specific
properties of biologically active substances to form
stable, specific and reversible complexes [1,2]. The
efficiency of an affinity system is determined by its
specificity, capacity and stability and these three
features are more or less dependent upon the nature
of the affinity ligand [1-3].

Since the discovery of the specific interaction of
the triazine dye Cibacron Blue 3GA (CB36A) with
various enzymes and proteins, there has been a
considerable expansion in the application of reactive
commercial dyes to protein purification (for recent
reviews see [4,5]). Their application is only limited
by their moderate selectivity. To overcome this
limitation, several rational attempts have been made
with the aim of increasing the specificity of dye-
ligands for target enzymes [4]. By far, the most
successful approach is based on the biomimetic dye
concept, according to which new dyes that mimic
natural ligands of the targeted proteins are designed,
after substitution of the terminal aminobenzene
sulfonate moiety of Cibacron Blue 3GA for a
substrate-mimetic moiety [4,6,7]. These ligands may
be considered as being bifunctional since are recog-
nised by severa dehydrogenases as chimeric pseudo-
substrates, with the anthraguinone moiety mimicking
the natural coenzyme and the biomimetic moiety
acting as a substrate-mimetic analogue. The
biomimetic dyes exhibit increased purifying ability
and specificity and provide useful tools for designing
simple and effective purification protocols. This
approach has been successfully used in the case of
(keto)carboxyl group-recognising enzymes, such as
formate [7], L-lactate [6], and L-malate [8] dehydro-
genases.

The approach of designing biomimetic dye-ligands
can be either empirical, by substituting large number
of substrate-mimetic structures to the parent dye
[7,9], or rational, by employing molecular modelling
techniques and the three-dimensional (3D) structure
of the target enzyme to predict the optimum
biomimetic ligand structure [6,10-12]. The latter

approach has found successful application to the
design of biomimetic dye-ligands for L-malate dehy-
drogenase [12] and L-lactate dehydrogenase [6].

In the present study we examine the biomimetic
concept with the view of designing, synthesising and
studying a new family of glutathionyl-biomimetic
ligands and respective affinity adsorbents. These
immobilised biomimetic dyes are analogues of the
parent dichlorotriazine dye Vilmafix Blue A-R
(VBAR), bearing as biomimetic moiety glutathione-
like structures. The new biomimetic adsorbents were
studied for their purifying ability for three gluta-
thione-dependent enzymes, 3-nicotimamide—adenine
dinucleotide (NAD ")-formaldehyde dehydrogenase
(FaDH) from Candida boidinii, glutathione reductase
from S. cerevisiae and recombinant glutathione S
transferase | from maize.

In the absence of an efficient purification protocol
for FaDH, we further applied a glutathionyl-
biomimetic adsorbent to the development of a facile
purification procedure for the enzyme. The study of
FaDH purification is justified by the biotechnological
potential of this enzyme. For example, it is used as
an analytical tool for the determination of formalde-
hyde and glutathione in food and other biological
materials [13].

2. Experimental
2.1. Materials

Candida boidinii strain ATCC 32195 was pur-
chased from the American Type Culture Collection.
NAD" (crystallised lithium salt ca 100%), crys-
talline bovine serum abumin (fraction V) and re-
duced glutathione were obtained from Boehringer
Mannheim (Germany). Formaldehyde, glutathione-
sulfonic acid, S-methylglutathione, CB3GA, lipo-
philic Sephadex LH-20 and DEAE-Sepharose CL6B
were obtained from Sigma (St. Louis, MO, USA).
The agarose chromatography gel Ultrogel A6R, was
a gift from Dr. Boschetti, BioSepra (France).

2.2. Yynthesis and purification of glutathionyl-
biomimetic dye-ligands

Biomimetic dye ligands (Table 1, structures 1-3)
were synthesised by nucleophilic substitution at the
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Table 1

Characteristics of glutathionyl-biomimetic dyes (1-3) and Cibacron Blue 3GA (CB3GA)

2
SOy
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NH
H

SO3
Dye-ligand M, me A (NM)
(-R) (sodium salt) (mM ™ tem™) in water
in water

(1) —HNC,,H,.N,0,S0, 999.6 79 606

(2) —HNC,H,N,O.SCH, 965.6 91 605

(3) —SC,H,,N,O.NH, 951.6 98 613

(4) —0-HNBenzSO, (CB3GA) 839.5 12.6 622

dichlorotriazine ring of the parent dye (VBAR) by
the N-termina amino group of the glutathione
analogues (glutathionesulfonic acid and S
methylglutathione, structures 1, 2) or by the —SH
group of glutathione (structure 3), as follows: solid
commercia  VBAR (227 mg, 0.2 mmol dich-
loroform, purity 61.3%, w/w) was added to water
(10 ml, 25°C) and the solution was slowly intro-
duced under stirring to a solution (20 ml) of the
glutathione analogues (0.2 mM) or glutathione (1
mM). The pH was adjusted to 7.5 for the glutathione
analogues and to 3.0 for the glutathione, and kept at
this value throughout the reaction. The reaction time
was varied depending on the nucleophile structure
(25°C): 2.5-3 h for the glutathionesulfonic acid and
S-methylglutathione and 48 h for the glutathione.
The progress of each reaction was followed by TLC
using the solvent system: 2-propanol—ammonia—
water (7:2:1, v/v). After the reaction was completed
(as judged by TLC) the mixture was lyophilised and
stored desiccated at 4°C.

Dye purification was achieved by a combination of
preparative TLC and LC as follows: lyophilised
reaction mixture of each dye (20 mg) was dissolved
in water (0.4 ml) and the solution applied on a
Kieselgel 60 plate (silicagel 60, 0.2 mm, 20X20 cm,
Merck). The plate was developed using the solvent
system 2-propanol—ammonia—water (7:2:1, v/v).
Following completion of the chromatography, the
plate was dried and the band of interest was scraped

off. The desired dye was extracted from the silica gel
with water, filtered through a 0.45 pm cellulose
membrane filter (Millipore) and lyophilised. The
lyophilised material was dissolved in water—metha-
nol (5 ml, 50:50, v/v) and the solution was chro-
matographed on a lipophilic Sephadex LH-20 col-
umn (30X 2.5 cm) as described by Labrou and Clonis
[14]. The purification of Cibacron Blue 3GA was
performed according a published procedure [14].

2.3, Yectroscopic characterisation of dye-ligands

The absorption maxima (A,,,) and the molar
absorption coefficients (¢ values) of the purified dyes
were determined as described by Labrou and Clonis
[14].

2.4. Immobilisation of dye-ligands

To washed crosslinked agarose gel (1 g) was
added a solution of purified dye in water (1 ml, the
amount of dye is shown in Table 2), followed by
NaCl solution (22%, w/v, 0.2 ml). The suspension
was tumbled for 30 min at room temperature prior to
the addition of solid sodium carbonate (at a final
concentration of 1% w/v). The reaction continued
under shaking at 60°C. The time of immobilisation
reaction was varied depending on the dye-ligand
(Table 2). After completion of the reaction, dyed
gels were washed sequentially with water (100 ml),
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Table 2

Conditions and performance of immobilization reactions for purified dyes on agarose gel

©‘© »
@NH« J&

SO;3
Dye-ligand mg dye/g Time wmol dye/g me”
(-R) moist gel (h) moist gel (ImM tem™)
(in reaction) (in adsorbent)
(1) —-HNC,,H,;N,0,S0, 14.3 49 28 55
(2) —-HNC,H,,N,O,SCH, 11.3 325 2.0 6.7
(3) -SC,,H,,N,O(NH, 43 60 24 75
(4) —0-HNBenzSO, (CB3GA) 6.3 4 20 9.2

® Determined in medium identical to the one that resulted after acid hydrolysis of the adsorbent [7]. Values were determined from 20 uM

dye solutions made in the above medium.

1 M NaCl (50 ml), 50% dimethyl sulfoxide (DM SO)
(10 ml), 1 M NaCl (50 ml) and finally water (100
ml). The dyed gels were stored as moist gelsin 20%
methanol at 4°C.

2.5. Determination of immobilised dye
concentration

Determination of immobilised dye concentration
was achieved according to [7]. The concentration of
the immobilised dye was calculated as micromoles of
dye per gram moist mass gel, using the molar
absorption coefficients shown in Table 2.

2.6. Assay of enzyme activity and protein

FaDH, GSHR and GSTI assays were performed at
30°C according to [15,16] and [17], respectively. All
assays were performed in a double beam UV—-visible
spectrophotometer equipped with a thermostated cell
holder (10-mm pathlength). One unit of enzyme
activity is defined as the amount that catalyses the
conversion of 1 wmol of substrate to product per
min. Protein concentration was determined by the
method of Bradford [18] or by a modified Bradford's
methods [19], using bovine serum albumin (fraction
V) as standard.

2.7. Sodium dodecylsulfate—polyacrylamide gel
electrophoresis (SDS-PAGE)

SDS-PAGE was performed according to Laemmli
[20] on a 0.75-mm-thick vertical slab gel (10X 8 cm)
containing 12.5% (w/v) polyacrylamide (running
gel) and 2.5% (w/v) stacking gel, using a Hoefer SE
250 dual-dab cell unit. Protein samples, after dialysis
against 25 mM Tris—HCI, pH 6.8, were mixed with
an equa volume of treatment Tris—HCI buffer (125
mM, pH 6.8) containing SDS (4% v/v), glycerol
(20% v/v), B-mercaptoethanol (B-MeSH; 10%, v/v),
and bromophenol blue (0.002%, w/v). The samples
were incubated at 75°C for 5 min, applied to the
wells, and run at a current of 20 mA per gel for 1 h.
Protein bands were stained with Coomassie Blue
R-250.

2.8 Cdl cultures

Candida boidinii ATCC 32195 stock cultures were
maintained in a 50% (v/v) glycerol solution at
—80°C. The culture medium used was optimised as
proposed by Weuster—Botz aand Wandrey [21]. The
growth of Candida boidinii was performed according
to Aggelis et a. [22]. Cells were harvested by
centrifugation at 4°C (Heraeus Varifuge 20 RS,
10000 g for 10 min), washed with potassium
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phosphate buffer (50 mM, pH 7.6) and stored at
—20°C. E. coli M15[pREP4] cells harbouring the
expression construct pQE70-GSTI for GSTI expres-
sion were growth and induced according to Labrou et
al. [23].

2.9. Preparation of cell extracts

Cédls (4 g paste) were suspended in potassium
phosphate buffer (50 mM, pH 7.6, 8 ml) and
disintegrated in one passage (flow-rate approx. 0.5
ml/min, 150 bar) using a French-press (capacity 28
ml, 13X5 cm; Linca Scientific Instruments, Tel
Aviv, lsragl) which was previoudly cooled in an
ice-bath. After the disintegration cell debris was
removed by centrifugation (14 000 g for 30 min,
4°C). The supernatant was dialysed overnight at 4°C
against 51 of 10 mM potassium phosphate buffer, pH
7.5. The diaysate was clarified through a Millipore
cellulose membrane filter (0.45 pum pore size),
affording specific activities, typicaly, as follows: 4.4
units FaDH/mg (13 units FaDH/ml extract, 26 units
FaDH/g cell paste), 1.0 unit GSTI/mg (8.4 units
GSTI/ml extract, 17 units GSTI/g cell paste) and
0.5 unit GSHR/mg (1.0 unit GSHR/ml extract).

2.10. Effect of cycles of press disintegration of C.
boidinii cells on the extraction of FaDH activity

Cdls (5 g paste) were added in potassium phos-
phate buffer (50 mM, pH 7.6, 10 ml), and press
disintegrated in consecutive passages at a flow-rate
of approximately 0.5 ml/min (150 bar). Following
every passage, a sample (1 ml) was drawn off,
centrifuged (14 000 g), and the supernatant assayed
for FaDH activity and protein.

2.11. Affinity chromatography study of dye
adsorbents for binding FaDH activity from C.
boidinii extract

All procedures were performed at 4°C.

Sep 1: ion-exchange chromatography on DEAE—
Sepharose CL6B. Dialysed extract (10 ml, 130 units
FaDH, 29.4 mg protein) was applied to a column of
DEAE-Sepharose CL6B anion-exchanger (15 ml,

3X25 cm) previously equilibrated with 10 mM
potassium phosphate buffer, pH 7.5. Non-adsorbed
protein was washed off with 300 ml equilibration
buffer, followed by 300 ml of 50 mM potassium
phosphate buffer, pH 7.5. Elution of FaDH activity
was carried out with 48 ml potassium phosphate
buffer 100 mM, pH 7.5. Collected fractions (8 ml)
were assayed for FaDH activity and protein [18].
The fractions with the higher FaDH activity were
pooled (24 ml) and the specific activity was de-
termined.

Sep 2 affinity chromatography on dye adsor-
bents. FaDH activity eluted from the previous step
(24 ml, 101 units FaDH, 2.97 mg protein) was
dialysed overnight against 5 litre of 20 mM potas-
sium phosphate buffer, pH 7.5. A sample of the
dialysate (1.07 ml, 4.5 units FaDH, 0.13 mg protein)
was applied to each analytical column (packed with
0.5 ml of dye adsorbent), previously equilibrated
with 20 mM potassium phosphate buffer, pH 7.5.
Non-adsorbed protein was washed off with equilibra-
tion buffer (5 ml). Bound FaDH was eluted by a
mixture of 1 mM NAD" and 1 mM reduced
glutathione (GSH) in the above buffer (8 ml).
Collected fractions (2 ml) were assayed for FaDH
activity and protein [19]. The fractions with the
higher FaDH activity were pooled and the specific
activity was determined.

2.12. Affinity chromatography study of dye
adsorbents for binding GSHR and GSTI activity
from S cerevisiae and E. coli extracts

S cerevisiae and E. coli extracts were dialysed
overnight against 5 | of 20 mM potassium phosphate
buffer, pH 7.5. A sample of S cerevisiae dialysate
(1.0 ml, 1 units GSHR, 2.1 mg protein) and E. coli
dialysate (1.0 ml, 8.4 units GSTI, 8.1 mg protein)
was applied to each analytical column (packed with
0.5 ml dye adsorbent), previoudly equilibrated with
20 mM potassium phosphate buffer, pH 7.5. Non
adsorbed protein was washed off with equilibration
buffer (5 ml). Bound GSHR was eluted by a mixture
of 1mM NAD" and 1 mM GSH in the above buffer
(5 ml), whereas bound GSTI was eluted by 5 mM
GSH (5 ml). Collected fractions (1 ml) were assayed
for enzyme activity and protein [18]. The fractions
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with the higher activity were pooled and the specific
activity was determined.

2.13. Purification of FaDH from C. boidinii
extract on immobilised glutathionesulfonic—VBAR

All procedures were performed at 4°C. FaDH
activity eluted from the ion-exchanger was dialysed
overnight against 5 | of 20 mM potassium phosphate
buffer, pH 7.5. The dialysate (1.07 ml, 4.5 units
FaDH, 0.132 mg protein) was applied to a column of
glutathionesulfonic—VBAR—agarose (BM1; 0.5 ml)
which was previously equilibrated with 20 mM
potassium phosphate buffer, pH 7.5. Non-adsorbed
protein was washed off with 5 ml equilibration
buffer. Bound FaDH was eluted in equilibration
buffer containing a mixture of 0.5 mM NAD" and
0.5 mM GSH (8 ml) in the same buffer. Collected
fractions (2 ml) were assayed for FaDH activity and
protein (A,g,, except for fractions with NAD™ and
GSH where the protein determined by a modified
Bradford's method [18]). Those fractions with higher
FaDH activity were pooled (6 ml) and the specific
activity was determined.

2.14. Molecular modelling of C. maltosa FaDH

Since the sequence of C. boidinii FaDH is not yet
known, the closely related C. maltosa FaDH se-
quence [24] was used. A model of C. maltosa FaDH
was built using the X-ray crystal structure of human
xx acohol dehydrogenase [25]. This structure was
chosen as the single template from the large number
of available alcohol dehydrogenase structures since,
uniquely, it represents a glutathione-dependent en-
zyme. The 66% sequence identity shared by C.
maltosa FaDH and human xx alcohol dehydrogenase
rendered the modelling fairly straightforward. The
most favourable position for the single insertion in
C. maltosa FaDH relative to the template was
determined by examination of the structure. Five
models of C. maltosa FaDH were constructed with
Modeller 4 [26], using an aignment made with
Clustal W [27], and their packing and solvent
exposure characteristics analysed with PROSA I
[28]. The model with the best PROSA Il overall
score was taken as the final model. For inspection of

models and crystal structures we used the program O
[29].

2.15. Docking of the biomimetic (BM) ligands into
the C. maltosa FaDH model and into GSTI

The structure of the glutathionyl-biomimetic
chimeric ligand BM 1 was constructed with the aid of
the HICUP database of heterocompounds [30]. The
CBD and GTT entries, containing Cibacron Blue and
glutathione respectively, were combined. The initial
placement of the ligand in the active site of the
model was carried out for the individual CB3GA-like
and glutathione-like portions. Two sources of in-
formation were available to guide the placement.
First, the binding of CB3GA to the structurally
related enzyme liver alcohol dehydrogenase has been
investigated experimentally by X-ray crystallography
[31], abeit only to 3.7 A resolution and with the
co-ordinates not deposited in the PDB. The presented
comparison of CB3GA and NADH binding to liver
alcohol dehydrogenase and the description of the
binding mode aided the initial placement of the
common portion of CB3GA and BM1. To guide the
positioning of the glutathione moiety of BM1, the
previously described model of glutathione binding to
human xx acohol dehydrogenase was used [25].
While not based on experimental data, the binding
model was supported by data from mutant enzymes.
Refinement of the initial docking mode was carried
out using X-PLOR 3.851 [32].

In a smilar way models were produced for
possible modes of interaction of BM1 and BM3 with
GST 1. In the case of BM3, an excellent structural
guide was available in the form of the known
structure of the enzyme in complex with an atrazine—
glutathione conjugate (PDB code 1bye [33]). Since
this conjugate and BM3 share the same mode of
glutathione linkage, the reasonable assumption was
made that the glutathione moiety of BM3 would
adopt a binding configuration similar to that seen
crystallographically. Rotation of bonds enabled the
dye portion of BM3, much larger than the atrazine
unit of the known structure, to be favourable located
in a hydrophobic pocket on the surface of the
enzyme, forming multiple interactions. For model-
ling of BM1 it was presumed that the large dye unit
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would adopt the same favourable conformation as
modelled for BM3. The glutathione-mimetic moiety
of BM1 therefore adopts a different conformation to
that observed expermentally. Analysis of the con-
formational possibilities, located a pocket into which
the glutathione part could be docked. However, with
a lack of experimental data for this new glutathione
binding mode, and despite the model’s ability to
explain orders of binding among the glutathionyl-
biomimetic dye ligands, the BM1 model must be
considered more speculative than the BM3 model.

3. Results and discussion

3.1. Biomimetic-dye adsorbent design and synthesis

In the present study three glutathionyl-biomimetic
dye-ligands, analogues of the parent anthraquinone
dichlorotriazinyl dye VBAR, were designed and
synthesized to mimic the natural substrate of the
glutathione-dependent FaDH. Each biomimetic dye
exhibits two enzyme-recognition moieties: the
glutathionyl terminal biomimetic moiety, which
mimics the enzyme substrate, and the anthraguinone
moiety, which acts as nucleotide coenzyme pseudo-
analogue.

The biomimetic dyes were purified to homogen-
eity in two steps. The initial preparative TLC step
was proven to be satisfactory, affording dyes with
purity >80%. The second purification step (LC on
lipophilic Sephadex LH-20 column) was included in
order to remove unwanted salts and other organic
impurities, affording dyes with typical purity >95%.
Table 1 summarises reaction pH values employed for
dye synthesis, molecular mass, molar absorption
coefficients (&), and absorption maxima (A, ) of
purified biomimetic dyes.

The conditions and performance of immobilisation
reactions of the dye-ligands are summarised in Table
2. All adsorbents were substituted with dye-ligand at
the same level (2.0-2.8 pmol dye/g moist gel).
Equal immobilised dye concentration is an important
prerequisite when comparing affinity adsorbents,
because wide variations in immobilised ligand con-
centration influence column capacity and specificity
and lead to false interpretation of results [7,8].

3.2 Effect of disintegration procedure on the
preparation of C. boidinii extract with FaDH
activity

The number of passages of cells through the press
was examined for its effect on the enrichment of the
extract with FaDH activity. Fig. 1 shows the amount
of enzyme obtained as a function of the number of
cell passages through the press (cycles of disinte-
gration). The optimum number of disintegration
cycles was found to be one, leading to extract with
the highest specific activity for the target enzyme.
More disintegration cycles led to a decrease of FaDH
specific activity in the extract, although the amount
of the extracted enzyme was dlighted increased
(about 2—6% after every cycle). A previously pub-
lished method for FaDH extraction from C. boidinii,
employed a DynoMill disintegrator and led to a
specific activity of 0.37 units/mg [15]. The specific
activity of our starting extract is one of the highest
reported so far, which is important because an
efficient purification method requires the optimisa-
tion of all stages in downstream processing [1,2,7].

3.3 Chromatographic study of dye-adsorbents for
the purification of glutathione-recognising enzymes

Biomimetic and non-biomimetic adsorbents were

5 22
£ 45
2 1205
& 44 &
2 g
B 35 1 + 19 o
= n
5 3¢ £
1175 2
251
2 : : : 16
0 2 4 6
Cycles of disintegration

Fig. 1. Effect of number of cycles of press-disintegration of
Candida boidinii cells on FaDH extraction. Cell paste (0.5 g) is
added in 50 mM potassium phosphate buffer, pH 7.6. The
suspension is press disintegrated in consecutive cycles at a flow of
approximately 0.5 ml/min (150 bar). Following every cycle, a
sample is drawn off, centrifuged, and the supernatant assayed for
FaDH activity and protein. Units per milligram protein (¢); units
per gram cell paste (O).
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evaluated for their ability to purify GSHR and GSTI
from S. cerevisiae and E. coli crude extracts, respec-
tively, and FaDH from C. boidinii pretreated extract.
Table 3 shows the purifying ability of the dye
adsorbents after biospecific elution, together with
their capacities for the enzymes studied (units/ pmol
of immobilised dye). The three new glutathionyl-
biomimetic dye adsorbents (BM1-BM3) exhibited
substantially higher purifying ability for the target
enzymes, compared to the nonbiomimetic control
adsorbent (No. 4). Furthermore, adsorbent BM1,
which bears as terminal biomimetic moiety gluta-
thionesulfonic acid linked to the triazine ring, dis-
played the highest purifying ability for FaDH and
GSTI, whereas adsorbent BM2, which bears as
terminal biomimetic moiety methyl-glutathione, ex-
hibited the highest purifying ability for GSHR. It is
most interesting that the GSTI recovered after bio-
specific elution from the BM1 adsorbent is homoge-
neous (SDS-PAGE analysis). Furthermore, the
purified enzyme exhibited >50% higher purity,
compared to the enzyme purified on commercial
non-dye glutathionyl-analogue affinity adsorbents
[34].

GSH-based affinity adsorbents (e.g. bearing im-
mobilised GSH or GSH analogues) have been suc-
cessfully used for the isolation of GSH-recognising
enzymes [35]. While these adsorbents have found
wide application to the purification of GSTs and
GSH peroxidases, their application is limited to
enzymes that follow ordered (or random) mechanism
of substrate binding, with GSH to be the first
substrate to bind (eg. GSTs) [35]. It should be
emphasized that the present new biomimetic dye-
adsorbents offer the advantage that find application

also in cases where the target enzyme recognizes
GSH as the second substrate, and the biocatalyst
does not bind to immobilised GSH (e.g. FaDH). The
latter is in line with the chimeric nature and function
of the new glutathionyl-biomimetic dye ligands.

34. Modelling of the interaction between FaDH
and BM1

In order to place the dye-adsorbent evaluation
results in a structural context, we carried out model-
ling studies of FaDH and its interaction with BM 1.
Unfortunately, the C. boidinii FaDH sequence is not
yet known, but the use of the C. maltosa sequence
can be readily justified given the close relationship
between the two Candida species [36].

A certain amount of information was available to
guide the initial docking of BM1, from medium-
resolution X-ray crystallography in the case of the
Cibacron Blue-like portion [31] and from modelling
studies in the case of the glutathione moiety [25].
During the modelling process it quickly became
apparent that these data could not be perfectly
reconciled in a binding mode for BM1 since the
distance between the two portions would be too great
to enable them to chemically bridge. Placing greater
weight on the experimental evidence we, therefore,
manually adjusted the glutathione portion of BM1
until it reached bonding distance with the Cibacron
Blue-like portion, optimising the interactions with
the protein.

Refinement of the initial position lead to a highly
favourable predicted binding mode for BM1 (Figs. 2,
3). The anthraguinone moiety is located deep in the
active site cleft forming many favourable hydro-

Table 3
Evaluation of dye-adsorbents for binding FaDH, GSTI and GSHR activity®
Dye-ligand Capacity SA Purification
(-R) (units/ M dye) (units/mg) (-fold)

FaDH GSTI GSHR FaDH GSTI GSHR FaDH GSTI GSHR
(1) -HNC,,H,sN,0,S0; 3.0 6.0 0.17 66.3 68.1 35 15.0 66.3 7.7
(2) -HNC,H,_N,0,SCH, 41 7.2 0.17 62.3 305 6.8 14.1 29.7 15.0
(3) —-SC,,H,,N,O4NH, 22 52 0.11 60.2 25.2 34 136 245 75
(4) —0-HNBenzSO, (CB3GA) 45 17 0.10 429 114 31 9.7 111 6.8

# SA = Specific activity. On each affinity column (0.5 ml), previously equilibrated with 20 mM potassium phosphate buffer, pH 7.5, were
applied 4.5 units FaDH, 8.4 units GSTI and 1.0 unit GSHR that have been dialysed in the same equilibration buffer as above (4°C). After
the adsorbent was washed with equilibration buffer, elution of bound proteins were effected as described in the Experimental section.
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Fig. 2. A LIGPLOT [37] diagram showing the interactions between BM1 and the C. maltosa FaDH in the fina modelled structure.



38 SC. Mélissis et al. / J. Chromatogr. A 917 (2001) 29-42

Fig. 3. Stereo MOLSCRIPT [38] diagram of the model of C. maltosa FaDH-BM1. The protein is shown only as a C, trace with the
exception of the side chains of those residues interacting with BM1 which are drawn as ball-and-stick. The isolated sphere represents the

zinc atom of FaDH.

phobic contacts with, for example, Val275, Phel97,
Val221 and Pro242 (Fig. 2). In this way its position
resembles that seem experimentaly for Cibacron
Blue binding to liver acohol dehydrogenase [31],
but differs from the position modelled for the
corresponding ring in another biomimetic ligand
bound to heart L-lactate dehydrogenase [6]. The
sulphonic acid group of the anthraquinone moiety is
favourably exposed to solvent (Fig. 3). The sul-
phonic acid group attached to the diaminobenzene
ring occupies a similar position to that of the a-
phosphate of NAD" in the human xx alcohol
dehydrogenase structure and can form a favourable
ionic interaction with Lys227. As was the case for
CB3GA binding to liver alcohol dehydrogenase, the

point of attachment of the triazine ring to the solid
matrix is solvent exposed. The position of the
glutathione-like biomimetic moiety is rather different
to that previously modelled [25], athough a strong
ionic interaction with Arg 114 can be maintained if
this residue is allowed to adopt a different rotamer to
that seen in the template crystal structure (Figs. 2,3).
Other favourable characteristics of the predicted
binding of the glutathione-like part of BM1 to FaDH
are the hydrophobic contacts made with Tyr92 and
Met140 and the strong interaction of the second
carboxylate group with the Zn®* ion bound by
FaDH. Additionally, the sulphonic acid group of the
glutathione-like part is favourably solvent-exposed.
The greater affinity of BM1 for FaDH, compared
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to CB3GA, is readily explained by the large number
of protein interactions predicted for the glutathione-
like moiety of BM1 which are absent in the much
smaller aminobenzene sulphonate ring corre-
spondingly present in CB3GA. In the case of BM2
and BM3 the unfavourable thermodynamic position
of the methyl-group of BM2 in the solvent environ-
ment, and the loss of strong interactions formed by
Argl114 and Thr46 in the case of BM3, would reduce
the affinity of dye-ligands for FaDH.

3.5. Modelling of the interaction between GSTI
and glutathionyl-biomimetic dye ligands

The results for the purification of GSTI using the
present biomimetic dyes may be compared with the
known structure of the enzyme in complex with an
atrazine—glutathione conjugate (PDB code 1bye
[33]). That ligand comprises glutathione bound to the
triazinic ring of atrazine through its SH group and,

therefore, most closely resembles BM3 among the
dye ligands studied here. Structural examination
shows that the additional anthraquinone and sulpho-
nated diaminobenzene rings contained in BM3 may
be readily accommodated in an additional hydro-
phobic pocket on the surface of the enzyme (Fig. 4a).
Residues Met10, Leull?, 1lel18, Met121, Alal76
and Met209 all form hydrophaobic interactions with
BM3. It is interesting to note that a much better
purification results from the use of BM1 than from
BM3. Given that, of the triazinyl-dye and
glutathionyl moietiesit is the latter that is most likely
to adopt a different binding mode, this result sug-
gests that the glutathionyl moiety of BM1 may adopt
a highly favourable binding mode, different to that
crystallographically observed for the glutathione—
atrazine conjugate. The possible binding mode
shown in Fig. 4b would explain the better results of
BM1 compared to BM3. The interactions in Fig. 4b
are more numerous than those in Fig. 4a and include

Fig. 4. MOLSCRIPT [38] diagrams of possible docking modes of BM3 (8) and BM1 (b) to GST | based on the structure of GST |
complexed with an atrazine—glutathionine conjugate (PDB code 1bye; [33]). The protein is shown only as a smoath coil with the exception
of the side chains of those residues interacting with BM1 or BM3 which are drawn as ball-and-stick. The ligand bonds are shaded grey while
the residue N103' from the adjacent subunit is drawn with black bonds. Possible hydrogen bonds are represented with dotted lines.
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strong ionic interactions with residues Argl6é and
Arg68. The better performance of BM1 relative to
the similar BM2 highlights the importance of the
nature of the modification of the sulphur atom of the
glutathione moiety. In the model (Fig. 4b) the
sulphonic acid group is favourably exposed to sol-
vent and forms a hydrogen bond with GIn53. This
interaction would not be possible for BM2, and
solvent exposure of its thiol group would be un-
favourable.

3.6. The purification of FaDH from C. boidinii
extract on immobilised glutathionesulfonic—VBAR

Prior to the design of an optimum purification
protocol, factors such as the influence of pH in the
binding process, and the elution conditions were
investigated. Table 4 summarises the effect of pH of
the equilibration buffer during adsorption and the
effect of concentration of the specific eluent (NAD "/
glutathione) on FaDH purification. At pH 7.5, BM1
displayed the maximum purifying ability (15-fold),
whereas considerable falls is observed under dlightly
akaline conditions (Table 4, part 8. The pH value of
7.5 was finaly chosen for the purification protocol.

The conditions adopted for FaDH specific elution
from the BM1 adsorbent are summarised in Table 4,
part b. Different concentrations of a mixture of
NAD" and GSH were tested as biospecific eluents.
Elution with 0.5 mM NAD " and 0.5 mM GSH led to
the highest purification (17.9-fold).

The results of a typical purification run, based on
the above optimised procedure, are summarised in
Table 5. The specific activity of the purified FaDH
was assayed to 79 units/mg and is one of the highest
reported so far. The purity of the enzyme preparation
was assessed by SDS-PAGE analysis, which showed
the presence of a single band corresponding to
subunit M, of 41 kDa, after Coomassie Blue R-250
staining (Fig. 5).

The majority of highly purified FaDH preparations
were originated from methylotrophic yeast with only
a few homogeneous enzymes being obtained from
other sources. In most cases, the isolation procedures
used for the yeast enzymes were multistep and
laborious. For example, FaDH from C. boidinii has
been purified after a combination of anion-exchange
and hydroxyapatite chromatography in a four-step
procedure, which led to FaDH of specific activity
equal to 47.9 units/mg and 75% yield [15]. Another

Table 4
Effect of pH and elution conditions on the affinity chromatography of Candida boidinii FaDH on BM1 biomimetic adsorbent
Method SA Purification Recovery(c)
(units/ mg) (-fold) (%)
(@ Adsorption at:
pH 7.0 62.3 14.1 60
pH 7.5 66.3 15.0 76
pH 7.7 63.3 14.3 81
pH 7.9 54.2 12.3 83
(b) Elution with (pH 7.5):
1 mM NAD"/1 mM GSH 66.3 15.0 76
0.5mM NAD*/0.5 mM GSH 78.0 17.9 53
0.1 mM NAD"/0.5 mM GSH 62.4 14.2 24
0.1 mM NAD /0.1 mM GSH 40.2 9.1 19

(a) Effect of pH on protein adsorption: on BM1 adsorbent (0.5 ml), previously equilibrated with 20 mM potassium phosphate buffer pH
7.0 to 7.9, was applied 1.07 ml of C. boidinii pretreated extract (after DEAE—Sepharose chromatography, 4.5 units FaDH) that has been
dialysed in the same equilibration buffer as above. After the adsorbent was washed with equilibration buffer, elution of bound FaDH was
effected with 8 ml of a mixture of 1 mM NAD" and 1 mM GSH in the same buffer.

(b) Effect of elution conditions on the purification of FaDH: on BM1 adsorbent (0.5 ml), previously equilibrated with 20 mM potassium
phosphate buffer, pH 7.5, was applied 1.07 ml C. boidinii pretreated extract (after DEAE—Sepharose chromatography, 4.5 units FaDH) that
has been dialysed in the same equilibration buffer as above. After the adsorbent was washed with equilibration buffer, elution of bound

proteins was effected with 8 ml of the NAD " /GSH mixtures shown.

(c) Cdlculated on the basis of bound and non-washed off FaDH units (100%).
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Table 5

Purification protocol of FaDH from Candida boidinii extract on BM1 affinity adsorbent®

Step Volume Activity Protein Specific Purification Yield
(ml) (units) (mg) activity (fold) (%)

(units/mg)

Crude extract 10 130 294 44 1 100

Anion-exchange 24 101 297 34 1.7 7.7

chromatography

(100 mM potassium

phosphate buffer elution)

BM1 affinity 6 2.29 0.029 79 17.9 51°

chromatography”

(NAD " /GSH elution)

® Procedures were performed at 4°C. For details see text.

® Calculations were based on affinity chromatography of 1.07 ml DEAE—Sepharose pretreated extract (4.5 units, 0.13 mg protein).

purification protocol of FaDH from Pichia sp. in-
volved steps such as protamine sulphate treatment
and ammonium sulphate fractionation, and anion-
exchange, dye-ligand and gel filtration chromatog-
raphy, leading to a specific activity of 2.09 units/mg
[39]. The enzyme has aso been purified from rat
liver in a two step procedure combining affinity
chromatography on a 5-AMP-agarose column and

Fig. 5. SDS-PAGE was performed on a 0.75-mm-thick vertical
slab gel containing 12.5% (w/v) polyacrylamide (running gel) and
2.5% (w/v) stacking gel. The protein bands were stained with
Coomassie Blue R-250. Lanes: 1= Candida boidini extract (20 ng
total protein); 2=after DEAE—Sepharose anion-exchange chroma-
tography (10 g total protein); 3, 4= after affinity chromatography
on BM1 (1 and 2 pg protein, respectively).

chromatofocusing, leading to a specific activity of
2.49 units/mg and 58% yield [4Q].

In conclusion, in this report we describe the
design, synthesis and application of three new
glutathionyl-biomimetic ligands and respective ad-
sorbents suitable for the affinity purification of
glutathione-recognising enzymes. The affinity purifi-
cation method described for FaDH, is simple and
effective, as it yields pure enzyme suitable for
analytical applications. The new biomimetic adsor-
bents could find application as affinity chromatog-
raphy tools to the purification of other glutathione-
recognising enzymes, with glutathione transferases
being the most attractive candidates.
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