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Abstract

NADH oxidase from Thermus thermophilus HB8 was selected to study the interaction of flavoproteins with
structurally defined dye ligands. The fact that the enzyme binds NADH in addition to FAD favours the enzyme as
a model for studying the interaction of enzymes with biomimetic ligands. In addition, the crystal structure of the
holoenzyme is known. Applying affinity partitioning in aqueous two-phase systems, difference spectroscopy,
affinity chromatography and kinetics, results about the chemistry of binding and the binding site(s) for various
triazine dyes were obtained. The binding of the dyes to the enzyme is stabilized by hydrophobic and electrostatic
forces. The binding behaviour is influenced by small differences in the structure of the dye ligands. In most
instances the dye ligands occupy both FAD binding sites of the enzyme dimer; this is particularly shown for Procion
Red H-8BN by kinetic and difference spectroscopic studies. An “optimum” structural model of a biomimetic ligand
of NADH oxidase from Thermus thermophilus HBS is proposed, requiring the presence of a disulphonated
aminonaphthol ring combined with another aromatic negatively charged residue and a hydrophobic arm at a

distance between 7 and 13 A,

1. Introduction

The enzyme NADH oxidase from Thermus
thermophilus HB8 catalyses the oxidation of
NADH or NADPH with the formation of hydro-
gen peroxide in the presence of FAD, FMN or
riboflavin as cofactor using oxygen as electron
acceptor. In the absence of oxygen also other
electron acceptors such as methylene blue, cyto-
chrome ¢ and 2,6-dichlorophenol are accepted
[1]. The enzyme was found to be a dimeric
fAavoprotein with an apparent molecular mass of
43 600. Two molecules of FAD are bound per
enzyme dimer [2].

* Corresponding author.

For affinity chromatographic purification of
the NADH oxidase from Thermus thermophilus
HB83, Cibacron Blue F3G-A (CB F3G-A), a very
common biomimetic dye ligand, has been used
(1].

Although some data on the interaction be-
tween flavoproteins and dye ligands have already
been published [3-5], the chemistry of binding
and the binding site(s) are stil unknown. For
NADH- and ATP-dependent enzymes it has
been reported that biomimetic dye ligands bind
competitively to the nucleotide binding site [6].
As NADH oxidase from Thermus thermophilus
HBE binds NADH in addition to FAD, the
latter, in contrast to many other flavoproteins, is
not tightly bound, and this enzyme seems to be
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of particular interest for studying its interaction
with biomimetic dye ligands. Further, a crystallo-
graphic analysis of the enzyme—dye complex
appears to be feasible after the completion of the
crystal structure analysis of the holoenzyme [7].
In this work, we applied the technique of
affinity partitioning to study the interaction of a
number of chemically defined reactive dyes with
NADH oxidase. From the results of this screen-
ing procedure a set of dyes were selected to
analyse the dye—enzyme interaction in more
detail by application of difference spectroscopy,
affinity chromatography and kinetic studies.

2. Experimental
2.1. Materials

Procion dyes were obtained from ICI Organics
Division {Blackley, UK) and Cibacron dyes from
Ciba Geigy (Basle, Switzerland). The dyes were
deactivated and purified according to Lowe and
Pearscn [8] before use in difference spectroscopy
and kinetics. The commercial names of the dyes
are abbreviated as follows: P =Procion; C=
Cibacron; B =blue; G =green; N=navy; O=
orange; R =red; Y = yellow. NADH and FAD
were purchased from Boehringer (Mannheim,
Germany). Polyethylene glycol 6000 (PEG
6000}, dextran 60 (M, ~75000) and dextran 500
(M, =450000) were obtained from Serva
(Heidelberg, Germany) and dextran T10 (M, ~
9900) from Pharmacia (Uppsala, Sweden). All
other biochemicals were of analytical-reagent
grade.

2.2, Preparation of the immobilised dye-
derivatives

Dye-PEG

Triazine dyes were covalently coupled to PEG
6000 in aqueous alkaline solution and dye-PEG
derivatives were purified by extraction with chlo-
roform and followed by ion-exchange chroma-
tography on DEAE-cellulose according to
Johansson [9]. The purity of the conjugates was
analysed by thin-layer chromatography on silica

gel G 60 plates (Merck, Darmstadt, Germany)
in 1-butanol-2-propanol-ethyl acetate-water
(20:35:10:35, v/v). The cleavage of the azo
linkages vyielding H-E3B(M)-PEG and H-
3B(M)-PEG, respectively was performed as
described previously [10].

Dye—Sepharose
Procion and Cibacron dyes were coupled to
Sepharose 4B as described by Hughes et al. [11].

2.3. Enzyme purification

NADH oxidase from Thermus thermophilus
HB8 cloned and expressed in Escherichia coli
has been purified by heat treatment, affinity
chromatography on Blue-Sepharose and cation-
exchange chromatography on S-Sepharose to
homogeneity in the flavin-free form [12]. All
experiments were performed with the flavin-free

apoenzyme.
2.4. Enzyme assay

NADH oxidase was assayed by measuring the
initial rate of oxidation of NADH at 340 nm in
the presence of oxygen and FAD as described by
Park et al. [1]. One unit of activity is defined as
the amount of enzyme that converts 1 pmol of
substrate per minute in 50 mM potassium phos-
phate buffer (pH 7.2) at 37°C. The protein
concentration of the purified enzyme was de-
termined s?ectrophotometrically at 280 nm
based on A, =14.88.

1cm

2.5. Kinetics

The kinetic parameters and the inhibition
constants were determined in 50 mM potassium
phosphate buffer {pH 7.2) at 25°C by measuring
the rate of oxidation of NADH at 340 nm. While
varying the concentration of NADH the con-
centration of FAD was kept constant at 127 uM
and while varying the conceatration of FAD the
concentration of NADH was fixed at 173 uM.
The concentration of PR H-8BN-PEG was var-
ied between 0 and 0.25 uM. The type of inhibi-
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tion and the inhibition constants were calculated
by non-linear regression analysis [13].

2.6. Aqueous two-phase partitioning

Two-phase systems were prepared from stock
standard solutions of PEG 6000 (20%, w/w),
dextran {30%, w/w) and 0.5 M potassium phos-
phate buffer (pH 7.2). The polymer concen-
trations are given as a percentage of the mass of
the system. The amount of dye-liganded PEG
given in per cent is refered to the total mass of
PEG present in the system. The systems (2 g)
containing about 5 units of NADH oxidase,
equivalent to 58 pg of protein, were adjusted to
25°C and equilibrated by gently mixing for 3¢ s.
After centrifugation at 1500 g for 5 min, samples
were withdrawn from both phases for enzyme
assay. Inhibition of the enzyme in the assay
mixture by the dye—-PEG was avoided by suffi-
cient dilution of the samples with buffer. The
partition coefficient, K, is defined as the ratio of
the enzyme activity per unit volume in the top
and bottom phases.

2.7. Affinity chromatography

Disposable columns (40 X8 mm I.D.) (Bio-
Rad Labs., Munich, Germany) containing a 1.0-
ml bed volume of dye-liganded Sepharose 4B
were equilibrated with 50 mM potassium phos-
phate buffer (pH 7.2) at 25°C. The dialysed
enzyme was applied in excess to the column (ca.
35 units) and the unbound enzyme, ca. 2-5 units,
was washed out with equilibration buffer at a
flow-rate of 20 ml/h. The bound enzyme activity
was eluted with equilibration buffer containing
effectors as indicated in Table 6.

2.8. Difference spectroscopy

Difference spectroscopy was performed with a
Specord M40 double-beam spectrophotometer
(Carl Zeiss, Jena, Germany) using 50 mM potas-
sium phosphate buffer (pH 7.2) at 25°C. The
light path of the cuvettes was 10 mm and the
spectra were recorded at a scan rate of 2 nm/s
and a constant slit width of 0.5 nm. The differ-

ence spectra were recorded after adding the
same amount of the dye to the reference and the
sample cells, respectively, containing concentra-
tions of the effectors and the enzyme as given in
the legends of Fig. 4 and Table 3. The dye
concentrations were determined spectrophoto-
metrically by using the following molar absorp-
tion coefficients (1/mol-cm): Procion Red H-
E3B (530 nm), 30 000; Procion Red H-8BN (546
nm), 21300; Procion Red H-3B (530 nm),
18 100; Procion Red MX-8B (530 nm), 19210;
Procion Red MX-5B (523 nm), 23 690; Procion
Green H-E4BD (628 nm), 45 610; Cibacron Blue
F3G-A (610 nm), 13600; and Cibacron Blue
3G-A (622 nm), 11 600.

3. Results

In order to optimize the conditions of the
affinity partitioning, the distribution of the en-
zyme was studied in a first set of experiments as
a function of the polymer concentration at a
constant ratio of PEG and dextran and the
relative molecular mass (M,) of dextran (see
Table 1). Systems of PEG—dextran T10 at ratios
below 8:12 and systems of PEG—dextran 60 at
ratios below 5:7.5 were completely miscible at
25°C. With increasing concentration of the two

Table 1
Partitioning of NADH oxidase depending on the polymer

. concentration and the relative molecular mass (M, ) of dex-

tran

PEG 6000/dextran Log K*
concentration ratio

(wiw) Dextran T10 Dextran 60 Dextran 500
4:6 cm. c.m. -0.01
5:7.5 c.m. =0.03 -0.12
6.9 c.m, -0.16 —-0.18
7:10.5 c.m. —0.41 —0.20
8:12 —0.49 —0.49 —0.25
9:13.5 —-0.70 ~0.58 —-0.29

The systems (2 g) contained 50 mM potassium phosphate
buffer (pH 7.2), PEG 6000 (4-9%, w/w) and 5 units of
purified apoenzyme. The systems were equilibrated at 25°C.
The M, values of dextrans are given under Experimental.

* c.m. = Complete miscibility.
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polymers and by reducing the M, of dextran, the
partition coefficient of the enzyme decreased. In
a system composed of 13.5% dextran T10, 9%
PEG and 50 mM potassinm phosphate buffer
{pH 7.2), the partition coefficient of the enzyme
was sufficiently low for the detection of changes
in the partition behaviour of the enzyme caused
by addition of the dye-liganded PEG to the
system.

A series of 28 structurally different dyes,
covalently coupled to PEG, were screened by
determining the extent of the affinity partition
effect (A log K). A log K was calculated from the
difference in the logarithms of the partition
coefficient of the enzyme in the presence and
absence of the affinity ligand. In all instances
0.5% of the total PEG was replaced with dye-
liganded polymer. Higher concentrations of dye—
PEG led to increasing inhibition of the enzyme.

J. Kirchberger et al. | J. Chromatogr. A 668 (1994} 153-164

As shown in Fig. 1, the affinity partition effect of
the dye ligands was heterogeneous. A number of
dye ligands showed relatively low A log K values
(PO MX-G, PO MX-2R, PY P-5GN, PY MX-R
and CB BR-P), whereas others such as PN MX-
RB, CR 3BA, PR H-8BN, PR H-E3B and PG
H-E4BD generated a A log K higher than 1.5.
Most of the screemed dye ligands exhibited
moderate A log K values between 0.5 and 1.5.

The strength of interaction was characterized
by studying the affinity partitioning of the en-
zyme as a function of the concentration of
selected dye ligands. With increasing concen-
tration of dye-PEG, saturation curves were
obtained as shown, for example, for CB F3G-A,
PR H-8BN and PG H-E4BD in Fig. 2.

To determine the maximum extraction power
(A log K_,,) and the relative affinity (affy),
defined as the ligand concentration that gener-
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Fig. 1. Effect of diverse dye—PEG derivatives on the affinity partitioning of NADH oxidase. The systems (2 g) were composed of
13.5% (w/w) dextran T10 and 9% (w/w) PEG 6000 including 0.5% of the respective dye-PEG derivative, 50 mM potassium
phosphate buffer (pH 7.2) and 5 units of enzyme. The systems were equilibrated at 25°C.
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Fig. 2. Affinity partitioning of NADH oxidase as a function
of the concentration of (i) CB F3G-A, (¢) PR H-8BN and
(A) PG H-E4BD covalently coupled to PEG 6000. The
systems (2 g) contained 13.5% (w/w) dextran T10, 9% (w/w)
PEG 6000, 506 mM potassium phosphate buffer (pH 7.2) and
5 units of enzyme. The partitioning was performed at 25°C.

ates 50% of A log K, a linear regression
analysis of the double reciprocal plot was used.
The highest A log K., values were calculated
for CB 3G-A, CB BR-P and PG H-E4BD (Table
2).

According to the mathematical approach of
Flanagan and Barondes [14}, which assumes
different affinitics of the dye ligand in the top
and bottom phases, the dissociation constants
(K,) in both phases and the number of indepen-
dent binding sites (n) were calculated by using a
non-linear regression analysis [13]. The best
curve fit for all dye ligands was achieved assum-
ing two binding sites per enzyme dimer. The
dissociation constants in the top phase (Kq,)
coincides with the values of the relative affinity
(affy). The dissociation constant in the bottom
phase (K, ) was found to be significantly lower
than K, for all dye ligands studied. Dye ligands
exhibiting high affinity were PB MX-2G, PR
H-E3B, PR H-8BN, PG H-E4BD and PR H-3B
(azo dyes) and dyes with low affinity were CB
B-RP, CB 3G-A, PB MX.-3G (anthraguinone
dyes) and PR MX-5B (azo dye).

By comparing the relationship between the

structure of the ligand and the binding behav-
iour, it became obvious that small differences in
the structure can cause drastic changes in the
affinity to NADH oxidase. For example, a com-
parison of the affinities of PR H-8BN and PR
MX-8B (Table 2) and the structures of these
dyes (Fig. 3D) indicates that the removal of the
methylanilino group gives rise to a significant
decrease in the affinity of the ligand. Similar
correlations were obtained after splitting off the
sulphonated terminal ring(s) in PR H-E3B and
PR H-3B by reducing the azo bridge with
Na,S,0,, yvielding H-E3B(M) and H-3B(M),
respectively, or by changing the position of the
sulphonic acid group on the terminal aromatic
ring from meta/para- (CB F3G-A) to ortho- (CB
3G-A) (for structures see Fig. 3C).

In order to correlate the strength of inter-
action with the structure of the dye ligand,
difference spectroscopy was applied to the fol-
lowing pairs of free dyes; (&) PR H-E3B-PG
H-E4BD; (B) PR H-3B-PR MX-5B; (C) CB
F3G-A-CB 3G-A; and (D) PR H-8BN-PR MX-
8B. The structures of these dyes are shown in
Fig. 3. The results are summarized in Tables 3
and 4.

The kind of interaction was established ac-
cording to Subramaniam [15] by comparing the
shapes of the difference spectra of the dye—
enzyme complex with that of the free dye in 0.5
M NaCl and 50% ethylene glycol, as shown for
PR H-8BN in Fig. 4. In all instances a mixed
type of hydrophobic and electrostatic interac-
tions was found. All spectra showed one or two
isosbestic points, indicating that only one class of
binding sites is titrated.

Applying a non-linear regression analysis ac-
cording to Barden et al. [16], the dissociation
constants (K,), the number of binding sites (n)
and the absorption coefficients of the dye-en-
zyme complexes were calculated. A comparison
of the dissociation constants obtained from af-
finity partitioning (Table 2} and difference spec-
troscopy is given in Table 4. The data from
difference spectroscopy corroborate the exist-
ence of two binding sites for the dye per enzyme
dimer. All dissociation constants are in the range
of the K, values for NADH and FAD. By
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Table 2
Affinity partitioning of NADH oxidase

Dye-PEG Drouble reciprocal Constants calculated

piot according to the

(1/A log K versus model of Flanagan

1/[Dye-PEG]) and Barondes {14]

Alog K, affy Ky L% n

(uM} (uM) (M)

Cibacron Blue F3G-A 1.42 34.90 2770 2.95 2
Procion Blue MX-R 1.24 26.81 23.32 2.00 2
Cibacron Blue 3G-A 2.09 91.28 55.72 19.58 2
Procion Blue B-RP 1.77 113.57 81.71 16.56 2
Procion Blue MX-3G 1.35 56.22 47.60 4,89 2
Procion Red H-E3R 151 4,55 317 0.38 2
H-E3B(M)” 102 30.29 29.50 2.02 2
Procion Blue MX-2G 1.52 328 233 029 2
Procion Green H-E4BD 1.77 8.61 5.45 0.84 2
Procion Red H-3B 1.43 10.47 8.14 0.85 2
H3B(M)" 1.60 58.10 43.99 6.58 2
Procion Red MX-5B 1.26 57.58 50.34 4.48 2
Cibacron Red 3BA 1.62 14.86 10.28 1.29 2
Procion Red MX-8B 1.24 39.76 34.79 3.00 2
Procion Red H-8BN 1.60 4.94 129 0.44 2
Procion Blue H-5R 1.50 15.88 11.77 1.43 2

The systems (2 g) containing 9% (w/w) PEG 6000 (0-1% dye-liganded PEG), 13.5% (w/w) dextran T10, 5¢ mM potassium
phosphate buffer {pH 7.2) and 5 units of enzyme were equilibrated at 25°C.

® Procion Red H-E3B reduced with Na,5.0,.
® Procion Red H-3B reduced with Na,$,0,.

comparing the ratio of the £, , K, and X,
values within the four pairs of structurally re-
lated dyes a good correlation was found with
both methods, with the exception of PR MX-
8B-PR H-5BN.

In order to obtain information about the
specificity of interactions, the influence of
NADH and FAD on the affinity partitioning, the
quenching effect in difference spectroscopy and
the elution behaviour of the enzyme from affinity
columns were studied. The affinity partitioning
of the enzyme in the presence of 4 mM NADH
and 2 mM FAD is shown in Table 5. To
normalize the conditions of the competitive
experiments, dye~PEG concentrations that were
equivalent to 2K, were applied. The partition
coefficients of NADH and FAD were 0.88 and
1.11, respectively.

The addition of NADH caused a moderate
decrease in the affinity partitioning effect (A log

K) for all dyes studied. Only with PR MX5B a
decrease in A log K of more than 40% was
observed. The effect of FAD is more pro-
nounced for these selected dyes. No influence
could be detected with PR HE-3B and PR MX-
5B. A stronger competition of the formation of
the dye-enzyme complex by FAD was found
with PG H-E4BD, PR MX-8B and PR H-8BN.

The influence of NADH and FAD on differ-
ence spectroscopy and on affinity chromatog-
raphy is summarized in Table 6. NADH showed
almost no quenching effect, with the exception
of PR MX-5B. In affinity chromatography sub-
stantial amounts of enzyme were eluted with
NADH when immobilized PR H-8BN, CB F3G-
A and PR MX-5B were used. The stronger
interfering effect of FAD was demonstrated by
both methods. Minute quenching and no ability
to elute the enzyme were found for PR H-E3B
and PR MX-5B. However, the competition of
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Fig. 3. Structures of triazine dyes.
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Table 3
Difference spectroscopy of NADH oxidase
Dye Kind of interaction Apax Aia Isosbestic
(nm) (nm) point
(nm)
Procion Red H-E3B Mixed 555 496 510
Procion Green H-E4BD Mixed 688 595 652
Procion Red H-3BR n.d’ 560 496 510
Procion Red MX-5B Mixed 568 502 550
Procion Red MX-8B Mixed 574 502 555
Procion Red H-8BN Mixed 576 510 556
Cibacron Blue F3G-A Mixed 688 586 645 and 512
Cibacron Blue 3G-A Mixed ) 583 650 and 503

Both the sample and the reference cuvette contained 50 mM potassium phosphate buffer {(pH 7.2). The initial enzyme
conceniration in the sample cuvette was 0.8-1.0 uM. The dye was added from a stock standard solution (1 mM) in small portions
(1-5 wl) to both cuvettes. All measurements were made at 25°C,

“Not detectable.

FAD with the formation of the dye-enzyme
complex is more pronounced with PR H-§BN,
CB F3G-A, PR MX-8B and PG H-E4BD, as
seen by the quenching effect and the elution
recovery. The high recovery in the elution of the
enzyme when using 50% ethylene glycol in
buffer confirms the contribution of hydrophobic
forces to the stabilization of the dye—enzyme
complexes. The low recovery in the elution of
the enzyme from dye-affinity columns containing
PR H-8BN and CB F3G-A as immobilized
ligands (Table 6) can be increased significantly

Table 4
Comparison of the dissociation constants obtained from
affinity partitioning and difference spectroscopy

Dye Affinity n  Difference

partitioning spectroscopy

K, K, K,

(uM} (uM) {uM)
Procion Red H-E3B 3.17 038 2 172
Procion Green H-E4BD 545 084 2 237
Procion Red H-3B 814 0B85 2 2.4
Procion Red MX-5B 50.34 448 2 1248
Procion Red MX-8B M9 300 2 014
Procion Red H-8BN 3.29 0.44 2 272
Cibacron Blue F3G-A 27,770 295 2 160
Cibacron Blue 3G-A 5572 1958 2 559

NADH, k_ =3 uM; FAD, K, =72 pM.

without decreasing of the purification factor by
addition of 25% (v/v) ethylene glycol to the
NADH-containing elution buffer.

The kinetic analysis of the NADH oxidase in
the presence of PR H-8BN covalently coupled to
PEG 6000 revealed a competitive type of inhibi-
tion with respect to FAD. The type of inhibition

0.02

&.01

Absorbance

.00

-0.02

—=D.03

1
400 L] 700 800

Wavelength {nm)

Fig. 4. Difference spectra of PR H-8BN. Ail spectra were
recorded in 50 mM potassium phosphate buffer (pH 7.2) at
25°C in the presence of (——) 0.5 M NaCl at a dye
concentration of 28.9 pM, (~--)} 50% (v/v) ethylene glycol
at a dye concentration of 2.5 uM and (—-—--) 0.9 uM
NADH oxidase at a dye concentration of 2.7 uM.
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Table 5
Influence of FAD and NADH on the affinity partitioning of
NADH oxidase

Dye-PEG Remaining A log X (%)°
2 mM FAD 4 mM NADH
Procion Red H-E3B 100 68
Procion Green H-E4BD 26 i |
Procion Red H-3B 62 65
Procion Red MX-5B 100 52
Procion Red MX-8B 43 62
Procion Red H-8BN 48 74
Cibacron Blue F3G-A 59 71
Cibacron Blue 3G-A 67 73

The systems (2 g) contained 13.5% (w/w) dextran T10, 9%

(w/w) PEG 6000, 50 mM potassium phosphate buffer (pH

7.2), 4 mM NADH or 2 mM FAD and 5 units of enzyme.

The partitioning was performed at 25°C.

*A log K in the absence of NADH or FAD was taken as
100% .

with respect to NADH is not easy to distinguish.
Both non- and uncompetitive effects are pos-
sible. The calculated kinetic constants are sum-
marized in Table 7. All estimated inhibition
constants (K;; K,; K,;) are significantly lower
than the K, for NADH and FAD, corroborating
the finding of the high affinity of the dye ligand.

4. Discussion

This study has shown that affinity partitioning
of NADH oxidase from Thermus thermophilus
HBB in aqueous two-phase systems is applicable
to the study of the interaction of the enzyme
with biomimetic dye ligands. The method seems
to be sensitive enough to recognize even small
differences in the affinity of the dye to the target
enzyme which can be caused either by structural
alterations of the dye ligand or by addition of
competing effectors.

In comparison with difference spectroscopic
studies applying the free dye and to kinetic
analysis using dye-liganded PEG, the specific
environment of a two-phase system [polymer
concentrations up to 25% (w/w)] and the co-
valent attachment of the dye to PEG has to be

taken into account. Therefore, dissociation con-
stants obtained by difference spectroscopy,
kinetics and affinity partitioning are not identical
as free dyes bind with higher affinity than the
polymer-coupled ligands and the affinity of the
free dye ligand as well as the polymer-bound dye
decreases with increasing concentration of PEG.
This behaviour has been shown by inhibition
studies with NADH oxidase and alkaline phos-
phatase from calf intestine in buffer—polymer
mixtures (unpublished data) and from fuores-
cence spectroscopic measurements [17,18]. In
conclusion, the study of dye—enzyme interaction
using the free ligand cannot per se predict
quantitatively the binding behaviour of the
biomimetic dye in a conjugated form.

The present state of the knowledge about the
chemistry of interaction of NADH oxidase from
Thermus thermophilus HB8 and various triazine
dyes can be summarized as follows:

(i) The binding of triazine dyes to NADH
oxidase from Thermus thermophilus HB8 is
realised by hydrophobic and electrostatic forces,
This follows from the results of affinity chroma-
tography (elution with ethylene glycol) and from
the difference spectroscopic data. The low in-
fluence of ionic strength on affinity chromatog-
raphy of the enzyme can be caused by the
coupling of the dye to the matrix, which could
decrease the accessibility of the negatively
charged terminal ring of the dye ligand.

(ii) The binding of the dye ligands involves in
most instances the FAD binding site of the
enzyme. The extent to which the NADH-binding
region is involved in the binding of the dye
cannot be elucidated.

{(iii) Small changes in the structure of the dye
ligands can alter the binding properties drastical-
ly. PR H-E3B, which interacts with other flavo-
proteins [19,20], binds the NADH oxidase from
Thermus thermophilus HB8 with high affinity but
shows no change of interaction in the presence of
FAD. PG H-E4BD seems to be a good
biomimetic ligand for NADH oxidase, because a
strong competition with FAD was found. Simi-
larly, NADH oxidase from Sireptococcus faecalis
containing tightly bound FAD also possesses a
high affinity to this dye ligand. However, the
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Table 6
Influence of NADH and FAD on affinity chromatography and difference spectroscopy of NADH oxidase

Affinity chromatography
Effector” Dye-liganded Sepharose 4B
PR PG PR PR FR PR CB
H-E3B H-E4BD H-3B MX-5B MX-8B H-8BN F3G-A
Activity eluted (%)*
NADH (4 mM) 0 3 0 19 3 27 28
FAD (2 mM) 0 52 14 0 25 35 26
NaCl (500 mM) 0 5 20 L 0 18 10
Ethylene glycol 0 95 99 92 95 9 92
(50%, v/v)

Difference spectroscopy with free dyes

Effector® Quenching of the signal (%)°

Effect of NADH 2 5 2 20 1 2 5
(4 mM)

Effect of FAD 1 49 57 10 48 71 87
(1 mM)

Type of m m n.d. m m m m
interaction”

All measurements were performed in 50 mM potassium phosphate buffer (pH 7.2) at 25°C.

“ Dissolved in 50 mM potassium phosphate buffer (pH 7.2) at 25°C.

* Total bound activity was taken as 100%.

¢ Decrease of signal (absorbance_,, — absorbance,, ); the signal of the dye-saturated enzyme was taken as 100%.
“m = mixed; n.d. = not detectable.

Table 7
Inhibition of NADH exidase by PR H-8BN covalently coupled to PEG 6000
Inhibition with respect to Type of inhibition and kinetic constants (uM)

Competitive Non-competitive Uncompetitive

Ki Km Kii Km Klii Km
FAD 0.07 72.2 - - - -
{NADH constant at 173 uM)
NADH - - o1 3.38 0.12 2.81

(FAD constant at 127 p M)

All measurements were made at 25°C in 30 mM potassium phosphate buffer (pH 7.2), Inhibition constants and K, values were
calculated at a constant concentration of NADH (173 uM) and varying the FAD concentration from 12 to 127 uM at dye-PEG
concentrations between 0 and 0.12 M and at a constant FAD concentration (127 p M) by varying the NADH concentration in
the range 2-173 p M at dye-PEG concentrations between 0 and 0.25 u M, respectively.
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dye-enzyme interaction can be diminished by
both FAD and NADH [19]. CB F3G-A binds
the NADH oxidase from Thermus thermophilus
with only moderate affinity at its nucleotide
binding site(s). However, the dye ligand has
been successfully used in the affinity chromatog-
raphy of this enzyme [1,12] and in the purifica-
tion of other flavoproteins exhibiting tightly
bound FAD [21-25].

(iv) The available data do not allow to predict
all structural requirements of a dye acting as an
optimum biomimetic ligand of NADH oxidase
from Thermus thermophilus HB8. However, by
summarizing all data, a structural model that
fulfils basic requirements for binding can be
proposed (Fig. 5).

The presence of a disulphonated amino-
naphthol ring in combination with another aro-
matic negatively charged residue and a hydro-
phobic arm seems to be a good prerequisite to
bind the enzyme with high affinity. A conforma-
tional analysis of the ligand structure by using
molecular modelling (MOBY, Version 1.4;
Springer, Berlin, Germany) gave distances be-
tween the negatively charged sulphonic acid
group and the hydrophobic arm in the range
7-13 A.

A comparison of all the dyes used revealed
that the dye ligand PR H-8BN (for structure, see
Fig. 3) fits best with the proposed model. It
binds to the enzyme with high affinity and shows
strong competition to the FAD binding site with
an involvement of the NADH binding region.

As shown by X-ray diffraction analysis of the
holoenzyme, there are two FAD binding sites
per enzyme dimer with the fixation of the FAD
molecules in the two clefts between both

o0,

Fig. 5. Model for a biomimetic ligand of NADH oxidase
from Thermus thermophilus HBB.

subunits stabilised by electrostatic forces be-
tween the phosphate group(s) of the cofactor and
Arg,,, Arg,, and Arg,,, and by hydrophobic
interactions between Ala,, and Leu, , and the
isoalloxazine ring of the flavin nucleotide [2]. A
first preliminary X-ray diffraction analysis of an
enzyme-PR H-8BN complex showed that the
FAD cofactor is completely displaced by soaking
the crystal with this dye ligand. The formation of
the enzyme—dye complex seems to cause some
smaller changes in the conformation in the FAD
pocket, but the position of one phosphate group
of the cofactor seems to be occupied by a
sulphonic acid group of the dye with similar
electrostatic interactions to arginine residues.

The preliminary crystallographic data are in
accordance with the results of affinity partition-
ing, difference spectroscopy and kinetics, sug-
gesting that PR H-8BN occupies both FAD
binding sites of the enzyme.
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