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Benzimidazoles, such as albendazole and fen�
bendazole, are antihelmintic medications inhibiting
the formation of microtubules. In humans, they
undergo oxidation and degradation catalyzed by
FAD�dependent monooxygenases, which oxidize sul�
fur to sulfone. The human genome has more than
60 genes of FAD�dependent monooxygenases, most
of which have unknown functions and have not been
studied individually. A well�studied group is nonspe�
cific monooxygenases, which degrade xenobiotics in
parallel with cytochrome P�450. They feature a ping�
pong type catalytic mechanism that includes FAD
reduction with NADPH followed by oxygen binding
and activation by FADH, finally resulting in xenobi�
otic oxidation [1].

Besides the nonspecific FAD�dependent monoox�
ygenases which catalyze the oxidation reaction via the
ping�pong mechanism, there exists another group, the
so�called specific FAD�dependent monooxygenases.
They play an important role in humans and their cat�
alytic mechanism is different from the common
“ping�pong” type. For instance, Class A FAD�depen�
dent monooxygenases (in accord with the recently
proposed classification [1]) are specific for various
specified substrates. Only upon binding of a specified
substrate, the enzyme does undergo a conformational
change, providing an effective binding of NADPH fol�
lowed by immediate FAD reduction. Thus, the cata�
lytic mechanism includes the formation of a ternary
complex. The rate constants for FAD reduction in the
absence and in the presence of a specific substrate dif�
fer by five orders of magnitude (140000�fold [2]). It
was of interest to study whether antihelmintic benzim�
idazoles behave as competitive substrates for specific
monooxygenases like they do for nonspecific ones.
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For this purpose, 4�hydroxybenzoate NADPH, oxy�
gen oxidoreductase, commonly known as p�hydroxy�
benzoate hydroxylase (PHBH, EC1.14.13.2), from
Pseudomonas sp., with the well�studied structure and
catalytic mechanism [1–8], was chosen as a model
specific FAD�dependent monooxygenase. PHBH
inhibition was studied in the presence of four benzim�
idazoles, only two of which contained an easily oxidiz�
able sulfur (albendazole and fenbendazole), whereas
oxibendazole and mebendazole had no easily oxidiz�
able groups in their structure (Fig. 1).

PHBH is a model enzyme for Class A specific
FAD�dependent monooxygenases, which include the
catalytic domain of MICAL, specific for actin [9] and
playing an important role in cytoskeleton modifica�
tion [10–12] both in axon navigation [13] and epithe�
lial–mesenchymal transition [14].

MATERIALS AND METHODS

All reagents used in this work were purchased from
Sigma (USA) and used without further purification.
The solubility of the benzimidazoles was preliminarily
studied: the optimized solubilization procedure
included preparation of 50 mM stock solution in
DMSO followed by its dilution with a 50% ethanol–
water solution and then by the addition of a needed
aliquot to the reaction mixture. The PHBH activity
was measured in 50 mM potassium phosphate buffer,
pH 7.5 The enzyme concentration was determined
spectrophotometrically by FAD absorbance using the
extinction coefficient ε450 = 10.2 mM–1 cm–1 [6]. The
reaction rate was followed by NADPH consumption

(ε440 = 6.22 mM–1 cm–1) on a Spectramax M5 pla�
tereader (Molecular Devices, USA). The substrates’
concentrations were varied in the following range: 25–
100 μM NADPH, and 25–150 μM PHB. The reac�
tion was initiated by the addition of NADPH. Ferricy�
anide (0.5 mM) and NADPH (50–150 μM) were used
to measure the diaphorase (NADPH�dehydrogenase)
activity. The activity was followed by monitoring both
substrates (ferricyanide ε420 = 1.04 mM–1 cm–1). The
initial reaction rate (the maximum slope of the kinetic
curve within the first three minutes) was taken as a
measure of the enzyme activity. All experiments were
performed in triplicate. Analysis of inhibition was per�
formed in the Dixon plots. Modeling was performed
with the Discovery Studio 2.5 software (Accelrys,
USA) using two crystal structures of PHBH, one with
the bound substrate (1PBE.pdb) and one with bound
NADPH (1K0J.pdb).

RESULTS AND DISCUSSION

The PHBH stepwise catalytic cycle presented in
Scheme 1 includes ordered sequential binding of the
substrates PHB (k1S) and NADPH (k2N); FAD
reduction (k3); NADP dissociation (k4); reduced FAD
oxidation with oxygen (k5); PHB hydroxylation with
the help of a base B in the enzyme active center (k6);
protonation and formation of FAD hydroxide with the
help of the protonated form of base B (BH) in the
enzyme active center (k7); and finally, the release of
the hydroxylated product and water (k8).

S

N
H

N
NH

OCH3
O

S

N
H

N
NH

OCH3
O

N
H

N
NH

OCH3
O

O

O

N
H

N
NH

OCH3
O

1

3

2

4

Fig. 1. The structures of the studied antihelmintic benzimidazoles: 1—methyl�5�(phenylthio)�2�benzimidazole car�
bamate (fenbendazole); 2—methyl�5�(propylthio)�2�benzimidazole carbamate (albendazole); 3—methyl�N�(5�ben�
zoyl�1H�benzimidazolyl�2) carbamate (mebendazole); 4—methyl�(5�propoxy�1H�benzimidazolyl�2) carbamate (oxi�
bendazole).
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All of the studied benzimidazoles behaved as
PHBH inhibitors when the reaction rate was measured
by NADPH consumption. If they had been competi�
tive substrates, NADPH would have been consumed
on their oxidation and thus the reaction rate measured
by NADPH consumption would not decrease. Since
there is a significant drop in the reaction rate measured
by NADPH consumption, one may conclude that
benzimidazoles are true inhibitors, and not competi�
tive substrates of PHBH as was commonly supposed
before for albendazole and fenbendazole. Even in the

case of their plausible oxidation by the enzyme, the
oxidation products have to be considered as inhibitors.
Moreover, mebendazole and oxibendazole, which do
not have easily oxidizable sulfur in their structure like
albendazole and fenbendazole do, behave as competi�
tive inhibitors both with respect to the specific sub�
strate and the cofactor NADPH (Fig. 2). It is worth
noting that the value of the inhibition constant deter�
mined from the intersection point in the Dixon plot
depends on whether the PHB substrate is varied at
fixed cofactor concentration or the cofactor is varied
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at fixed concentration of the specific substrate (Fig. 2).
The inhibition constant determined at the fixed
NADPH is 2–3 times better (smaller) than that deter�
mined at the fixed PHB. When the steady�state mech�

anism for the PHBH�catalyzed reaction was studied in
the 1970s, it was classified as a random�ordered ter�
nary complex mechanism [2]. If one supposes that
benzimidazoles compete for the resting enzyme both

0.16

0.12

0.08

0.04

0
12080400

Mebendazole, µM

1/
V

, 
m

in
/µ

M

50 µM PHB
100 µM PHB
150 µM PHB

[NADPH] = 50 µM
0.16

0.12

0.08

0.04

0
150100500

Mebendazole, µM

1/
V

, 
m

in
/µ

M

0.14

0.10

0.06

0.02

804020–20
Albendazole, µM

1/
V

, 
m

in
/µ

M

0.10

0.06

0.02

6040200
Albendazole, µM

1/
V

, 
m

in
/µ

M
600 –20

0.14

0.10

0.06

0.02

8040–40
Oxibendazole, µM

1/
V

, 
m

in
/µ

M

0

0.07

0.05

0.03

0.01

500–100
Oxibendazole, µM

1/
V

, 
m

in
/µ

M

–50 100

0.07

0.05

0.03

0.01

100–20
Fenbendazole, µM

1/
V

, 
m

in
/µ

M

–10 20

0.10

0.06

0.02

0–20–40
Fenbendazole, µM

1/
V

, 
m

in
/µ

M

20

[PHB] = 100 µM25 µM NADPH
50 µM NADPH
100 µM NADPH

150 µM PHB
28 µM PHB
56 µM PHB

[NADPH] = 50 µM [PHB] = 150 µM25 µM NADPH
50 µM NADPH
100 µM NADPH

[PHB] = 150 µM
25 µM NADPH
50 µM NADPH
100 µM NADPH

150 µM PHB
56 µM PHB
28 µM PHB

[NADPH] = 50 µM

100 µM PHB

µM

[PHB] = 50 µM25 µM NADPH
50 µM NADPH
100 µM NADPH

50 µM PHB
25 µM PHB
100 µM PHB

[NADPH] = 50 µM
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with the substrate and the cofactor, in this case, the
experimentally determined inhibition constant should
not depend on which substrate is fixed and which is
varied. Subsequent detailed studies on the PHBH
mechanism, which included mutagenesis and crystal�
lization of the mutant forms with the substrate and
product, allowed the enzyme mechanism to be clari�
fied (Scheme 1). It was unequivocally shown that the
conformation change necessary to optimize the posi�
tion of the FAD flavin ring for the effective interaction
with NADPH takes place only upon binding of PHB
[1, 3, 8]. It was shown later that the rate�limiting step
in PHBH catalysis was dissociation of the NADP
product at the end of the reductive half�reaction [3].
This process is depicted in Scheme 1 as transition
IV  V with the rate constant k4. Oxygen binding
and PHB oxidation are not rate limiting (k5, k6, k7, k8
steps in Scheme 1). Taking into account all the exper�
imental evidence, the enzyme catalytic cycle can be

represented by a scheme where PHB is reversibly
bound at the first step (k1, Scheme 2), followed only
then by NADPH binding (k2, Scheme 2), resulting in
immediate FAD reduction (the rate constant can be
determined from transition kinetics only for the
enzyme mutants with the significantly compromised
activity towards FAD reduction), followed by NADP
dissociation (k3), FAD oxidation, and substrate
hydroxylation in the third position. The proposal
regarding the necessity of NADP+ dissociation comes
from the consideration of the structural restrictions nec�
essary for PHB oxidation [1]. Since the rate constants for
the oxidative half�reaction are much higher than the
rate�limiting step for the overall reaction, NADP+ disso�
ciation, and since the oxygen concentration is constant
under the steady�state conditions, to simplify the kinetic
scheme, the NADP dissociation, substrate oxidation,
and product release steps have been combined into one,
which has the rate�limiting constant equal to k3.

In this simplified variant, the rate equation in the
presence of an inhibitor, I, capable of binding to the
resting form of the enzyme, E, can be presented by two
versions of the variables’ separation (either substrate or
cofactor concentration) to make the interpretation of
the Dixon plots easier (S = [PHB], N = [NADPH).

At the fixed NADPH concentration

(1)

the abscissa of the intersection point in the Dixon plot is

(1a)

at the fixed PHB concentration and introducing its
dissociation constant as KS

(2)

where  the abscissa of the intersection point

in the Dixon plot is

(2a)

It is evident from the analysis of equations (1), (2) that
the intersection point under the conditions of the fixed
NADPH corresponds to the true value of the inhibi�
tion constant (1), (1a), whereas at the fixed PHB con�
centration the inhibition constant depends on the
fixed concentration of PHB (2), (2a), namely, on the
ratio of PHB concentration to its enzyme binding
constant KS. The latter was determined as 43 μM at
pH 6.6 in [2] via monitoring the significant changes in
the enzyme spectrum upon PHB binding. Taking into
account the range of PHB concentrations used in this
work (50–150 μM) and the increase in the binding
constant upon rising pH (in this case to pH 7.5), the
2–3 fold increase in the inhibition constant under the
conditions of fixed PHB compared to the conditions
with fixed NADPH corresponds to the magnitude of
the [S]/KS factor. Thus, based on the steady�state
kinetics data, one may assume that benzimidazole
binding interferes with PHB binding. This conclusion
is also supported by the absence of any inhibition by
these benzimidazoles in the nonspecific reaction of
ferricyanide reduction by NADPH, catalyzed by
PHBH (like all other enzymes of this class) and pro�
ceeding via a ping�pong mechanism (results not
shown).
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Before analyzing the results of computer modeling,
we would like to highlight one point that is essential for
understanding the situation. Namely, despite the long
and fruitful study of PHBH, there is no reported crys�
tal structure of native PHBH with NADPH, whereas
there are multiple successfully produced and resolved
versions of the native (1PBE.pdb) and mutant enzyme

complexes with the bound PHB. The only available
structure with the bound NADPH was obtained and
resolved for the Arg220Gln mutant of PHBH
(1K0J.pdb) [7]. The most intriguing feature of the
above structure is the position of the NADPH mole�
cule with respect to the FAD molecule: exactly the
opposite of what could be logically predicted based on
the data generated by all spectral measurements on
native and mutant enzyme forms and observation of
the charge transfer complex upon NADPH binding to
the native enzyme. When speculating on the confor�
mational changes to the enzyme in the course of catal�
ysis, it should be supposed either that the real position
of NADPH does not correspond to the crystal struc�
ture of the mutant discussed above, but is positioned in
an opposite orientation, as discussed in [1], or that the
enzyme molecule undergoes unbelievable conforma�
tional changes to bend the nicotinamide portion of the
NADPH molecule towards the FAD flavin ring, as
discussed in [3].

To show the positions of PHB, FAD, and NADPH
in one structure, the PHB molecule from the 1PBE
structure, with the preserved coordinates with respect
to FAD and the protein molecule, was transferred to
the 1K0J structure. As seen in Fig. 3a, to bind in the
cavity of the active center, PHB must enter via a chan�
nel directed perpendicularly to the flavin ring. Despite
the fact that the NADPH binding mode in the actual
catalytic cycle may not correspond to its binding mode
in the 1K0J crystal structure, the principal moment for
modeling is the position of adenine in the molecule of
the bound cofactor. The docking of the benzimidazole
inhibitors was performed using the docking sphere
centered at the adenine residue in the NADPH mole�
cule in the 1K0J1 structure. An example of mebenda�
zole docking is shown in Fig. 3b, which clearly dem�
onstrates that the benzyl portion of mebendazole par�
tially screens the channel heading to the PHB binding
site. Thus, the analysis of the binding mode of benzim�
idazoles in PHBH makes it possible to understand why
benzimidazoles containing the benzimidazole ring
stereo�equivalent to the adenine ring in NADPH
compete with PHB more than with NADPH (whose
binding in the real catalytic act may be exactly oppo�
site to the one shown in the crystal structure) and
interfere with the PHB binding, thus making the
enzyme transition into the conformational state corre�
sponding to FAD activation with respect to NADPH
impossible.

In conclusion, the inhibitory analysis performed in
this work gives additional evidence for the ordered
sequential mechanism of substrate binding for Class A
FAD�monooxygenase. This is the same class of
enzymes that includes the FAD�monoxygenase
domain of MICAL: enzyme activation is observed
only upon F�actin binding. Given the fact that
MICAL is responsible for actin transformation and
benzimidazoles inhibit tubulin rearrangement, the
discovery of inhibitory action of benzimidazoles on

(a)

(b)

Mebendazole

NADPH

PHB

FAD

FAD

Fig. 3. Modeling of mebendazole binding to PHBH:
(a) superimposed structures of PBE1 and 1K0J showing
the position of substrates and FAD in the enzyme mole�
cule; (b) docking of mebendazole in the binding site of
NADPH: screening of the substrate channel leading to the
PHB binding site.
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the Class A monooxygenase model enzyme, PHBH,
raises the question of the possible effect of benzimida�
zoles on the catalytic domain of MICAL and thus, on
actin transformation, in addition to their established
effect on tubulin. The ongoing research in this labora�
tory on the recombinant FAD�monooxygenase
domain of MICAL will answer this question in the
nearest future.
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