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a b s t r a c t

NADH oxidase from Thermus thermophilus (NOX) is a homodimeric flavoenzyme; it belongs to the nitrore-
ductase and flavin reductase families. In this work we investigate the effect of water miscible alcohols
(methanol, ethanol, propanol and isopropanol) on activity and quaternary structure of this thermophilic
enzyme. The enzyme activity of NOX was studied in a broad range (0–60%) of alcohol concentrations.
In all studied alcohols, NOX displays optimum activity at low alcohol concentration (<20%). Under these
conditions, the enzyme catalytic efficiency (kcat,app/KM,app) significantly increases mainly due to ∼10-fold
increase of the catalytic constant. At high alcohol concentrations (>30%), NOX activity is time dependent
and slowly diminished with an apparent time constant of several hours. We found that prolonged incu-
ichaelis constants
lavoenzyme
ctive site

bation in the presence of alcohols results in: (i) dissociation of the homodimeric native structure of the
enzyme and (ii) release of catalytically essential flavin cofactor from the intermonomer interface. The
inactivation is fully reversible on increasing enzyme concentration and NOX activity is completely recov-
ered even in the presence of high alcohol concentrations. Moreover, exogenous addition of the flavin
cofactor dramatically stabilizes dimeric form of the enzyme and results in shift of apparent Kd to the
lower values. Theoretical simulations showed that flavin dissociation and monomer/dimer equilibria are

strongly coupled.

. Introduction

Enzymes function as highly efficient catalysts of certain reac-
ions at specific conditions. Their properties may be further tuned
y modifications of the reacting protein, by methods of protein
ngineering or by changing properties of the solvent, i.e. by sol-
ent/medium engineering. There is a significant experimental and
heoretical effort put in studies of the enzyme properties in the
on-aqueous solvents [1–4]. Some non-aqueous solvents such as
ommon organic solvents (octanol, DMSO, DMF), detergents, poly-
ers and ionic liquids [5–8] have been used as medium engineering

ools to explore a diversity of the enzyme catalyzed reactions. Such

olvents may enable catalytic reactions not otherwise feasible in
ater and they can be utilized for industrial and pharmaceutical
urposes [9–11]. One of the main advantages of the non-polar sol-
ents, i.e. increased solubility of the hydrophobic substrates, may

Abbreviations: NOX, NADH oxidase; KM,app,NADH and KM,app,FMN, Michaelis–
enten constant for NADH and FMN respectively.
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have significant impact on the action of enzymes. Non-aqueous sol-
vents perturb the hydration of enzyme surface, often by having a
deleterious effect on its catalytic efficiency. In fact, the hydration
layer surrounding enzymes is critical for their catalytic perfor-
mance in both aqueous and non-aqueous solvents [9]. In some
cases, the water molecules in the active site play a structural role;
the water molecules stabilize open and active conformations and
thus affect the catalytic efficiency of the enzyme as we have shown
to be the case in NADH oxidase from Thermus thermophilus (NOX)
[12].

Water/organic solvent binary mixtures affect a number of
physicochemical properties of all components of the enzymatic
reaction mixture. Therefore, the effects of organic solvents on
enzyme activity are rather complex and specific to each case, e.g.
enzyme activity as well as enantioselectivity can be increased,
decreased or unaffected [13]. In general, the enzyme activity
decreases in the presence of organic solvents. Several explanations
for the low catalytic power of enzymes have been suggested [9,14]:

(1) diffusional limitations of the substrate and enzyme; (2) block-
age of the active centre; (3) conformational change; (4) unfavorable
energetics of the substrate desolvation; (5) transition state destabi-
lization; (6) reduced conformational mobility; and (7) suboptimal
pH situation. Moreover, the activities of enzymes depend on the

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:gabriel.zoldak@uni-bayreuth.de
dx.doi.org/10.1016/j.molcatb.2010.02.002
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ethod of their introduction into organic solvents. Preparation
ecomes critical particularly at low water concentrations [15].

Alcohols bind to proteins with low affinities with dissociation
onstants in the high micromolar to milimolar range. These binding
ffinities and competition with water molecules, due to extensive
ydrogen bonding, present enormous challenges in understand-

ng the nature of alcohol specific and nonspecific effects on protein
roperties. Several examples of enzyme activation at low concen-
rations of alcohols have been reported [8,16]. We have shown that
hermophilic NOX can be activated in the presence of destabilizing
eagents such as chaotropic salts and common denaturants such
s urea, guanidinium chloride [17,18]. The well-known denaturing
roperties of alcohols indicate analogous mechanism of alcohol-

nduced enzyme activation [19–21].
NOX is a homodimeric flavoenzyme belonging to the nitrore-

uctase and flavin reductase families. Three-dimensional struc-
ures of NOX and homologous proteins of this superfamily are
nown [22]. Enzymes of this family are oligomeric flavin containing
roteins. Monomeric subunits interact via large interface formed
y the long �-helices. The flavin moiety is placed between the sub-
nits, which is quite rare among other flavoproteins (Tóth, Žoldák
npublished results). Biological function and interaction partners
f this thermophilic enzyme in vivo are not known. The catalysis of
ADH oxidation in vitro by NOX consists of two steps. The first step
omprises oxidation of NADH by using the internal flavin cofactor.
n the second step, the reduced flavin cofactor transfers two elec-
rons and hydrogens to other electron acceptor (cosubstrate). The
pecificity for the second step is quite low and NOX may use several
osubstrates of different chemical structure (e.g. molecular oxygen,
ytochrome c, external FAD, FMN, ferricyanide) [18,23–27].

High stability, low specificity and capacity to reduce large num-
er of artificial aromatic molecules make NOX an attractive enzyme
or applications in non-conventional media, especially in biotech-
ological applications [28–31]. Therefore, we have characterized in
etails NOX activity under different conditions, e.g. large ranges of
H, salt concentrations and temperatures [17,18,26,27,32]. In the
resent work, enzyme activity is studied in water miscible short-
hain alcohols: methanol, ethanol, propanol and isopropanol, i.e.
olvents which can be classified as hydrophilic solvents [16]. Our
esults indicate that alcohol-induced modulation of NOX activity
activation at low concentrations and inhibition at high concentra-
ions of alcohols) is a result of the alcohols’ denaturation effect on
roteins.

. Materials and methods

Sodium cacodylate, Tris/HCl, KBr were purchased from Fluka;
ethanol, ethanol, propanol, isopropanol, NaI, NaCl, LiCl, FMN and
ADH from Sigma–Aldrich; NH4Cl, KCl from Lachema.

.1. Protein expression and purification

NOX was overproduced in Escherichia coli JM 108. The purifi-
ation procedure for overproduced NOX was described previously
23–25]. The purity of isolated enzyme was confirmed by
DS/polyacrylamide gel stained with Coomassie Brilliant Blue. Apo-
orm of the protein was prepared as described earlier [17]. All

easurements were conducted with freshly prepared FMN iso-
orm of the enzyme. Before use, the protein was dialyzed against
orresponding buffer for at least 10 h.
.2. Steady-state kinetics

Kinetics measurements were performed on a Varian Carry
io100 spectrophotometer. The kinetic parameters were deter-
ined from the initial decrease in NADH absorbance at 340 nm
sis B: Enzymatic 64 (2010) 60–67 61

(ε340 nm = 6220 M−1 cm−1) at 20 ◦C as described earlier [27]. Mea-
surements were performed after appropriate incubation time in
the dark. The enzyme concentrations were varied between 27
and 2500 nM in the presence of different alcohol concentrations
(methanol, ethanol, propanol, isopropanol). Alcohols used in these
experiments have low boiling points (for pure alcohols in the range
of 65–97 ◦C) [33]. Samples were therefore placed in sealed tubes.

Standard conditions for measurements in the absence of alco-
hols: 50 mM sodium cacodylate, pH 7.5 containing 60 �M FMN
as a cosubstrate (ε445 nm = 12,500 M−1 cm−1), and 110 �M NADH
as a substrate. The enzymatic reaction was initiated by the addi-
tion of NADH. The stock solution of NADH was freshly prepared
before each set of experiments. Michaelis–Menten constant was
calculated from initial velocity of NADH oxidation at several sub-
strate/cosubstrate concentrations. Spectral measurements were
carried out under conditions where the entire absorbance of solu-
tion was lower than 1.5. Initial rates as a function of [NADH]
substrate and [FMN] cosubstrate concentrations were fitted glob-
ally using equation for ping–pong bisubstrate mechanism:

v = Vmax · [NADH] · [FMN]
KM,NADH · [FMN] + KM,FMN · [NADH] + [FMN] · [NADH]

,

where KM,NADH and KM,FMN are Michaelis constants for NADH and
FMN respectively. Vmax is the maximum velocity. Chi-squared val-
ues were <0.02.

2.3. Circular dichroism

The circular dichroism spectra in the far-UV (peptide) and in
the near-UV (aromatic) regions were measured by Jasco J-600
spectropolarimeter equipped with a PTC-348 WI Peltier element.
Protein concentration was 3.2 �M in 50 mM sodium cacodylate
buffer, pH 7.5 in the presence of various alcohol concentrations in
the reaction. All samples were incubated for 2 h in the dark at 20 ◦C.
CD spectra were accumulated 10 times.

2.4. Analytical ultracentrifugation

Sedimentation velocity experiments were performed in the
Center for Analytical Ultracentrifugation of Macromolecular
Assemblies located in the Department of Biochemistry at The
University of Texas Health Science Center at San Antonio (USA).
Sedimentation velocity studies were carried out in an XL-A Beck-
man analytical ultracentrifuge in a four-hole AnTi-60 rotor. The
rotor speed was 50,000 rpm. Data were collected at 20 ◦C using opti-
cal absorption detection at 220 nm. The scans were analyzed using
the UltraScan II version 9.8 data analysis software developed by Dr.
Borries Demeler (http://ultrascan.uthscsa.edu/). The data were cor-
rected for buffer density and viscosity. Value for the partial specific
volume of NOX was 0.7602 cm3/g (as calculated from the known
amino acid sequence). Protein samples (6.7 �M) with or without
60% alcohol were incubated at room temperature for 24 h before
sedimentation velocity experiments.

2.5. Flavin dissociation in the presence of alcohols as followed by
dialysis

Dialysis experiment was performed at 20 ◦C. Freshly prepared
FMN isoform of NOX was extensively dialyzed against the buffer
or in the presence of 60% propanol using the Amicon Ultra-15 Cen-

trifugal Filter Unit with Ultracel-10 kDa membrane. Briefly, 3.1 �M
NOX was dialyzed in the presence of 60% propanol in the dark.
Before and during dialysis, fluorescence intensity of the sample was
measured at 521 nm after the excitation at 445 nm. Several control
experiments including measurements of undialyzed samples in the

http://ultrascan.uthscsa.edu/
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Fig. 1. NADH oxidation by NOX in the absence and presence of ethanol. Time
course of the oxidation of 110 �M NADH by 27 nM NOX as monitored at 340 nm
in the absence (blue curve) and presence of 20% ethanol (red curve) in 50 mM
sodium cacodylate buffer, pH 7.5 and 60 �M FMN at 20 ◦C. Initial rates of NADH
oxidation by NOX were obtained using linear regression of the experimental
data in the time domain of 10–50 s. In the absence of ethanol, the slope is
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Fig. 2. Dependence of NOX activity on alcohol concentrations. The data are shown in
relative values where relative activity is calculated using the value in the absence of
alcohol. NOX concentration was 27 nM and FMN cosubstrate concentration 60 �M.
The starting concentration of NADH substrate was 120 �M. Measurements were per-
formed in 50 mM Na-cacodylate buffer, pH 7.5 at 20 ◦C after 2 h of incubation in the
qual—2.03 ± 0.001 × 10−3 s−1 (coefficient of linearity r = −0.9999); and in the pres-
nce of 20% ethanol, the slope is equal—4.9 ± 0.4 × 10−3 s−1 (coefficient of linearity
= −0.9999). (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of the article.)

bsence and in the presence of 60% propanol were also performed
nd they were run as parallel experiments. The chemical stabil-
ty of FMN and differences in lamp intensity and photomultiplier
ensitivity were also checked and corrected.

.6. Analysis of the inactivating kinetics

Experimental data were fitted into the following function:

(t) = A · exp(−� · t) + B,

here A(t) is a measured activity at a given time t, A is the amplitude
f the reaction, � is the apparent rate constant and B is the final
ctivity. Time constant � is calculated as 1/�.

. Results

.1. Activity of NOX is increased by alcohols

In the present study, activity of NOX was assayed using NADH as
he electron donor and external FMN as the electron acceptor. Ini-
ial rate of the enzyme mediated NADH oxidation was followed by
decrease in absorbance at 340 nm (Fig. 1). The rate was increased
.4-fold in the presence of 20% ethanol. The rate of the non-
nzymatic (background) NADH oxidation was not influenced by
he presence or absence of ethanol. The higher oxidation rate was
herefore the result of an increased enzyme activity. The increase of
he enzyme activity in the presence of ethanol was investigated fur-
her at variable solvent compositions: buffer concentration, pH and
onic strength. The concentration of cacodylate buffer was varied
ver the range 5–100 mM. The effect of the buffer concentration
n this activation process was minor; however, the effect of pH
lays an important role in NOX activity [26]. Upon decreasing the
H from 7.5 to 6.0, the enzyme activity increases 2-fold in the
bsence of ethanol. At pH 6.0, enzyme activity increased only 1.2-
old in 20% ethanol (data not shown), possibly as a result of coupling

etween pH and alcohol dependent activation. In addition, the shift
f effective pH may also contribute to this effect. Salts are also
ery effective modulators of the NOX activity [17,18]. The effect
f ionic strength induced by different cations (Na+, K+, Cs+, NH4

+)
n the activity of the enzyme in ethanol at pH 7.5 was investigated
dark in the presence of: methanol (closed circles), ethanol (open circles), isopropanol
(open squares) and propanol (closed squares). The solid curves are guide for eyes.
The standard error of the measurements is ≤20% based on triplicate experiments.
Normalized value represents specific activity of 11 U/mg.

in a broad range of concentrations, 0–1000 mM, of their chloride
salts. The maximum activity was achieved at 0.2–0.3 M salts. Com-
bination of the 200 mM salts and 20% of ethanol induced about
5-fold increase in the enzyme activity (data not shown). These
experiments demonstrate that increasing of the enzyme activity by
ethanol is a reproducible behavior observed under variable solvent
compositions.

The increased enzyme activity observed in the ethanol/buffer
solvent mixture prompted us to explore a broader range of alco-
hol concentrations (0–70%) as well as different alcohols (methanol,
ethanol, propanol, isopropanol). Higher alcohol concentrations
than 70% were not possible to use because of a limited enzyme
solubility and phase separation problem in the case of isopropanol
and propanol. Alcohol-dependent enzyme activity followed a simi-
lar pattern for all investigated alcohols (Fig. 2). Except for propanol,
NOX activity was higher in all studied alcohol/buffer mixtures than
in buffer only. Maximum NOX activity was achieved at different
concentrations for different alcohols. These values roughly corre-
late with the size of the aliphatic chain, e.g. maximum activity
of NOX was achieved at ∼40% of methanol, ∼30% ethanol, ∼17%
isopropanol and ∼10% of propanol.

3.2. Michaelis–Menten parameters in the presence of alcohols

Increased enzyme activity in the presence of alcohol may orig-
inate from increased catalytic constant or improved substrate
affinity—Michaelis constant. To establish which kinetic process is
affected by alcohols, initial velocity measurements were carried
out at different substrate (NADH) and cosubstrate (FMN) concen-
trations. There are two half-reductive/oxidative reactions, whose
rates depend on NADH and FMN concentrations. From NADH and
FMN, initial velocity dependencies – maximum velocity Vmax and
two Michaelis constants KM,app – could be derived. These parame-
ters were obtained from global fitting procedure at 0, 20 and 60%
alcohols (Fig. 3 and Table 1).

The apparent rate constant increased in the presence of low con-
centrations of alcohols. For example, in the presence of 20% ethanol

the increase is 14-fold when compared to the value in the buffer.
Michaelis constant for NADH slightly decreased at low alcohol con-
centration (except propanol) whereas Michaelis constant for FMN
is not affected. In the presence of 20% propanol, the Michaelis con-
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Fig. 3. Apparent Michaelis constants for (a) NADH and (b) FMN in the absence and
presence of alcohols. Apparent Michaelis constants for (a) NADH and (b) FMN in the
absence of alcohols (1) and in the presence of methanol (2), ethanol (3), isopropanol
(4), and propanol (5). (a) Michaelis constants, KM,app for NADH in the presence of
20% alcohol concentration (light gray histogram) and 60% alcohol concentration
(dark gray histogram). White bar represents KM,app in the absence of alcohols. NADH
substrate concentration was within the range 5–120 �M in the presence of constant
60 �M FMN concentration. (b) Michaelis constants, KM,app, for FMN in the presence
of 20% alcohol concentration (light gray histogram) and 60% alcohol concentration
(dark gray histogram). White bar represents KM,app in the absence of the alcohol.
FMN concentration used was in the range 5–140 �M in the presence of constant
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0 �M NADH concentration. In all cases, measurements were performed in 50 mM
a-cacodylate buffer, pH 7.5 at 20 ◦C after 2 h of incubation in the dark. Michaelis
onstants were calculated from the equation for ping–pong mechanism using global
tting procedure. Enzyme concentration was 27 nM.

tant for NADH slightly increased. Accordingly, it may be concluded
hat higher activity of NOX at low alcohol concentrations originates

rom improved kcat.

At 60% alcohols, the catalytic constant had the values of 1.6 s−1.
M values for NADH dramatically increased, e.g. in the presence
f ethanol, the Michaelis constant increased about 10-fold to

able 1
atalytic constant (kcat,app), Michaelis constants for FMN cosubstrate (KM,app),
ichaelis constants for NADH substrate (KM,app) and catalytic efficiency,

= kcat,app/KM,app. Experiments were performed using conditions as described in
ig. 4. Data were fitted globally using equation for ping–pong bisubstrate mecha-
ism (c.f. Section 2). In the absence of alcohol, apparent Michaelis constants for FMN
nd NADH are 32 ± 2 �M and 2 ± 0.8 �M, respectively and kcat,app = 1.8 ± 0.1 s−1.

Type of alcohol kcat,app (s−1) FMN KM,app (�M) NADH KM,app (�M)

20% alcohol
Methanol 15 ± 0.5 31 ± 2 1.7 ± 0.5
Ethanol 19 ± 1 27 ± 2 4.3 ± 0.7
Isopropanol 13 ± 0.4 27 ± 2 5.3 ± 0.6
Propanol 8.7 ± 2 23 ± 3 16 ± 2

60% alcohol
Methanol 1.7 ± 0.1 12 ± 3 11 ± 2
Ethanol 1.5 ± 0.1 14 ± 3 21 ± 4
Isopropanol 1.6 ± 0.1 18 ± 4 11 ± 2
Propanol 1.6 ± 0.16 22 ± 5 26 ± 6
sis B: Enzymatic 64 (2010) 60–67 63

21 �M. Surprisingly, at 60% alcohol concentrations KM,FMN slightly
decreased. Thus, at high alcohol concentration, decrease in activity
is due to higher KM,NADH values.

In summary, the first redox half-reaction of the enzyme with
NADH is much more sensitive to the presence of alcohol. Thus, the
dependences of the NOX activity in the presence of alcohols are due
to trade off between the increase of the catalytic constants and the
decrease in NADH substrate affinity.

3.3. Slow inactivation of NOX is dependent on its concentration

Results of ethanol and propanol, i.e. the alcohols with the
extreme effects on NOX activity, are presented. Time dependence
of NOX activity was analyzed at different concentrations of the
enzyme. Time courses of the relative activities of 27 and 270 nM
enzyme at 20% ethanol (Fig. 4a) were measured over 24 h. At high
enzyme concentration, there was no change in the enzyme activ-
ity over 24 h. In contrast, activity of 27 nM enzyme dramatically
decreased to 50% of the original value within 24 h. Analysis of the
reaction progress using single exponential equation showed an
apparent time constant about 1 h. In the presence of 20% propanol,
even 270 nM enzyme showed small (<10%) degree of the inacti-
vation over the time (Fig. 4b). At 27 nM enzyme, its inactivation
was very dramatic and the initial value of the activity dropped by
more than 80%. Analysis of the activity decay led to an apparent
time constant of ∼8 h for this inactivation process. Time dependent
inactivation of the enzyme was found also in 20% methanol (about
15% inactivation) but not in 20% isopropanol. There was no inacti-
vation of the enzyme at high protein concentrations in the presence
of 20% alcohols (methanol, ethanol, and isopropanol).

The only condition at which significant inactivation of NOX
at 270 nM concentration occurred was in the presence of 60%
propanol (Fig. 4c). This inactivation was very slow and was not fin-
ished within 25 h. According to monoexponential fit, an apparent
time constant was longer than 30 h. Upon 1 h and 25 h of incu-
bation in 60% propanol, 27 nM enzyme displayed similar KM,app
constants for NADH of 13.0 and 14.5 �M (data not shown). The
alcohol-induced inactivation of NOX that depends on the enzyme
concentration indicates an effect of alcohols on the quaternary
structure of NOX.

3.4. Inactivation of NOX in the presence of 20% propanol is a
reversible process

To demonstrate that inactivation is a result of the reversible
monomer/dimer equilibrium, where the monomer is inactive and
the dimer active form of NOX, we have developed an assay for
it. In this assay, the protein concentration is stepwise increased
and thus the equilibrium is shifted towards dimeric active species.
In the case of irreversible and/or monomolecular inactivation, the
inactivated enzyme cannot be re-activated by high enzyme con-
centration. Re-association of the protein monomer into the active
dimer was assessed from measurements of the initial rates. Such
assay might be useful also for other multimeric proteins where the
enzyme function is strongly related to its oligomeric state.

NOX was analyzed after incubation in 20% propanol. Due to
extremely slow inactivation, the total incubation time of the
enzyme with propanol was 240 h in the dark at 20 ◦C. In this
assay, three independent and parallel sets of experiments were
performed. Measurements of the initial velocities were performed
every 24 h. In the first set of experiments, enzyme concentration

was held constant—27 nM. The enzymatic activity was decreased
exponentially, and after 240 h, the remaining activity was of ∼20%
of its original level. In the second set of experiments, the enzyme
concentration was 270 nM. At this protein concentration, there
was observed only a negligible decrease in the enzymatic activ-
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Fig. 4. Time dependent relative activity of NOX in the presence of alcohols. Time
course of relative NOX activity in the presence of (a) 20% ethanol, (b) 20% propanol
at 27 nM (white symbols) and 270 nM (black symbols) of NOX; and (c) in the pres-
ence of 20% (black circles) and 60% (white triangles) propanol at 270 nM NOX. Here,
the relative activity was calculated according activity at time t = 0 in the presence of
alcohols. Protein samples were prepared and equilibrated at 20 ◦C in the dark. After
selected time, 1 mL aliquot was taken and activity was measured in the presence
of 60 �M FMN. The reaction was started after addition of 110 �M NADH. Measure-
ments were performed in 50 mM Na-cacodylate buffer, pH 7.5 at 20 ◦C. Each point
represents independent measurement of the initial velocity NADH oxidation (c.f.
Fig. 2). Solid curves passing the black symbols are only guide for eyes. Solid curves
passing the white symbols are curve fits of the experimental data using single expo-
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Fig. 5. Reactivation of the enzyme in the presence of 20% propanol. (a) Re/activation
of NOX in 20% propanol after sequential addition of the enzyme. The enzyme activ-
ities at concentration of 270 nM (black squares) and 27 nM (black circles) were
assayed over 10 days. Every 24 h, NOX concentration was stepwise increased (white
circles) and the activity of the mixture was measured. After 10 days, concentration
of NOX reached the value of 270 nM. Specific activity was calculated to take into
account total amount of the enzyme. The control experiments using stock enzyme
solution were performed in a parallel fashion and displayed no changes. Solid curves
are only guide for eyes. (b) Dependence of the specific activity on enzyme concen-
tration. The samples were equilibrated 20 days at room temperature. The control
experiments using stock enzyme solution were performed in a parallel fashion. Solid
ential equation. The apparent time constants, amplitudes and offset of the reaction
re (a) � ∼ 1 h, A = 0.46 and o = 0.54 for inactivation of 27 nM NOX in 20% ethanol; (b)
∼ 10 h, A = 0.86 and o = 0.14 for inactivating of 27 nM NOX in 20% ethanol, and (c)
> 30 h, A ∼ 1 and o = 0 for 270 nM NOX in 60% propanol.

ty after 240 h of incubation. In the third set of experiments, the
tarting concentration of the enzyme was 27 nM and concentration
as increased by 27 nM (from the high concentrated stock solu-

ion) every 24 h after initial velocity measurement. The activity of
ighly concentrated enzyme stock solution (necessary for sequen-
ial aliquots in the third experiment) measured at beginning and
t the end of the assay showed no inactivation of NOX at given

onditions. After 240 h, the final concentration of the enzyme was
70 nM. Specific activities (normalized on amount of the protein)

n the second and third experiments were very similar (Fig. 5). In
he first set of measurements, the enzyme activity was about 20%.
his indicates that the low activity of the 27 nM enzyme in the pres-
curve is obtained from non-linear regression fit of the monomer/dimer equilibrium
with Kd of 100 nM. Measurements were performed in 20% propanol, 50 mM sodium
cacodylate buffer, pH 7.5 and 45 �M FMN at 20 ◦C. The reaction was started after
addition of 110 �M NADH.

ence of propanol could be regenerated by increased concentration
of the protein. This strongly indicates that alcohol-induced inacti-
vation is due to reversible dissociation of the active homodimeric
form of NOX.

3.5. Secondary structure of NOX is unaffected by alcohols

Structural properties of the enzyme in the presence of alcohols
were investigated by circular dichroism (CD) in the far-UV region.
The CD spectrum of NOX in buffer shows two minima, typical for a
protein with a high �-helical content [27,32]. CD spectra were mea-
sured in the presence of all investigated alcohols (data not shown).

The effect of propanol on the secondary structure of NOX in the
presence of both 20% and 60% propanol after 1 h of incubation was
evaluated. We observed a small increase in the intensity of the CD
band indicating minor changes of the enzyme conformation after
immediate addition of propanol (Fig. 6). Further incubation of NOX
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Fig. 6. Circular dichroism spectra of NOX in the presence and absence of alcohols.
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ircular dichroism spectra of NOX in the far-UV region in the absence of alcohols
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n 60% propanol showed no changes in the secondary structure of
OX.

.6. Quaternary structure of NOX is perturbed in the presence of
lcohol

Sedimentation velocity analysis was performed in order to
etermine the quaternary structure of NOX in the presence of 60%
lcohols after ∼24 h incubation (Fig. 7). Due to technical limita-
ions, analytical centrifugation experiments were possible only at
elatively high protein concentration, ∼4 �M. NOX in the refer-
nce buffer (50 mM Na-cacodylate buffer, pH 7.5 at 20 ◦C) was
ound to be homogeneous as analyzed by sedimentation veloc-
ty. The sedimentation coefficient of NOX had the expected value
f about 3.3 S (Fig. 7). This sedimentation coefficient was almost
dentical to the one obtained previously and assigned to dimeric

OX [26]. The incubation of NOX in the presence of 60% alcohol

nduced an increased heterogeneity of NOX population in the fol-
owing order: methanol < ethanol < isopropanol < propanol. While
n methanol the protein is homogeneous with the sedimentation
oefficient 3.3 S, in the presence of propanol the protein is quite

ig. 7. Analytical ultracentrifugation of NOX in the absence and presence of 60%
ropanol. Sedimentation constants s20W obtained from analytical ultracentrifuga-
ion of NOX in 50 mM Na-cacodylate buffer, pH 7.5 without (gray triangles) and in
he presence of 60% methanol (open circles), ethanol (closed circles), isopropanol
closed squares) and propanol (open squares) propanol. Sedimentation velocity
xperiments were performed as described in Section 2.
sis B: Enzymatic 64 (2010) 60–67 65

heterogeneous with sedimentation coefficients in the range from
0.8 to 4.0 S. It appears that high (60%) concentration of propanol
induced dissociation of the dimeric native structure of NOX and
high heterogeneity of the sample.

4. Discussion

Catalytic activities of enzymes in water/organic solvents are
usually dramatically decreased; several responsible factors were
suggested [9,14]. Activity of NOX in the four different water/alcohol
binary mixtures, however, displayed optimum at low alcohol
concentrations. Enzyme activity increased at low (<20%) alcohol
concentration and decreased at high (>40%) alcohol concentration.
The mechanism of the increased enzyme activity in the presence
of alcohols is not clear. The activation of NOX is a fast process as
no evidence for a time-dependent activation could be obtained.
Interestingly, the activity of �-chymotrypsin and other enzymes are
slightly increased in several binary mixtures of water and organic
solvents [16,34–38]. In the case of NOX, low concentrations of the
alcohols improve catalytic efficiency of the enzyme.

This rapid activation is limited by the slow inactivation. NOX
activity in the presence of alcohols likely reflects changes in ther-
modynamic activity of substrate and enzyme and consequent
differences in the substrate solvation and enzyme hydration. A sim-
ple theoretical model, taking into account hydration of enzyme
and variation of thermodynamic activities, predicts that mainly the
Michaelis constant, KM,app, is affected whereas kcat should remain
unaffected in the presence of organic solvent [39]. In the case of
NOX, apparent KM,app constant for FMN decreased in the presence
of 60% alcohol; this is consistent with the model. On the other hand,
the apparent KM,app constant for NADH is increased at high alcohol
content. This indicates that binding of NADH is much weaker in the
presence of alcohol than in the aqueous solution and that substrate
solvation is affected by additional factors, e.g. interactions between
NADH and protein moiety can be affected by decreased hydropho-
bicity and electrostatic effects. In contrast with the prediction of the
above-mentioned model, in the case of NOX kcat,app increases 14-
fold and overcomes the decrease in the Michaelis constant. Thus,
activation of NOX is governed by the increase in the apparent kcat,app

value; this is not expected from the changes in the thermodynamic
activity coefficient and thus strongly implies additional factor(s),
e.g. local structural change of the enzyme active site.

4.1. On the prediction of enzyme denaturation in the presence of
alcohols

In the presence of water miscible organic solvents, proteins
tend to denature due to weakening of hydrophobic interactions
and modulation of electrostatic interactions. In fact, organic sol-
vents decrease the dielectric constant of the solvent and therefore,
unfavorable long-ranged electrostatic interactions are inefficiently
screened. This might be the mode of action of alcohols in the
case of NOX that contains large excess of the positive charges at
the dimeric interface region. There are several models predict-
ing the denaturing tendency of organic solvents [40–43]. Some of
the models are based on partitioning between water/organic sol-
vents; on solubility studies and on free energy micellisation [42,43].
Rosell et al. used naphatalene solubility to predict denaturing
tendency based on simple hydrophobic effect [44]. Solubilisa-
tion coefficients for naphatalene are known for all investigated

alcohols: methanol (0.37 M−1), ethanol (0.62 M−1), isopropanol
(1.04 M−1), and propanol (1.33 M−1). These coefficients correlate
with reciprocal value of the critical concentration, which is defined
as concentration of the organic solvent causing 50% denaturation
[41]. Based on this scale, propanol is the most powerful dena-
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from overlapping dependences of flavin binding and dimeric frac-
ig. 8. Three-dimensional structure of homodimeric NADH oxidase from Thermus t
rom (a) top view and (b) side view. Subunits are colored as green and blue, resp
repared using UCSF Chimera [41]. (For interpretation of the references to color in

uring solvent for proteins. Methanol is the weakest and high
oncentrations are necessary for protein denaturation. A similar
onclusion can be also drawn from effect of alcohols on NOX. The
inary mixture propanol/water is the strongest denaturating binary
ixture and the enzyme activity is dramatically decreased in con-

rast with the other alcohols, even structurally similar isopropanol.
or weakly denaturing alcohols such as ethanol, methanol, the
ctivity versus alcohol concentration shows wide distribution in
ontrast with isopropanol and propanol that show relatively nar-
ow profiles. The width of the dependence of the enzyme activity on
oncentration of organic alcohols likely reflects the alcohols’ ability
o reduce hydrophobic interactions. Taking into account denaturing
roperties of alcohol mixtures, we suggest that the destabilization
f NOX dimeric interface is the reason for the observed increase
n its activity. This is in accordance with our previous observa-
ions that mild concentrations of the denaturing reagents urea or
uanidinium chloride significantly enhance NOX activity [17,18].

.2. Non-first-order kinetics of enzyme inactivation indicate a
ole of protein–protein interaction

Our experiments indicate that irreversible inactivation, aggre-
ation and presence of less active forms of the enzyme can be
uled out as the result of the following observations: (i) inactiva-
ion process is absent at high enzyme concentrations; (ii) in the
resence of 60% propanol, the apparent rate constant is dependent
n the protein concentration; (iii) the enzyme activity is recov-
red after addition of high enzyme concentration; and (iv) the
ichaelis constant for NADH did not change during the process

f the inactivation. In the case of irreversible reaction, the enzyme
hould be completely inactivated with no residual activity after suf-
cient time. However, both in ethanol and propanol, there were
ignificant residual activities specific to NOX that remained con-
tant in the time but depend on the enzyme concentration. This
oints to a reversible process. Apparently no inactivation occurred
t high enzyme concentrations; this indicates the presence of lim-
ting second-order kinetic process, i.e. association of the monomers
t low protein concentrations. To reconcile the above observa-
ions, we suggest that NOX undergoes reversible dissociation of
ts homodimeric structure:
2 (active) � 2M (inactive)

here M2 is the native dimeric protein and M is the monomer. At
ow enzyme concentrations association is slower, rate limiting. Due
philus (pdb code 1nox). Shown is the structure as molecular van der Waals surface
ly. FMN cofactor is shown as magenta colored molecular surface. The figure was
ure legend, the reader is referred to the web version of the article.)

to slow association, a significant population of inactive monomeric
species is presented. At high enzyme concentration, association
is faster; population of active dimeric species increases. Such a
mechanism is supported by the three-dimensional structure of the
enzyme. The active site of the enzyme is placed in a cleft between
subunits and the cofactor is also stabilized by the interaction with
both monomers (Fig. 8). In the monomer form at acidic pH, NOX is
not able to bind flavin cofactor and is inactive [26]. Dissociation and
association of flavin cofactor in the presence of propanol was exper-
imentally observed using equilibrium dialysis method (c.f. Section
2).

4.3. Contribution of the flavin binding to monomer/dimer
equilibrium

In the next step, we analyzed reversible subunit and flavin
dissociation and performed simulation of the model which mech-
anistically proceeds in the two steps: (i) FMN binding reaction
to dimeric apoform of the enzyme and (ii) monomer/dimer equi-
librium. Overall mechanism is described by the two dissociation
constants:

M2 � 2M

M2 + 2FMN �M2·FMN2

The monomer/dimer equilibrium is calculated from the depen-
dence of specific activity on total enzyme concentration. We found
that Kd of FMN binding is ∼100 nM in the presence of 60% propanol.
The flavin affinity is Kd 90 nM in the absence of alcohols [22]. For
simplicity, Kd for FMN binding can be considered as independent of
alcohol concentration. These parameters were used for simulation
of the overall reaction and for determination of the relative popu-
lation of the monomeric and dimeric species. Simulation showed
that under this set of conditions, the presence of FMN largely stabi-
lizes dimeric flavin bound species (blue dashed curve) and shifts Kd
towards lower values by several order of magnitudes. Dimerisation
and flavin binding are strongly coupled reactions and as indicated
tion of NOX on the protein concentration (Fig. 9). In absence of FMN,
dimer is destabilized and dissociation occurs at higher concentra-
tions of the protein. These dependences strongly indicate that both
reactions (flavin and dimer dissociations) are energetically coupled,
which results in apparent single step dissociation mechanism.
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Fig. 9. Fraction of dimer as function of the total protein concentration. Fraction of
dimer was calculated assuming two-step mechanism, i.e. the monomer/dimer equi-
librium and flavin binding in the dimeric form. Solid curves show dimeric species,
i.e. M2FMN2 + M2 in the absence (black curve) or presence 45 �M FMN (red curve).
Blue dashed curve shows active enzyme molecules M2FMN2. For simulation follow-
i
(
1
l

4
w

r
q
a
f
F
i
N
d
s
p

c
i
s
o
c
k
c
s
s

c
a
b
f
I
e
i
t
s

A

1
P

[
[
[

[

[

[
[

[

[
[
[
[

[

[

[

[

[

[

[

[
[

[

[

[

[
[
[

[

[

[
[

[

[
[

[

[45] H. Kirino, M. Aoki, M. Aoshima, Y. Hayashi, M. Ohba, A. Yamagishi, T. Wakagi,
T. Oshima, Eur. J. Biochem. 220 (1994) 275–281.

[46] M. Nesper, S. Nock, E. Sedlák, M. Antalik, D. Podhradsky, M. Sprinzl, Eur. J.
Biochem. 255 (1998) 81–86.
ng parameters were used [FMN] = 45 �M (blue and red curves) and [FMN] = 0 �M
black curve), Kd for flavin binding and monomer/dimer equilibrium was 90 nM and
00 nM, respectively. (For interpretation of the references to color in this figure

egend, the reader is referred to the web version of the article.)

.4. Reversible dissociation of NOX in the presence of
ater/alcohol mixtures

The activity assay showed that the inactivation of NOX is a
eversible enzyme concentration-dependent process (Fig. 5). NOX
uaternary structure is strongly related to its function because its
ctive site crevice is placed directly in the intermonomeric inter-
ace and the cofactors are stabilized by the both monomers (c.f.
ig. 8). The dependence of NOX activity on alcohol concentration
s likely the result of two consecutive processes: (i) activation of
OX in low alcohol concentrations due to perturbation/increased
ynamics of its active site and (ii) perturbation of the quaternary
tructure at high alcohol concentrations (the most pronounced in
ropanol) accompanying the loss of NOX activity.

During the catalytic cycle, enzyme’s active site proceeds through
onformational changes. Our previous data showed that weaken-
ng and slight destabilizing of the protein structure (by chaotropic
alts and denaturants) is accompanied by an increase in activity
f NOX [17,18,27]. Molecular dynamic simulations of NOX indi-
ated how protein dynamic can regulate enzyme activity [12]. The
ey event is cofactor assisted gating mechanism, where the flavin
ofactor actively contributes to the opening and closing of the active
ite by tryptophan 47. Slight destabilization of the local active site
tructure by alcohols may be responsible for activation of enzyme.

Dissociated monomer with native-like secondary structure is
ompletely inactive. Apparently, the active site composed by amino
cids of both monomers and flavin cofactor stabilization achieved
y the contribution of interaction of both monomers are important
actors for activity and stability of the active conformer of NOX.
ndeed, unusually placed cofactor/active site within this family of
nzymes into interface might reflect the evolution towards achiev-
ng a high degree of stability at the physiological temperatures of
hermophiles with relatively short polypeptide chains [45–47] and
ufficient flexibility of the active site [18,27].
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