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Inactivation Kinetics of β-N-Acetyl-D-glucosaminidase 
from Green Crab (Scylla serrata) in Dioxane Solution

http://www.jbsdonline.com

Abstract

β-N-Acetyl-D-glucosaminidase (NAGase, EC.3.2.1.52), which catalyzes the cleavage of 
N-acetylglucosamine polymers, is a composition of chitinase and cooperates with endo-
chitinase and exo-chitinase to disintegrate chitin into N-acetylglucosamine (NAG).  In this 
investigation, A NAGase from green crab (Scylla serrata) was purified and the effects of di-
oxane on the enzyme activity for the hydrolysis of p-Nitrophenyl-N-acetyl-β-D- glucosamin-
ide (pNP-NAG) were studied.  The results show that appropriate concentrations of dioxane 
can lead to reversible inactivation of the enzyme and the inactivation is classified as mixed 
type.  The value of IC50, the dioxane (inactivator) concentration leading to 50% activity lost, 
is estimated to be 0.68%.  The kinetics of inactivation of NAGase in the appropriate concen-
trations of dioxane solution has been studied using the kinetic method of the substrate reac-
tion.  The rate constants of inactivation have been determined.  The results showed that k+0 is 
much larger than kʹ+0, indicating the free enzyme molecule is more fragile than the enzyme-
substrate complex in the dioxane solution.  It is suggested that the presence of the substrate 
offers marked protection of this enzyme against inactivation by dioxane.

Key words:  β-N-Acetyl-D-glucosaminidase; Scylla serrata; Dioxane; Inactivation; Kinetics.

Introduction

Chitin, a polymer of N-acetylglucosamine (NAG), is the abundant carbon resource 
in the nature.  Digestion of chitin to NAG is carried out by chitinase and β-N-Acetyl-
D-glucosaminidase (NAGase, EC 3.2.1.52).  Chitinase catalyzes the hydrolysis of 
chitin into the dimer and trimer oligomers of NAG, which will be disassembled by 
NAGase into the monomer.  In marine species, chitinases are particularly associated 
with the molting processes of arthropods and crustaceans (1, 2).  NAGase has been 
studied extensively because of its important roles in many fields, such as defense 
systems against parasites, molting cycle and digestion of chitinous foods, and so on 
(3, 4).  NAGases in Antarctic krill (1), prawn (Penaeus vannamei) (5, 6), and fiddler 
crab (Uca pugilator) (2) have also been characterized in terms of purification, char-
acteristics, their concentrations in different growth stage and distribution in differ-
ent organs, respectively.  Zou (2) found that NAGase activity in the epidermis and 
hepatopancreas from fiddler crab was well correlated with the hemolymph titer of 
ecdysteroids during the molting cycle, suggesting that NAGase activity in both tis-
sues is regulated at least in part by the steroid molting hormones.  Green crab (Scylla 
serrata) is a most important economic marine crustacean animal.  We discovered 
that green crab has very high NAGase activity in its viscera.  In our previous studies, 
we reported the purification and some enzymatic characterization of NAGase from 
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the viscera of green crab (7).  And the inhibitory kinetics of mercuric ion (8), formal-
dehyde (9), phenol (10), and hydrogen peroxide (11) on this enzyme has been well-
studied.  The nature environment of most proteins is the complex system contained 
in all varieties of organic compounds such as sugar, fat, organic acid, alcoholate, 
and so on.  Meanwhile, because of pollution of the breeding aquatic environment, 
such as a shift of acidity and alkalinity and heavy metal ions or organic solvents, the 
enzyme activity and its conformation may be affected, and the growth and survival 
of the animal is threatened (10).  So it is very important to research the influence 
of organic solvents on the enzyme activity and the enzyme performance change in 
organic solvents.  Up to the present, the effect of organic solvents on NAGase has 
hardly been reported.  In our continuous investigation, dioxane was found to have 
strong effect on the enzyme activity and its conformation.  The inactivation of the 
enzyme in dioxane solution was showed to be reversible.  The aim of this current 
paper is, therefore, to carry out a kinetics study on the inactivation of NAGase in the 
dioxane solution.  It has significant instruction to inspect the pollution of the breed-
ing aquatic environment by utilizing high delicacy of enzyme to organic solvents.

Materials and Methods

Materials

p-Nitrophenyl-N-acetyl-β-D-glucosaminide (pNP-NAG) was purchased from the 
Biochemistry Lab of Shanghai Medicine Industry Academy (China).  Sephadex 
G-100 was supplied from Pharmacia products.  DEAE-cellulose (DE-32) was from 
Whatman.  Standard marker proteins were from Amersham.  Dioxane was pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).  Other reagents were local 
products of analytical grade.  The water used was re-distillated and ion-free.

Enzyme Assay

NAGase (EC 3.2.1.52) was prepared from green crab (Scylla serrata) as described 
previously (7).  The crude preparation was further chromatographed by gel filtra-
tion through Sephadex G-100 followed by DEAE-cellulose (DE-32).  The final 
preparation was homogeneous on PAGE and SDS-PAGE.  The specific activity of 
the purified enzyme was 7990 U/mg.  Enzyme concentration was determined as de-
scribed by Lowry (12).  The enzyme activity assay was performed with pNP-NAG 
as substrate by the methods described by Zhang et al. (7) with slight modifications.  
In this method, 10 μl of NAGase was added to 3.0 ml of an assay system contain-
ing 0.5 mM of pNP-NAG and 0.05 M NaAc-HAc buffer (pH 5.8).  The enzyme 
activity was calculated from the linear increase in optical density at 405 nm with 
the pNP molar absorption coefficient of 1.77 × 103 M-1 · cm-1 at pH 5.8 (7).  Ab-
sorption was recorded using a Beckman UV-650 spectrophotometer.  One unit (U) 
of enzymatic activity was defined as the amount of enzyme required to produce 1 
μmol of pNP per minute per liter under above conditions.

Inactivation Rate Constants of the Enzyme in Dioxane Solutions

The substrate reaction method previously described (13, 14) was used to study the 
inactivation kinetics of the enzyme in dioxane solutions.  In this method, 10 μl of 
the purified enzyme (0.15 μg/ml) was added to 3.0 ml of an assay system contain-
ing different concentrations of substrate in 0.05 M NaAc-HAc buffer (pH 5.8) with 
different concentration of dioxane.  The substrate reaction progress curve was ana-
lyzed to obtain the rate constants as detailed below.  The reaction was carried out at 
a constant temperature of 37 ºC.  The time course of the hydrolysis of the substrate 
in different concentrations of dioxane solution showed that the rate decreased with 
increasing time until a straight line was approached.  The results showed that the 
inactivation was a reversible reaction with fractional residue activity.  This can be 
written as the following scheme (14):
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Where S, P, E and Eʹ denote substrate, product, native enzyme, and inactivated 
enzyme, respectively; ES are enzyme-substrate compounds.  k+0 and kʹ+0 are the 
inactivated rate constants of free enzyme and enzyme-substrate complex, respec-
tively.  [E0] denotes the initial enzyme concentration, and [S] denotes the con-
centrations of substrate.  As is usually the case, [S]>>[E0] and we can get the 
following equation from the scheme:

and	 [E0] = [E] + [ES] + [Eʹ] = [ET] + [Eʹ]	 [2]
	 [ET] = [E] + [ES] 

Where, [ET] denotes the concentrations of the active enzyme.

Combining Eqs. [2], [3], and [4], Eq. [1] could be changed into the below equation.

From Eq.[5] we can obtain:

The product formation can be written as:

Where [P]t is the concentration of the product formed at time t, which is the reac-
tion time; A is the apparent rate constants for the forward reaction of inactivation, 
respectively; [S] is the concentrations of the substrate; v is the initial rate of reaction 

in the absence of dioxane and	 .  When t is sufficiently large, the curves 

become straight lines and [P]t is written as [P]calc:

E + S ES E + P

Eʹ

k+2

k+0

k+1

k-1
k-0 kʹ+0 k-0

Eʹ+ S

d[Eʹ]-d[ET]
k+0[E] + kʹ+0[ES] – k-0[Eʹ]

dtdt
== [1]

Km + [S]
Km[E] = [ET] [3]

[ES] = [ET][S]
Km + [S] [4]

= ( + k-0)[ET] – k-0[E0] = A · [ET] – k-0[E0]Km + [S]
k+0Km + k+0ʹ[S]

dt
-d[ET] [5]

[P]t = · t + (A – k-0)(l – e-A·t)A2
v

A
k-0 · v [8]

A2

v
A

k-0 · v[P]calc = · t + (A – k-0) [9]

· e-A·t +[E0]
[ET]

A
k-0

A
A – k-0=

[7]

A = + k-0Km + [S]
k+0 · Km + kʹ+0[S]

[6]and

dt [E0]
[ET]d[P]vt = · v=

Km + [S]
Vm · [S]v =
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Combining Eqs. [8] and [9] yields

Where [P]calc is the product concentration to be expected from the straight-line por-
tions of the curves as calculated from Eq. [9] and [P]t is the product concentration 
actually observed at time t.  Plots of ln([P]calc-[P]t) versus t give a series of straight 
lines at different concentrations of denaturant with slopes of -A.  The apparent 
forward rate constant A can be obtained from the graphs.  From Eq. [9], a plot  

of [P]calc against time, t, gives a straight line with a slope of 	 .  From the slope 
of the straight line, k-0 can be obtained.

Combining Eq. [6] and the Michaelis-Menten equation gives

A plot of A/v versus 1/[S] gives a straight line with 	 and 	 as

the slope and intercept, respectively.  As Km and Vm are known quantities from 
measurements of the substrate reaction in the absence of denaturant at different 
substrate concentrations and k-0 can be obtained from a suitable plot as above, 
the rate constants k+0 and kʹ+0 can be obtained from the slope and intercept of the 
straight line, respectively.

Results

Effect of Dioxane on the Enzyme Activity

The effect of dioxane on the hydrolysis of pNP-NAG by green crab NAGase was 
first studied.  The relationship between the residual enzyme activity and the concen-
trations of dioxane was shown in Figure 1.  The effect of dioxane on the enzyme was 
concentration dependent.  With increasing the concentrations of dioxane, the NA-
Gase activity markedly decreased.  The IC50 value, the inhibitor concentration lead-
ing to 50% of enzyme activity lost, was estimated to be 0.68%.  Figure 2 showed 
the relationship of enzyme activity with its concentration in the presence of different 
concentrations of dioxane.  The plots of the remaining enzyme activity versus the 
concentrations of enzyme in the presence of different concentrations of dioxane 
gave a family of straight lines, which all passed through the origin.  Increasing the 
dioxane concentration resulted in the descending of the slope of the line, indicat-

[P]t = · t + (A – k-0)(l – e-A·t)A2
v

A
k-0 · v

[10]

ln([P]calc – [P]t) = -A · t + ln (A – k-0)A2
v

[11]

(k+0 + k-0)  + Vm

kʹ+0 + k-0
Vm

Km
v
A

[S]
1 += [12]

k-0 · v
A

(k+0 + k-0)Vm

Km
Vm

kʹ+0 + k-0
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Figure 1:  Effect of dioxane on the activity of NAGase 
for the hydrolysis of pNP-NAG.  Assay conditions 
were: 2 ml system containing 0.15 M of NaAc-HAc buf-
fer (pH 5.8) and 0.50 mM of pNP-NAG at 37 ºC.  The 
enzyme final concentration was 0.15 μg/ml.
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Figure 2:  Effects of NAGase concentration on 
its activity for the hydrolysis of pNP-NAG at 
different concentrations of dioxane.  The con-
centrations of dioxane for curves 0-4 were 0, 
0.2, 0.4, 0.6, and 0.8 %, respectively.  Assay 
conditions were same as Figure 1 except that 
the enzyme concentration was changed.
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ing that the inactivation of the enzyme in dioxane solution was reversible reaction 
course.  The presence of dioxane did not bring down the amount of the efficient en-
zyme, but just resulted in the inhibition and the descending of the activity of the en-
zyme.  Dioxane is reversible inactivator of NAGase for hydrolysis of pNP-NAG.

Kinetics of the Substrate Reaction of the Enzyme in 
Different Concentrations of Dioxane Solutions

The kinetic behavior of NAGase in catalyzing the hydrolysis of pNP-NAG has been 
well studied (7, 8).  Under the condition employed in the present investigation, the 
hydrolysis of pNP-NAG by NAGase follows Michaelis-Menten kinetics.  The ki-
netic parameters were determined, and the results showed that Km was 0.44 ± 0.02 
mM and Vm was equal to 14.97 ± 0.50 μM/min.

The temporal variation of the product concentration during the substrate hydrolysis 
in the presence of different dioxane concentrations was shown in Figure 3a.  At each 
concentration of dioxane, the rate decreases with increasing time until a straight line 
is approached, the slope of which decreased with increasing dioxane concentration.  
The results suggest that denatured NAGase still had partial residue activity (curves 
1-5).  According to Eq. [11], plots of ln([P]calc-[P]t) versus t which give a series of 
straight lines were shown in Figure 3b.  From the slopes of the straight line, the ap-
parent forward rate constant of inactivation, A, can be obtained.

Measurement of Inactivation Rate Constant of NAGase in Dioxane Solution

The kinetic course of the pNP-NAG hydrolysis reaction by the enzyme in different 
concentrations of dioxane solution was first studied.  Figure 4 showed the enzyme 
kinetics in 0.2% dioxane with different substrate concentrations.  In the presence of 
0.2% of dioxane, when the time is sufficiently large, a straight line is approached at 
each concentration of substrate.  Both the initial rate and the slope of the asymptote 
increase with increasing substrate concentration (Fig. 4a).  From Eq. [11], plots 
of ln ([P]calc-[P]t) versus t give a series of straight lines at different concentrations 
of substrate, whose slopes are equal to the apparent forward rate constant A (Fig. 
4b).  From Eq. [9], a plot of [P]calc against time t gives a straight line with a slope 

of 	 .  Because the value of v was obtained by testing at different concentrations 

of substrate, the value of k-0 can be obtained.

Since the values of initial rate (v), Michaelis-Menten constant (Km) and maximal 
rate constant (Vm) are quantities known from measurement of the substrate reaction 
in the absence of dioxane at different substrate concentrations, the inactivation rate 
constants k+0 and kʹ+0 were obtained from the slope and the intercept of the straight 
line in Figure 4c, a plot of A/v versus 1/[S] according to Eq. [12].  The values 
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Figure 3:  Course of inactivation of NAGase for the 
hydrolysis of pNP-NAG in different concentrations of 
dioxane solution. The assay conditions were the same 
as Figure 1 with exception of 0.25 mM pNP-NAG. (a) 
Substrate reaction course. The final dioxane concentra-
tions for curves 0-5 were 0, 0.2, 0.4, 0.6, 0.8, and 1.0%, 
respectively. The broken straight line slowed the plot of 

[P]calc against time t with a slope of 	 .  (b) Semi-

logarithmic plots of ln([P]calc-[P]t) against time. Data 
were taken from curves 1-5 in (a).
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obtained are listed in the Table I.  Similarly, the inactivation rate constants of the 
enzyme at other dioxane concentrations were also obtained (Table I).

Fluorescence Emission Spectra of the Enzyme After 
Denaturation in Dioxane Solutions of Different Concentrations

The fluorescence emission spectra of the enzyme in different concentrations of 
dioxane are shown in Figure 5.  The emission peak of the native enzyme is at 
339.4 nm; it may contain contributions by both Trp residues and Tyr residues 
(14).  Increasing the concentrations of dioxane caused the fluorescence emission 
intensity to be markedly decreased and the emission peak at 339.4 nm a little 
red-shifted.  When the dioxane concentration reached to 1.0%, the fluorescence 
intensity decreased from 13.470 to 6.057, decreased by 45.04%, and the red shift 
of the emission maximum was only 1.5 nm.  The results indicated that conforma-
tional changes of the enzyme molecule occurred in dioxane solution, which led to 
the inactivation of the enzyme.

Dicussion

Enzymes and proteins in organic solvents were received expanding attention in the 
past decade, and some novel properties have been reported while enzymes work 
in organic solvents (16, 17), which benefit both biotechnology and pharmaceuti-
cal industry.  In this investigation, we found that NAGase from green crab (Scylla 
serrata) could be affected in dioxane solutions and the inactivation of the enzyme 
was showed to be reversible.  We did not only use the substrate reaction kinetic 
method to analyze the inhibitory kinetics of NAGase in dioxane solution, but also 
elucidate the relationship between the changes of conformation and function of the 
enzyme at different concentrations of dioxane.  The results listed in Table I show 
that the values of k+0 and kʹ+0 increase apparently with increasing the dioxane con-
centration, but the value of k-0 decreases, illuminating the reversible intensity of 
enzyme is weakened with increasing the dioxane concentration.  The value of k+0 is 
much larger than kʹ+0, indicating the free enzyme molecule is more fragile than the 
enzyme-substrate complex in the dioxane solution (6, 14).  When the concentration 
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Figure 4:  Determination of the inactivation rate con-
stants for crab NAGase in 0.2% of dioxane solution.  (a) 
Substrate reaction courses of the enzyme in the presence 
of 0.2% dioxane.  Curves 1-5 are progress curves with 
0.25, 0.33, 0.40, 0.45, 0.50 mM of substrate, respec-
tively.  (b) Semilogrithmic plot of ln([P]calc-[P]t) against 
time.  Data were taken from curves 1-5 in (a).  (c) Plot 
of A/v versus 1/[S], the A values were obtained from the 
slopes of the straight lines in (b).

Table I 
Microscopic rate constants of the inactivation of Scylla serrata NAGase in dioxane solutions.  

rate constants (  10-3 s-1) [dioxane] 
(%) k+0 k-0 k +0 

residual 
activity 

(%) 

fluorescence 
intensity 

(%) 
0 0 0 0 100.00 100.00 

0.2 49.41 ± 1.20 9.26 ± 0.50 1.40 ± 0.10 83.00 ± 2.00 94.14 ± 2.50 
0.4 53.02 ± 1.20 6.67 ± 0.40 5.41 ± 0.15 67.50 ± 1.50 74.98 ± 2.50 
0.6 59.18 ± 1.00 5.35 ± 0.35 8.22 ± 0.24 54.20 ± 1.40 58.11 ± 1.80 
0.8 66.17 ± 0.80 3.11 ± 0.30 12.25 ± 0.54 44.20 ± 0.80 48.91 ± 1.50 
1.0 69.38 ± 0.70 2.44 ± 0.25 14.95 ± 0.55 36.00 ± 1.00 44.96 ± 0.80 
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Figure 5:  Fluorescence emission spectra of NAGase 
inactivated in the dioxane solutions.  Enzyme (10 μl of 
1.106 mg/ml) was added into 1ml of 0.1 M NAc-HAc 
buffer pH 5.8 containing different concentrations of di-
oxane before determination of the fluorescence spectra.  
The excitation wavelength was 278.8 nm.  The enzyme 
concentration was 11.06 μg/ml.  The dioxane concentra-
tion in the inactivation mixture for curves 1-5 were 0, 
0.2, 0.4, 0.6, 0.8, and 1.0%, respectively.
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of dioxane increased from 0.2% to 1.0%, there is about 41% increase for k+0 and 
964% increase for kʹ+0, indicating that, in the high concentration of dioxane solu-
tion, the substrate protection of this enzyme against inactivation is weakened.  The 
residual activity and fluorescence intensity decrease with increasing the dioxane 
concentration.  And, the fluorescence intensity decreases more slowly than the re-
sidual activity, indicating that the conformation changes of the whole enzyme were 
more slowly than that of the enzyme active center in the dioxane solution.

The change of the fluorescence intensity of green crab NAGase in dioxane so-
lution is as same as that of prawn NAGase (6) but very different from that of 
mushroom tyrosinase in the DMSO (15), whose fluorescence intensity increased 
with increasing the concentration of DMSO.  Maybe it is because the adding of 
dioxane causes the change of pH or dielectric constant, or the presence of diox-
ane could modify the nature and the number of non-covalent interaction, so the 
microenviroments of NAGase change and then its conformation is affected and 
leads to enzyme activity loss.
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