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Abstract The effects of dimethyl sulfoxide (DMSO) on the activity of polyphenol oxidase
(PPO, EC 1.14.18.1) from blowfly pupae for the oxidation of L-3,4-dihydroxyphenylalanine
were studied. The results showed that low concentrations of DMSO could lead to reversible
inactivation to the enzyme. The ICso value, the inactivator concentration leading to 50%
activity lost, was estimated to be 2.35 M. Inactivation of the enzyme by DMSO was
classified as mixed type. The kinetics of inactivation of PPO from blowfly pupae in the low
concentrations of DMSO solution was studied using the kinetic method of the substrate
reaction. The rate constants of inactivation were determined. The results show that k., was
much larger than k;o, indicating that the free enzyme molecule was more fragile than the
enzyme—substrate complex in the DMSO solution. It was suggested that the presence of the
substrate offers marked protection of this enzyme against inactivation by DMSO.
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Abbreviation

DMSO dimethyl sulfoxide

L-DOPA  L-3,4-dihydroxyphenylalanine

PPO polyphenol oxidase

ICsg the inactivator concentrations leading to 50% activity lost

Chao-Qi Chen and Zhi-Cong Li contributed equally to this work.

C.-Q. Chen
College of Urban and Environmental Sciences, Peking University, Peking 100871, China

Z.-C.Li+Z.-Z. Pan - Y.-J. Zhu - Q. Wang - Q.-X. Chen (P<))

Department of Biochemistry and Biotechnology, School of Life Sciences, Xiamen University,
Xiamen 361005, China

email: chengx@xmu.edu.cn

R.-R. Yan - J.-H. Yan (D<)

Medicine School, Xiamen University, Xiamen 361005, China
e-mail: jhyan@xmu.edu.cn

KU
3¢ Humana Press



Appl Biochem Biotechnol (2010) 160:2166-2174 2167

K the Michaelis—Menten constant
Vin the maximal velocity
Introduction

Polyphenol oxidase (PPO, EC 1.14.18.1), a copper-containing mixed-function oxidase, was
widely distributed in nature and was responsible for the synthesis of melanin in animals and
browning in plants [1-3]. This enzyme catalyzed the oxidation of o-diphenols to
o-quinones. Quinones were highly reactive compounds and could polymerize spontane-
ously to form high-molecular-weight compounds or brown pigments (melanins) or react
with amino acids and proteins that enhance the brown color produced [4, 5]. In insects,
PPO was considered to be involved not only in melanin formation, but also in
sclerotization of cuticles, wound healing, and defense reactions [6]. The inhibitors of
PPO should have a range of applications. Many studies on the inhibition of PPO were
carried out [7—10]. It was well known that PPO from plants and microorganisms could be
inhibited by aromatic aldehydes and aromatic acids [11-14], tropolone [15], and
flavonoids [16]. Because most inhibitors of PPO were hard to be dissolved in water,
these compounds must be first dissolved in organic solvent, such as ethanol and dimethyl
sulfoxide (DMSO) [8], and then tested for the effects on the enzyme activity. However, it
was very important to decide if the enzyme was also affected by the organic solvent. In
this investigation, it was found that the activity of PPO from blowfly pupae could be
affected by DMSO, and the inactivation of the enzyme in DMSO solutions was shown to
be reversible in low concentrations of DMSO. In this paper, we reported the effects of
DMSO on the oxidation of L-3,4-dihydroxyphenylalanine (L-DOPA). And the inactiva-
tion kinetics and inactivation mechanism were also investigated.

Materials and Methods

PPO from pupae of blowfly (Sarcophaga bullata) was prepared and purified by a
procedure involving ammonium sulfate fractionation and chromatography on diethyla-
minoethyl cellulose and Sephadex G-100 as described by Wang et al. [3]. The final
preparation was homogeneous on polyacrylamide gel electrophoresis and high-
performance liquid chromatography. The specific activity of the enzyme was 772 U/
mg. One unit of enzymatic activity was defined as the amount of enzyme catalyzing the
formation of 1 pmol of dopachrome per minute from L-DOPA at 30°C. Absorption was
recorded using a Beckman UV-650 spectrophotometer. DMSO and L-DOPA were
purchased from Aldrich (USA). All other reagents were analytical grade. The water used
was redistillated and ion-free.

PPO activity assay was performed as previously reported by Chen et al. [3, 17]. The
assay system was 1.0 ml containing 1 mM of L-DOPA in 0.05 M Na,HPO,—NaH,PO,
buffer (pH 6.8). Absorption and kinetic measurements were carried out using a Beckman
UV-650 spectrophotometer.

Inactivation studies were performed by dissolving DMSO in an assay system. An
enzyme aliquot (50 pl) was added to 1.0 ml of an assay system at 30°C, and the rate of
substrate oxidation was monitored for 60 s after a 5-s lag period [8, 18].

The progress-of-substrate-reaction method previously described by Tsou [19, 20]
was used for the study of the inactivation kinetics of the PPO of blowfly pupae. In this
method, 50 pl of the enzyme (52.0 pg/ml) was added to 1.0 ml of reaction mixture
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containing 1 mM L-DOPA in 0.05 M Na,HPO,—NaH,PO, buffer (pH 6.8) containing
different concentrations of DMSO.

The fluorescence spectra were measured with a Hitachi 850 spectrophotometer. The
enzyme (52.0 pg/ml) was dissolved in 1.0 ml of 0.05 M Na,HPO,—NaH,PO, buffer (pH
6.8) in different concentrations of DMSO and, at a constant temperature of 30°C,
preincubated for 2 min before fluorescence spectra measurements with an excitation
wavelength of 282.6 nm.

Results
Effect of DMSO on the PPO Activity for the Oxidation of L-DOPA

The effect of DMSO on the oxidation of L-DOPA by PPO of blowfly pupae was first
studied. The relationship between residual enzyme activity and the concentrations of
DMSO was shown in Fig. 1. The effect of DMSO on the enzyme activity was
concentration-dependent. As the concentrations of DMSO increased, the residual enzyme
activity rapidly decreased and reached complete inactivation when the concentration of
DMSO was 5.6 M, indicating that the inactivation of the enzyme in DMSO solution was
irreversible in high concentrations of DMSO. The ICs value of DMSO was estimated to be
235 M.

Determination of the Kinetic Parameters of PPO from Blowfly Pupae

The kinetic behavior of PPO of blowfly pupae in catalyzing the oxidation of L-DOPA was
studied. Under the condition employed in the present investigation, the oxidation reaction
of L-DOPA by the PPO of blowfly pupae follows the Michaelis-Menten kinetics. The
kinetic parameters for the enzyme obtained from a Lineweaver—Burk plot showed that K,
was equal to 1.838 mM and ¥, was equal to 108.78 uM/min. In the DMSO concentration
lower than 3.5 M, the inactivation of the enzyme was reversible, and the inactivation was

Fig. 1 Effect of DMSO on the
activity of PPO from blowfly 100
pupae for the oxidation of L-
DOPA. Assay conditions: 250 pl
system containing 0.05 M phos-
phate sodium buffer pH 6.8,
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analyzed by the Lineweaver—Burk plots. The results illustrated in Fig. 2 showed that the
inactivation of the enzyme was mixed type. Both K,,, and 7, were changed. Increasing the
concentration of DMSO, the K,,, value increased and the V,, value decreased.

Establishment of the Kinetic Model of Inactivation of PPO in DMSO Solution

The temporal variation of the product concentration during the oxidation of L-DMSO by
the PPO in the presence of different DMSO concentrations was shown in Fig. 3a. At each
concentration of DMSO, the rate decreases with increasing time until a straight line was
approached, the slope of which decreases with increasing DMSO concentration. The results
suggest that, at DMSO concentration less than 3.5 M, denatured PPO still had partial
residue activity (curves 1-5). This kinetic model can be written as follows:

K ky
E+S ES ——> E+P

S

E' E'+S

where S, P, E and E' denote the substrate, product, and natural and inactivated enzyme,
respectively; ES is the enzyme—substrate complex; k.o and k_, are the rate constants for
forward and reverse inactivation of free enzyme, respectively; and k’+0 is the inactivation
rate constant of the enzyme—substrate complex. As was the usual case [S]»[Ey], product
formation can be written as:

v X k_g % _
[ ];ZTXH'Z(A—M)U—@’A“) (1)
and
k+0Km + k+0 [S]
A=—r—"—+k_ 2
Knts] 0 @)
Fig. 2 Lineweaver—Burk plots 0.12 —
for the oxidation of L-DOPA by L
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Fig. 3 Course of inactivation of PPO from blowfly pupae on incubation in different concentrations of
DMSO. The assay conditions were the same as Fig. 2. a Substrate reaction course. The final DMSO
concentrations for curves 0—-7 were 0, 0.7, 1.4, 2.1, 2.8, 3.5, 4.2, and 5.6 M, respectively. b Semilogarithmic
plots of In([P]...—[P],) against time ¢. Data were taken from curves 1 to 4 in a

where [P], is the concentration of the product formed at time ¢, which was the reaction time;
A is the apparent forward rate constant of inactivation; [S] is the concentration of the
substrate; and v is the initial rate of reaction in the absence of denaturant where v = I’é:i[[i]]
When ¢ was sufficiently large, the curves become straight lines and the product

concentration was written as [Pleaic:

vk_g v
[P}calc :TXI+Z(A_k—O)' (3)
Combining Egs. 1 and 2 yields:
v —Axt
[P]calc - [P]t = Z (A - k,o) xe ) (4)
In([P] e — [P],) = —A x t + constant (5)

where [P]..c is the product concentration to be expected from the straight-line portions of
the curves as calculated from Eq. 1 and [P]; is the product concentration actually observed
at time 7. Plots of In([P]eauc—[P];) versus ¢ give a series of straight lines at different
concentrations of denaturant with slopes of —A4 (Fig. 3b). The apparent forward rate
constant 4 can be obtained from the slopes of the straight lines. A plot of [P]..c against
time ¢ gives a straight line with a slope of VkAjo. From the slope of the straight line, k_ can be
obtained.
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Combining Eq. 2 and the Michaelis—Menten equation gives:

A K 1 ,
;:V*:(kw +kfo)m+k+0V7J;ko (6)
A plot of A/v versus 1/[S] gives a straight line with K, (k1o +k_¢)/Vim and
(k;o +k,o) / Vi as the slope and intercept, respectively. As K, and V, are known
quantities from measurements of the substrate reaction in the absence of DMSO at
different substrate concentrations and k_, can be obtained from a suitable plot as above,
the rate constants k.o and k/+o can be obtained from the slope and intercept of the straight
line, respectively.

Measurement of Inactivation Rate Constant of PPO from Blowfly Pupae

The kinetic course of the oxidation reaction at different substrate concentrations in the
presence of 2.1 M of DMSO was shown in Fig. 4a. When the time was sufficiently
long, a straight line was approached at each concentration of substrate. Both the initial
rate and the slope of the asymptote increased with increasing substrate concentration
(Fig. 4a). From Eq. 5, plots of In([P]cac—[P],) versus ¢ gave a series of straight lines at

0.15

In (Pegyc - Pt)

0.10

p (OD475 nm)

0.05

0 60 120 180 240 300 360 00.0 0.5 1.0 1.5
Time (sec) 1/[S]

Fig. 4 Determination of the inactivation rate constants for inactivation of PPO from blowfly pupae in 2.1 M
of DMSO solution. a Substrate reaction courses of the enzyme in the presence of 2.1 M DMSO. Curves -5
are progress curves with 0.667, 0.8, 1.0, 1.5, and 2 mM of substrate, respectively. The other conditions are
the same. b Semilogarithmic plot of In([P]....—[P],) against time ¢ for data given in a. The lines are numbered
as for a. ¢ Plot of 4/v versus 1/[S]. The 4 were obtained from the slopes of the straight lines in b
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different concentrations of substrate whose slopes were equal to the apparent forward rate
constant 4 (Fig. 4b). Since K, and ¥, were known quantities, the values of (kio+k_¢)
and kl+o could be obtained from the slope and the intercept of the straight line in Fig. 4c, a
plot of A/v versus 1/[S] according to Eq. 6. From Eq. 3, a plot of [P].. against time ¢
gave a straight line with a slope of V]‘T*". From the slope of the straight line, £k, could be
obtained. From the above values, the inactivation rate constants k., ko, and k;_o were
obtained. The above results are shown in Table 1. Similarly, the inactivation rate
constants of mushroom tyrosinase at other DMSO concentrations were also obtained
and the results obtained were summed in Table 1.

Fluorescence Emission Spectra of PPO from Blowfly Pupae in DMSO Solutions

The fluorescence emission spectra of the enzyme in different concentrations of DMSO
were shown in Fig. 5. The emission peak of the native enzyme was at 334.8 nm; it
might contain contributions from both Trp residues and Tyr residues. Increasing the
DMSO concentration caused the fluorescence emission intensity to be markedly
increased and the emission peak (at 334.8 nm) to be red-shifted a little. When the
concentration of DMSO reached 2.8 M, the fluorescence intensity from 13.0 increased
to 18.5, increasing by 42.3%. And the red shift of the emission maximum was only
5.2 nm. The result indicated that when the DMSO binds to the enzyme molecule, it
can induce the enzyme conformation to change and then results in the inactivation of
the enzyme.

Discussion

PPO was considered to be involved in melanin formation. In insects, it was a key enzyme
involved in sclerotization of cuticles, wound healing, and defense reactions [6]. So, it was
very important to research its inhibitors in order to find the insecticide. Many inhibitors of the
PPO were hard to be dissolved in water; they must first be dissolved in organic solvent, such
as ethanol and DMSO, and then tested for inhibition on enzyme activity. The capacity to
accept hydrogen bonds and the relatively small and compact structure of DMSO makes it
easier to associate with water, proteins, carbohydrates, nucleic acid, ionic substances, and so
on [8]. Just because of this, DMSO was added to the reaction system to increase the solubility
of organic inhibitors [21]. But, the interaction between DMSO and this enzyme has not been
reported. Hence, it aroused us to detect if the enzyme was also affected by this organic
solvent. In addition, enzymes and proteins in organic solvents received expanding attention in
the past decade, and some novel properties were reported while enzymes work in organic

Table 1 Microscopic rate constants of the inactivation of PPO from blowfly pupae in DMSO solutions.

[DMSO] (mol/L)  Residual activity (%)  Rate constants (s ') Fluorescence intensity (%)
kvo ko k;o
0.0 100 100.0
1.4 68.0 0.0468  0.00977  0.0188 113.8
2.1 52.6 0.0924  0.00871  0.0293 123.1
2.8 36.6 0.1248  0.00693  0.0554 142.3
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Fig. 5 Fluorescence emission 20077171 T T T 7T
spectra of PPO from blowfly 4

pupae inactivated in the DMSO
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tion wavelength was 284.2 nm.
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for curves 1-4 were 0, 1.4, 2.1,
and 2.8 M, respectively

12.0 - 1 -

8.0 - 1

Fluorescence Intensity

[ R TR IR BU |
300 320 340 360 380 400
Wavelength (nm)

solvents, which benefit both biotechnology and pharmaceutical industry. In this paper, we not
only used the substrate reaction kinetic method to analyze the inactivation kinetics of PPO
from blowfly pupae and obtain the kinetics constants, but also elucidated the relationship
between the changes of conformation and function of the enzyme and the concentrations of
DMSO. The results showed that, in the low concentration of DMSO, the enzyme activity
inhibited reversibly, 0.46 M (3.3%) of DMSO can result in the enzyme activity losing by 5%,
and increasing its concentrations, the enzyme activity exponentially decreased. When the
concentration of DMSO reached 2.2 M (15.7%), the enzyme activity lost 50%. The results
listed in Table 1 show that k.o was much larger than k;o, indicating that the free enzyme
molecule was more fragile than the enzyme—substrate complex in the DMSO solution.

Accompanying the loss of activity that resulted from the increasing concentration of
DMSO, the fluorescence intensity of the enzyme in DMSO solution increased and the
emission peak was red-shifted indistinctively. The change of the fluorescence intensity of
PPO from blowfly pupae in DMSO solution was the same as that of mushroom tyrosinase
in the DMSO [8], but very different from that of prawn NAGase [20] whose fluorescence
intensity decrease with increasing the dioxane concentration. Maybe it was because of the
polarity difference between DMSO and dioxane. Our results showed that DMSO could
cause the changes of pH or dielectric constant and would modify the nature and the number
of noncovalent interaction, which could change the microenvironments of Trp and Tyr
residues in the enzyme molecules, and make the enzyme conformation unfold, and the
activity loss.
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