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Inhibition kinetics and mechanism of polyphenol oxidases (PPO) partially purified from various sources such
as Thymbra spicata L. var. spicata and Ocimum basilicum L., and of mushroom PPO bought from Sigma by
diethyldithiocarbamic acid have been described using catechol, 4-methylcatechol and pyrogallol as
substrates. The inhibition type was competitive for O. basilicum L. PPO using catechol and 4-methylcatechol
as substrates, for mushroom PPO using catechol, 4-methylcatechol and pyrogallol as substrates, and for
T. spicata L. var. spicata PPO using 4-methylcatechol as a substrate; uncompetitive inhibition for 7. spicata
L. var. spicata PPO using pyrogallol as a substrate; and non-competitive inhibition for O. basilicum L. and
T. spicata L. var. spicata PPO using pyrogallol and catechol as substrates, respectively. The inhibition effect
of diethyldithiocarbamic acid on enzymatic browning varied greatly from one phenol to another and from
one enzyme to another. Hence, no general rule can easily be established with regard to the type of inhibition

observed.

Keywords

Introduction

Polyphenol oxidase (monophenol, dihydroxyphenylala-
nine: oxygen oxidoreductase, EC 1.14.18.1; PPO) is a
bifunctional, copper-containing enzyme widely distri-
buted in the phylogenetic scale which, in the presence
of molecular oxygen, catalyses both the o-hydroxyla-
tion of monophenols to give o-diphenols (cresolase
activity) and the further oxidation of o-diphenols to
o-quinones (catecholase activity). The o-quinones thus
generated are very unstable and rapidly react with
themselves and with amino acids or proteins, polymer-
ising to the brown or black pigments (Mason &
Peterson, 1965; Matheis & Whitaker, 1984; Garcia-
Carmona et al., 1988) that are responsible for
melanisation in animals and browning in plants. This
browning phenomenon is generally undesirable in food
technology because of the unpleasant appearance and
the concomitant development of off flavour. Owing to
its technological importance, therefore, numerous stud-
ies have been devoted to the inhibition of the enzyme
from different sources by different chemical compounds
(Ferrar & Walker, 1996).
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The prevention or inhibition of enzymatic browning is
a major concern of the food industry all over the world,
and attempts have been made to eliminate from the
reaction one or more of its essential components:
oxygen, enzyme, copper, or (poly)phenols (Richardson
& Hyslop, 1985). Oxygen can be excluded from the
reaction by immersing the fruits and vegetables in water,
syrup, and brine or by exposure to vacuum or modified
atmospheric packing (Langdon, 1987). However, this
treatment is not definitive, because when the package is
opened, oxygen is reintroduced and browning will
restart. The enzyme can be effectively heat-denatured
by steam blanching before freezing or carrying food
(McEvily et al., 1992) at the expense of adverse off
flavours and texture changes in fresh material (Langdon,
1987). Thermal processing is generally considered as the
most effective method to inactivate PPO and, conse-
quently, to inhibit enzymatic browning (McEvily et al.,
1992). Thermal treatments can, however, be responsible
for considerable sensorial and nutritional quality losses
in fruits and vegetables (Lund, 1977; Sapers, 1993). In
this regard, molecular biology is starting to produce
antisense PPO mRNA in transgenic plants, to inhibit
enzymatic browning in fresh fruits. However, develop-
ment of this technology will depend on a better
knowledge of PPO genes in different plant sources
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(Bachem et al., 1994) and must at the same time
overcome the consumer’s refusal of transgenic food.

The most common method for controlling browning is
to use sulphites in any of their forms (sulphur dioxide,
sodium or potassium metabisulphite and sodium or
potassium bisulphite) (Sapers, 1993). Sulphites are
unique and multifaceted compounds as they are
economical and can control both enzymatic and non-
enzymatic browning while functioning as antimicrobials,
bleaching agents, reducing agents, and antioxidants
(Lambrecht, 1995). However, because of adverse health
effects, the Food and Drug Administration (FDA) has
prohibited their use in fruits and vegetables served or
sold raw to consumers (Taylor, 1986). Other chemical
compounds such as acidifiers (citric, malic, and phos-
phoric acids), chelators (EDTA), and reducing agents
(ascorbic acid, alone or in combination) have been used
(Fayad et al., 1997). However, recent changes in lifestyle
and an awareness of the relationship between food and
health have led to a demand for more natural foods and
safer and fewer added chemicals in processed foods.
Diethyldithiocarbamic acid, stable wunder normal
temperature and pressure, does not have any toxicity
effect in the food industry and has been used as inhibitor
(Detibowska & Podstolski, 2001).

The family Lamiaceae (Labiatae) includes between
200 and 250 genera and between 3200 and 6500 species.
Distribution is throughout the world but is particularly
well represented in tropical and temperate areas such as
the Mediterranean region and tropical upland savannas
(Dorman et al., 2004). The members of this family are
added to foods for their organoleptic properties and are
often consumed as herbal teas in Turkey (Kurkcuoglu
et al., 2001). Lamiaceae species possess a variety of
activities, including anti-inflammatory, antioxidant,
antibacterial, antifungal, and antiviral properties (Pizz-
ale et al., 2002). Thymbra is a genus belonging to the
Lamiaceae family. An important food product in the
east Anatolian part of Turkey is herb cheese. A number
of herbs such as Thymus sp., Allium sp., and Ferule sp.
are used in making herb cheese (Dogan et al., 2003a). In
addition, Thymbra and Ocimum use the most widely.
Thymbra is known and used as thyme or ‘kekik’ which is
the name given to those species with a thymol-/carvac-
rol-type odour in Turkey (Baydar et al., 2004). Ocimum
basilicum L. is an important medicinal plant and
culinary herb. It is called as ‘Feslegen’ in Turkey.
Feslegen is widely cultivated for the production of
essential oils, and is also marketed as an herb — fresh,
dried, or frozen. These herbs are added into the vat to
get the desired flavour for the cheese. The pickled herb is
also sold in markets, so they can be found throughout
the year. Furthermore, the dried leaves of these plants
have been used as a spice and as a herbal tea (Dogan
et al., 2005a). One other important point is that this
plant contains an enzyme called PPO. In our previous
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studies, we investigated the characterisation of PPO
from different Thymus species (Dogan & Dogan, 2004;
Dogan et al., 2003a,b) and Origanum (Dogan et al.,
2005b); some kinetic properties of PPO and peroxidase
from Thymbra (Dogan et al., 2006; Dogan et al, in
press) and Salvia sp. (Gindogmaz et al., 2003; Dogan
et al., 2007); the inhibition of PPO from different
sources by 2,3-diaminopropionic acid (Arslan & Dogan,
2005) and glutamic acid (Dogan et al., in press).

Diethyldithiocarbamic acid is a strong reducing agent
and is also the inhibitor of some enzymes such as
proteinase, lipoxygenase, and polyphenolase (Fried,
1976). The inhibition potency of diethyldithiocarbamic
acid is different from one enzyme to another. For
example, diethyldithiocarbamic acid strongly inhibited
the proteinase activity in tomato leaves when it only
weakly inhibited tomato lipoxygenase activity. It is the
purpose of the present paper to describe an inhibition
kinetic study of diethyldithiocarbamic acid on the
catecholase activity of PPO extracted from Thymbra
spicata L. var. spicata and O. basilicum L., and of
mushroom PPO bought from Sigma (Deisenhofen,
Germany). Morever, in this study, we present data
demonstrating that diethyldithiocarbamic acid rapidly
and efficiently causes the chemical reduction of the
product of oxidation of phenolic compunds by PPO.
The efficient reduction of oxidation products prevents
the enzymatic browning of vegetables, fruits, and plants.
This effect has not been previously reported.

Materials and methods

Plant material

Plants of T. spicata L. var. spicata and O. basilicum L.,
and mushroom have been used as research materials in
this study. The original activity of mushroom PPO
activity specified by Sigma is 1000 EU mg™". Thymbra
spicata L. var. spicata was collected in spring from a
field near Balikesir in Turkey and stored at —70 °C until
used in the study. Ocimum basilicum L. was harvested
directly from a local garden in Izmir and Aydin cities in
Turkey and stored at —70 °C until processed. Mush-
room PPO was purchased from Sigma Chem Co. All
chemicals used were the best grade available and were
used without further purification as they were obtained
from Sigma. Enzyme assays were measured with the aid
of a Cary |1E|g UV-Visible Spectrophotometer (Varian,
Australia).

Extraction and partial purification of PPO

Thymbra spicata L. var. spicata and O. basilicum L. were
placed in a Dewar flask under liquid nitrogen for 10 min
in order to decompose cell membranes. For preparing
the crude extract, the sample (10 g) of plants was
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homogenised in 100 mL of 0.1 m phosphate buffer (pH
6.5). The homogenate was filtered and kept at 4 °C for
60 min before being centrifuged at 17 000 g for 30 min
at 4 °C. The supernatant was brought to 80%
(NH4),SO, saturation with solid (NHy4),SO4. The pre-
cipitated PPO was separated by centrifugation at
20 000 g for 30 min. The precipitate was dissolved in a
small amount of 5 mm phosphate buffer (pH 6.5) and
dialysed at 4 °C in the same buffer for 24 h with three
changes of the buffer during dialysis. The dialysed
sample was used as the PPO enzyme source in the
following experiments (Arslan & Dogan, 2005).

Assay of PPO activity

PPO activity was assayed by measuring the rate of
increase in absorbance at a given wavelength using a
double beam model of a Cary |1E|g UV-Visible Spec-
trophotometer, as described previously (Dogan et al.,
2005¢c). The activity was determined using different
substrates by measuring the increase in absorbance at
420 nm for 4-methylcatechol and catechol substrates
and 320 nm for pyrogallol substrate. Total reaction
volume was always maintained at 3.0 mL. The sample
cuvette contained 0.1 mL of the enzyme, 2.3 mL of
0.1 m buffer solution and 0.6 mL of 0.1 M substrate
solution. The blank sample contained only 0.6 mL of
0.1 M substrate and 2.4 mL of 0.1 M buffer solution. The
0.1 M concentration was chosen to avoid the influence of
enzymatic extract ionic strength on PPO activity,
described by Angleton & Flurkey (1984). The reaction
was carried out in a 1-cm light path quartz cuvette. The
temperature was kept constant at 25 °C using a Beck-
mann Peltier temperature controller attached to the cell
holder of the spectrophotometer. The linear portion of
the absorbance vs. time curve was used to determine the
initial rates. It was found that: (i) PPO activity of
O. basilicium L. was 5330 EU mg™' (Dogan er al.,
2005¢); and V. and K, values were 6941 EU mL™!
and 2.72mMm; 11586 EUmL™' and 1.62 mm;
10369 EUmL™" and 342mwm for O. basilicium
L. PPO (Dogan et al., 2005¢c) and, 6813 EU mL™" and
20 mM; 2516 EU mL™" and 3 mm; and 5123 EU mL™
and 39.4 mMm for T. spicata L. var. spicata PPO (Dogan
et al., 2006) using catechol, 4-methylcatechol and pyro-
gallol as substrates in our previous studies under the
same conditions, respectively. One unit of PPO activity
was defined as the amount of enzyme causing 0.001
increase of absorbance per minute (Dogan et al., 2005b).

Effect of inhibitor

The inhibition kinetic analysis of 7. spicata L. var.
spicata, O. basilicum L., and mushroom PPO was
determined for diethyldithiocarbamic acid in the ab-
sence of and in the presence of inhibitors at two or three
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different concentrations. Inhibition of PPO by diet-
hyldithiocarbamic acid was measured at 420 nm for
catechol and 4-methylcatechol substrates, and 320 nm
for pyrogallol substrate at pH 6.5 and 25 °C. Three
millilitres of the reaction mixture contained the sub-
strate solutions at various concentrations in 100 mm
phosphate buffer (pH 6.5), 0.1 mL enzyme solution and
the inhibitor solution at fixed concentrations. Inhibition
constants (K; and K;) were deduced from the Lineweav-
er—Burk plots for each inhibitor (Giindogmaz et al.,
2003).

Results and discussion

Inhibitory properties of partially purified PPO prepar-
ation from various sources using diethyldithiocarbamic
acid were first investigated with catechol, 4-methylcate-
chol, and pyrogallol as substrates. Increasing amounts
of diethyldithiocarbamic acid were studied. In enzyme
inhibition, a molecule (inhibitor) binds to an enzyme
forming an unreactive complex. Different types of
inhibitors have different effects on enzyme Kkinetics.
The prevention of enzymatic browning by a specific
inhibitor may involve a single mechanism or be the
result of an interplay of two or more mechanisms of
inhibitor action. There are various mechanism through
which enzyme inhibitors can act (Arslan & Dogan,
2005).

Competitive inhibition

A competitive inhibitor has a chemical similarity to the
substrate and competes with the substrate for binding to
the active site of the enzyme. The Lineweaver—Burk
equation for competitive inhibition is:

1 (ocKm> 1 n 1 ()
Vo Vinax [S] Vmax
where 0
T
=1+ 2
o ( + Ki) (2)
In this equation, [S] is substrate concentration

(mol L™Y); [1] is inhibitor concentration (mol L™"); K;
is the dissociation constant of the enzyme-inhibitor
complex; V.x is the maximum velocity at saturating
concentration of the substrate (EU mL™' min™"); v, is
the enzyme activity value (EU mL™" min™"); and K, is
the Michaelis constant (M) (Voet & Voet, 2003). K;
values were obtained by plotting 1/vy vs. 1/[S]. A plot of
1/vg vs. 1/][S] for competitive inhibition of mushroom
PPO using 4-methylcatechol as a substrate has been
given in Fig. 1. Lineweaver—Burk plots for PPO using
five or six concentrations of substrates in the absence
and presence of two or three different concentrations of
diethyldithiocarbamic acid were typical of competitive
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Figure 1 Lineweaver—Burk double reciprocal plots showing inhibition
of mushroom polyphenol oxidase by diethyldithiocarbamic acid
using 4-methylcatechol as a substrate at pH 6.5 and 25 °C.

inhibition, as illustrated in Fig. 1, in which V.. values
have not changed when K, values have increased. This
result was shown to be the competitive inhibition of
reaction between inhibitor and substrate catalysed by
PPOs in this study. The dependencies obtained justified

this type of inhibition. Table 1 also shows the types of
inhibition and K; and K; values for inhibition by
diethyldithiocarbamic acid of T. spicata L. var. spicata,
O. basilicum L., and mushroom PPO using catechol, 4-
methylcatechol, and pyrogallol as substrates. As seen
from Table 1, competitive inhibition was obtained for
0. basilicum L. PPO using 4-methylcatechol and cate-
chol as substrates; for mushroom PPO using 4-methyl-
catechol, catechol, and pyrogallol as substrates; and for
T. spicata L. var. spicata PPO using 4-methylcatechol as
substrate. A similar result was obtained with agaritine
on mushroom PPO when L-tyrosine was used as a
substrate (Espin et al., 1998). Janovitz-Klapp et al.
(1990) found that the inhibition effect of some carboxy-
lic acids on PPO using 4-methylcatechol as a substrate
was competitive. In the presence of the competitive
inhibitor, a complex forms with the enzyme when the
inhibitor binds, the EI complex. This is a dead-end
complex and cannot go on to form product. However,
the inhibitor is bound reversibly to the enzyme and
when more substrate is added, the inhibition is over-
come by pulling the enzyme free via the breakdown of
the EI complex, which is in equilibrium with free enzyme
and free inhibitor. Another way to think about this is
when lots of substrate is added, the concentration of free
enzyme (F) falls to such a low level, that some of the EI

Table 1 Inhibition types and average K; val-

ues of polyphenol oxidase (PPO) obtained Average  Type of
from different sources using catechol, 4- PPO sources Substrates [N (mm) K; (mm) inhibition R?
?;g}il;‘;ﬁﬁ?&tg}iaﬁ;ﬁiﬂg’l as substrates Ocimum 4-methylcatechol 0.033 0.033 Competitive 0.9962
basilicum L. 0.050 0.9927
0.066 0.9888
Catechol 0.066 0.04 Competitive 0.9950
0.083 0.9941
0.100 0.9904
Pyrogallol 0.016 0.031 Non-competitive 0.9915
0.033 0.9926
0.050 0.9949
Mushroom 4-methylcatechol 0.033 0.015 Competitive 0.9928
0.050 0.9928
0.066 0.9954
Catechol 0.003 0.105 Competitive 0.9747
0.033 0.9933
0.066 0.9962
Pyrogallol 0.003 0.064 Competitive 0.9908
0.007 0.9993
0.010 0.9966
Thymbra spicata L. 4-methylcatechol 0.033 0.120 Competitive 0.9962
var. spicata 0.066 0.9984
0.100 0.9981
Catechol 0.016 0.069 Non-competitive 0.9945
0.033 0.9962
0.050 0.9962
Pyrogallol 0.033 0.031 Uncompetitive 0.9969
0.066 0.9965
0.100 0.9971
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complex must breakdown to replenish the free enzyme
demanded by the equilibrium between enzyme and
inhibitor.

Uncompetitive inhibition

Lineweaver—Burk equation for uncompetitive inhibition
is given by the following equation:

1 KM 1 of
V_O B (Vmax> E + Vmax (3)
where
1
o =1+ % (4)

Figure 2 shows a plot of 1/vy vs. 1/[S] for uncom-
petitive inhibition of T. spicata L. var. spicata PPO
using pyrogallol as a substrate. Arslan et al. (2004)
found that inhibition type for mulberry PPO was
uncompetitive for p-aminobenzenesulphonamide and
sulphosalicilylic acid inhibitors using catechol as a
substrate. Furthermore, agartine for mushroom PPO
showed uncomptetive inhibition with L-DOPA 1-3,4-
dihydroxyphenylalanine and L-tyrosine as substrates
(Espin et al., 1998). 2,3-diaminopropionic acid for
mushroom PPO showed a simple linear uncompetitive
inhibition when catechol and pyrogallol were used as
substrates (Arslan & Dogan, 2005). The binding of the
uncompetitive inhibitor, which needs to resemble the
substrate, is envisaged to cause structural distortion of
the active site, thereby rendering the enzyme catalyt-
ically inactive. Uncompetitive inhibition requires the
inhibition to affect the catalytic function of the enzyme
but not its substrate binding (Voet & Voet, 2003).

I () 0.003 -
_ +0.000 = 0.033
= 4 0.100 x 0.066
£
£ 0.002 47
)
g
)
=
£ 0.0014
-500 -300 ~100 100 300
1/[S1, (m)~!

Figure 2 Lineweaver—Burk double reciprocal plots showing inhibition
of Thymbra spicata L. var. spicata polyphenol oxidase by diet-
hyldithiocarbamic acid using pyrogallol as a substrate at pH 6.5 and
25 °C.
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Non-competitive inhibition

Lineweaver—Burk equation for non-competitive inhibi-
tion is given by the following equation:

1 oK 1 of
Vo (Vmax> [S] + Vmax (5)

In classic example of pure non-competitive inhibi-
tion, the uninhibited reaction and the enzyme in the
presence of the inhibitor will yield the same K
value. The plot of this equation consists of lines that
have the slope (1 + ([{/K))(Kn/Vmax) and intercept
(1 + (IVK))(1/Vmax) (Arslan & Dogan, 2005). As is
seen from Fig. 3, it was found that the type of inhibition
for T. spicata L. var. spicata and O. basilicum L. PPO
was non-competitive inhibition using pyrogallol and
catechol as substrates, respectively. Again, K; values
obtained are given in Table 1. Non-competitive inhibi-
tion was found for palmito PPO with p-coumaric acid
and sinapic acid inhibitors using 4-methylcatechol as a
substrate (Robert et al., 1997).

Again, as seen from results, the inhibition type was
competitive for majority of the substrates used. The
molecular weights of both substrates and inhibitors are
similar and are of small volume. Therefore, it can be said
that inhibitor can compete with the substrates for
binding to the active site of the enzyme. As seen before,
the inhibitory effect of diethyldithiocarbamic acid on
enzymatic browning has varied greatly from one phenol
to another and from one enzyme to another. Hence, no
general rule can ecasily be established with regard to the
type of inhibition observed. The inhibition mechanism
of diethyldithiocarbamic acid can be explained as
follows: o-diphenol is oxidised by PPO, in the absence

0.0025
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0.00154

1 (mm)

+0.000 = 0.016
4 0.033 x0.050

0.001 1

0.0005
ray

-150 =50 50 150 250 350 450 550
1/[S1, )1

1/vy, (BUmL~! min=1)~!

Figure 3 Lineweaver—Burk double reciprocal plots showing inhibition
of Thymbra spicata L. var. spicata polyphenol oxidase by diet-
hyldithiocarbamic acid using catechol as a substrate at pH 6.5 and
25 °C.
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Table 2 K; values for the competitive

inhibition of artichoke polyphenol oxidase 4-methylcatechol Catechol Pyrogallol
PPO) (Dogan et al., 2005¢ -
(PPO) (Dog ) Inhibitors ) K (W) 1 () K; () (0 (m) K m)
L-cysteine 1.00x10™* 1.1x10* 6.66x10° 1.1x10* 1.00x10* 12x107*
1.33x10™* 83x10° 133x10* 62x10° 333x10* 16x107*
p,L-dithiothreitol  1.00 x 107* 2.2x10™* 6.66x10° 1.1x10* 1.66x10° 24x10°
1.33%x 107 1.8x10™* 1.00x10™* 7.3x10° 233x10° 7.9x10°°
Sodium azide 333x10% 63x10*% 1.33x1073* 36x10° 333x10* 21x107*
1.00x107% 7.3x10™% 1.66x107°3* 28x10° 6.66x10° 23x10°
1.66x 107 58x10™* 250x1073* 27x10° 1.00x102 20x107°

*Non-competitive inhibition.

of diethyldithiocarbamic acid, whence the quinone
radicals polymerise by oxidative coupling reaction,
resulting in the browning phenomenon. As diet-
hyldithiocarbamic acid is a strong reductant, it reduces
part of the o-quinone back to its original structure,
o-dihydroxyphenol. On the other hand, radicals from
diethyldithiocarbamic acid or other thiol compounds
immediately react with o-quinone radical to form
addition compounds, consequently, the browning by
PPO will be inhibited. Thiol compounds and amino
acids (L-cysteine) inhibit polymerisation of quinones by
reducing quinones back to phenols or by forming
complexes with quinones and preventing polymerisa-
tion, while substrate continues to be consumed (Wuyts
et al., 2000). L-cysteine and reduced glutathione are also
the effective inhibitors of PPO. These compounds
prevent enzymatic browning by reacting with o-quinone
to produce stable, colourless adducts instead of the
brown pigments (McEvily et al., 1992). Again, it was
found that r-cysteine formed a product with catechol
and these products inhibited the enzyme activity (Dud-
ley & Hotchkiss, 1989). The mechanism of inhibition of
enzymatic browning leads to the identification of
another role for thiol compounds, in light of the reports
by Weaver et al. (1970, 1972), which describe enzyme
inhibition by vy-L-glutaminyl-3,4-benzoquinone. It was
observed that thiol compounds underwent addition
reactions during the extraction of the enzyme and
inhibited the browning of the solution. These results
suggest that an excess of thiol compounds including
reductants may prevent inhibition of sulphhydryl
enzymes such as dedhydrogenases by quinone com-
pounds, i.e. the reaction which couples SH groups in the
active site of the enzymes with quinones produced by
PPO. Furthermore from a technological point of view, it
would be conceivable to use this inhibitor in processed
fruits provided that their safety is assessed and their
commercial feasibility is demonstrated.

Table 2 has shown K; values for the competitive
inhibition of artichoke PPO. Comparing Tables 1 and 2,
it can be said that the inhibition power of diet-
hyldithiocarbamic acid is generally higher than those

© 2008 The Authors. Journal compilation © 2008 Institute of Food Science and Technology Trust Fund

of L-cysteine, D,L-dithiothreitol, and sodium azide (e.g.
for p,L-dithiothreitol, K; = 7.9 x 107°).
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