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bstract

The second-order rate constants (at pH 7, 25 ◦C) for the reduction of three cationic triarylmethane dyes [pararosaniline (PR+), malachite green
MG+), methyl green (MeG+)] by NADH were 1.4 × 10−2 to 6.7 × 10−2 mM−1 min−1. Based on these values the intracellular nonenzymatic
eduction of TAM+ to TAM-H by endogenous NADH was estimated to proceed with an average half-life of 30 min. Rapid and significant adduct
ormation was observed with the thiol, 3-mercaptopropionic acid (MPA), suggesting that the primary intracellular form of the dyes must be a thiol
dduct and that the conversion to adduct form takes place within ms–s. These time frames, when compared to the min–h time frame for microbial

learance of triarylmethanes from culture media, suggest that transport must be the rate-limiting step in nonadsorptive (chemical) clearance of the
yes and that the presence of enzymes to complement the nonenzymatic reductive and adduct-forming activities cited serves a kinetically limited
urpose. It appears that a superior catalytic scavenger will be one with a superior transport capacity.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cationic triarylmethane dyes (TAM+s) have been widely used
s colorants in industry and as antimicrobial/antiparasitic agents
n fish and poultry farming as well as in human medicine [1,2].

hile the use of TAM+s has been discouraged in later years in
iew of the toxic and mutagenic threat to human health [3–6], the
yes continue to serve both in industry and as frequent tools and
eagents in analytical, cell biological and biomedical research
7–11].

The toxicity of TAM+s derives from changes in DNA struc-
ure and membrane permeability, TAM• radical-induced redox
hanges in cellular components and ligand effects on pro-

ein function [1,4–6,12–18]. Studies on the biodegradation of
AM+s in laboratory animals show N-oxides, leuko-dyes and N-
emethylated species to be major metabolites generated by the

Abbreviations: MeG+, methyl green; MG+, malachite green; MOPS, 3-(N-
orpholino)propanesulfonic acid; MPA, 3-mercaptopropionic acid; NADH, �-

icotinamide adenine dinucleotide; PR+, pararosaniline; TAM, triarylmethane;
AM•, triarylmethane radical; TAMR, triarylmethane reductase
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p
t
d
t
r
i
i
p
m
f

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.08.022
; Thiol adduct

ction of peroxidases and the microsomal drug metabolizing sys-
em [3,14,19,20]. Microbial metabolism involves laccases and
eroxidases [21]. Recent reports suggest that specific NADH-
ependent triarylmethane reductases may also contribute to the
icrobial transformation of the dyes [22,23]. As TAM+ meta-

olites are at least as toxic as the parent compounds, their
eneration does not significantly alter the toxic load on exposed
rganisms [3–5]. Therefore, the primary objective is to reduce
xposure—by restricted utilization and by measures of remedia-
ion.

Work on environmental remediation has focused on the
emoval of TAM+s from industrial wastewaters by chemical
r biomass-mediated means [1,21]. The latter approach hangs
rincipally on the clarification of polluted waters by adsorp-
ion, accompanied by uptake and metabolic processing of the
yes. Various organisms have been studied with respect to
heir adsorptive and metabolic capacities [22–24]. Native and
ecombinant species with high redox enzymatic capacity are of
nterest as potentially superior scavengers [23]. However, the

mmediate contribution of metabolic conversions to scavenger
erformance is not yet well established. Since a number of non-
etabolic processes (such as adsorption, transport and adduct

ormation with cellular components) also result in dye remo-

mailto:tacal@hacettepe.edu.tr
dx.doi.org/10.1016/j.jhazmat.2007.08.022
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Fig. 1. Chemical structure of TAM+ dyes.

al, an assessment of the relative contributions of metabolic and
onmetabolic components to the progress of biomass-mediated
leaching might be helpful in the search for suitable organisms.
he present report focuses specifically on the likely role of
ADH-dependent triarylmethane reductase (TAMR) activity in

he environmental clearance of TAM+s. As a first step towards
valuating reductase-mediated versus nonenzymatic and adsorp-
ive processes, we have studied the nonenzymatic reactions of
hree TAM+ dyes (Fig. 1) with 3-mercaptopropionic acid (MPA)
nd NADH. MPA was used as a model for glutathione and

rotein-SH groups, both of which have a pronounced tendency
o form TAM–thiol adducts [25,26]. NADH was used to assess
he nonenzymatic reduction potential of TAM+s. The results
re discussed with reference to information on TAM+ reduc-

l
w
w

ig. 2. The reaction of MG+ with MPA at pH 7.0. (A) Time course for the reaction o

G–MPA adduct formation on [MPA]T (the points represent mean ± S.D. values. Ex
s Materials 149 (2007) 518–522 519

ase and the likely contribution of reductases to dye clearance
23,24].

. Materials and methods

Malachite green (MG+) hydrochloride, leucomalachite
reen, methyl green (MeG+) zinc chloride, pararosaniline (PR+)
cetate, 3-mercaptopropionic acid and �-nicotinamide adenine
inucleotide (NADH) were purchased from Sigma–Aldrich
hemical Co., USA. Stock solutions of the dyes (5 mM, based
n nominal dye content) were prepared daily in methanol. Solu-
ions of MPA and NADH were prepared just before use in
00 mM 3-(N-morpholino) propanesulfonic acid (MOPS) buffer
H 7. In the case of MPA the buffer solution was supplemen-
ed with an equivalent amount of KOH to neutralize the acidic
olute.

Spectrophotometric studies were performed at 25 ◦C using a
himadzu 1601 PC spectrophotometer equipped with a Peltier
nit. Linear regression analyses were performed using Excel©-
oftware.

.1. The reaction of TAM+s with MPA and NADH

The reactions were carried out in 50 mM MOPS buf-
er, pH 7, containing 25 �M TAM+ and 0–8 mM MPA or
ADH. The process was initiated by the addition of dye
nd the bleaching was monitored spectrophotometrically at
he λmax of the dye being used (l = 0.5 cm): MG+, 620 nm
ε = 65 mM−1 cm−1); MeG+, 635 nm (ε = 53 mM−1 cm−1);
R+, 540 nm (ε = 64 mM−1 cm−1). Each reaction was carried
ut in triplicate. Control experiments were conducted in the
ibria for carbinol formation. Where warranted, the data obtained
ith MPA and NADH were corrected for the contribution of
ater to the overall bleaching process (cf. Section 3).

f MG+ with MPA. [MG+] = 25 �M; [MPA] = 2 mM. (B) Dependence of k′′
eq for

cel©trendline equation: y = 0.0155x + 0.0445; r2 = 0.952).
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Scheme 1.

. Results

.1. The reaction of TAM+s with MPA

The progress curves for the bleaching of TAM+s by MPA
ere biphasic (Fig. 2A). As reported previously [25], the

urves were analyzed according to Scheme 1, which relates the
apidly progressing phase I to the equilibration of TAM+ and
AM–MPA adduct and phase II to the gradual, solvolytic dis-
lacement towards TAM-OH. The contribution of the solvolytic
rocess to observed bleaching in phase I was negligible, as jud-
ed by the shape of the progress curves and supported by rate
onstants relating to carbinol and TAM–MPA adduct formation
cf. Table 1): the estimated abundances of PR-OH, MG-OH and

eG-OH at the end of phase I are 1.8%, 0.63% and 0.06%,
espectively.

The apparent rate and equilibrium constants at pH 7 for
he TAM+ ⇔ TAM–MPA interconversion (k′

1, k
′
−1 and K′

d =
′
−1/k′

1) were obtained by analysis of the progress curves as
ollows: the reactions were conducted under pseudofirst-order
onditions with [H+] constant; [nucleophile]T � [TAM+]T. The
ate constant for the initial approach to equilibrium at pH 7
k′′

eq, phase I) was obtained by using Eq. (1). [Ao, overall absor-
ance at t = 0; At, overall absorbance at t = t; Aii,o, extrapolated
ontribution of phase II to zero time absorbance; Aii,t extra-
olated contribution of phase II to overall absorbance at time
; C = ln(Ao − Aii,o)]. The individual rate constants for the for-
ard and reverse reactions (k′

1 and k′
−1) and K′

d were then
stimated with reference to Eq. (2), which relates to pseudofirst-
rder reversible processes (Ka, dissociation constant of the
hiol group of MPA). Plots of k′′

eq versus [MPA]T yielded k′
1 =

+ ′ +

1{Ka/(Ka + [H ])} and k−1 = k−1 [H ] (Fig. 2B)

n(At − Aii,t) = C − k′′
eqt (1)

c
a
c

able 1
ate and equilibrium constants for the reaction of TAM+ dyes with water, MPA and

ye Reaction with water R

k′
1 x107 (mM−1 min−1) k′

−1 (min−1) Kd × 10−3 (mM) k′
1

R+ 3.4 ± 0.45 0.099 ± 0.013 290 ± 38 0.
G+ 2.1 ± 0.05 0.011 ± 0.0003 55 ± 0.06 0.
eG+ 1.9 ± 0.45 0.0013 ± 0.0003 6.8 ± 1.6

ata are expressed as mean ± S.D.
Scheme 2.

′′
eq = k1

{
Ka

Ka + [H+]

}
[MPA]T + k−1[H+] (2)

The rate and equilibrium constants for TAM–MPA adduct
ormation are shown in Table 1.

.2. The reaction of TAM+s with NADH

The reduction of TAM+s by NADH was treated as an irrever-
ible process (Scheme 2).

(The reactions were kinetically complicated by the long-term
nstability of NADH, such that reliable equilibrium measu-
ements were not possible. Under second-order conditions
[NADH]o ≈ [TAM+]o), reduction was slow and the system
as subject to error from the baseline decomposition of the

ofactor; at higher NADH concentrations, residual [TAM+] (if
ny) was too low to measure. The absence of a significant
everse reaction has been inferred from (a) available redox
otentials (Eo′, NAD+ = −0.320 V [27]; Eo′, MG+ = + 0.489 V
28]), (b) the observed nonreactivity of NAD+ with leucoma-
achite green and (c) the insensitivity of the kinetic course
f TAM+ reduction to excess added NAD+). The reduc-
ive process was monitored under pseudofirst-order conditions
[NADH]o � [TAM+]o). The concentration of NADH was
aried between limits (0.9–0.7 mM) where the reaction with
AM+s proceeded 102 to 103 times faster than the basal degra-
ation of NADH in the buffer medium (the half-life of NADH
n 100 mM MOPS (pH 7) as judged by the decrease in absor-
ance at 340 nm = > 40 h. The half lives for NADH-mediated
leaching of TAM+s were 3–40 min). The progress curves were
nalyzed as above, using the relationship ln(At − A∞) = C −
′′
NADHt, where k′′

NADH = k′
NADH[NADH]o. The second-order

ate constant, k′
NADH (at pH 7) was obtained from replots of

′′
NADH versus [NADH]o. Typical data are presented in Fig. 3.
he results are given in Table 1.

. Discussion

Overall, the trends in K′
d, k′

1 and k′
NADH for the reactions
haracter of the TAM+ nucleus as measured by affinity for water
s a nucleophile (Table 1 and [29]): thus there was a positive
orrelation between the equilibrium constants for the formation

NADH at pH 7, 25◦

eaction with MPA Reaction with NADH

(mM−1 min−1) k′
−1 (min−1) Kd (mM) k′

1x102 (mM−1 min−1)

62 ± 0.10 5.9 ± 0.60 9.5 ± 1.8 1.9 ± 0.07
93 ± 0.09 2.7 ± 0.13 2.9 ± 0.45 1.2 ± 0.17
19 ± 4.0 1.9 ± 0.65 0.10 ± 0.06 6.7 ± 0.94
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ig. 3. The reaction of MG+ with NADH at pH 7. (A) Time course for the reac
lot of the change in MG+ absorbance as a function of time. (C) Dependence
quation: y = 0.000012x + 0.030287; r2 = 0.994).

f TAM–water adducts (1/Kd or pKd) and the corresponding
onstants for the formation of TAM–MPA adducts; a similar
orrelation was observed between the rate constants for thiol
ddition or hydride transfer from NADH and the affinity of the

AM+ nucleus for water. Some of these correlations are depicted
n Fig. 4.

The formation of the thiol adduct was a kinetically and ther-
odynamically favorable process. Considering the intracellular

ig. 4. Rate and equilibrium constant correlations in the reactions of TAM+

yes with water, MPA and NADH: (�), relationship between the equili-
rium constants for water and MPA adduct formation (trendline slope = 1.23;
2 = 0.959); (©), relationship between water adduct formation and the rate of
ydride transfer from NADH (trendline slope = 0.359; r2 = 0.655). The points
orrespond to (from left to right) PR+, MG+ and MeG+.
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a

f MG+ with NADH [MG+] = 25 �M; [NADH] = 1.7 mM. (B) Semilogarithmic

ADH on [NADH]T (the points represent mean ± S.D. values. Excel©trendline

evels of glutathione and protein-SH (reported to total ca. 40 mM
30]) and the rate and equilibrium constants in Table 1, it follows
hat the principal intracellular form of the dyes studied must be
thiol adduct (ca. 80% of PR+ and >99% of MeG+) and that the
onversion to adduct form takes place within a ms–s time frame.

The reduction of the dyes by NADH, while 30–300-fold
lower than the reactions with MPA, still proceeded at a signi-
cant rate. Taking intracellular [NADH] ≈ 0.80 mM (in E. coli
nd yeast [31,32]), and average k′

1 = 2.9 × 10−2 mM−1 min−1

Table 1), the basal pseudofirst-order rate constant for TAM+

eduction (k′′
NADH) is estimated to be 0.023 min−1. Thus, endo-

enous NADH is expected to reduce TAM+ to TAM-H with a
alf-life (t0.5) of 30 min at 25 ◦C, pH 7.

The existence of TAM+ reductase activity can theoretically
educe the residence time of the dye cations by several orders of
agnitude. The data on TAMR in Citrobacter sp. indicates that

his organism may be capable of such catalysis [23]: the estima-
ed intracellular catalytic potential is ca. 100 units/ml or 100 mM
ye reduced/min (based on a cellular protein content of 15%
w/w) and the reported enzyme specific activity of 0.5 unit/mg
rotein in crude homogenates). On the other hand, in culture
edia with cell densities of ca. 0.5 mg/ml (equivalent to 0.08 mg

rotein/ml, hence a TAMR capacity 40 �M/min), the clearance
f experimental levels of dye (50–100 �M) is found to span seve-
al hours [33]. This implies that the decolorization process must
e limited by the rate of cellular uptake, rather than the rates of
ubsequent reactions. If such is the case, the intracellular enzy-
atic arsenal is unlikely to make an immediate contribution to

he NADH-coupled clearance of TAM+s from the extracellular
nvironment.
. Conclusions

With transport as the rate-limiting step, the presence of
reductase to complement the nonenzymatic reductive and
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dduct-forming activities cited described in this study can serve
nly a long-term purpose, e.g. the conversion of the dyes to
nsoluble or nontransportable forms. It appears, therefore, that
superior catalytic scavenger (as distinguished from an adsor-
ant) will be one with a superior transport capacity.
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