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Chlorinated anilines are metabolites of a variety of herbicides, and these compounds are incorporated
covalently into plant lignin. Recent studies have shown that chlorinated anilines in lignin become
bioavailable in the digestive system of experimental animals. It is, therefore, of importance to assess
the interaction of these compounds with potential target molecules. Bovine lactoperoxidase (LPX)
oxidized 4-chloroaniline and was inactivated. Kinetic analysis revealed that inactivation was time
dependent and exhibited saturation kinetics. The dissociation constant (Kj) for LPX and 4-chloroaniline
was 1.5 mM, the pseudo-first-order rate constant for inactivation (kinact) was 6.9 X 10-2 s-1, and ¢,,; for
inactivation was 10s. The partition coefficient was found to be ~ 115 regardless of which of the cosubstrate
(4-chloroaniline or hydrogen peroxide) concentrations was varied. Extensive (>40:1) incorporation of
[14C]-4-chloroaniline into LPX during turnover was demonstrated, and inactivation followed first-
order kinetics only during the first 3 min of inactivation. These results show that 4-chloroaniline is
a metabolically activated inactivator of LPX rather than a mechanism-based inactivator. Although
LPX is inactivated by 4-chloroaniline in vitro, kinetic constants associated with this inactivation
demonstrate that, prior toinactivation, LPX has only moderate affinity for 4-chloroaniline. Furthermore,
these analyses suggest that it is improbable that the concentrations of 4-chloroaniline sufficient to cause
inactivation of LPX would occur in vivo as a result of ingesting residual amounts of 4-chloroaniline

present in foliage.

INTRODUCTION

Chlorinated anilines have been found as metabolites of
a number of herbicides in soils (Bordeleau et al., 1972;
Burge, 1973; Still and Herrett, 1976). In general, sub-
stituted anilines or their metabolites are recovered from
soils as extractable compounds or as unextractable com-
pounds bound to soil and insoluble material in plant
residue. Lignin, in particular, is thought to be a major
site of incorporation of these compounds in plants (Balba
etal., 1979; Still, 1968; Stillet al., 1981). Asaconsequence
of their widespread use, a variety of animals may be
exposed to chlorinated anilines or their metabolites. Of
some concern is the report that even chlorinated anilines
conjugated to lignin become biologically available in the
digestive system of rats (Sandermann et al., 1990). It is
unclear, however, how toxicologically significant these
observations may be, especially for low concentrations of
chemical, because mammals have adequate mechanisms
for conjugation, detoxification, and elimination of aromatic
amines (Fingl and Woodbury, 1975).

Considerable toxicological data are available concerning
chlorinated anilines and related chemicals (Allen et al.,
1991; McMillan et al., 1990a,b; Miller and Miller 1983;
Smyth, 1962). However, little information is available
concerning the effects of these compounds on individual
enzymes. Lactoperoxidase (LPX) is a well-characterized
enzyme found in milk, saliva, and tears (Kohler and Jenzer,
1989). In vivo, it functions to oxidize thiocyanate to
hypothiocyanate, which has bactericidal properties (Kohler
and Jenzer, 1989).

In the present study, we have demonstrated that
4-chloroaniline is a substrate for LPX and that it inac-
tivates this enzyme during turnover. The kinetics of
inactivation are also presented.
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MATERIALS AND METHODS

Chemicals. LPX (A413/28 = 0.91) was purchased from Sigma
Chemical Co. (St. Louis, MO). Radiolabeled [14C]-4-chloroaniline
(8.9 mCi/mmol, purity 98%) was also purchased from Sigma,
while unlabeled 4-chloroaniline (purity >99%) was purchased
from Fluka Chemical Corp. (Ronkonkoma, NY).

Analytical Procedures. Unless otherwise noted, oxidation
of 4-chloroaniline by LPX was monitored, at room temperature
(25 °C), at 435 nm in a reaction mixture (1 mL) containing 3.2
uM LPX, 1 mM 4-chloroaniline, and 1 mM H;0; in 100 mM
potassium phosphate, pH7.0. Reactions wereinitiated by adding
H202.

Kinetic parameters for LPX inactivation were determined in
the presence of varied concentrations of 4-chloroaniline (0-1.5
mM) or H;O; (0-1.0 mM). In these experiments, reaction
mixtures (1 mL) were incubated; and at preselected times an
aliquot was removed and diluted 100-fold, and its ability to oxidize
guaiacol was assessed in reaction mixtures that contained 32 nM
LPX, 5 mM guaiacol, and 100 uM H;0; in 100 mM potassium
phosphate, pH 7.0. Guaiacol oxidation was monitored at 470
nm,

Covalent modification of LPX was determined following
incubations [1 mLof 3.2 uM LPX with 1 mM [14C]-4-chloroaniline
(1 nCi/nmol) and 0, 50, 100, 200, 500, and 1000 uM H:0; in 100
mM potassium phosphate buffer, pH 7.0]. The reaction mixture
was allowed to incubate for 5 min, after which time 0.4 g of urea
and 100 uL of glacial acetic acid were added prior to gel exclusion
column chromatography on PD-10 (G-25) columns (Pharmacia,
Stockholm). The treatment with urea and glacial acetic acid
was necessary because initial experiments revealed that sub-
stantial amounts of [1*C]-4-chloroaniline reaction products that
comigrated with LPX were not covalently bound. Treatment of
labeled LPX with denaturing agents (i.e., urea and glacial acetic
acid) circumvented this problem. During the chromatography
on PD-10 columns, 1-mL fractions were collected in scintillation
vials and 10 mL of Safety Solve (Research Products International
Corp., Mount Prospect, IL) was added. Samples were then
assayed for radioactivity by liquid scintillation spectrometry.
LPX eluted within the first 5 mL, and radioactivity associated
with these fractions was considered to be covalently bound to
LPX.

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) of [“¥C]LPX was performed following chroma-
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tography on a PD-10 column and extensive dialysis against water.
Cylindrical gels and a previously described electrophoretic system
(Laemmli, 1970) were used. The length of the running gel (7.5%
acrylamide, 2.7 % cross-link) was 9 cm, while that of the stacking
gel (4% acrylamide, 2.7% cross-link) was 1 cm. Electrophoresis
buffers used were the same as previously described (Laemmli,
1970) except that 2-mercaptoethanol was omitted. Following
SDS-PAGE, the running gel was stained in 0.125% Coomassie
Blue R-250 in methanol/water/glacial acetic acid (50:40:10),
destained in methanol/water/glacial acetic acid (50:40:10), and
cut into 2-mm disks. Each disk was placed in a scintillation vial,
and 600 uL of 86% perchloric acid/30% H0; (2:4) was added
to each vial and incubated at 75 °C overnight to solubilize each
gel slice (Mahin and Lofberg, 1966). Ten milliliters of Safety
Solve was then added to each vial, and radioactivity was
determined by liquid scintillation spectrometry.

Covalent modification of LPX was also documented by high-
performance liquid chromatography. Following covalent mod-
ification, chromatography ona PD-10 column, and dialysis against
water, aliquots were analyzed by gradient elution HPLC on a
system equipped with a reversed-phase column (Protein Cy, 4.6
mm X 250 mm, Vydac 214TP104, The Sep/a/ra/tions Group,
Hesparia, CA) suitable for proteinseparation. The HPLC elution
program consisted of an isocratic elution in 20% acetonitrile in
water containing 0.1% trifluoroacetic acid (TFA) for 5 min
followed by a linear gradient from 20% acetonitrile (0.1% TFA)
in water to 80% acetonitrile (0.1% TFA) in water for 20 min.
The elution was then continued in 80 % acetonitrile (0.1% TFA)
in water for another 5 min. The flow rate was 1.5 mL/min, and
the elution of LPX was monitored at 280 nm. Fractions (0.5 mL)
were collected inscintillation vials. Ten milliliters of Safety Solve
was added to each vial, and radioactivity was monitored by liquid
scintillation spectrometry.

Several products formed during the oxidation of 4-chloroaniline
by horseradish peroxidase have been identified by others
(Simmons et al., 1986). Similar procedures were used to
synthesize a number of 4-chloroaniline oxidation products for
use as analytical standards (Chang and Bumpus, 1993). Products
synthesized included 4,4'-dichloroazobenzene (I), 2-(4-chloro-
anilino)-N-(4-chlorophenyl)benzoquinone (II), 2-amino-5-chlo-
robenzoquinone di-4-chloroanil (III), 2-(4-chloroanilino)-5-hy-
droxybenzoquinone di-4-chloroanil (IV), 2-amino-5-(4-chloro-
anilino)benzoquinone di-4-chloroanil (V), and N-(4-chlorophen-
yl)benzoquinone monoimine (VI).

Spectroscopic studies were performed using a Cary 3 UV~
visible spectrophotometer. The spectrum of the pyridine hemo-
chromogen of LPX and the visible absorption spectrum (700-
350 nm) of native LPX (40 uM) and of the well-characterized
LPX intermediates, compounds 2 and 3, were obtained as
previously described (Paul et al., 1953; Kohler et al., 1988). These
same procedures were used to spectrally characterize covalently
modified LPX. No attempt was made to generate LPX com-
pound 1 as this intermediate has a half-life of only ~0.2 s,
requiring special techniques such as stopped-flow analysis for
characterization (Kohler and Jenzer, 1989).

RESULTS

Figure 1 shows that, upon addition of hydrogen peroxide
to areaction mixture containing LPX and 4-chloroaniline,
4-chloroaniline is oxidized and LPX is readily inactivated.
As shown, the loss of activity was not due to depletion of
either substrate (4-chloroaniline or hydrogen peroxide)
because activity was restored only when additional LPX
was supplied.

Oxidation of 4-chloroaniline by LPX resulted in a
complex mixture of dimers, trimers, and tetramers. Among
the productsidentified were 4,4’-dichloroazobenzene, 2-(4-
chloroanilino)-N-(4-chlorophenyl)benzoquinone, 2-amino-
5-chlorobenzoquinone di-4-chloroanil, 2-(4-chloroanilino)-
5-hydroxybenzoquinone di-4-chloroanil, 2-amino-5-(4-
chloroanilino)benzoquinone di-4-chloroanil, and N-(4-
chlorophenyl)benzoquinone monoimine. Products were
identified by comigration with authentic standards during
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Figure 1. Ozidation of 4-chloroaniline by LPX. Initially the
reaction mixture contained 1 mM 4-chloroaniline, 1.34 uM LPX,
and 1 mM H;0; in 100 mM potassium phosphate buffer, pH 7.0.
The reaction was initiated by addition of HyO,. Equivalent
supplemental amounts of 4-chloroaniline, H;0., and LPX were
added as indicated by the arrows.
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Figure 2. Time-dependent inactivation of LPX. The initial
reaction mixture contained 3.2 uM LPX, 1 mM 4-chloroaniline,
and 1 mM H;0: in 100 mM potassium phosphate buffer, pH 7.0.
At the times indicated, aliquots were removed and diluted 100-
fold and their guaiacol oxidase activity was determined.

TLC and HPLC. Kinetic analysis (Figures 2 and 3)
revealed that inactivation of LPX by 4-chloroaniline is a
time-dependent process. It followed first-order kinetics
for only the first ~3 min of the inactivation time course.
The time required to inactivate half of the enzyme at
infinite substrate concentration (t,/2) was calculated to
be 10 s. The pseudo-first-order rate constant for inacti-
vation (Rinset) was 6.9 X 10-2 s-1, and the dissociation
constant (Ki) for LPX and 4-chloroaniline was 1.5 mM.

Partition coefficients (i.e., the theoretical number of
turnovers required to inactivate one LPX molecule) were
determined using both 4-chloroaniline and hydrogen
peroxide as the limiting substrate. The partition coeffi-
cient was found to be ~115 regardless of which of the
cosubstrates was varied.

To determine if 4-chloroaniline or its reaction products
become covalently bound to LPX during the reaction,
[14C]-4-chloroaniline was incubated in reaction mixtures
containing LPX and hydrogen peroxide followed by size
exclusion column chromatography under denaturing con-
ditions (i.e., in the presence of acetic acid and urea) on
Sephadex PD-10 (G-25) columns to remove [!4C]-
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Figure 3. Kinetics of LPX inactivation of 4-chloroaniline.
Reaction mixtures contained 3.2 uM LPX, variable concentrations
of 4-chloroaniline, as indicated, and 1.0 mM H;0; in 100 mM
potassium phosphate buffer, pH 7.0. For each concentration of
4-chloroaniline, aliquots were removed at 0, 0.5, 1.0, 1.5, 3.0, 6.0,
and 9.0 min and diluted 100-fold and their guaiacol oxidase
activity was determined. The t/; for inactivation of LPX was
then calculated for each concentration of 4-chloroaniline tested
using data obtained during the first 3 min of inactivation. In
this figure, K is the negative reciprocal of the intercept on the
abscissa, t1/;is the intercept on the ordinate, and Ringe = In 2/t1/3.

4-chloroaniline and reaction products that were not
covalently bound. Inactivation appeared to be linearly
related to covalent binding. The greatest amount of
covalent attachment was observed at a hydrogen peroxide
to LPX ratio of 156:1. At this ratio, 48.5 mol of [14C]-
4-chloroaniline was bound/mol of LPX.

Because of the rather large amount of [1#C]-4-chloro-
aniline that was covalently bound to LPX and because of
the tendency of the reaction products to nonspecifically
bind LPX under nondenaturing conditions, further studies
were performed to unequivocally demonstrate that co-
valent modification did, indeed, occur. Thus, in some
experiments following oxidation of [1#C]-4-chloroaniline
by LPX and subsequent column chromatography of the
reaction mixture under denaturing conditions 14C-labeled
LPX ([“C]LPX) was dialyzed extensively (10 000 MW
exclusion limit) against water. In these experiments no
radioactivity was lost by the [1“*C]LPX. Dialyzed samples
were then used for SDS-PAGE. Following SDS-PAGE
of [14CILPX it was found that 46.8% of the recovered
radioactivity comigrated with LPX, 24.4 % was associated
with material having a molecular weight greater than that
of LPX, and 28.8% of the recovered radioactivity was
found associated with material having a molecular weight
lower than that of LPX. Although only about 50% of the
radioactivity comigrated with LPX, this is regarded as
further evidence that covalent incorporation of the radi-
olabel into LPX did, in fact, occur. The higher molecular
weight material may indicate that multimers of LPX are
formed as a consequence of covalent attachment of [14C]-
4-chloroaniline oxidation products. More likely, the high
molecular weight material represents residual monomeric
14C.labeled LPX that was nonspecifically trapped in the
polyacrylamide matrix. Thelowmolecular weight material
may represent 4C-labeled material that was initially
covalently bound to LPX but was cleaved during elec-
trophoresis. Taken together, these data confirm that LPX
was covalently modified by [14C]-4-chloroaniline. Itshould
be noted that [“C]LPX precipitated at slightly alkaline
pH. This is further evidence that LPX wascovalently
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Figure 4. HPLC elution profile of [“C]JLPX. LPX was
covalently modified with [4C]-4-chloroaniline. Reaction mix-
tures (1 mL) contained 3.2 uM LPX, 1.0 mM [4C]-4-chloroaniline,
and 0.5 mM H;0; in 100 mM potassium phosphate, pH 7.0.
Following incubation for 5 min, 0.4 g of urea and 110 uL of glacial
acetic acid were added and the mixture was chromatographed
on a PD-10 column to remove noncovalently bound [“C]-4-
chloroaniline and [*C]-4-chloroaniline reaction products. Ra-
dioactive material in the first 5 mL of the PD-10 chromatographic
elution was dialyzed against water and used for HPL.C. Fractions
(0.5 mL) from HPLC were collected in scintillation vials, and
radioactivity was determined by liquid scintillation spectrometry
(bottom). Elution of [“C]LPX was also monitored at 280 nm
(top).

modified. However, this phenomenon made SDS-PAGE
difficult since the alkaline loading buffer caused a sub-
stantial portion of the sample to remain at the top of the
stacking gel, resulting in low (10-12%) recoveries of
radioactivity following SDS-PAGE of [“C]LPX.

In addition to size exclusion column chromatography
on PD-10 columns, dialysis, and SDS-PAGE, HPLC was
used as a fourth procedure in an attempt to unequivocally
demonstrate covalent incorporation of [4C]-4-chloro-
aniline into LPX (Figure 4). Prior to HPLC, covalently
modified LPX was chromatographed under denaturing
conditions on a PD-10 column and dialyzed against water.
Figure 4 shows that during HPLC most of the recovered
radioactivity comigrated with the dominant UV (280 nm)
absorbing peak having a retention time of 18.15 min.
Apparently covalently modified LPX ([M#C]LPX) is
somewhat less polar than native LPX (retention time =
17.0). Several other minor peaks were also observed and
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represent other forms of [4C]JLPX, or possibly, radiola-
beled peptides formed during covalent modification or
subsequent processing for HPLC. Inany case, theseresults
unequivocally demonstrate covalent incorporation of [14C]-
4-chloroaniline into LPX.

The effect of covalent modification of LPX by 4-chlo-
roaniline on the heme binding site was studied by visible
absorption spectroscopy. The absorption spectrum of
covalently modified LPX was masked by the strong
absorption of 4-chloroaniline oligomers that were co-
valently bound or otherwise tightly adsorbed to LPX
following column chromatography on a PD-10 column
under nondenaturing conditions. LPX intermediates
(compounds 2 and 3) were generated upon addition of
hydrogen peroxide to native LPX as described (Kohler et
al., 1989), but addition of hydrogen peroxide had virtually
no effect on the visible absorption spectrum of covalently
modified LPX. Difference spectroscopy confirmed our
observation that covalently modified LPX did not form
any of the well-characterized LPX intermediates. It was
also not possible to form a pyridine hemochrome using
covalently modified inactivated LPX.

DISCUSSION

Inactivation of LPX by 4-chloroaniline was shown to be
atime-dependent process. Loss of activity was irreversible,
and inactivation exhibited saturation kinetics. The rel-
atively high partition coefficient observed is consistent
with the fact that substantial turnover, resulting in product
formation, occurred before inactivation, and the calculated
dissociation constant indicates that LPX has only mod-
erate reversible binding affinity for 4-chloroaniline prior
to inactivation.

The inactivation of LPX by 4-chloroaniline during
turnover fulfills many of the criteria established for
mechanism-based suicide inactivation (Abeles and May-
cock, 1976; Walsh, 1977; Waley, 1985; Silvermann, 1988).
However, covalent incorporation of [14C]-4-chloroaniline
into LPX was shown to exhibit a much greater stoichi-
ometry than the 1:1 ratio expected for mechanism-based
suicide substrates. During enzyme inactivation, only one
molecule (or fewer, in the case of negative cooperativity)
of inactivator is required to be covalently incorporated at
the active site per enzyme molecule for inactivation to
occur. Despite this, greater ratios of covalent modification
are often observed. This may come about because the
activated intermediate formed from the substrate some-
times binds the enzyme at sites that are not critical for
catalysis. This requires that the activated intermediate
be sufficiently stable to migrate away from critical amino
acid residues or prosthetic groups at the active site before
binding the enzyme. Peroxidase-catalyzed oxidation of
4-chloroaniline is thought to occur by an initial one-electron
oxidation to form an anilino free radical which is resonance
stabilized by delocalization at the N, para, and ortho
positions (Simmons et al., 1987). Such intermediates are
thought to diffuse from the active site and further react
with each other by radical coupling to form the oligomeric
oxidation products that are observed (Simmons et al., 1986,
1987). Our data suggest that such radicals also covalently
bind LPX, ultimately resulting in inactivation of the
enzyme. Because inactivation is not exclusively (or
necessarily) mechanism-based, 4-chloroaniline is more
properly termed, in the nomenclature of Silverman (1988),
a metabolically activated inactivator.

Previous studies (Ator and Ortiz de Montellano, 1987;
Ortiz de Montellano et al., 1987, 1988; Ator et al., 1987;
DePillis and Ortiz de Montellano, 1989; Doerge and
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Niemczura, 1989) have shown that several substrates
inactivate peroxidases by covalent modification of the delta
meso edge of the heme moiety, while others cause
inactivation by covalent attachment to the protein portion
of the enzyme. Given the magnitude of covalent incor-
poration by LPX of 4-chloroaniline, it seems that inac-
tivation of LPX can probably be caused solely by
nonspecific covalent modification of the protein portion
of the enzyme. Several attempts were made to directly
demonstrate covalent modification of the heme moiety by
4-chloroaniline. These efforts were unsuccessful due to
the fact that the heme moiety of LPX is covalently bound
to the protein moiety. Proteolytic and chemical cleavage
extraction methods have been published documenting
heme removal from LPX (Nichol et al., 1987). However,
we have not been able to adapt them to successfully
demonstrate extraction of covalently modified heme from
[4CILPX. Thus, instead of direct determination of
covalent binding to the heme moiety, absorption spec-
troscopy and difference spectroscopy were used to study
the effect of covalent modification on the heme binding
domain. Although our results cannot be used to confirm
covalent modification of heme, they do show that extensive
modification of heme or the heme binding domain must
have occurred as evidenced by the fact that covalently
modified LPX no longer has spectral characteristics of
native LPX and is unable to form compounds 2 and 3
in the presence of hydrogen peroxide. Furthermore, it
was not possible to form a pyridine hemochrome using
covalently modified LPX.

Chlorinated anilines are not particularly persistent in
the environment when compared to truly recalcitrant
compounds such as DDT or dieldrin. Nevertheless, they
are of environmental concern as these toxic compounds
are often found in soil (Bordeleau et al., 1972; Burge, 1973;
Still and Herrett, 1976). In addition to occurring free in
soil, chlorinated anilines are also incorporated covalently
into plant lignin (Balba et al., 1979; Still, 1968; Still et al.,
1981). Although plant lignin is generally thought to be
nondigestible, studies by Sandermann et al. (1990) showed
that chlorinated anilines covalently bound to lignin become
bioavailable in the rat digestive system. It is, therefore,
important to understand how such chemicals interact with
potential target molecules.

Our results show that 4-chloroaniline is a metabolically
activated inactivator of LPX. However, kinetic constants
associated with this inactivation demonstrate that, prior
to inactivation, LPX has only moderate affinity for
4-chloroaniline. Furthermore, mammals have adequate
mechanisms for detoxification and elimination of such
compounds (Fingl and Woodbury, 1975). Thus, it is
unlikely that concentrations of 4-chloroaniline sufficient
to cause inactivation of LPX would occur in vivo as a
consequence of ingesting residual concentrations (low
micrograms per kilogram range or less) of this chemical
in foliage.

The oral LDsy of 4-chloroaniline in rats is 310 mg/kg
{Smyth et al., 1962), but the LDsg for this compound in
cows is unknown. It is, however, reasonable to suggest
that an acutely toxic dose in many mammals may be in
the milligrams per kilogram range. In the event of
accidental ingestion of large amounts of 4-chloroaniline,
it is possible that the bactericidal activity of bovine
lactoperoxidase would be compromised. However, given
the more serious clinical consequences of ingesting large
amounts of 4-chloroaniline, this would likely be a minor
concern.
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