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TRANSFERASE FROM CORN WHICH CONJUGATES s-TRIAZINE
HERBICIDES

MADHUKAR B. GUDDEWAR and WALTER C. DAUTERMAN
Toxicology Program, Department of Entomology, North Carolina State University, Raleigh, NC 27650, U.S.A.

(Received 20 October 1978)

Key Word Index—Zea mays; Gramineae; corn; glutathione-S-transferase; s-triazine herbicides; conjugation.

Abstract—A glutathione-S-transferase involved in atrazine conjugation was purified 43-fold from corn with a total
vield of 36%,. The purified enzyme has a MW of 45000 as determined by gel filtration. The estimated activation energy
of the enzyme is 6.4 kcal/mol and the optimum pH for activity between 8 and 8.5. Substrate specificity studies with
s-triazines indicated that atrazine was the best substrate followed by simazine and propazine. The —Cl group at the
2-position was essential for enzyme activity, and replacement by a —SCH, group resulted in a total loss of activity.
The absence of an alkyl group resulted in a reduction of conjugation and 2-chloro-4,6-bis-amino-s-triazine was the
poorest substrate, With insecticidal substrates (organophosphates), conjugating activity was observed only with
diazinon and little or no activity was observed with ethyl parathion, malathion and etrimfos. No activity was found
using methyl iodide as a substrate. The purified enzyme has properties similar to those of an aryl-S-transferase.

Quinones were inhibitors of this enzyme.

INTRODLCTION

Chloro-s-triazines are a group of herbicides which are
used world-wide for weed control. The ir vive metabolism
of this group of compounds has been investigated in
plants as well as in mammals [1-107. The selectivity of
atrazine {2-chloro-4-cthylamino-6-isopropylamino-s-tri-
azine) is believed to be associated with the ability of
certain resistant plant species to conjugate the herbicide
with glutathione (GSH). Glutathione-S-transferases are
a group of enzymes which mediate the initial reaction in
mercapturic acid biesynthesis. A wide variety of foreign
compounds are conjugated with GSH by this group of
enzymes. (Glutathione conjugation plays an important
role in resistance of insects to certain insecticides [11] as
well as selectivity of certain herbicides [2]. The forma-
tion of a conjugate, S-(4-ethylamino-6-isopropylamino-
2-s-triazinyl) glutathione, and its isolation in the pre-
sence of a soluble enzyme preparation from plants has
been reported by Lamoureux er al. [4, 5]. Frear and
Swanson [12] partially purified a GSH-S-transferase

(7.6-fold) rom corn. The same investigators purified a
GSH-S-transferase from peas which is involved in the
cleavage of the diphenyl ether linkage of [flucrodifen
[13]. There are many reports on the purification of
GSH-S-transferase from mammals and insects [14-21].

The present investigation was undertaken to purify and
characterize a plant GSH-S-transferase which is in-
volved in the conjugation of atrazine.

RESLULTS AND DISCUSSION

Purification procedure

To avoid endogenous inhibition by quinones and other
compounds, 1% bovine serum albumin (BSA) was added
to the homogenizing medium. Similar use of BSA to
protect against endogenous inhibition of the house fly
glutathione-S-transferase has been reported by Moto-
vama et al. [22]

All the steps carried out during purification of the
enzyme are summarized in Table 1. The enzyme was

Table 1. Purification of glutathione-S-transferase from corn

Volume Total Protein Units/mg Yield
Procedure (ml) Units/ml units (mg/ml) protein (%) Purification

1 100000 g supernatant 100 023 229 10.0 0.023 100 10
2 Ammeonium sulfate

precipitate 10 2.21 221 63.0 0.035 96.5 1.5
3 Dialysis 15.2 1.53 232 23.25 0.069 101.3 30
4 DEAE-cellulose 230 0.08 17.5 0.58 0.222 76.3 96
5 Ultrafiltration 14.3 1.12 16.0 4.66 0.24 69.7 104
6 Sephacril 85 0.14 12.2 0.22 0.654 533 284
7 Ultrafilteration 9.5 1.25 119 1.65 0.76 510 319
8 Hydroxylapatite 80 0.1 8.0 0.1 1.0 36.4 434

Unit of activity is defined as 1 nmol atrazine conjugated per/hr at 37°,
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Fig. 1. DEAE-cellulase chromatography of purified gluta-

thione-S-transferase. Linear gradient between 150 ml of 0.1 M
potassium phosphate buffer, pH 6.5 and 150 m] of 0.5 M Kl
in the same buffer. Atrazine activity (A) and protein at 280 nm

(@

purified 43-fold with a final yield of 36 ¢;,. Three different
types of column chromatography were utilized during
the purification and the patterns of elution are shown in
Figs. 1-3. Protcin was monitored at 280 nm. Fig. 1
indicated that the major portion of the enzyme in the
solution was bound to the DEAE-cellulose column and
was eluted when a KCl linear gradient was applied. The
eluted peak (peak 1) from the DEAFE-cellulose colamn
was purified on a Sephacril celumn as shown in Fig. 2

®)

and the elution pattern from a hydroxyl apatite column
is shown in Fig. 3. Frear and Swanson [12] obtained a
7.6-fold purification of the enzyme using ammoniwm
sulfate fractionation and Sephadex G-25 column chro-
matography. The same authors reported a 32-old
purification of a GSH-S-transferase present in peas which
conjugated fluorodifen {13]. They suggested that a
different GSH-S-transferase was respensible for fluoro-
difer conjugation than for atrazine conjugation.
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Fig. 2. Sephucril column chromatography of purified gluta-
thione-S-transferase. Atrazine activity (A) and protein at
280 nm (e— @)
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Fig. 3. Hydroxylapatite chromatography of purified gluta-
thione-S-transferase. Linear gradient between 200 ml of 0.1 M
potassium phosphate buffer, pH 6.3, containing 30%, glycerol
+2mM GSH + 0.1 mM EDTA (enzyme stabilizers) and
200 ml of 0.5 M potassium phosphate buffer with same stabilizers.
Atrazine activity (A) and protein at 280nm (@ @)

137

nmol /ml

Alrazine qctivity,

Identification of the reaction products

The aqueous phase from the enzyme reaction was
concentrated and 0.1 ml samples were used for TLC
with known standard conjugates [10]. Based on TLC,
the reaction products were identified as glutathione
_conjugates.

Electrophoresis

The purity of the final preparation was determined
using polyacrylamide gel electrophoresis and the results
are shown in Fig. 4. To locate the active GSH-S-trans-
ferase bands on the gel, the gels were sliced (5 mm) and
the activity extracted with 0.1 M phosphate buffer,
PH 7.4 and assayed. Protein bands were located using
Coomassie blue. Duplicate gels were run. The bands
showing enzyme activity are indicated by (+) in Fig, 4.

MW determination
The MW of the purified GSH-S-transferase is 45 000
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Fig. 4. Polyacrvlamide gel electrophoresis of 4 purified gluta-

thione-S-transferase from corn. (1) 50l and (2) 100 pl of

enzymes were applied. After running electrophoresis, the gel

without dye was sliced at 5 mm intervals and the enzyme was

cxtracted with 0.5 ml of buffer for 10 hr and assayed. The (+)
indicates the location of the active band.

as determined using Sephadex G-100 gel filtration.
Based on the available literature, the MW of different
transferases from mammals and insects ranges from
37000 to 80000. Pabst et gl. [147] and Habig et al. [15]
reported that GSH-S-transferases from rat liver had
MWs of ca 46000. Clark et al. [ 23] reported the MW ofa
GSH-S-transferase from sheep liver and grass grub
otganism to be 80000. Usui er al. [20] reported the MW
of a rat liver GSH-S-transferase to be 43000, while
Askeldf er al. [19] estimated the MW of rat liver GSH-
S-transferase to be 50000. Motoyama and Dauterman
[21] studying a house fly GSH-S-transferase reported
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Fig. 5. Effect of pH on the activity of glutathione-S-transferase.
Buffers used were: potassium phosphate buffer (O) and Tris—
R buffer Q).
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a MW of 50000. Guddewar and Dauterman |24} re-
ported the MW of a mouse liver GSH-S-transferase
involved in atrazine conjugation to be 47000. This is the
first report on the MW of a plant GSH-S-transferase.
The calculated value of 45000 appears to be within the
range of enzymes purified from animal sources.

Effect of pH on enzyme acticity

The effect of pH on the activity of puritied GSH-S-
transferase was studied with two different buffer systems
(Fig. 5). The pH optimum is broad and between § and 8.5.
This value is higher than that reported by Frear and
Swanson [12] who found an optimum pH between 6.6
and 6.8 for the GSH-S-trans{crase from corn which is
involved in atrazine conjugation. However, in another
study on GSH-S-transferase from peas, they repoerted
that the optimum pH was between 9.3 and 9.5 [13]. This
varistion may be duc to the degree of purity of the enzyme
or the source of enzyme. According {o the literature, the
optimum pH for GSH-S-transferase activity is usually
between pH 7.5 and 9. Difference in pH optimum may
depend upon the type of enzyme as well as the substrate.
Habig et al. [16] reported a pH optimum of 7.4 for
transferase B and E while a pH of 7.8 was demonstrated
for transferace C and 8.5 for transferase A. Boyland and
Chasseaud [25] reported pH 7.6 as the optimum for
alkene-S-transferase. Clark ei al. [23] reported an
optimum pH of 8.3 for GSH-S-transferase from sheep
liver and grass grub. Guddewar and Dauterman [24]
reported an optimum pH of 8.5-9 for a GSH-S-trans-
ferase isolated from mouse liver which is involved in
atrazing conjugation. Motoyama and Dauterman [21]
reported an optimum pH between 9 and 9.5 for house
fly glutathione-S-transferase. Thus, it appears that the
optimum pH varies with the source of the enzyme,
the purity of the enzyme and the type of buffer. In the
present investigation, phosphate buffer resulted in
higher activity than Tris—-HC] buffer with a similar pH
optimum.

Effect of temperarure

The effect of temperature on enzyme activity was
investigated between 25 and 40° as with the mouse liver
GSH-S-transferase [24]. When the data were plotied,
a straight line was obtained and an activation energy of
6.4 kcalymol was calculated. Motoyama and Dauter-
man [21] and Boyland and Chasseaud [26] reported
non-linearity with a break at 35° and activation energies
over two different temperature ranges. Motoyama and
Dauterman [27], in a later study, reported that the native
transferase from the house fly gave a straight line
whereas one of the purified {forms separated by eicctro-
phoresis resulted in a discontinuity at 357 It weuld appear
that, depending on the form of the enzyme, the effect of
temperature may vary. Although different forms of
glutathione-S-transferases have been reported in the
literaturg, fittle information is availablc on the effect of
temperature on inscet. mammalian, or plant enzymes.

Reacrion of purified GSH-S-transferase with insecticides
and methyl iodide

Parathion, diazinon, ctrimfos, malathion, and methyl
1odide were used as substrates for the purified enzyme
(Table 2). Conjugation with glutathione was observed
only with ring-labeled diazinon. This finding suggests
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Table 2. Activity of purified glutathionc-S-transferase towards
certain insecticides and methy] iodide

Compound Concentration ¢, Conjugation
{umol)
Ethyl parathion 0.254
Diazinon 0.200 35
Etrimfos 0,200 002
Malathion 0.250 0.04
Methyl 10dide 0.200 -

that the purilied enzymc has only aryltransferase activity
and alkvltransferase activity is absent. Frear and Swan-
son [ 13] suggested that plants. like animals, may possess
many transferases.
Substrate specificity studies

The K, V., and enzymatic half-life {(t, ;)e = 0.095
K_/V . ] values were calculated for the s-triazines and
data are presented in Table 3. The — Cl group at the 2-
position was required for enzyme activity and if this was
replaced by —SCH,, no activity was observed. Of the
s-triazines with —Cl groups at the 2-position, atrazine,
simazine and propazine had higher activity than the
dealkylated analogs. Atrazine, simazine and propazine
are active herbicides while the dealkylated-s-triazines
are metabolites. Comparison of the enzymatic hall-lives
showed that atrazine was conjugated faster than either
simazine ot propazine. The bis-amino compound (com-
pound 4} lacking alkyl groups at both the 4- and 6-
positions, was conjugated at the slowest rate of all the

Table3 Activityof purified glutathione-S-transterasetowards
s-triazines

V‘”“__“__ETO] 0.6 K’
Compound mg/min
1 Atrazine
2-chloro-4-ethyl-
amine-6-isopropyl-
amino-s-triazine
2-Chioro-4
AMiNe-0-i50=
propylamino-s-
(riazine
2-Chioro-4
amino-H-gthyl-
AMINo-s-tridzing

4 2-Chioro-4.6-
bis{amino)-s-
triazing

Ametryn — -
2 methylthio-4-
ethylamino-6-
isopropylamino-s-
triazine
Propazine
2-chloro-4,6-bis-
(isopropylamino)-
s-Lriazine
Simazine
2-chloro-4,6-
bislethylumino)-s-
triazine

[ 3]

14.2 5.5

118 9.0

tod

11.0 .40

v

o

13.0 078

~1

17.6 0.63




Glutathione-S-transferase from corn

Table 4. Inhibition of corn glutathione-S-transferase

Inhibitor Concentration %
(NM) Inhibition

1 Sulfobromophthalein 1.0 88.0
2 Dithiothreitol 1.0 133
3 1-Fluoro-2.4-dinitrobenzene 0.1 52.7
4 N-(p-dimethylamino-

phenyh-1,4-naptho-

quinone 0.5 978
5 Tetrahydroxy-1,4-quinone 0.5 938

dihydrate
6 2,5-Dimethyl-p-benzo- 0.5 62.0

quinone

triazines evaluated. Thus, alkyl groups at the 4- and 6-
positions are required for maximum enzyme activity.
These findings are similar to those of Frear and Swanson
[12] who suggested that the alkyl side chains at the 4-
and 6-positions were required for enzyme activity. With
the mouse enzyme, Guddewar and Dauterman [24]
obtained similar findings.

Inhibition studies

Studies were carried out with different potential
inhibitors of glutathione-S-transferase such as quinones,
sulfobromophthalein and other thio compounds. The
results are presented in Table 4. Quinones inhibited
the enzyme as well as sulfobromophthalein and 1-fluoro-
24-dinitrobenzene. Dithiothreitol was the least effective
inhibitor among the groups evaluated. Motoyama et al.
[22] also reported inhibition of house fly glutathione-S-
transferase by quinones.

EXPERIMENTAL

Chemicals. Atrazine-['*C] and a number of other s-triazine
analogs were kindly supplied by CIBA-Geigy Corp., Greensboro,
N.C. The chemical names of the compounds used in the study

Table 5. s-Triazine substrates

Specific activity

Compound {nCi/mg)

1 Atrazine 249
2-chloro-4-ethylamino-6-
isopropylamino-s-triazine

2 2-Chloro-4-amino-6-isopropyl- 21.3
amino-s-triazine

3 2-Chloro-4-amino-6-ethylamino- 116
s-triazine

4 2-Chloro-4,6-bis(amino)-s-triazine 152

5 Ametryn 53
2-methylthio-4-ethylamino-6-
isopropylamino-s-lriazine

6 Propazine 4.4
2-chloro-4,6-bis(isopropylamino)-
s-triazine

7 Simazine 26.8
2-chloro-4 6-bis(ethylamino)-
s-triazille
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are given in Table 3 with their sp. act. Prior 10 use, the purity of
each compound was verified by TLC on 5§ x 20cm Polygram
Silica Gel UV254 {0.25 mm) precoaled plates. TLC plates were
developed in C H,-EtOH (9:1). If impurities were observed,
the compounds were purified using a CgH ,—EtOH TLC system.
The radio-labeled compounds used as substrates had purities
greater than 999,

Parathion [ethyl-1-'*C] [0,0-diethyl-O-p-nitrophenyl phos-
phorothipate] (S mCi/mmol) apd '*C-malathion [3,0-dimethyl-
S-{1,2-dicarbethoxy) [1,2-**C] ethyl phosphoredithicate] (32.2
mCi/mmol) were purchased from Amersham Scarle Corp,
Arlington Heights, I ['*C]-diazinon [0,0-diethyl, O-(2-
isopropyl-4-methylpyrimidin-2-**C-6-yl)phosphorothioate] (1.1
mCi/mmol) was a gift from CIBA-Geigy Corp, Greensboro,
N.C. while ["*C]-etrimlos [0,0-dimethyl-O-(2-ethyl-4-ethoxy-
pyrimidin-4-'*C-6-yl)phosphorothicate] (3.2 mCi/mmol) was
kindly supplied by Sandoz Inc., East Hanover, N.J.

Tissuz preparation. Seedlings (15 days old) of corn (Zea mays
1) planted in vermiculite were cut into 2 to 3-inch pieces and
homogenized in a Waring Blender for 2min at a concn 1 g of
plant material per 1.2 ml 0.1 M K.-Pi buffer, pH 6.5, containing
1%, BSA. The crude homogenate was filtered through cheese-
cloth and then centrifuged at 5000 g for 10 min. The supernatant
was centrifuged at 22000g for 30 min, the pellet discarded and
the liquid fraction recentrifuged at 100000 g for 1 hr. The 100000
g supernatant was used as a starting material for the purification
of the enzyme. )

Total protein was determined using Coomassic blue 250
as described in ref. [28]. BSA was used as standard.

Enzvme assay. The standard incubation mixture consisted
of 5mM GSH, 0436 mM atrazine-['*C] and 0.1M K-Pi
buffer, pH 7.4 in a final vol. of 2 ml. The reaction was incubated
for 1.5 hr at 37° and the reaction terminated by the addinon of
2ml CHCI,. The 2 phases were thoroughly mixed, centrifuged
at 4000 4 for 10min and then separated. The radioactivity in
0.5 ml aliquots from each phase was quantiated in a liquid
scintillation counter using Triton X-100 cocktail [29]. The
efficiencies were corrected using n-hexadecane-['*C] as an
internal standard. All reactions were corrected for nmon-enzy-
matic conjugation.

Identification of conjugated products. The conjugate was
separated from the parent compound by TLC on 5 x 20cm
Polygram Silica Gel UV254 (0.25 mm) precoated plates using
methylethylketone-MeOH-H, O (72:25:10) as the developing
system. The radioactive products were co-chromatographed
with known standards {107].

Purification of enzyme. Throughout the purification of the
enzyme, the activily was monitored using atrazine-['*C].
The temp. was mainlained between O and 4°.

Step 1. 100000 g supernatant as described above was used as
a starting material. The total vol. in this step was 100 mlL

Step 2. An appropriate amount of (NH,),80, was added
slowly to the 100000 g supernatant to 90 % satn and the pH was
maintained at 6.5 by the addition of dil. base. After the addition
of the (NH,),50,, the enzyme soln was kept in the cold room
for 30 min and then centrifuged at 10000 g for 10 min. The super-
natant was discarded and the ppt. dissolved in a small vol. of
0.1 M K-Pi buffer, pH 6.5. The vol. was 10 mL

Step 3. The soln from step 2 was dialysed against 0.1M KPi
buffer, pH 6.5 (4 1) with 3 buffer changes during 24 hr. The vol.
increased to 15.2 ml.

Step 4. A DEAE-cellulose column was prepared with 50 ¢
of DEAE in 0.1M K-Pi buffer, pH 6.5 and equilibrated. The
enzyme soln was applied to the column, washed with 0.51
of buffer, and eluted with a gradient from 150ml of 0.1M
K-Pi buffer, pH 6.5 to 0.5M KCI in 150 ml of the same buffer.
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Fractions {4 ml) were collected and assaved. Fractions showing
enzyme activity were pooled (230 mi).

Step 5. The vol. of the peak from the DEAE-cellulose column
was decreased to 14.3 ml by ultrafiltration using Diaflo mem-
brane UMIQ {Amicon Corp., Lexington, Mass. 1J.S.A ).

Step 6. A Sephacril column was prepared using 0.1 M K-Pi
buffer, pil 6.5 and 14 ml of the coned enzyme from step 5 was
added. Then the column was eluted with 250 ml buffer. Fractions
4 ml) were collected. The fractions were assayed for protein
and cnzymc aclivity and the fractions containing enzyme activity
were combined (83 mll.

Step 7. The vol. of the enzyme fraction was reduced by ultra-
filtration and 0.1 M K-Pi buffer with 307, glycerol + 2mM
GSH + 0.1M EDTA (buffcr B} was added. The final vol. was
9.5 m! and was used for further purification,

Step & The enzyme from step 7 was applied onto a hvdroxy-
lapatite column prepared in buffer B. The eazyme was washed
into the column with 300mi of buffer B and eluted with u
gradient from 200mi of bulffer B to 200 ml of 0.5M K-Pi
buffer containing 30, glycerol + 2 mM GSH + 0.1 M EDTA.
Fractions (4 ml) were collected, Fractions having enzyme activily
were combined. The final vol. was 80 ml. For storage purpose
the vol. of the enzyme soln was reduced by ultrafiltration and
then frozen.

Electrophoresis. Polyacrylamide gel electrophoresis was
carried out according to the method of ref. {30] and protein
was stained with Coomassie blue. In certain expts, the tracking
dye. bromopheno] blue was utilized. Bromophenol blue was
not utilized when the gels were to be analysed for enzyme
activity.

Properties of enzvme. MW determination. The MW of the
purified enzyme was determined using Sephadex (G-100 fil-
tration [31]. The column (2.7 » 80 cm) was prepared with 0.1 M
K-Pi buffer pH 7.4, Hemoglobin (MW 64000), ovalbumin
(MW 470001, f-lactoglobulin (MW 36300), trypsin (MW 23000)
and cytochrome ¢ (MW 12000)) were used as standard proteins.

Effecr of pH. Using two buffers, K-P1 buffer and Tris HCI
buffer, a range of pH 6 8.5 was investigated to determine the
effect on activity,

The effect of temp. was studied by carrying out the conjugation
reaction with the purified enzyme and atrazine at 25 40
The data obtained were used to calculate the activation energy.

Substrate specificity study. Awrazine-[1*C] and several s-
triazines listed in Table 1 were used as substrates. K and V
values were determined for each of these compounds, The
enzymalic half-life values were calculated from the K, and
V.. values [24].

Studies on conjugarion with insecricidal subsirates "C-ring
laheled etrimfos, diazinon, '*C-ethoxy-labeled parathion, and
'*(suceinate-labeled malathion were utilized as substrates Lo
study the specificity of conjugation by the purified enzyme.
Also, “*C-methyl iodide was used to determinc the alkyl-
transferasc activity of the purified enzyme.

Inhibivion studyv. Inhibition studies were carried out by in-
cubating various inhibitors at the concn presented in Table 5
with the enzyme and buffer for 10 min. The reaclion was then
started by the addition of GSH and atrazine-[ '*C] as described
in the assay system. The 7, inhibition of each reaction was
calculated.
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