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Abe&act-An aryl acylamidasc (aryl-acylaminc amidohydrolase, EC 35.13 from rice, which hydrolm 
3&dichloropropionanilide, has been partially purifkd and characterized. The distriition of the enzyme 
in rice and barnyard grass tines was determined. ‘l%e enzyme displayed a broad npc&dty for chlorinated 
ring-substituted propionanilide analogs, but was spccifk for 3.4-dkhloropropionanilide when compared with 
several alkyl substituted analogs. The enzyme was inhibited by sulfhydryl reagents and waft strongly inhiited 
at 1 a0 x 10-6 M by the imccticidal carbamatcs I-naphthyl xWhykarbamate, 4-bcazotiyl mcthykarbamate, 
2xhloro-4,~xylyl methykarbamate, 2,4.5-trimethylphenyl mcthykarbamate, 3,4,5-trimcthylpbu~yl metbyl- 
carbamate and 4-(mcthykhiol) 3$xylyl methykarbamate. The partially puritkd enzyme had a broad pH 
optimum between 7.5 and 7.9, with an apparrot Km of 2.93 x 10-S M for 3,4dkhloroproplonanilide, The K, 
for l-naphthyl m&hylcarbamate was 1.51 x 10-a M with 3.4dichloropropionanilide an the sub&rate. The 
sign&ance of the enzyme distriiutioq in the resistant and susceptible species and the inhibition of the rice 
enzyme by insecticidal carbamatca is dsusscd. 

INTRODUCTION 

PROPANIL (3J-dichloropropionanilide) is used in post+mergence foliar applications as a 
selective herbicide for the control of barnyard grass (Echlnochlw spp.) and other annual weeds 
COIllIIlOnly ~cmrring in rice (Oryzu satiiw L.). Recent reports by Unger et al.,’ I&Rae et ~2.~ 
and Still’ have shown that 3,4dichloropropionanihde is rapidly hydrolyzed to 3,4dichloro- 
aniline and propionic acid in rice seedlings. 

Bowling et uZ.’ and h&Rae et ~2.~ have reported that certain insecticidal carbamates and 
organophosphates produce synergistic effects in rice seedlings when applied with propanil. 

This paper describes the preparation and properties of a particulate aryl acylamidase 
(aryl acylamine amidohydrolase, EC 3.5.1.a) from rice which hydrolyzes 3,4dichloropro- 
pionanilide and its analogs. The distribution of the enzyme was studied in resistant and 
susceptible species (rice and barnyard grass) and the effect of several carbamate and organo- 
phosphate insecticides on enzyme activity was determined. 

RESULTS AND DISCUSSION 

Distribution of a Propanil Hydrolyzing Aryl Acylamidbse in Rice and Barnyard Gram lihues 
Table 1 shows the results of an enzyme distribution study. The enzyme was present in 

all the tissues studied. Rice leaves, however, were found to contain sixty times more enzyme 

l Use of trade name is for the purpose of identitkation and does not wnr~titute end -t 
Department of Agricu1tw. 

by the U.S. 

1 V. H. UNOBR, D. H. MCRAB and H. F’. WILSON, Weed&c. Abs. 86 (1964). 
2 D. H. McRAI?, R. Y. Ym and H. F. WILWN. Weed Sm. Abs. 87 (1964). 
3 0. G. STIIJ_, Weed DC. Abs. 64 (1967). 
4C.C.BowLmo and H. R. Hvaow, Weeds 14,94 (1966). 
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units than barnyard grass leaves. Rice roots and barnyard grass roots contained the same 
amount of enzyme activity, but this was only 3 per cent of the enzyme units found in rice leaf. 
This striking difference in enzyme distribution may be of considerable significance in deter- 
mining the relative phytotoxicity of propanil to these two plant species, particularly since 
post-emergence foliar application of propanil is generally used in the control of barnyard 
grass in rice.* 

TALUS. DISTRIBUITONOPAPROPANILHYDROLYZP~GARYLA CYIAMIDASEINRICE 
ANDBARIW~ORASSTISSUES 

Tissue* 
U~Wll3m 
(fresh wt.) 

Total specifk 
units activity$ 

Rice leaves 
Ramyard grass leaves 
Rice rcots 
Barnyard grass roots 

314.4 6288 9.8 
103 

::f 226 4:; 
5.8 230 2.1 

l Plants were grown 19 days in onehalf strength Hoagland’s nutrient solution 
with a 12 hr photopericd at 1600 ftc, 21-32” and 75 per cent relative humidity. Assays 
were made on fresh, crude, cell-free extracts from 20 g of leaf and 40 g of root tissue. 

t An enxyme unit is the amount of enxyme required to catalyze the hydrolysis of 
1 m*ole of propanil per hour under the assay conditions used. 

$ Specitic activity is the numb of enzyme units per mg of protein. 

Partial Purification of a Propanil Hydrolyzing Aryl Acylamidase from Rice 

The results of a typical purikation experiment are shown in Table 2 where a purification 
of 1.85 fold was obtained with better than a 100 per cent recovery. A small molecular weight 
endogenous inhibitor appears to be removed on gel filtration as indicated by the apparent 
increase in enzyme recovery. Similar results were observed in dialysis experiments with 
either 30,000 g supernatant or O-50 per cent (NHJ2S04 fractions. 

TALU 2. PUIUFKATI~N OF RICE LEAF AWL ACYUMIDASE 

Fraction 

Specific 
activity 

Volume Protein Total (units/mg Recovery Purifkation 
(ml) (mg./ml) units*/ml units protein) (%) (fold) 

75&Q 8 
supematant 164 6.7 33.4 5478 4.99 loo - 

o-m% (NH*)zW 25 30.7 205.0 5125 668 94 1.34 
Sephadex G-W 49 13.0 120.0 5880 9.23 107 1.85 

l One unit = 1 mpole 3,4-dichloroaniline/hr. 

The enzyme activity of rice leaf homogenates and extracts of rice leaf acetone powders 
can be sedimented under several different gravitational fields and appear to be associated with 
cell membrane fragments of different sixes. After centrifugation at 150,000 g for 2 hr, only 
20 per cent of the crude cell-free aryl acylamidase activity of rice leaf acetone powder extracts 
remains in the supematant. The greatest enzyme activity appears to be associated with 
particles that can be sedimented between 30,OC~l g for 30 min and 150,000 g for 2 hr. 
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Particulate aryl acylamidase enzymes have also been observed in rat liver and kidney 
preparations by Williams and Jacobs~n,~ Mahadevan and Tappe16 and in chicken kidney 
preparations by Nimmo-Smith7 

Attempts to solubilize the enzyme by sonic&ion and with detergents for further purifica- 
tion have been ineffective and often result in considerable enzyme inactivation. Similar 
results were obtained by Nimmo-Smith7 with chicken kidney preparations. 

Stability 

The lyophilized Sephadex G-SO eluate can be stored for several months under vacuum at 
- 15” with little loss of activity. The Sephadex G-50 eluate was stable for 24 hr at 4” and 
could be frozen in buffer for 5 to 6 days with no loss of activity. Repeated freezing and 
thawing resulted in a slight increase in enzyme activity. Heating the enzyme in a boiig 
water bath for 10 min resulted in complete inactivation. 

Optimum pH 

The pH optimum for 3&lichloropropionanilide hydrolysis by partially purified rice 
aryl acylamidase was found to be between 7.5 and 7.9 as shown in Fig. 1. This optimum pH 
is similar to that observed by Mahadevan and Tappe16 and Nimmo-Smith7 with aryl 
acylamidases from rat and chicken kidney preparations. 

FIG. 1. oprunrsa pH OF RIG LBAP ARYL ACYLAMIDASE. 

The complete rcacth mixture contained 250 mla buffer, 040 mle cystcinc, 1 ~010 3,4- 
dichloropropionanilide, 2.8 mg of Scphadcx G-50 enzyme, and distilled water to a final voluma of 
20 ml. Tho reaction was incubated for 3 hr at 25”. Controls were placed in a boiliu8 water bath for 
10 min and cooled to room tanpcratum before the addition of substrate. Phosphate (-o-); 

Bicine(--e). 

Inhibition and Activation Studies 

As shown in Table 3, several thiol inhibitors were found to be very effective in inhibiting 
the aryl acylamidase enzyme, while no inhibition was observed with NaCN, EDTA, NaNs 
and NaaHAsO, at the 1 mM level. Rat liver, rat kidney, and chicken kidney aryl acylamidases 
have also been shown to be strongly inhibited by various sulfhydryl reagenta.6~7 Enzyme 

sC.H.Ww and K. H. hCOBSON. Toxicol. &I. Pharmmd. 9,495 (1966). 
6 S. wm and A. L. TAPPEL, J. B&l. Chem. 242.2369 (1967). 
7 R H. Nmwo-Sw, IHoahcm. J. 75,284 (1960). 



Inhibitor 

IodosObetlZLXte 
NazAsOz 
HgCl2 

cuso4 

p-cbloromeEuriite 
p-Bcnzoquinona 

Ncthyhnakimide 
IodoaCCtate 

;: 
74 
59 

E 
44 
18 

The complete reaction mixture contained 250 wlca phosphate bulfer, pH 7.5, 
1.0 ele 3,4dkhloropropionanilide, inhibitor, 2.1 mg Sephadex G-50 IWYIXI, and 
dktilkd water to a final volume of 29 ml. The inhibitors were incubated for 15 min 
at 25” with enzyme, bufkbr and distilled water before the addition of the substrate. The 
rcactionwasthenincubatedf0r3hrat259 ControL9wempkcedinaboilingwater 
bath for 10 min and cooled to room temperature before the addition of inhiitor and 
sub&rate. 

T-4. -ONOl’RICEAIlYLACYLAMIDASEBY~CIDAL cARnAMATE9AND0RoANopIIospHATEl 

4-Benxothknyl methylcarbamate (hCA-600) 

l-Naphthyl methykarbamate (Carbnryl) 

~~~~~3,~~lyl-wthylcarbamae 

3,4,5-Trimethylphenyl methylcarbamate (SD-8530) 

2-Chloro-4,5-xylyl methylcarbamate (Banal) 

2.,4,5-Trimethylphcnyl methylaubamate (SD-8786) 

Dkthyl mucaptasuc&ate, !&ester with 0,Odimcthyl 
phosphorodithioate (Malathion) 

O,O-Diet&l-O+nitrophcnyl) phosphorothioati 
(Parathion) 

Mixture of 0,Odiethyl S(and O>%(ethylthio) ethyl 
phosphorothioates (Demeton) 

O,U-Dimethyl M-oxo-1,2,3-benzotrkxin-3(42@ 
yhnathyl phosphorodithicmte (Guthion) 

O-Ethyl CJ+nitrophenyl) phglylphosphonothioate (EPN) 

‘Ihe complete reaction mixture contained 2cW lynolcs phosphate bu!far, pH 73, CM0 mle cyst&e, 
1 wle 3,4-dichloropropionanilide, inhibitor, 2.0 mg Sqhadex G-50 atxymq and dktilkd water to a W 
volume of 2-O ml. Tho inhibitors were incubated for 15 min at 25” with enzyme. buffer, qatdne and dktilkd 
water beforu the addition of the substrate. The rcwtion was than incubated 3 hr at 25”. Controb wezu placed 
inaboilingwaterbathfor10minand~ledtoroomtgnpsraturaWorstheadditlomofinhibitorandso~ 
l&rate. 
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activity was not affected by Mgs+ or Mn2+ but was inhibited about 30 per cent by Ni2+, 
Cos+, Zn2+, or Fe3+ at the 1 mM level. Nimmo-Smith7 also observed inhibition of chicken 
kidney aryl acylamidase preparations by Ni2+ and CoZf. Addition of the following reducing 
agents; 3-mercaptoethanol, dithiothreitol, reduced glutathione and cysteine at the 1 mM 
level, resulted in no sign&ant increase in enzyme activity. 

Inhibition of the enzyme by several insecticidal carbamates and organophosphates is 
shown in Table 4. The inhibition by the insecticidal carbamates appeared to be competitive 
as the inhibition was reversed by increasing the substrate concentration. At 1-O and O-1 PM 
concentrations the organophosphate insecticides showed little inhibition. These results do 
not agree with the work of Williams and Jacobson5 who found that 3,4dichloropropionani- 
lide hydrolysis by an aryl acylamidase from female rat liver was inhibited to about the same 
extent with either Cbenxothienyl methylcarbamate (MCA 600) or O,Odiethyl-O-(4- 
nitrophenyl) phosphorothioate (parathion). 

Even though the organophosphate insecticides were generally found to be less effective 
inhibitors of rice aryl acylamidase than the carbamate insecticides, they are apparently still 
active enough to produce synergistic effects in rice seedlings according to Bowling and 
Hudgins’ and McBae et aL2 

Substrate Specijkity 

The effect of ring substitution on aryl acylamidase activity is shown in Table 5. The 
enzyme was found to exhibit little specificity for monochloro and dichlorosubstituted 
propionanilides with 3,4dichloropropionanilide being only 42 per cent as reactive as 
2,3dichloropropionanilide. The effect of mono-substituted chloropropionanihdes on 
enzyme activity appear to be opposite those observed by Niio-Smith’ with a particulate 
chicken kidney aryl acylamidase and mono-substituted chloroacetanilide substrates. 

TALUS. S UnsrRATE SPE4t!ImclTr OP RICE AWL A -m:lnEwgcToF 
CHWRINERINO~ON 

Rolativoactivity 
sub&ate (“%I 

2,3-Dichloropropionanilide 
2&khloropropionanili~ 
o-Chloropropiommilide 
m-Chloropropionanilide 
3&Dichldropropionanilide 
3,5-Dichloropropionanilide 
2,5-Dichloropropionanilide 
pChloropropionanilido 
2JXXchloropropionanilido 

100 
84 

z 
42 
30 
27 
21 

1 

The complete reaction mixture contained 250 +olca phosphate but&r, pH 7.5, 
0-W Fole cysteine, 1 eole of substxate, 2.3 mg Sephadox G-5Oenzyme. and distilled 
water to a 5nal volume of 2-O ml. ‘Ihe reaction was incubated for 3 hr at 25” and 
arntrolswcraplaadinaboilinpwaterbathforlOmin~coolbdtoroomtampera- 
ture before the addition of sub&ate. 

Various alkyl analogs of 3,4+iichloroanilide resulted in the substrate specXcity shown 
in Table 6. Alkyl branching at either a or fl to the carbonyl carbon resulted in almost 
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complete loss of activity. Variation in the carbon chain length showed that 3,4dichloroprop- 
ionanilide was the preferred substrate. A similar substrate preference for the straight 3 
carbon alkyl group was reported by Nimmo-Smith7 with particulate aryl acylamidase from 
chicken kidney. 

TABLE6. s -TE SPIKxFKnY OF RICE AWL A cnAhIlDAsE:THEEPPEmoF 
VARIOUS 3,4-DICHL4XOANlIJDE ALKYL ANALOOS 

Substrate Relative acitivity 

3,4-Dichloroacetanilide 
3&Dichloropropionanilide 
3,4-Dichlorobutynmilide 
3.4-Dichlorovaleranilide 
3&Dichloro_2methyl propionanilide 
3,4-Dichloro-2-methyl acrylanilide 
3,4_Dichloro+methyl butymnilide 

1z 
32 
39 
2 

8 

The complete reaction mixture contained 250 poles phosphate btier, pH 75, 
040 qole cysteine, 1 eole of sub&rate, 2.Omg Sephadex G-50 enzyme, and distilled 
watertoatinalvolumeof2~0ml. Thereactionwasincubatedfor3hrat~”andoontrols 
were placed in a boiling water bath for 10 min and cooled to room temperature before 
the addition of substrate. 

This enzyme will also hydrolyze benzoyl arginine Cnitroanilide when assayed according 
to the method of Erlanger, Kokowsky and Cohen. s The enzyme is specific for the anilide 
linkage since 3-(4’chlorophenyl>l,l-dimethylurea (monuron), 3-@‘-chlorophenyl)-l- 
methylurea, and isopropyl N-(3chlorophenyl) carbamate (CIPC) were not hydrolyzed to 
3- or 4-chloroaniline under standard assay conditions. 

Kinetic Studies 

A double reciprocal plot of initial velocities at several concentrations of 3,4dichloro- 
propionanilide gave a straight line. The apparent K,,, for 3,4dichloropropionanilide was 
found to be 2.93 x 1W3 M when the kinetic data were processed on an IBM 1620 computer 
using the Fortran program of Cleland. g* lo The apparent K, for 1-naphthyl methylcarbamate 
(carbaryl) was similarly calculated to be l-51 x 10-s M. 

The very low K, value for I-naphthyl methylcarbamate, and the strong inhibition observed 
with other insecticidal carbamates shown in Table 4, may explain the strong synergistic 
effects observed in rice fields between 3,4dichloropropionanilide and various insecticidal 
carbamat.e~.~*4 Apparently, the insecticidal carbamates are potent inhibitors of 3&iichloro- 
propionanilide hydrolysis and block its normal detoxication pathway in rice. 

MATERIALS AND METHODS 

Preparation of Acetone Powders 

Rice (Oryza satiua L. var. Nato) seedlings were grown in the greenhouse in onahalf 
strength Hoagland’s nutrient solution. Leaves from l-month-old seedlings were harvested, 

8 B. F. ERIANO~R, N. K~KOWSKY and W. COHEN, Arch. B&&m. Bfophys. 95,271(1%1). 
9 W. W. CIEUND, Nature 198,443 (1%3). 

10 W. W. CLELAND. in AdDoncu in &zymo&gy (edited by F. F. NORD). Vol. 29, p. 1. Inter&em~, New York 
(1967). 
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cut into 2 to 4 cm sections and frozen with liquid nitrogen in preparation for lyophilization. 
After lyophilization, the dry leaf sections were ground in a Wiley cutting mill to pass through 
a 30-mesh screen. The resulting rice leaf powder was then extracted three times with 10 ~01s. 
of acetone at - 15”, filtered, air dried at 4” and stored under vacuum over corm. H,SO, at 4”. 

Enzyme Extraction and Part&d Pura$c&on 

Ten g of rice leaf acetone powder were extracted with 20 ~01s. of 0.1 M phosphate but&r 
at pH 7.5 with 1 x 1r3 M cysteine. The resulting slurry was strained through cheese-cloth 
and centrifuged at 75,000 xg for 60 min. The supernatant from this ~n~ugatio~ was 
fractionated between 0 and 50 per cent saturation by addition of crystalline enzyme grade 
(NH&SO,. The protein precipitate at 50 per cent saturation was cokted by centrifugation 
at 10,000 g for 10 min and dissolved in 25 ml of 0.1 M phosphate butYer, pH 75, containing 
1 x 10e3 M cysteine. 

The dissolved O-50 per cent (NH.&SO~ fraction was layered on top of a 2.5 x 38 cm 
Sephadex G-50 coluntn equilibrated with 0.05 M phosphate buffer, pH 75, containing 
0*2 M NaCI. The enzyme was then eluted with ap~ro~~Iy 15 void volumes of the 
equilibrating buffer at a flow rate of 1 ml per min. The absorbance at 254 nm was measured 
to estimate the distribution of protein in eluate fractions. After eiution from the Sephadex 
G-50 column, the enzyme was lyopbilized in 20-ml ampules, sealed under vacuum and 
stored at - 15”. All steps in the extraction and purification of the enzyme were carried out 
at O-4”. 

Enzyme Assays 

The enzyme assay was based on the rate of aniline formation. The standard reaction 
mixture contained 250 pmoles of K phosphate buffer, pH 7~5,040 pmole cysteine, 1 pmole 
of substrate, enzyme and distilled water to a fkl volume of 2.0 ml. The reaction was initiated 
by the addition of substrate and incubated at 25”. Controls were heated in a boiling water 
bath for 10 min and cooled to room temperature prior to the addition of substrate. Tbe 
reaction was stopped by the addition of 5-O ml of acid solution (8 volumes of 1 N HCl and 1 
volme of glacial acetic acid). All enzyme purification, pH optimum, inhibitor and kinetic 
studies were ear&d out with 3,~c~oropropio~de as the substrate. Under the 
conditions of the assay, enzyme activity was linear with time and proportional to protein 
concentration. 

The enzyme unit (U) was def%md as the amount of enzyme required for the hydrolysis 
of 1 mpmole of acyl anilide per hour under the conditions of the assay. 

Protein was determined either by the method of Lowry et al.” or by a micro Kjeldahl 
Gunning-Dyer procedurer2 with crystalline bovine serum albumin as the standard, 

After addition of the acid mixture to stop the reaction, the precipitated proteins were 
centrifuged at 1000 xg for 5 min and a 5.0 ml aliquot of the supernatant taken for analysis. 
O-5 ml of fresh 1 per cent NaNOa was added with mixing. 10 miu later, l*O ml of 10 per cent 
ammonium sulfamate aud 3 XIII of methanol were added with mixing to remove excess nitrite. 
The resultant diazonium salt of aniline was allowed to stand 10 min and then coupled with 

‘10. H. LOWRY, N. J. Roaa~ouo~, A. L. FARR and R J. RWDALY., J. B&l. C&em. 193,265 (1951). 
12 R BALLENTW, in Metho& in Enrymo&y (edited by S. P. C~WWICK and N. 0. KAPLAN), Vol. III, p. 987. 

Academic Pras. New York (1957). 
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05 ml of 1 per cent N-naphthylethylenediamine di-HCI-ide. The solution wasliltered through 
a 1.2 p membrane alter and read at the appropriate wavelength of maximum absorption. 
With this modified Rideu and Hopkins” procedure, quantitative results were obtained by 
comparison with standard curves of the anilines used. Chloroaniline standards for colori- 
metric deviations were purified by lotion, sublimation, or preparative thin- 
layer c~o~to~aphy and found to be homogen~~ on thin-layer c~o~~~phy or 
gas chromatography.“~ Is 

Reagents 

Ring substituted and alkyl substituted anilides used as substrates were synthesixed by 
the procedure of Huffman and Allen. l6 After rcaystallization, each compound was found 
to be homogeneous on TLC, exhibited a melting point within l-2” of the reported value, 
and gave an i.r. spectra which was consistent with the desired structure. 

Sephadex G-50 was purchased from Phammcia Fine Chemicals. Benxoyl arginine 
clnitroanilide was obtained from Nutritional Biochemicals Corporation, Cleveland, Ohio. 
Bicine ~,N-b~(2-hy~o~e~y~~y~e] was purchased from Calbiochem, Los Angeles, 
California. The 3-(4’~~oroph~y~-l-me~yl~~ used was synthesized by Dr. R. E. 
Kadunce. 

High purity pesticides were generously provided as follows: 4-benxothienyl methyl- 
carbamate (MCA 600) from Mobil Chemical Company, Metuchen, New Jersey; I-naphthyl 
methylcarbamate (carbaryl) from Union Carbide Company, New York; 4-(methylthiol)- 
3,5-xylyl methykarbamate (mesurol), 0,Odimethyl S4oxo-l,2,3-benxotriaxin-3(4H)- 
ylmethyl phosphorodithioate (guthion), and a mixture of 0,Odiethyl S(and O)-2-(ethylthio) 
ethyl phosphorothioates (demeton) from Chemagro Corporation, Kansas City* Missouri; 
2,4,5&methylphenyl methylcarbamate (SD-8786) and 3,4,5-trimethylphenyl methyl- 
carbamate @D-8530) from Shell Chemical Company, New York, New York; 2-chloro- 
4,5-xylyl rne~yl~b~a~ (banol) from Upjohn Company, Kalamaxoo, Michigan; diethyl 
rner~pt~u~~ Scster with O,O~e~yl ph~phor~~oa~ (axon) from 
American Cyanamid Company, Princeton, New Jersey; 0,Odiethyl 0~4’-~~oph~yl) 
phosphorothioate (parathion) from Monsanto Company, St. Louis, Missouri; 3-(4’- 
chlorophenyl)-1 , l-dimethylurea (monuron) and Octhyl O-(4’-nitrophenyl) phenylphos- 
phonothioate (EPN) from E. I. duPont de Nemours and Company, Wilmington, Delaware; 
isopropyl N-(3chlorophenyl) carbamate (CIPC) from Pittsburgh Plate Glass Company, 
Pittsburgh, Pennsylvania; 3’,4’dichIoropropionanilide (propanil) from Rohm and Haas 
Company, Philadelphia, Pennsylvania; N-(3,4dichlorophenyl) acrylamide (dicryl) from 
Niagara Chemical Division, FMC Corporation, Middleport, New York. 
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